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Palacky University

Czech Republic

Eric J. Bishop von Wettberg 
University of Vermont 
USA

Kevin McPhee 
Montana State University 
USA

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: https://www.mdpi.com/

journal/ijms/special issues/pea legume).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03936-812-9 (Hbk) 
ISBN 978-3-03936-813-6 (PDF)

Cover image courtesy of Petr Smýkal.
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Abstract: Legumes have played an important part in cropping systems since the dawn of agriculture,
both as human food and as animal feed. The legume family is arguably one of the most abundantly
domesticated crop plant families. Their ability to symbiotically fix nitrogen and improve soil fertility
has been rewarded since antiquity and makes them a key protein source. The pea was the original
model organism used in Mendel’s discovery of the laws of inheritance, making it the foundation of
modern plant genetics. This Special Issue provides up-to-date information on legume biology, genetic
advances, and the legacy of Mendel.

Keywords: genomics; legumes; nitrogen fixation; proteins

Introduction

Legumes have always been a part of everyday life, as human food and animal feed, being key
protein sources. Legumes represent the second most important family of crop plants after Poaceae
(grass family), accounting for approximately 27% of the world’s crop production. While in cereals
the major storage molecule is starch, which is deposited in the endosperm, in most of the grain
legumes (pulses) the endosperm is transitory and consumed by the embryo during seed maturation.
Legume seeds contain a high proportion of proteins (20–40%), and either lipids (soybean, peanut)
or starch (or both) as a further carbon source [1]. The importance of legumes for agriculture as well
as science has been recognized by the establishment of International Legume Society (ILS) in 2010
(https://www.legumesociety.org), followed by biannual conferences bringing together people working
on broad aspects of legume biology. The last ILS conference was held in 2019 in Poland and this Special
Issue has been made to reflect some of the presented work. The long-term strategy of ILS is linking
together the different aspects of agricultural research on grain and forage legumes worldwide.

The Fabaceae is the third-largest family of flowering plants, with over 800 genera and 20,000 species.
Currently, three major groups are recognized and regarded as subfamilies: the mimosoid legumes,
Mimosoideae (sometimes regarded as the family Mimosaceae with four tribes and 3270 species);
the papilionoid legumes, Papilionoideae (or the family Fabaceae/Papilionaceae with 28 tribes
and 13,800 species); and the caesalpinioid legumes, Caesalpinoideae (or the family Caesalpiniaceae
with four tribes and 2250 species) [2]. It is an extremely diverse family with a worldwide distribution,
from arctic-alpine herbs to annual xerophytes and forest trees.

Legumes have played an important part in cropping systems since the dawn of agriculture.
Records from the oldest civilizations of Egypt and eastern Asia demonstrate the ancient use of various
beans, peas, vetches, soybeans, and alfalfa. One of the early Greek botanists, Theophrastus, in the third
century before Christ, wrote of leguminous plants “reinvigorating” the soil and stated that beans

Int. J. Mol. Sci. 2020, 21, 3336; doi:10.3390/ijms21093336 www.mdpi.com/journal/ijms1
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were not a burdensome crop to the ground but even seemed to manure it. The Romans emphasized
the use of leguminous plants for green manuring; they also introduced the systematic use of crop
rotations, a practice that was forgotten for a time during the early Middle Ages and partly also in
today´s agricultural practice.

Members of the Fabaceae were domesticated as grain legumes in parallel with cereal
domestications [3–8]. There are 13 genera (in six legume tribes) that constitute major legume crops [1,2].
Among the first legumes to be domesticated were members of the galegoid tribe such as peas,
faba beans, lentils, grass peas and chickpeas, which arose in the Fertile Crescent of Mesopotamian
agriculture. These grain legumes (pulse legumes) accompanied cereal production and formed important
dietary components of early civilizations in the Near East and the Mediterranean regions. Similar
domestications of Phaseolus in the New World and Glycine in East Asia have had similar importance for
human dietary diversity and security.

Cultivated legumes fulfill many human needs beyond being directly consumed by people.
Many tree-sized species in the legume family are valuable for their hard, durable timber. Species from
the genera Aeschynomene, Arachis, Centrosema, Desmodium, Macroptilium, and particularly Stylosanthes
offer promise for improved tropical pasture systems. The barks of some species of acacias (Acacia dealbata,
A. decurrens, and A. pycnantha) are sometimes used as sources of tannins, chemicals that are mostly
used to manufacture leather from animal skins. Some important dyes are extracted from species
in the legume family. One of the world’s most important natural dyes is indigo, extracted from
the foliage of the indigo (Indigofera tinctoria) of south Asia and to a lesser degree from American indigo
(I. suffruticosa) of tropical South America. Derris or rotenone is a poisonous alkaloid extracted from
Derris elliptica and D. malaccensis that has long been used by indigenous peoples of Southeast Asia
as arrow and fish poisons. Rotenone is now used widely as a rodenticide to kill small mammals
and as an insecticide to kill pest insects. Fenugreek (Trigonella foenum graecum), the seeds of which
are used as a spice in curries. Legumes include also valuable fiber plants, such as the sunn-hemp of
India (Crotalaria juncea) and Hemp sesbania (Sesbania exaltata) used by the Indians of the southwestern
United States. Some legumes such as licorice (Glycyrrhiza glabra) and goatsrue (Tephrosia virginiana)
have medicinal value; many others rank among ornamental plants (for example Lathyrus odoratus),
and legumes are of great importance for honey production.

The pea (Pisum sativum L.) was the original model organism used in Mendel´s discovery (1866) of
the laws of inheritance, making it the foundation of modern plant genetics. It had already been an object
of experimental work before Mendel [9,10]. Despite their close phylogenetic relationships, crop legumes
differ greatly in their genome size, base chromosome number, ploidy level, and reproductive biology.
To establish a unified genetic system for legumes, two legume species in the Galegoid clade, Medicago
truncatula and Lotus japonicus, from Trifolieae and Loteae tribes, respectively, were selected as model
systems for studying legume genomics and biology [11,12]. Now, many legume crops have well-studied
genetic systems. In a few cultivated legumes, comprehensive genetic analysis is limited due to the large
size of their genomes. For soybeans, the most widely grown and economically important legume,
a genome has been available since 2010 [13]. For the common bean (Phaseolus vulgaris), the most widely
grown grain legume, a genome has been available since 2014 [14]. Many more legumes have been
sequenced since. These genome sequences are now completed by a broad range of genomic resources,
including tools for genome-wide association studies, diversity panels, and online databases [15].
These tools facilitated increasingly widespread efforts to implement molecular breeding in legumes.
The existence of reference genomes is fundamental for the advancement of genetic mapping approaches
using either classical biparental population or association mapping on wider panels. This has been
shown in several papers in this issue [16,17] for soybean. Having genome-wide data on diversity on
a sufficiently large and diverse set of accessions, along with accumulated phenotypic trait descriptions,
provides the tools to conduct genome-wide association studies and genomic selection. This either
might lead to the identification of candidate loci/genes governing studied traits or provide useful
markers applicable for breeding [18,19].
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The history of legume crop domestication is not only of theoretical interest to provide insight into
evolution but also can be used in breeding of recently domesticated crops, as shown in lupine [20]
and potentially applied to a broader range of crop wild relatives. Legumes are particular among
the plant species in their ability to fix atmospheric nitrogen. Owing to their biology including symbiotic
nitrogen fixation, legumes are vital components of sustainable agriculture. This has been acknowledged
in all cropping systems. Although the fundamentals of bacteria and host plant symbiosis have been
elicited, there are still numerous aspects to be studied, such as allelic variation of identified genes,
as shown on red clover [21].

Since most of the legume crops are used as food or feed in form of mature, dry seeds, their nutritional
composition is of great importance. The study of Sivasakthi et al. [22] shows an elegant application of
basic knowledge of one of the genes underlying a classical Mendelian trait, green cotyledons, identified
and applied in chickpea. Seed composition can be altered by water availability or other abiotic stresses,
as shown in studies of lupine seeds [23]. Similarly, dissection of the molecular mechanisms of resistance
to biotic and abiotic are of high relevance both in order to understand evolutionary mechanisms
between pathogens/triggers and hosts as well as to facilitate the breeding process. Mutant lines are
helpful in elucidation of gene function, as shown in soybeans [24]. Since pathogens display high
variation potential and are able to quickly overcome single gene/allele resistance, it is important to
identify the allelic variation of a given gene, as shown in powdery mildew resistance in peas [25].
Climate change is already impacting all crops including legumes. There is a great need to understand
the mechanisms of stress avoidance/tolerance/resistance to minimalize this impact. The review of
Kumar et al. [26] offers a view on breeding climate-resilient legume crops, which is vital particularly
for tropical and subtropical countries already facing scarcity of water and soil resources. In current
biology, there are commonly integrated various approaches in order to study complex biological
pathways, such as that shown by the study of lupine flower development [27]. This work combines
genomic, transcriptomic, and small RNA sequencing to understand the process of lupine flower
ablation. Owing to progress in genomic methods such as next-generation sequencing, genetics
and genomics is not limited to model species and is being applied to any species including crops
with complex, polyploid genomes [28]. Evolutionary scenarios of speciation are a recurrent theme in
biology, and especially in plants, there are often various pathways to speciation, including frequent
hybridization and polyploidy. A central aspect of speciation is the establishment of gene-flow barriers.
One of the ways to do this is the interaction between plastid and nuclear genomes leading to either
viable to inviable progeny. In peas, the interaction between the chloroplast and nuclear-encoded
genes results in either normal or albino/chlorotic plants. The study of Nováková et al. [29] shows
the variation of respective genes in natural pea populations as well as identifying the influence of
a domestication-imposed bottleneck.

Although Mendel’s peas were the first “model” plant, legume biology has long lagged behind
more successful models from the Brassicaceae family or economically important cereals. For Borlaug,
grain legumes were the “slow runners” of the green revolution because of the limited extent to
which they saw the genetic gains that have characterized breeding of cereals for the past century.
However, owing to progress in genomic and phenotyping technologies together with recognition of
their importance for ecology of natural or agronomical systems, they are gradually gaining ground.
We look for seeing new work in legumes, including releases around the world of new legume varieties
bred with genomic resources.

Author Contributions: E.J.B.v.W., K.M. and P.S. writing. All authors have read and agreed to the published
version of the manuscript.
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Abstract: Pulses are the main source of protein and minerals in the vegetarian diet. These are
primarily cultivated on marginal lands with few inputs in several resource-poor countries of the
world, including several in South Asia. Their cultivation in resource-scarce conditions exposes
them to various abiotic and biotic stresses, leading to significant yield losses. Furthermore, climate
change due to global warming has increased their vulnerability to emerging new insect pests and
abiotic stresses that can become even more serious in the coming years. The changing climate
scenario has made it more challenging to breed and develop climate-resilient smart pulses. Although
pulses are climate smart, as they simultaneously adapt to and mitigate the effects of climate
change, their narrow genetic diversity has always been a major constraint to their improvement
for adaptability. However, existing genetic diversity still provides opportunities to exploit novel
attributes for developing climate-resilient cultivars. The mining and exploitation of adaptive traits
imparting tolerance/resistance to climate-smart pulses can be accelerated further by using cutting-edge
approaches of biotechnology such as transgenics, genome editing, and epigenetics. This review
discusses various classical and molecular approaches and strategies to exploit adaptive traits for
breeding climate-smart pulses.

Keywords: adaptive traits; gene/QTL; epigenetics; transgenics; genome editing; climate-smart pulses

1. Introduction

Pulses are cultivated worldwide as major or minor crops (Table 1) to provide for the nutrition and
livelihood of millions of peoples. Pulses, being a rich source of protein (22–26%) and micronutrients
(especially Fe and Zn), are a balanced food for vegetarians when complemented with cereals. Also, the
green and dry plant parts of these crops are used as feed and fodder in many livestock production
systems [1], and their cultivation has long helped to sustain cereal-based cropping systems through
biological nitrogen fixation and carbon sequestration [2]. Most of these pulses originated in the
Mediterranean region [3]. The reproductive phase of most such crop plants often occurs in the dry
climate of the Mediterranean region during spring. This favors the evolution and survival of plants with
“cleistogamous” flowers, as cleistogamy prevents desiccation of anthers and stigmas and encourages
full seed set by autogamy [4]. Cleistogamy of pulses appears to be a relic of evolutionary antecedents.
However, such cleistogamous flower buds do open for a small period, providing opportunities for
occasional natural outcrossing, which occurs in almost all pulses (including various species of cultivated
Vigna) to varying extents. This generates heterozygosity and brings about substantial heterogeneity
in the population, resulting in the loss of newly developed cultivars if they go unnoticed. However,
on the other hand, it makes them “resilient” to changing climate conditions, as heterozygosity in
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the population appears to confer resistance to environmental change [5]. Heterogeneity in plant
populations accelerates opportunities for the selection of more stress-tolerant genotypes and thereby
provides resilience to the crop as well as the ecosystem [6]. Crop plant resilience, therefore, appears
to be brought about in nature by the shuffling and recombination of genes at many loci, leading to
the creation of novel adaptive attributes which ultimately result in enhanced “adaptedness” for a few
recombinants in the changed environmental condition.

Presently, the impact of global warming can be seen worldwide. For example, India has witnessed
highly fluctuating weather conditions in the last decades [7]. It is evident that high temperatures have
changed the rainfall pattern as well as distribution and have increased water scarcity. In the future, the
shortage of water will increase drought-affected regions. Moreover, it will negatively impact those
regions that have higher precipitation rates [8]. The impact of climate change on chemical and physical
processes in soils and nutrient uptake from soils has previously been reviewed comprehensively [9].
In Myanmar, erratic rainfall due to climate change had a detrimental impact on pulse production
efficiency [10]. Thus, aberrant weather conditions (global warming) are expected to pose serious threats
to pulse productivity in the near future as rising temperatures will lead to production of poor biomass;
reductions in days to flowering, rate of fertilization, and seed formation [11–15]; and intensifying
vulnerability to disease and insect pests [1,16,17]. As per a Food and Agriculture Organization (FAO)
report [18], climate change has put global food security more at risk; heightened the dangers of
undernutrition in resource-poor regions of the world due to heat, drought, salinity, and waterlogging;
and increased the threat of newly emerging diseases and insect pests. While assessing the impact of
drought on crop yields, Kuwayama et al. [19] reported 0.1–1.2% yield reduction for corn and soybeans
for each additional week of drought. According to Ambachew et al. [20], drought stress can cause
20–90% yield reduction in common bean, which in the worst scenario could go up to 100%. In other
pulses, yield losses have been measured to the extent of 6–86% and 15–100% due to different abiotic
and biotic stresses, respectively [21]. Although McKersie [8] has discussed a number of options for
mitigating the effects of climate change on crop production, breeding for genotypic adaptation is
one of the important strategies for dealing with future climate change [22]. It involves incorporating
novel traits in crop varieties to enhance food productivity and stability. For breeding climate-resilient
cultivars in pulses, it is imperative to bring about genetic improvements for adaptive traits [22,23].
Shunmugam et al. [24] reviewed the physiological traits that may facilitate breeding climate-resilient
food legume crops for adaptation under abiotic stresses. The symbiont preference traits related to
abiotic stresses have recently been studied in the model legume Medicago truncatula [25]. Cullis
and Kunert [26] unlocked traits that impart drought tolerance by producing a range of secondary
metabolites and proteinaceous inhibitors in response to environmental stresses in orphan legume
crops. As climate change is the biggest threat to the production of both warm- and cool-season pulses
in the coming years, the mining of adaptive traits in the germplasm to transfer them into newly bred
cultivars is highly desirable. Information on this aspect of pulse crops is still scattered in the literature.
In this review, we have therefore made an attempt to organize such dispersed information and discuss
various strategies to exploit adaptive traits for breeding climate-resilient smart pulses.

2. Overview of Adaptive Traits in Pulses

Climate change can result in a wide range of abiotic stresses, such as drought, heat, cold, salinity,
flood, and submergence, and biotic stresses, including increased attacks of pathogens and pests [27].
Therefore, breeding of adaptive traits is required for increasing the resilience of crops to current climate
change conditions to help sustain productivity. Adaptive traits show their adaptive plasticity in
changing environmental conditions and help crop plants survive and/or reproduce under biotic and
abiotic stress conditions [26]. These adaptive traits can be agromorphological [28,29], physiological,
and biochemical [24,26,30,31]. In pulses, breeders have attempted to improve many traits for the
given target environment. Therefore, specific adaptive traits must be incorporated in the improved
genotypes for each growing condition (Table 1).
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The reproductive stage substantially influences seed yield in crop plants. It has been reported
that drought stress during the pod-filling stage leads to pod abortion and thus reduces the number
of seeds per plant, whereas terminal drought at the early podding stage resulted in an 85% decline
in seed yield of chickpea [32]. Thus, pod-filling ability can be targeted as an agromorphological trait
under moisture-deficient conditions for developing drought-resilient cultivars. In Mediterranean
environmental conditions, leaf traits such as leaf area, leaf weight, and leaf growth rate have been
identified for tolerance to drought stress [33]. Physiological traits, which are relatively stable across
environments, provide greater breeding value [34]. A number of physiological traits including leaf
parameters, seed set, pod abscisic acid concentrations, and root traits have been shown to impart
tolerance to drought in chickpea [32,35]. The role of sucrose infusion has recently been identified in
the salt tolerance of chickpea [36]. Prince et al. [37] performed an innovative analysis to decipher the
mechanisms that underpin drought tolerance in legumes and established the role of root xylem plasticity
in improving water-use efficiency in soybean plants subjected to water stress [37]. An extensive root
system is a useful drought-avoiding physiological trait that helps to maintain the seed yield under
drought conditions in pulses through enhanced extraction of soil water [38,39]. It is therefore desirable
to exploit root and leaf traits while breeding for drought avoidance in pulses.

It has been established that proteins and metabolites are generated in different tissues of crop plants
in response to environmental stresses [24]. Identification, quantitation, validation, and characterization
for a wide range of proteins/metabolites from specific organ/tissue/cells under stress conditions can be
useful biochemical traits for breeding climate-resilient crops. Protein differential expression analysis
in response to various stresses at different growth stages has been studied in several pulse crops
including chickpea, pea, green gram, and common bean [40]. Various morphophysiological traits
imparting tolerance to such stresses have been identified in pulse crops for their wider adaptability
considering the global trend of rising temperatures over the years [41–47]. One of the key physiological
traits is photosynthetic activity, as high and low temperatures cause photodamage to photosystem-II
(PS-II) [48,49]. In lentil, pollen and leaf traits could be helpful in identification of heat-tolerant
genotypes [15]. Breeders have exploited early flowering traits in chickpea breeding programs, leading
to the development of new chickpea varieties adapted to warmer, short-season environments that
resulted in a chickpea revolution in southern India [50]. For lentil, the development of short-duration
cultivars has increased the opportunity for the adaptation of lentil crops in rice-fallow areas owing to
reductions in yield losses caused by forced maturity [51]. Adaptation towards freezing temperatures
involves a number of structural and functional changes at the cellular level. During acclimation,
organic compounds such as sugar, proline, and glycine betaine accumulate in plant cells and confer
frost tolerance to surviving plants. One such organic compound, “glycine betaine”, has been shown to
mitigate cold stress damage in chickpea [52]. It is therefore obvious that the morphophysiological and
biochemical parameters imparting adaptive value vary with the nature and kind of abiotic stress and
pulse species, respectively. For breeding smart pulses for a specific situation, special adaptive features
need to be exploited.

Table 1. Adaptive traits for different growing regions of important pulse crops.

Common/Scientific Name Region Adaptive Traits Reference

Chickpea (Cicer arietinum L.) Nontropical dry areas
and semiarid tropics

Earliness; early vigor; spreading to erect
growth habit; resistance to pod borer, AB, BGM,

wilt, and root rot; tolerance to drought and
heat; suitability for mechanical harvesting;

herbicide tolerance

[53–60]

Lentil (Lens culinaris Medik.) Nontropical dry areas
and semiarid tropics

Earliness; early vigor; spreading to erect
growth habit; resistance to wilt, root rot,

Stemphylium blight, AB, rust, and black aphid;
tolerance to drought and heat

[12,13,61,62]
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Table 1. Cont.

Common/Scientific Name Region Adaptive Traits Reference

Pea (Pisum arvense L.) Cool, semiarid climates
Dwarfness, leaflessness, tendril, resistance to

rust and powdery mildew, tolerance to
terminal heat and drought, earliness

[63]

Mungbean (Vigna radiata Wilczek)
Arid and semiarid

regions, wide adaptation,
warm season

Short duration, MYMV and powdery mildew
resistance, drought and heat tolerance,
photo-thermo-insensitivity, preharvest

sprouting

[64–66]

Blackgram
(Vigna mungo (L.) Hepper)

Hot humid,
semiarid regions

Short duration, MYMV and powdery mildew
resistance, photo-thermo-insensitivity,

tolerance to excess moisture stress
[64,67,68]

Pigeaonpea
(Cajanus cajan (L.) Millsp.)

Semiarid and lower
humidity tropic regions

Short-to-medium duration; short stature;
resistance to PSB, wilt, SMD, pod borer, and

pod fly
[69,70]

Grass pea (Lathyrus sativus L.) Indian subcontinent and
Mediterranean region

ODAP content, water-logging and
drought tolerance [63,71]

Common bean (Phaseolus vulgaris L.)
Most domesticated pulse

for many tropical
countries

Dwarfness; resistance to CBB; tolerance to cold,
heat, and drought; earliness [63,72–74]

Rice bean (Vigna umbellata (Thunb.)
Ohwi and Ohashi)

Dry zones of the arid and
semiarid regions

Tolerance to acid soils and drought, early
maturity, high yield, determinate growth habit [63,75]

Tepary bean
(Phaseolus acutifolius A. Gray)

Dry season of
tropical regions

Drought and CBB resistance, deep root system,
tolerant to heat, high N2 fixation, short

growth period
[63,76,77]

Lima bean (Phaseolus lunatus L.)
Soils and climates of

Piedmont of Georigia,
Mexico, and Argentina

Plant types for marginal soil and limited water
conditions, climbing types, bushy, compact

types for intensive cultivation, large seed type,
less cooking time

[63,78,79]

Runner bean (Phaseolus coccineus L.) Cool climates of Italy
and other parts

CBB resistance, high osmoregulation, heat
tolerance and resistance to BCMV, dwarfness,

early maturity
[63,80,81]

Adzuki bean (Vigna angularis Ohwi
and Ohashi)

Subtropical and
temperate climate zone CBB resistance, drought tolerance [63,82]

Hyacinth bean
(Lablab purpureus (L.) Sweet)

Subhumid and
semiarid conditions

Early maturity, drought tolerance,
salinity tolerance [63,83,84]

Horse gram (Macrotyloma uniflorum
(Lamb.) Verds)

Low and erratic rainfall
areas, better soils of the

arid and
semiarid regions

High tolerance towards acid soils, drought
tolerance, green foliage till maturity,

thermoinsensitivity, short maturity period,
erect, nontendril plant type

[63,85,86]

Winged bean (Psophocarpus
tetragonolobus (L.) D.C.) Vietnam, parts of China

Erect type, determinate growth habit, high seed
protein and oil content with high linoleic acid,

photoperiodic responses
[63,87,88]

Cowpea
(Vigna unguiculata (L.) Walp.)

Arid and semiarid
regions, wide adaptation

Fast initial growth, early maturity, better source
sink relations [63,89,90]

Moth bean (Vigna aconitifolia
(Jacq.) Marechal)

Arid tracts, low rainfall
and warm climates

High photosynthates, tolerance to drought and
heat, low fertility requirement, early and
synchronous maturity, erect plant growth,

tolerance to YMV

[63,91,92]

AB: Aschochyta blight, BGM: Botrytis greymold, BCMV: bean common mosaic virus, CBB: common bacterial blight,
MYMV: mungbean yellow mosaic virus, ODAP: β-oxalyldiaminopropionic acid, PSB: Phytophthora stem blight,
SMD: sterility mosaic disease, YMV: yellow mosaic virus.

3. Looking Back to Wild Species and Land Races for Adaptive Traits

The growing intensity of abiotic and biotic stresses calls for adoption of mitigation and adaptation
strategies by incorporating resistance/tolerance to various stresses to increase resiliency and sustain
the productivity of pulse crops in a changing climate scenario. These strategies will pave the way
for efficiently meeting humankind’s demand for a more plentiful and nutritious food supply [93–99].
Cultivated species of pulses have narrow genetic diversity to withstand current global warming
challenges [100]. It is therefore necessary to look back to wild species and land races when searching
for useful adaptive traits/genes. It is well documented that wild species have a reservoir of many useful
genes [47,101] because they have evolved under natural selection to survive climatic extremes and can
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potentially provide further genetic gains [93,94,96]. Therefore, wild species need to be exploited in
genetic improvement programs to alleviate the challenges of global warming and its related effects
on pulses.

Wild relatives of crops have been used sparingly and typically in an ad hoc manner in many
crop breeding programs [96,102,103]. In pulse crops, Sharma et al. [101] reported a number of wild
accessions having high levels of resistance/tolerance to various stresses [101]. As wild relatives of
chickpea and lentil are native to drought-prone areas, they possess useful traits for drought tolerance.
According to Gorim et al. [104], an evaluation of wild relatives of lentil for root and shoot traits
under water-deficit and fully watered conditions resulted in different patterns of root distribution into
different soil horizons. The study revealed that wild lentil genotypes employed diverse strategies such
as delayed flowering, reduced transpiration rates, reduced plant height, and deep root systems to
either escape, evade, or tolerate drought conditions.

The use of wild species for targeted introgression of useful genes dates back to the work of
Vavilov [105]. Thereafter, crop wild relatives have been used continually to transfer adaptive traits in a
variety of crops including pulses. According to Maxted and Kell [96], more than 291 articles have come
out on pulses regarding the identification and introgression of useful traits from 185 wild relative taxa
to 29 crop species. Most of these studies have focused on disease and pest resistance (>50%), abiotic
stress tolerance (10–15%), and yield traits (20%). Also, 74% of 104 molecular-assisted breeding studies
(1995–2012) have dealt with introgression of traits from wild species that confer disease resistance, while
the remaining studies covered abiotic stress tolerance, improved yield, and growth habit [103]. Thus far,
resistance to many diseases and insect pests from wild relatives and unadapted germplasm has been
successfully transferred into suitable genetic backgrounds [102,106–109]. Kumar et al. [109] recorded
useful genetic variability for days to 50% flowering, secondary branches, number of pods/plant,
biological yield/plant, grain yield/plant, and 100 seed weight in the indigenous gene pool of lentil. Lens
ervoides (a wild species of cultivated lentil) has been exploited in Canada for transferring anthracnose
resistance genes into cultivated backgrounds through embryo rescue techniques [110,111]. More
recently, the crossing of cultivated species with Lens tomentosus accession “ILWL120” followed by
ovule culture has resulted in the development of a number of prebreeding lines carrying diversity
for flower color, seed coat, and cotyledon color [112]. In India, under an ICAR-ICARDA network
project, many prebreeding lines (>500) developed by using crossable wild species of lentil have
shown variability for yield-contributing traits. In chickpea and pigeonpea, wild relatives have been
exploited for enhancing the adaptability of cultivated species against climate extremes under changing
climate conditions [47,101]. Brumlop et al. [113] developed from a C. arietinum × C. judaicum cross
the prebreeding line “IPC 71”, which has an increased number of primary branches, pods per plant,
and green seeds for further use in chickpea improvement programs. These reports and achievements
substantiate the fact that wild species of pulses do carry potentially useful genes. Considering
current climate variability and its manifold effects [101,114], such wild species need to be exploited for
developing prebreeding lines of pulses for the new environment. Their utilization in pulse breeding
programs may result in climate-resilient smart cultivars with a broad genetic base and the ability to
sustain environmental extremes [101].

4. Conventional Breeding Approaches

Conventional breeding approaches have been used to tailor suitable plant types with the ability
to adapt to different environmental niches/cropping systems. To this end, breeders focused mainly
on highly heritable visually adaptive traits (agromorphological traits). The use of dwarfness and
leaflessness (i.e., modification of leaflets into tendrils) traits in field pea resulted in the development
of new plant types that allow penetration of sunlight to lower portions of the plant, provide natural
mechanical support to preclude lodging, and prevent bird damage owing to a network of interlocked
tendrils above the crop canopy [115]. Recently, Saxena et al. [116] recommended an ideal plant type
of pigeonpea comprising rapid seedling growth; nondeterminate (NDT) growth habit; spreading
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or semispreading branches; a greater number of secondary and tertiary branches; long fruiting
branches; more flower bunches; 5–6 pods/bunch; 4–6 seeds/pod; 12–14 g/100 seed weight; resistance to
Fusarium wilt (FW), sterility mosaic (SM), and Phytophthora stem blight (PSB); deep root system/drought
tolerance; and the ability to mitigate other abiotic stresses including waterlogging for pigeonpea–cereal
intercropping systems. An early flowering exotic line “Precoz” (ILL 4605) of lentil has been utilized
extensively to tailor plant architecture having vigorous growth, medium maturity, large seeds, and cold
tolerance, particularly for Indo-Gangetic plains [109]. Earliness, which provides an escape mechanism
from drought and terminal heat stresses, has been invariably used in almost all breeding programs
to mitigate such stresses [1,117]. In chickpea, significant progress has been made in developing
early maturing varieties that mature in 85–90 days in peninsular India [118]. Even extra short
duration chickpea varieties, termed super-early types, have been reported in chickpea [119] and
pigeonpea [120], and efforts in this direction are also underway in other pulse crops. Some super-early
lines maturing within 100 days with a yield potential up to 1.5 t/ha have been reported by International
Crops Research Institute for the Semi Arid Tropics (ICRISAT) in both determinate (DT) and NDT
groups of pigeonpea [120]. For sustaining crop intensification under the rice-fallow system of eastern
India, development of an early maturing variety (90–100 days) has been suggested in lentil, and
efforts are being made to tailor genotypes having earliness and high biomass and harvest index [12].
Kashiwagi et al. [117] identified root traits to improve water uptake in chickpea under limited-moisture
conditions. They used contrasting chickpea accessions vis-à-vis root biomass and rooting depth in a
drought-avoidance breeding program to improve the root system of ensuing genotypes for cultivation
in central and southern India.

In the coming years, the disease and pest scenario may be a serious problem due to climate
change. Therefore, climate-smart pulses must carry resistance to diseases and insect pests. Germplasm
screening under natural and artificial conditions to identify resistant sources for various diseases and
insect pests has been a regular feature of resistance breeding programs for pulses [2,121]. Knowledge
of the genetics of resistance traits and racial composition of pathogens has accelerated the development
of cultivars having adaptability under epidemic conditions [2,122,123]. Recently, root rots (dry and
black root rots) and collar rots have emerged as potentially damaging diseases in both chickpea and
lentil. However, the literature pertaining to the racial description of the causal organisms (species of
Rhizoctonia, Fusarium, and Sclerotinia) and resistant donors in both these crops is still scanty. These
diseases need to be tackled through breeding in the days ahead. However, the complex nature of
these diseases, the resistance mechanisms and traits (especially physiobiochemical traits), and the
limited screening facilities are the major limitations to progress for pulses through conventional
plant breeding. These limitations need to be overcome through phenomics-based breeding, which is
currently employed for improving soybean [124].

5. Omics-Based Breeding Approaches for Adaptive Traits in Pulses

Different “omics” fields, namely, genomics, transcriptomics, epigenomics, proteomics,
metabolomics, and phenomics, have emerged during the past years. These approaches have enhanced
the precision and sped up the ongoing breeding programs of the major food crops such as wheat
and rice [125]. Omics-based strategies can also be used to develop climate-smart pulses (Figure 1).
These strategies have been categorized as current and emerging omics-based approaches and are
discussed below.
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Figure 1. Omics-based approaches for the development of climate-smart pulse crops.

5.1. Current Genomics Approaches

During the last 25 years, substantial advances have been made in the genomic resources of pulse
crops, leading to the development of various molecular markers and the availability of QTLs/genes that
impart tolerance to various biotic and abiotic stresses. These genomic resources have been discussed
earlier in detail [126,127]. Next-generation sequencing (NGS)-based genomics tools have enabled
rapid and cost-effective identification of the functional and regulatory genes controlling abiotic stress
resistance in many pulses [128]. These NGS tools have helped to develop SNP and INDEL markers [129]
and expression atlases [130–132] and to understand the signaling pathways for tolerance to various
environmental stresses in various legumes including pulses [128]. Genome sequences of major pulses,
which are important genomic resources for translating the genomics into the field are now available in
the public domain [133–136]. Genomics approaches have now become an integral part of the current
conventional breeding program and can be used in different ways for shortening the period of genetic
improvement and targeted manipulation of genomes for climate-smart pulses.

5.1.1. Molecular Markers Associated with Adaptive Traits in Pulses

Knowledge of genes controlling traits for wider adaptability is the prerequisite to develop
climate-smart pulses. In the last three decades, efforts have been made to identify such genes/QTLs
(Table 2) in chickpea, pigeonpea, and other pulse crops. In these crops, QTLs/genes for pods per plant
(qPD4.1) and flowering (qFL4.1 and qFL5.1) in pigeonpea [137] and thermotolerance [138] in chickpea
can help to construct new plant types suitable to changing environments [13]. Moreover, QTLs (HQTL-1
and HQTL-2) have been identified for pollen viability in azuki bean [139]. In field pea, Javid et al. [140]
validated markers associated with abiotic and biotic stresses for breeding programs. In this study, a
molecular marker “PsMlo” showed an association with powdery mildew (PM) resistance and boron (B)
tolerance, while several other markers were found associated with salinity tolerance across a diverse set
of pea germplasm. The PsMlo1 marker predicted the PM and B phenotypic responses with high levels
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of accuracy (>80%) and thus showed its potential to facilitate improvement for PM resistance and B
tolerance. More recently, Paul et al. [141] identified QTLs associated with heat tolerance in chickpea in a
mapping population comprising recombinant inbred lines (RILs) evaluated under two heat-stress (late
sown) and one nonstress (normal sown) environments. This resulted in the identification of 25 putative
candidate genes responsible for heat stress in the two major genomic regions. The identified markers,
which were linked to four major QTLs, can be utilized in breeding programs. For improving the
adaptation of common bean to adverse environments, Diaz et al. [142] evaluated RILs under different
abiotic stress conditions for a number of agrophysiological traits and identified molecular markers
linked with QTLs for abiotic stress tolerance. In accessions of common bean from the northwestern
Himalayas, Choudhary et al. [143] discovered the gene/QTLs for Anthracnose. These genes/QTLs need
to be utilized in breeding programs for developing stress-tolerant cultivars of common bean.

Table 2. Genes/QTLs for adaptive traits identified in major and minor pulse crops.

Common Name QTL/Gene Trait
Method Used for

Identification
Reference

Pea nod3 Hyper nodulation mutation Comparative genomics [144]
PsMlo Powdery mildew resistance Comparative genomics [145,146]

PsDREB2A Drought response Comparative genomics [147]

Cowpea Cowpea Co-like gene family Photoperiod responsive Sequencing along with
comparative genomics [148]

Stg Stem greenness after drought QTL mapping [149]
Rdw Dry weight recovery after drought QTL mapping [149]

Mac 1–9 Resistance to Macrophomina QTL mapping [150]

Major QTL Cowpea leaf shape imparting
drought tolerance QTL mapping [151]

Dro-1, Dro-3, and Dro7 Stay-green QTL mapping [152]

Hbs-1–Hbs-3 Heat-induced browning of seed
coats QTL mapping [153]

Thr-1–Thr-3 Foliar thrips QTL mapping [149]
Major QTL Aphid resistance QTL mapping [154]
Major QTL Resistance to root-knot nematodes QTL mapping [155]

Fot31 Fusarium wilt [151]

Candidate genes Resistance to root-knot nematodes QTL mapping and
transcriptome analysis [156]

Pigeonpea Hsf genes Heat-response Genome-wide analysis [157]
Dehydrin-like protein (DLP)
gene and acid phosphatase

class B family protein
(APB) gene

Drought stress Differentially expressed
genes analysis [158]

Cyclophilin (CcCYP) gene Multiple abiotic stress tolerance cDNA expression analysis [159]
Pre-hevein-like protein PR-4

precursor (PR-4) and protease
inhibitor/seed storage/LTP
family protein (Ltp) genes

Defense against
Helicoverpa armigera

Gene expression analysis
using qPCR [160]

Common bean Co-1–Co-10 Resistance to anthracnose Linkage mapping [161]
10 QTLs/genes Resistance to anthracnose Associations mapping [143]

Resistance gene analogs Resistances to different pathogens Associations mapping [162]

Horse gram 9 genes Response to drought stress Transcriptome analysis [163]

Adzuki bean VaAGL, VaPhyE, and VaAP2 Flowering time and pod maturity QTL mapping [164]

Hyacinth bean 17 functionally relevant genes Drought-stress response Suppression subtraction
hybridization (SSH) analysis [83]

Chickpea Aquaporins gene family Biotic and abiotic stresses Comprehensive
genome-wide analysis [165]

CarERF116 Abiotic stress responsive Genome-wide association
analysis [166]

Major QTLs corresponding to
flowering time genes (efl-1,

efl-3, and efl-4)
Flowering time QTL mapping [167]

CarLEA4 Plant developmental processes
and abiotic stress responses Gene expression analysis [168]

Differentially expressed genes Drought stress response Quantitative real-time PCR
(qRT-PCR) analysis [169]
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Molecular marker technology helps plant breeders and gene bank curators to identify markers
linked with morphological and physiological traits in the available germplasm that enhance crop
adaptation under climate variability [170]. According to Kumar et al. [170], these linked markers can be
used to develop “climate change ready” cultivars for cultivation. The application of molecular marker
technology has resulted in the identification of markers linked to genes controlling several abiotic
and biotic stresses [171–175] and other agronomic traits [53,174,176–180] in chickpea and pigeonpea.
Also, the draft genome sequence of both Kabuli and Desi chickpeas and pigeonpea are available in the
public domain [134,181,182]. These sequence data of chickpea and pigeonpea will assist in enhancing
their productivity and lead to conserving food security in arid and semiarid environments. Many
QTLs have been identified on several linkage groups (2, 3, 4, 6, and 8) for Aschochyta blight (AB)
resistance [183], and marker-assisted backcrossing (MABC) has been used for conversion of targeted
lines with respect to one or two traits without disturbing other native traits of the target variety in
chickpea [184]. According to Varshney et al. [183], simultaneous genetic improvement for FW and AB
resistance is possible through marker-assisted selection (MAS) in chickpea. To this end, they undertook
two parallel MABC programs by targeting the foc 1 locus and two QTL regions, namely, ABQTL-I and
ABQTL-II to introgress resistance to FW and AB, respectively, in “C 214”, an elite cultivar of chickpea.
Phenotyping of lines developed through MAS led to the identification of some lines carrying both
FW (race 1) and AB, resistance which would be tested further for yield and other agronomic traits
under multilocation trials for possible release and cultivation. In an attempt to identify QTLs for root
traits in chickpea, Serraj et al. [185] developed a RIL population from a cross between a long root
genotype “ICC 4958” and a well-adapted, high yielding variety “Annigeri”. This RIL population
was used to map the genes/QTLs for root traits, leading to the identification of a “QTL hotspot” that
explained a large part of the phenotypic variation for major drought tolerance traits, including the
root traits. Kashiwagi et al. [117] used marker-assisted breeding to introgress this QTL hotspot into
a leading Indian chickpea cultivar “JG 11”. They demonstrated that introgression lines had shown
a distinct yield advantage (>10%) over JG 11 in multilocation evaluations under terminal drought.
These marker-based success stories of chickpea can also be replicated for improving stress tolerance in
other pulse crops. Choudhary and co-workers [186,187] used root traits to screen pigeonpea genotypes
against Al toxicity and established root exclusion as the possible mechanism for Al tolerance, whereas
Daspute et al. [188] discovered Al-responsive citrate excretion as the biochemical basis of Al tolerance in
pigeonpea. The information generated in pigeonpea may be utilized in other pulses for improvement
of Al tolerance.

5.1.2. Gene(s) Related to Adaptive Traits

Since climate changes have a large influence on the creation of a number of biotic stresses,
knowledge of genes that express themselves in different environmental conditions can help in breeding
climate-resilient crops. Transcriptome analysis has helped to deliver functionally associated gene-based
markers for breeding activities in lentil, field pea, and faba bean [189,190]. In several pulses (pea, lentil,
chickpea, common bean, pigeonpea, and broad bean), transcriptomic data have been generated that
can be used in gene-based marker discovery to assess genetic diversity, linkage mapping, and trait
dissection [191]. In other crops, it has been widely used to identify the candidate genes that express
themselves in specific environmental conditions (heat stress) or at particular plant growth stages [192].
Therefore, similar strategies can be employed for identification of such genes/traits imparting wider
adaptation to pulse crops under global warming conditions. In chickpea, this approach has been
used to identify candidate genes governing plant height and agromorphological traits [193,194], and
in lentil, QTLs for B toxicity tolerance, flowering time, and seed characteristics [195,196]. Similar
efforts have led to the identification of heat-responsive genes that are expressed in heat-sensitive
and heat-tolerant genotypes during heat stress in chickpea [132,197]. In other legume crops, genes
responsible for thermotolerance in soybean (GmHsfA1) and broad bean (VfHsp17.9-CII) have been
cloned [198,199]. Naser and Shani [200] mentioned the importance of auxin-related genes that play
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an important role in plant growth, seed development, and abiotic stress response (drought and
salinity tolerance). In pigeonpea, Pazhamala et al. [131] developed a compendium of 28,793 genes that
express themselves during the reproductive stage in seed-forming tissues and identified a network
of 28 flower-related genes. Similarly, Singh et al. [201] established a transcription factor database
(i.e., PpTFDB) in pigeonpea that can be useful for functional genomic analysis in other legume
crops [201]. Kudapa et al. [202] developed a comprehensive gene expression atlas by associating
genome sequence with genes expressed across different plant developmental stages and organs
covering the entire lifecycle of chickpea. They identified 15,947 unique numbers of differentially
expressed genes and observed significant differences in gene expression patterns in the process of
flowering, nodulation, and seed and root development. They could also identify candidate genes
responsible for drought stress from the QTL hotspot region. These recent advances, including the
development of gene expression atlases and signaling pathways involved in plants’ responses to
environmental stresses, will certainly facilitate the development of climate-smart pulses.

RNA-sequencing-based (NGS-based) transcriptome analysis is considered to be a superior
approach to understand the gene function and molecular basis of many cellular responses in plants
exposed to abiotic stresses. The gene expression analysis performed by Abdelrahman et al. [128]
could identify a number of candidate genes for drought, salinity, cold, and heavy metal stress
resistance in chickpea and other pulses. According to Singh et al. [203], transcriptome changes occur
in response to seedling drought stress in lentil. They recognized the upregulation of genes involved
in electron transport chains, oxidation-reduction processes, the TCA cycle, senescence and reduction
of stomatal conductance, the downregulation of genes associated with gamma-aminobutyric acid
synthesis, transcription binding and synthesis of cell wall proteins, and the negative regulation of
abscisic acid responses in the drought-tolerant lentil genotype “PDL 2”. Studies on the MLO gene
family [145,204] have revealed that the LcMLO1 and LcMLO3 genes in lentil and the PsMLO1 gene in pea
are associated with PM resistance. In chickpea, Garg et al. [205] carried out a comparative transcriptome
analysis of drought- and salinity-tolerant/sensitive genotypes at different developmental stages. They
could identify genes encoding enzymes involved in the biosynthesis of sugar alcohols (inositol and
trehalose), xyloglucan, and amino acids (proline and citrulline). The results of the transcriptome
study represented a starting point to dissect the gene regulatory networks involved in drought
and/or salinity stress in chickpea [205]. Transcriptome analysis performed in the nodules involving
Mesorhizobium ciceri CP-31-(McCP-31)-chickpea and M. mediterraneum SWRI9-(MmSWRI9)-chickpea
associations under Pi-deficient and -sufficient conditions could identify changes in the expression of
genes in more-Pi-deficiency-sensitive MmSWRI9-induced nodules than in less-Pi-deficiency-sensitive
McCP-31-induced nodules [206]. Recently, Mashaki et al. [169] studied transcriptome profiles in roots
and shoots of two contrasting Iranian kabuli chickpea genotypes under water-limited conditions at the
early flowering stage using an RNA-sequencing approach. They identified 4572 differentially expressed
genes (DEGs) and grouped these DEGs into several subcategories depending upon the intensity of
drought stress. Also, several transcription factors (TFs) controlling major metabolic pathways such
as ABA, proline, and flavonoid biosynthesis have been identified, spotting DEGs in QTL hotspot
regions (reported earlier) in chickpea. Thus, genes/TFs upregulated in the drought-tolerant genotype
during drought stress in this study are potential candidates for enhancing tolerance to drought [169].
Moreover, an early flowering1 (Efl1) gene, which is an ortholog of the early flowering3 (ELF3) gene
of Arabidopsis (Arabidopsis thaliana), has also been mapped and sequenced in chickpea [207]. It is
therefore expected that integration of phenomics with transcriptomics, proteomics, and metabolomics
will provide greater insight into the molecular changes occurring during the growth and development
of various species of pulses under environmental stresses.

5.1.3. Transgenics for Increasing Adaptability of Pulses

Gram pod borer (Helicoverpa armigera Hubner) is the key insect pest of pigeonpea and chickpea,
causing 17–35% yield losses [208]. No resistance sources to this insect pest are available in the
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cultivated germplasm and immediate wild progenitors of these two pulse crops. According to
Choudhary et al. [121], wild relatives of pigeonpea, notably Cajanus scaraeboides and C. platycarpus,
have morphologically adaptive features that impart resistance to pod borer. The resistance-imparting
morphological traits in such wild species include density of nonglandular trichome C on pods (>5 times
greater than that present on pods of cultivated accessions), width and waxiness of pod wall, and
prominent pod constrictions. Attempts to develop pod-borer-resistant genotypes of pigeonpea and
chickpea by conventional breeding methods have not been very successful due to crossable barriers
and incompatibility with wild species. Moreover, the incomplete penetrance and variable expressivity
of such wild genes in the cultivated background further complicates the outcome [121]. Therefore,
a transgenic approach has been adopted to improve resistance to pod borer in both pigeonpea and
chickpea. This has resulted in the development of transgenic lines of pigeonpea and chickpea carrying
Bt genes, namely, cry1Ac, cry1Ab, and cry2Aa. The transgenic lines of chickpea with synthetic Bt
genes either singly or in combination have exhibited a high level (98–100%) of mortality of Helicoverpa
larvae [209,210]. Das et al. [211] reported that field trials of several such transgenic lines are underway
at the Indian Institute of Pulses Research (IIPR), Kanpur. Efforts have also been made to utilize some
of these effective lines in backcross breeding program for further improvements [211]. According
to Singh et al. [212], transgenic plants expressing the Cry2Aa gene have been developed employing
Agrobacterium-mediated in planta transformation approach in pigeonpea. Developed transgenic plants
(T3 lines) have demonstrated 80–100% mortality of the challenged larvae and improved the ability to
prevent damage caused by the larvae. The selected transgenic plants accumulated Cry2Aa in the range
of 25–80 μg/g [212]. Transgenic approach has also been used to tackle the problem of salt tolerance in
chickpea and pigeonpea [213,214]. According to Bhatnagar-Mathur et al. [214], the osmoregulatory
gene “P5CSF129A”, encoding overproduction of proline transferred through genetic transformation,
confers drought tolerance in chickpea. It is thus obvious that the ongoing efforts to develop effective
transgenic lines for biotic and abiotic stresses will yield desired results very soon in both chickpea
and pigeonpea.

5.2. Emerging Omics Approaches for Breeding of Adaptive Traits

Though knowledge of epigenomics, proteomics, metabolomics, and genome editing is still limited
in pulses, these approaches have opened up new avenues for resolving the complexity of adaptive
traits imparting tolerance to biotic and abiotic stresses. These diverse omics platforms have great
potential for improving the current understanding of important traits, enabling us to develop new
strategies for developing climate-smart pulses.

5.2.1. Integration of Proteomics and Metabolomics with Genomics for Enhancing Climate Resilience

Proteomics and metabolomics have emerged as cutting-edge areas of functional biology [40].
Integration of information obtained from proteomics and metabolomics with genomics data can
enhance our understanding about plants’ response to abiotic stresses [215]. Several studies have
revealed a network of stress responsive genes/proteins/metabolites/transcription factors in various
legumes, including soybean [215–217]. This can help to catalogue and prioritize the genes to exercise
selection of superior traits for realizing genetic gains in crop breeding programs [218]. Recent advances
in proteomics have included classification of proteins, comparison of protein profiles, post-translational
modifications of proteins, identification of protein complexes and interacting networks, study of
protein structure and functional groups, and their use in crop improvement [219].

In legumes, proteomic studies have unraveled the molecular mechanisms underlying tolerance
to different biotic (AB, PM, FW, rust, mungbean yellow mosaic India virus, aphids, etc.) and abiotic
(drought, waterlogging, salinity, cold, heat, mineral deficiency, heavy metal toxicity, and dark and UV–B
irradiation) stresses [220,221]. After performing a proteomic analysis, Krishnan et al. [222] identified
373 proteins in pigeonpea seeds. They observed a large number of seed proteins showing significant
homology for amino acid sequences with that of soybean seed proteins. They could recognize a large
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number of stress-related proteins which probably confer adaption to pigeonpea in drought-prone
environments. More recently, Rathi et al. [223] identified and characterized proteins that enhance
adaptation of grass pea under dehydration conditions. Based on their putative functions, they grouped
these proteins into 22 functional categories, and 9.17% of these proteins showed their relation with
dehydration-induced stress [223]. In faba bean, Li et al. [224] carried out leaf proteomic analysis
under drought stress. They could classify quantified proteins mainly into five functional groups
(regulatory proteins: 46.7%; energy metabolism: 23.3%; cell cytoskeleton: 6.7%; other functions: 20%;
and unknown function: 3.3%). This study showed upregulation of chitinase, 50S ribosomal protein,
Bet protein, and glutamate–glyoxylate amino-transferase under drought conditions, suggesting their
important roles in drought tolerance [224]. According to Lin et al. [225], integration of transcriptomic
and proteomic research has been fruitful for exploring bruchid-resistant genes in mungbean. This
study will have a far-reaching impact on the control of bruchid (Callosobruchus spp.), which infests
grains of almost all pulses in storage.

Various metabolic changes occur in plants when they are exposed to abiotic stresses [226].
Knowledge of metabolite profiles provides insight into the functional role of metabolites for traits
imparting tolerance/resistance to abiotic and biotic stresses. In addition, integration of gene expression
profiles with metabolite profiles helps to identify gene-to-metabolite associations/networks [40,227].
A few studies have been conducted to determine the metabolic profiles of legume crops, including
pulses. Metabolic changes that take place during legume–rhizobial symbiosis have been studied under
different conditions, including drought stress [228–233]. In common bean, Hernández et al. [229], after
analyzing the nontargeted metabolite profile, identified changes in the roots and nodules of plants
inoculated with Rhizobium tropici grown under Pi-deficient and -sufficient conditions. In this study,
metabolic differences were observed between plants grown under these two contrasting conditions.
Thirteen metabolites showed their role in those pathways that repressed or induced pathways in
response to Pi deficiency. Nodules of Pi-deficient common bean plants showed a reduction in
N-metabolism-related metabolites, which might contribute to a decrease in symbiotic nitrogen fixation
(SNF) efficiency. In lentil, metabolite profiling of four different Mediterranean accessions performed by
Muscolo et al. [234] showed that intermediates of the TCA cycle and glycolytic pathways decreased
under drought and salinity conditions. Moreover, they recognized stress-specific metabolites such
as threonate for NaCl and asparagine/ornithine and alanine/homoserine specifically to drought and
salinity, respectively. In chickpea, Nasr Esfahani et al. [233] observed significant differences in C- and
N-metabolism-related metabolites in the more-Pi-deficiency-susceptible MmSWRI9-chickpea nodules
and the less-Pi-deficiency-susceptible McCP-31-chickpea nodules under Pi deficiency. Moreover, they
noted a remarkable increase in the level of organic acids in McCP-31-nodulated roots as compared with
MmSWRI9-nodulated roots under Pi deficiency. This study showed that a crosstalk among various
signaling pathways involved in the regulation of Mesorhizobium chickpea exists for adaptation to Pi

deficiency. Further in-depth knowledge at the genetic level can be useful for developing transgenic
cultivars in leguminous crops to have adaptability under Pi deficiency by sustaining efficient SNF. In
recent years, whole-genome sequences, genome-wide genetic variants, and cost-effective genotyping
assays have emerged and provided an opportunity to utilize metabolomics information for the genetic
enhancement of adaptive traits towards the ultimate aim of developing climate-resilient pulses [235].

5.2.2. Epigenomics for Improving Phenotypic Plasticity to Climate Change

Epigenetics denotes heritable changes in gene expression that can occur due to methylation
of DNA or post-translational modification of histones involved in chromatin formation rather than
changes in gene sequences [236]. Epigenetic variations can be reversible or transgenerational [237].
In reversible epigenetic variation, transcriptional memory may be responsive to cell fate decisions,
developmental switches, or stress responses; otherwise, the gene expresses itself normally. Such
epigenetic variations are not inherited by the next generation and, hence, are not useful for epigenetic
breeding. Iwasaki [238] discussed the chromatin resetting mechanism related to the stability of
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epigenetic states under various stress conditions and revealed that silencing of reporter transgenes as
well as endogenous loci occurs in response to various abiotic stresses such as high salinity, drought,
heat, or UV radiation. However, such stress-induced transcriptional activation is mostly transient,
and silencing is rapidly restored after resumption of optimal growth conditions. On the other hand,
transgenerational epigenetic variation causes changes in gene expression that are stably transmitted
to subsequent generations through mitosis or meiosis. Such epigenetic marks that create natural
phenotypic variation play an important role in adaptations of plants in different environmental
conditions [239–242]. Epialleles or epimutations, creating a mutant or an alternative phenotype,
are generated through epigenetic changes [237,243]. According to Slotkin and Martienssen [244],
these epialleles may result from changes in either genome or environmental conditions. Zhang and
Hsieh [245] identified pure epialleles originating independently of any genetic variation in their
model and other crop plant species. However, epialleles which are caused by genetic variations are
difficult to detect without comprehensive genome structural analysis. Therefore, it is challenging to
identify genomic loci that undergo epigenetic changes in response to environmental conditions [246].
According to Meyer [246], the use of such genomic loci in epigenetic breeding is a powerful strategy
for developing climate-smart pulses under global warming conditions because such epialleles are able
to improve the plant’s ability to adapt to the inducing conditions in a heritable manner. Lele et al. [242]
used amplified fragment length polymorphism (AFLP) and methylation-sensitive AFLP (MSAFLP) to
identify the differences in genetic diversity caused by epigenetic or genetic variations and to study the
role of epigenetic variation in the adaptation of Vitex negundo var. heterophylla (Chinese chaste tree) in
different habitats. This study showed a relatively high level of genetic and epigenetic diversity but
very low genetic and epigenetic differences between habitats within sites.

DNA methylation, a well-known form of epigenetic modification in plants, regulates genomic
imprinting, expression of genes, and the process of disease development in plant species [247]. It
influences transcription activity, morphological development, agronomic trait formation, the process of
disease development, and environmental adaptation [247,248]. However, technological advancements
have made it feasible to identify methylomes at a single-base resolution using BS-seq in soybean [248].
Methylome profiles studied among diverse accessions in key crop species including chickpea and
soybean showed thousands of differentially methylated regions (DMRs) [248–250]. Genome-wide
cytosine methylation analysis has been done on soybean for roots, stems, leaves, and cotyledons of
developing seeds at single-base resolution. This study identified 2162 differentially methylated and
hypomethylated regions, which provided significant insight into soybean gene expression [251]. Other
studies have identified the role of DNA methylation in controlling cytoplasmic male sterility [252] and
seed development in soybean [253]. Moreover, it has also played an important role in the polyploidy
of soybean and common bean [254]. A whole-genome DNA methylation investigation performed by
Shen et al. [248] identified 5412 DMRs which are useful in the domestication and improvement of
soybean. The study also identified DMR-enriched genes belonging to carbohydrate metabolism [248].
In tetraploid cotton (a nonlegume crop), Song et al. [255] recognized 519 genes differing epigenetically
between wild and cultivated species. Among these genes, a few methylated genes were responsible
for traits such as flowering time and seed dormancy which helped in the domestication of cotton.
This study also showed that DNA methylation changes the expression of the genes of wild species
in response to environmental conditions or during the human selection. This study further revealed
that the methylated gene helped cotton to adapt in natural tropical environments because DNA
methylation of this gene does not encourage flowering under long-day conditions. Bhatia et al. [250]
also identified DMR-associated genes involved in the development of the flower of chickpea. In
addition to this, natural variation of epialleles has provided an opportunity for plant breeders to select
and breed agronomically important traits [256,257]. As pulses have undergone domestication under
varied agroclimatic conditions, a comprehensive investigation of methylated genes among accessions
belonging to wild and cultivated species will help identify DMR-enriched genes that might affect their
adaptedness to local climatic condition.
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A breeding strategy was suggested by Raju et al. [258] to exploit epigenetic variations for increasing
yield and stability in soybean. This strategy employed the MutS HOMOLOG1 (MSH1) system to
induce epigenetic variation for agronomic traits. For epigenetic breeding, epi-lines were developed by
crossing between wild type and msh1-acquired soybean memory lines, which showed a wide variation
for multiple yield-related traits including pods per plant, seed weight, and maturity time in both
greenhouse and field trials. Low extent of epitype-by-environment (e × E) interaction indicated higher
yield stability. Furthermore, transcript profiling of the soybean epi-lines helped to identify genes
involved in various metabolic pathways responsible for enhanced growth behavior across generations.
This indicated the potentiality of MSH1-based epigenetic variation in plant breeding for enhanced yield
and yield stability [258]. Thus, environmentally induced epigenetic variation can result in heritable
phenotypic plasticity, which may play a major role in adaptation to environmental change [239,258,259].
Since pulses are grown in a wide range of environmental conditions and face many stresses throughout
their lifecycle, breeding for epigenetic variations can be more useful for the ultimate aim of developing
climate-smart pulse crops (Figure 2).

Figure 2. Epigenetic breeding for improving phenotypic plasticity to climate change in pulses.

5.2.3. Genome Editing Approaches for Adaptation

Genome editing has emerged as a new approach to bring about genetic changes at targeted
regions of the genome and is being utilized as an alternative to classical plant breeding and the
transgenic approach [260,261]. Genome editing includes insertion, removal, or replacement of a
targeted gene. CRISPR/Cas9-based genome editing, used first in 2013 with Arabidopsis protoplasts and
tobacco cells [262], is a highly advanced system and user-friendly tool for targeted gene manipulation
in many plant species, including crop plants [263,264]. Genome editing could induce mutations in
targeted genes with a frequency of 1.8–2.7% [265,266]. Among food crops, this approach was used
for the first time in rice and wheat [267]. Initially, the rice PDS gene (OsPDS) was targeted with
two sgRNAs (SP1 and SP2), which resulted in a 5% mutagenesis rate in protoplasts. Subsequently,
three more rice genes (OsBADH2, Os02g23823, and OsMPK2) and one wheat gene (TaMLO) were
targeted and mutated in protoplasts [267]. Recently, the CRISPR/Cas9 technology has been used
successfully to edit five pyrabactin resistance 1-like (PYL) genes in rice. The mutants generated
from the editing of pyl1/4/6 exhibited the best growth and improved grain productivity up to 30% in
natural paddy field conditions [266]. Such mutations (populations) can have better adaptive value in
changing environmental conditions. The CRISPR/Cas9 system will likely be a promising alternative
to conventional transgenic and breeding approaches that can deliver good results in this field. This
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system (CRISPR/Cas9) can also be useful for precise manipulation of genes governing adaptation of
pulse crops to adverse environmental conditions.

Genetic transformation is now a routine activity in major pulses such as chickpea and pigeonpea,
where transgenic plants have already been developed for insect resistance [209,210,212]. Therefore,
gene families regulating the ABA pathway that play an important role under abiotic stress conditions
identified earlier in legume crops may be targeted for gene editing in pulse crops to tackle the ill effects
of the changing climate scenario [267–270]. The role of the MLO gene family has been identified in
controlling powdery mildew resistance, and hence, this gene family may be used in pea and other
pulses where powdery mildew is a serious problem [145]. Because the development of cultivars having
resistance to pod borer in chickpea and pigeonpea is a major challenge due to the unavailability of
resistance genetic resources in the gene pool, gene editing can target genes controlling susceptibility
in the host plant of pulse crops as it is used to enhance resistance to viral diseases in plants [271].
Moreover, Wang et al. [272] applied genome editing to understand the basic mechanisms underpinning
legume–rhizobia interactions. In several pulses, candidate genes imparting tolerance to abiotic and
biotic stress as well as other agronomic traits have been identified [51,138,193,273–275]. The gene
editing approach can be used to validate the function of these genes, as candidate genes controlling
quantitative variations in nodulation have been validated using genome editing [276]. Identified
mutant populations can also be useful as genetic resources for breeding improved cultivars and will
help strengthen food security in the future.

6. Concluding Remarks

For food and nutritional security, it is essential to adopt mitigation and adaptation strategies for
sustaining the production and productivity of pulses under changing climate conditions. However,
pulse farmers, especially in South Asia and Africa, are poor in resources; hence, they have a limited
capacity to adopt mitigation strategies. Consequently, we shall have to resolve the issues of climate
change primarily through adaptation strategies. This calls for developing cultivars that can sustain food
production in the future. During the past years, many adaptive traits have been targeted knowingly or
unknowingly in plant breeding programs. However, breeding climate-resilient cultivars must address
moving targets that differ across geographical locations [277,278]. This will help minimize the adverse
impact of climate change on agriculture. In addition, we should lay more focus on the use of wild
species and land races to enhance crop resilience through evolutionary breeding [279,280]. We should
use modern science to bring back diversity in farmers’ fields by developing an evolutionary population
(EP) using a mixture of different genotypes of the same crop. As the genetic composition of an EP
fluctuates year after year, genotypes having high adaptive value subsequently become predominant
in stressful environments [280]. In common bean, such populations are currently grown [281], and
farmers claim high yields under stressful conditions [282].

During the last three decades, considerable advances have been made in the genomics of pulse
crops, and genome sequences of many pulse crops are now available in the public domain. This
has resulted in the identification of genes/QTLs controlling various agromorphological traits. These
advances have allowed breeders to incorporate multiple traits into an improved genetic background
through genomics-assisted selection, thereby resulting in the development of stress-resilient pulse
crops. For example, introgressed lines of soybean carrying the Ncl gene have the potential to regulate
transport and accumulation of Na+ and Cl−. This has resulted in 3.6–5.5-fold greater yield advantages
over conventional cultivars under salinity conditions. Such advances have made it possible to grow
soybean in saline-affected areas [283]. Moreover, introgression of genes from tepary bean (Phaseolus
acutifolius A. Gray) resulted in the development of elite common bean lines that are able to grow
at 4 ◦C above the limit (18–19 ◦C) normally tolerated by this crop [284]. In chickpea, efforts to
introgress the drought-tolerant QTL into the background of popular cultivars of Africa and Asia
through marker-assisted selection have resulted in several chickpea introgression lines. In rainfed
yield trials, these lines have shown at least a 10% yield advantage over the recurrent parent [285].
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Genome editing technology based on CRISPR/Cas9 can be used to manipulate genes responsible
for adaptation in adverse environmental conditions, and the resulting mutant populations can be
screened under stressful conditions. Therefore, initiatives for developing climate-resilient varieties
using genomics-based approaches merit special attention.

Environmentally induced epigenetic variation has been reported to play an important role in
enhancing phenotypic plasticity to changing environments [286–291]. Though epigenetic variation
has been studied and exploited in other crops, perhaps no reports are available on its use for the
improvement of pulse crops. As pulses are grown across a wide range of environmental conditions,
concerted efforts are required to study epigenetic variations in these crops. Such efforts may pave the
way for climate-resilient smart pulses in the days ahead.
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Abstract: Terminal drought is the main stress limiting pea (Pisum sativum L.) grain yield in
Mediterranean environments. This study aimed to investigate genotype × environment (GE)
interaction patterns, define a genomic selection (GS) model for yield under severe drought based on
single nucleotide polymorphism (SNP) markers from genotyping-by-sequencing, and compare GS
with phenotypic selection (PS) and marker-assisted selection (MAS). Some 288 lines belonging to
three connected RIL populations were evaluated in a managed-stress (MS) environment of Northern
Italy, Marchouch (Morocco), and Alger (Algeria). Intra-environment, cross-environment, and
cross-population predictive ability were assessed by Ridge Regression best linear unbiased prediction
(rrBLUP) and Bayesian Lasso models. GE interaction was particularly large across moderate-stress
and severe-stress environments. In proof-of-concept experiments performed in a MS environment,
GS models constructed from MS environment and Marchouch data applied to independent material
separated top-performing lines from mid- and bottom-performing ones, and produced actual yield
gains similar to PS. The latter result would imply somewhat greater GS efficiency when considering
same selection costs, in partial agreement with predicted efficiency results. GS, which exploited
drought escape and intrinsic drought tolerance, exhibited 18% greater selection efficiency than MAS
(albeit with non-significant difference between selections) and moderate to high cross-population
predictive ability. GS can be cost-efficient to raise yields under severe drought.

Keywords: drought tolerance; genotype × environment interaction; genetic gain; genomic selection;
grain yield; inter-population predictive ability; marker-assisted selection; Pisum sativum

1. Introduction

The combined effect of population growth, change and instability of climate, reduced available
irrigation water, land degradation, and inefficient and environment-unfriendly exogenous nitrogen
inputs are threatening the global food security [1–3]. Greater cultivation of drought-tolerant, resilient
legume crops would represent a key asset for facing these challenges, by increasing the sustainability
of agriculture in terms of soil fertility, energy efficiency, greenhouse gas emissions, pollution, and
crop diversity on the one hand and the efficiency and quality of food systems on the other [4–6]. This
is especially true for countries of Europe and Northern Africa, where greater legume cultivation is
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required also to decrease their huge dependency on international markets for high-protein feedstuff [7,8].
Plant breeding has unanimously been indicated as the main avenue to decrease the economic gap with
cereal crops that limits the cultivation of grain legumes in these countries [9,10]. Drought, which has
been the main abiotic stress targeted by legume improvement programmes [11], has crucial importance
for most of these countries, because drought-prone environments are expected to become common
throughout Southern Europe and Northern Africa and to expand northward and eastward into central
Europe as a consequence of climate change [12].

Field pea (Pisum sativum L.) has special interest for Southern Europe, where it displays higher
grain yielding ability than other rain-fed cool-season grain legumes [13]. Further assets of this crop are
moderately high rates of genetic yield gain [14,15], remarkable flexibility of utilization (as grain, hay,
or silage) [16], and high energy value for animal nutrition [17]. Recent work highlighted high potential
interest and farmers’ appreciation for pea in North-African environments, too [16].

Genomic selection (GS) aims to predict breeding values for complex, polygenic traits by means
of a statistical model constructed from phenotypic and genome-wide marker data of a germplasm
sample representing a genetic base (training set), which, if sufficiently predictive, can then be applied
for extensive genome-enabled selection within the target genetic base [18]. This selection strategy
has represented a breakthrough for cattle production improvement [19]. The development of a
high-throughput genotyping technique such as genotyping-by-sequencing (GBS) [20], by which large
germplasm sets can be genotyped by thousands of single nucleotide polymorphism (SNP) markers at
a lower cost than array-based techniques [21], has facilitated the application of GS in plant breeding,
to select for overall crop performance or other complex traits (e.g., drought tolerance) rather than
for specific traits linked to markers identified via comparative genomics or quantitative trait loci
(QTL) discovery [22]. Pioneer studies for grain yield of legume crops were encouraging in this
respect. The cross-environment predictive accuracy of top-performing GS models exceeded 0.45 for
soybean breeding lines or landraces across sites of the USA [23,24], France [25], or China [26], and for
white lupin landraces across Italian environments with contrasting climate or water availability [27].
It averaged 0.30 for three recombinant inbred line (RIL) populations of pea grown in climatically
contrasting Italian environments [28], and 0.34 for various line populations of chickpea grown in Indian
locations [29]. For grain yield of drought-prone pea germplasm, GS displayed an average predictive
ability of 0.72 (estimated from intra-environment cross-validations) across three RIL populations grown
in a managed-stress (MS) environment subjected to severe terminal drought [30], namely, the drought
stress typical of Mediterranean-climate environments that implies increasing stress intensity during the
reproductive stages of the crop cycle. Additionally, GS exhibited good ability to predict breeding values
for other pea traits, such as phenology or individual seed weight [31]. On the whole, the available
results suggested an advantage of GS over phenotypic selection in terms of predicted yield gains per
unit time or unit cost, both for inbred and outbred legume crops [28,32]. However, information on
actual yield progress derived from GS application would crucially contribute to verify the value of GS
for legume yield improvement.

Higher yield of cool-season grain legumes under terminal drought may be achieved through
different mechanisms that provide either drought escape or drought tolerance [11]. The report
in [30] also included results of a genome-wide association study (GWAS), which revealed extensive
co-localization of markers associated with high yield under stress and early flowering of pea. However,
that study revealed also genetic variation for intrinsic drought tolerance (estimated as the yield
deviation from the line value expected as a function of onset of flowering), along with putative QTL for
this trait that could be exploited by marker-assisted selection (MAS). GS for intrinsic drought tolerance
proved feasible too, although with lower predictive ability (averaging 0.27 across RIL populations)
than GS for overall grain yield [30]. Intrinsic drought tolerance has greater practical interest than
drought stress escape in inland regions of Southern Europe, where the exploitation of early flowering
may be limited by greater susceptibility of autumn-sown early material to frost events [33].

38



Int. J. Mol. Sci. 2020, 21, 2414

The GS model for pea grain yield under severe terminal drought in [30], which was constructed
from phenotyping data from one MS environment of Italy, would profit from refinement based on
phenotyping data from drought-stressed agricultural environments. Yield data from MS environments
can be valuable for phenotypic selection [34] and definition of GS models for drought-prone areas,
because they are not subjected to the large genotype × year interaction caused by erratic rainfall that
may feature in agricultural environments. However, a key prerequisite for their utilization is their
ability to reproduce genotype yield responses as they occur in the target agricultural environments [35].

The main objectives of this study were (i) to improve the GS model for predicting pea grain
yield under severe terminal drought that was reported in [30], by assessing the consistency of the
phenotyping data used to build up that model with those recorded in two North-African agricultural
environments, widening the amount of phenotyping data for GS model construction, and assessing
cross-environment and cross-population (alias inter-population) predictive abilities; and (ii) to perform
a proof-of-concept assessment of the value of the improved GS model and of MAS for intrinsic
drought tolerance, on the basis of actual grain yields displayed under severe terminal drought by
independent material that underwent GS, MAS, and phenotypic selection (PS). Additional objectives
were (i) to assess the extent and pattern of genotype × environment (GE) interaction occurring across
different drought-prone environments; and (ii) to verify the possible usefulness of a MS environment
in Italy for yield-based PS targeted to North-African agricultural environments, as an indirect selection
strategy that exploits the genetic correlation between a MS selection environment and the target
agricultural sites.

2. Results

2.1. Multi-Environment Data Analysis of RIL Populations (Experiments 1, 2, and 3)

The site of Alger (Algeria) exhibited distinctly higher water availability over the crop cycle and
higher crop mean yield than the Moroccan site of Marchouch (Table 1). The MS environment in Lodi
(Italy), which aimed to generate severe terminal drought, was definitely more similar to Marchouch
than Alger both for crop mean yield and water availability for the crop (Table 1). Yield values of
top-yielding lines, i.e., those that could maximize the potential of each environment, confirmed that
the MS environment and Marchouch were quite unfavorable (≤0.91 t/ha; Table 1) compared to Alger
(3.33 t/ha).

Table 1. Management, available water, air temperature in the last period of crop cycle and grain yield
of pea experiments performed in a managed drought stress (MS) environment (Lodi, Italy) and two
agricultural sites (Marchouch, Morocco; Alger, Algeria).

Exp. Environment Sowing Date 1 Harvest Date 1 Available Water
(mm) 2

Last Month’s Mean
Temperature (◦C) 3

Mean Yield
(t/ha)

Yield of
Top-Yielding Line

(t/ha)

Exp. 1 MS Lodi Feb. 25, 2015 Jun. 3, 2015 120 19.3 0.32 0.75
Exp. 2 Marchouch Nov. 28, 2015 May 26, 2016 59 18.1 0.36 0.91
Exp. 3 Alger Dec. 8, 2015 May 18, 2016 327 20.3 1.38 3.33

Exp. 4, 5, 6 MS Lodi Apr. 12, 2017 Jun. 24, 2017 115 23.4 0.424 -

1 First sowing date and last harvest date, when spanning across various days. 2 Over the crop cycle; as irrigation
under a rain-out shelter in Lodi, and rainfall in the other sites. 3 Average of mean daily temperature during the last
month of crop cycle. 4 Mean of three experiments.

Among-line variation for grain yield and onset of flowering was observed within each of the
three connected recombinant inbred line (RIL) populations (originated from paired crosses between
the cultivars Attika, Isard, and Kaspa) in each environment (p < 0.05). The combined ANOVA for
grain yield revealed highly significant (p < 0.001) genotype × environment (GE) interaction besides
variation for genotype and environment main effects (Supplementary Table S1). The application
of the Additive Main effects and Multiplicative Interaction (AMMI) model for partitioning the GE
interaction variation showed that only the first GE interaction principal component (PC) axis was
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significant according to the FR test (Supplementary Table S1). AMMI-modeled line yield responses
as a function of the environment score on this PC axis, which are displayed in Figure 1 for the two
top-performing lines in each environment or across environments, the parent cultivars and the control
cultivar Spacial, indicated (i) the remarkable yield response of some lines compared to parent or control
cultivars; (ii) the large extent of GE interaction of cross-over type (i.e., implying line rank changes)
across environments, and (iii) the greater similarity of the MS environment with Marchouch than
with Alger for GE interaction pattern. The latter result was confirmed by the genetic correlation for
yield of the whole set of lines across pairs of sites, which was moderately positive between the MS
environment and Marchouch (rg = 0.50, p < 0.001), and non-significant (p > 0.05) between Alger and
the MS environment (rg = −0.02) or Marchouch (rg = −0.14). Alger proved distinct from the other
environments also because it displayed no phenotypic correlation of grain yield with onset of flowering
(rp = −0.09, p > 0.10), in contrast with the negative correlation (p < 0.001) observed for Marchouch (rp

= −0.45) and the MS environment (rp = −0.81). All these results supported the redefinition of a GS
model for grain yield under severe terminal drought based on pooled phenotypic data from the MS
environment and Marchouch.

Figure 1. Additive Main effects and Multiplicative Interaction (AMMI)-modeled nominal grain yield of
a set of top-performing pea lines out of 288 lines belonging to three connected recombinant inbred line
(RIL) populations, including the two top-ranking lines in each site or over sites, three parent cultivars
(Attika, Isard, and Kaspa) and one recent control cultivar (Spacial), grown in a managed drought stress
(MS) environment of Lodi (Italy) and two agricultural environments of Marchouch (Morocco) and
Alger (Algeria).

Indirect PS in the MS environment targeted to Marchouch was favored by higher broad-sense
heritability under MS than in the agricultural site but was hindered by the only moderate genetic
correlation between the selection and the target environment (which was rg = 0.41 for values averaged
across the individual RIL populations) (Table 2). As a result, indirect PS selection for Marchouch based
on MS environment data was predicted to be 45% less efficient than direct PS in Marchouch (Table 2).
The average rg value close to zero was responsible for the extremely low predicted efficiency of indirect
PS in the MS environment relative to direct PS for Alger (Table 2).
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Table 2. Predicted efficiency (Er) relative to direct phenotypic selection (PS) for pea grain yield in
the target environment of (i) indirect PS in a managed drought stress (MS) environment (Lodi, Italy)
for two agricultural sites (Marchouch, Morocco; Alger, Algeria); (ii) genomic selection (GS) using a
model trained on line yield data from the target environment (A) or on data averaged across the MS
environment and Marchouch (B), for three environments.

Target Environment Hj
2 Hj’

2 rg(j,j’) Er, PS in MS a
rAb

b Er, GS c

A B A B

Marchouch 0.475 0.870 0.408 0.550 0.240 0.260 0.633 0.685
Alger 0.522 0.870 0.015 0.021 0.184 0.031 0.441 0.074

MS Lodi 0.870 − − − 0.741 0.713 1.066 1.023

Hj
2 and Hj’

2, broad sense heritability on a line mean basis for the target environment j and the selection environment
j’, respectively, for PS; rg(j,j’), genetic correlation for line yields across j and j’ environments; rAb, predictive ability of
the top-performing of models constructed by Bayesian Lasso or Ridge Regression BLUP, considering models with
five possible thresholds of genotype SNP missing data (10%, 20%, 30%, 40%, 50%) trained on joint data of three RIL
populations (encompassing 288 lines overall). All values estimated for individual populations, reporting values
averaged across populations. a Estimated as (Hj Hj’ rg(jj’))/Hj

2. b Top-predicting models are reported in Table 3 for
A; they are BL models with missing data thresholds of 50% for Marchouch, 10% for Alger and 20% for MS Lodi,
for B. c Estimated as (ij” rAb)/(ij Hj

2), where ij” and ij are standardized selection differentials used for GS and PS,
respectively; ij” = 2.197 and ij = 1.755, upon assumption of same overall costs for GS and PS and 2.8 lower cost per
evaluated line of GS relative to PS.

Table 3. Predictive ability of the top-performing of models constructed by Bayesian Lasso or Ridge
Regression BLUP for grain yield breeding value of pea lines belonging to three connected RIL
populations in a managed drought stress (MS) environment (Lodi, Italy) and two agricultural sites
(Marchouch, Morocco; Alger, Algeria), with model training on all RIL populations pooled in one data
set or on the single populations.

Trait
Bayesian Lasso Ridge Regression BLUP

All Single All Single

Yield, MS Lodi 0.741 0.708 0.707 0.693
Yield, Marchouch 0.240 0.214 0.240 0.217

Yield, Alger 0.181 0.156 0.184 0.160
Mean yield, MS Lodi and Marchouch 1 0.692 0.668 0.682 0.650

Averaged across results for three RIL populations encompassing 288 lines overall, considering models with five
possible thresholds of genotype SNP missing data (10%, 20%, 30%, 40%, 50%). Fifty repetitions of 10-fold stratified
cross-validations per analysis. 1 Using phenotypic data averaged across the two environments.

2.2. Predictive Ability of Genomic Selection Models (Experiments 1, 2, and 3)

As expected, the number of available polymorphic SNP markers issued from the
genotyping-by-sequencing (GBS) analysis increased as a function of the threshold of allowed genotype
SNP missing data, reaching the highest value for the threshold of 50% (Data repository S1). This
SNP missing data threshold implied 4364 markers for the SNP calling criterion requiring at least six
aligned reads per locus, and 7521 for the criterion requiring at least four reads. Only results for the
six-read criterion are reported hereafter, because this criterion provided predictive ability values that
were about equal or slightly higher than those provided by the four-read criterion in all analyses.
Polymorphic markers for this criterion were 165 for the SNP missing data threshold of 10%, 647 for
20%, 1713 for 30%, and 3018 for 40%.

For all yield traits, Bayesian Lasso (BL) and Ridge Regression BLUP (rrBLUP) GS models tended
to display a distinct increase of predictive ability passing from 10% to 20% of genotype SNP missing
data, which could be attributed to the small marker number for the 10% threshold, along with modest
or nil prediction improvement beyond the 20% threshold. This is shown in Supplementary Figure S1
for models trained on pooled data of the three RIL populations.

On average, GS model training on pooled data exhibited nearly 7% higher intra-environment
predictive ability than model training on the individual populations, when comparing top-performing
BL or rrBLUP models for the three test environments (Table 3).
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Intra-environment prediction was maximized by BL for Lodi, whereas BL and rrBLUP achieved
comparable predictive ability for Alger and Marchouch (Table 3). The best-predicting GS model for
line mean yield across Lodi’s MS environment and Marchouch (which was selected for GS in Exp. 4,
5, and 6) was BL trained on pooled population data with 20% SNP missing data threshold, whose
predictive ability was 4% higher than that of the BL model with the same configuration but trained on
individual populations (which was the alternative GS model used for Exp. 4).

In agreement with results of location similarity for GE interaction, the cross-environment predictive
accuracy provided by best-predicting GS models was moderate for predicting Marchouch data from
data of the MS environment or vice versa (range 0.35–0.46), and very low for predicting Alger data
from MS environment data or vice versa (<0.06) or for predicting Alger data from Marchouch data or
vice versa (<0.12) (Supplementary Table S2). The predictive ability of the top-performing GS model
constructed from line mean yields across the MS environment and Marchouch was about 0.26 for
Marchouch, 0.71 for the MS environment, and 0.03 for Alger (Table 2).

Cross-population predictive ability was investigated for the hypothesis of GS models trained
on data of either one or two other connected RIL populations, considering by turns all possible
combinations of training and validation populations. The assessment focused on line mean yield
across Lodi’s MS environment and Marchouch (whose data were exploited for GS proof-of-concept
experiment work), and line yield in Alger (whose response pattern contrasted with that observed
in the other two environments). Top-performing GS models for cross-population predictive ability
were generally Bayesian Lasso with 20% to 40% genotype SNP missing rate. On average, the loss
of prediction for the top-performing GS model passing from intra-population prediction (Table 3) to
cross-population prediction (Table 4) was only 9% (0.630 vs. 0.692) for mean yield across Lodi’s MS
environment and Marchouch, and 18% (0.151 vs. 0.184) for yield in Alger, for models trained on joint
data of two populations. The loss of prediction was distinctly greater, namely, 43% for mean yield
across Lodi’s MS environment and Marchouch, and 46% for yield in Alger, for models trained on
one population.

Table 4. Cross-population predictive ability of the top-performing of models constructed by Bayesian
Lasso or Ridge Regression BLUP for breeding value of pea lines belonging to three connected RIL
populations, for grain yield in the agricultural site of Alger (Algeria) and mean grain yield across a
managed drought stress (MS) environment (Lodi, Italy) and the site of Marchouch (Morocco). Average
predictions for one RIL based on model training on data of one or two other connected RIL populations.

Trait
Training Populations

One Two

Yield, Alger 0.099 0.151
Mean yield, MS Lodi, and Marchouch 1 0.397 0.630

Averaged across results for three RIL populations encompassing 288 lines overall, considering models with five
possible thresholds of genotype SNP missing data (10%, 20%, 30%, 40%, 50%). 1 Using phenotypic data averaged
across the two environments.

2.3. Comparison of Genomic vs. Phenotypic Selection Based on Predicted Yield Gains (Experiments 1, 2, and 3)

Compared to PS in specific environments, the predicted efficiency of GS based on the
best-performing site-specific GS model was about 37% lower for Marchouch, 56% lower for Alger, and
7% higher for the MS environment (Table 2). Interestingly, the gap in predicted efficiency of GS relative
to PS for Marchouch was reduced by using the GS model that incorporated also data from the MS
environment besides data from Marchouch (about 31% lower efficiency; Table 2). This model reduced
very slightly (2%) the advantage of GS relative to direct PS for the MS environment, while showing
very low relative efficiency for Alger (Table 2).

For Marchouch, indirect selection based on the top-performing GS model was predicted to be
about 24% more efficient than indirect PS based on MS environment data (as indicated by relative
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efficiency of 0.685 vs. 0.550; Table 2). For Alger, GS based on the site-specific model was far more
efficient than indirect PS based on MS environment data (relative efficiency of 0.441 vs. 0.021; Table 2),
given the inability of the MS environment to reproduce the line yield responses for this site.

2.4. Comparison of Genomic vs. Phenotypic Selection Based on Actual Yield Gains (Experiment 4)

This experiment aimed to compare five groups of lines selected for grain yield under severe
terminal drought according to different PS or GS criteria. ANOVA results for data excluding parent
lines are reported in Supplementary Table S3. The five groups of lines differed at p < 0.01 for grain
yield and onset of flowering and at p < 0.05 for aerial biomass, with no line group × RIL population
interaction except for onset of flowering. The selected GS model constructed from line mean yields
across the MS environment and Marchouch with model training on pooled RIL data produced lines
with similar grain yielding ability but somewhat lower aerial biomass and earlier flowering (p < 0.05)
compared to the GS model trained on the individual RIL populations (Table 5).

Table 5. Grain yield, aerial biomass, and onset of flowering under managed drought stress (MS) of pea
line groups issued by genomic selection (GS) or phenotypic selection (PS) for grain yield under severe
terminal drought or marker-assisted selection (MAS) for intrinsic drought tolerance.

Line Group Total no. of Lines

Yield (t/ha Dry Weight)
Aerial Biomass (t/ha

Dry Weight)
Onset of Flowering

(dd from April 1)Value
Difference to Parent

Line Group

Experiment 4 1

PS in MS Lodi 9 0.749 ** 0.495 3.264 ** 26.2 **
GS, RIL

population-specific
model

9 0.655 ** 0.401 3.299 ** 27.4 **

PS across MS Lodi and
Marchouch 9 0.653 ** 0.399 3.216 * 27.4 **

GS, model trained on all
populations 9 0.642 ** 0.388 3.015 26.2 **

PS in Marchouch 9 0.540 ** 0.286 3.094 28.5 **
Parent lines 3 0.254 - 2.819 30.8

LSD (p < 0.05) 0.104 0.195 0.5

Experiment 5 2

GS, top-performing lines 6 0.353 * 0.128 2.786 31.2
GS, mid-performing

lines 6 0.134 −0.091 2.747 35.5 **

GS, bottom-performing
lines 6 0.121 −0.104 2.581 35.3 **

Parent lines 3 0.225 - 2.686 32.7
LSD (p < 0.05) 0.068 0.253 1.5

Experiment 6 3

GS, top-performing lines 9 0.638 ** 0.286 3.375 ** 28.8
MAS, top-performing

lines 9 0.595 ** 0.243 3.031 ** 28.3

GS/MAS
mid-performing lines 6 0.462 0.110 3.059 ** 28.6

GS, bottom-performing
lines 9 0.290 −0.062 2.649 29.3

MAS,
bottom-performing lines 9 0.208 −0.144 2.597 30

Parent lines 2 0.352 - 2.506 28.6
LSD (p < 0.05) 0.114 0.297 1.0

GS modelling based on data of independent lines evaluated in a MS experiment in Lodi and a field experiment in
Marchouch (Exp. 1 and 2 in Table 1, respectively). LSD relates to line group mean comparison, excluding parent
lines. Line group means followed by * and ** differ at p < 0.05 and p < 0.01, respectively, from the parent line
mean according to Dunnett’s test. 1 GS model trained on 205 lines from three RIL populations or on the single
populations. GS and PS selection: three lines out of 30, for each of three RIL populations. GS and PS data averaged
across populations. 2 GS model trained on 295 lines from three RIL populations. Each GS-based line group: two
lines out of 30, for each of three connected crosses. GS data averaged across connected crosses. 3 GS model trained
on 198 lines from two RIL populations. GS and MAS selection: applied to 24 lines previously selected for similar
phenology out of 97 lines from another RIL population, selecting three lines for top- and bottom-performing groups,
and two lines for the mid-performing group.
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A meaningful comparison of GS vs. PS was obtained by comparing the average grain yield
progress over the mean of parent lines of the two GS procedures (0.394 t/ha) with that of PS based
on line mean yields across the MS environment and Marchouch (0.399 t/ha), which implied just 1%
lower yield gain of GS relative to PS (Table 5). On average, the progress over parent lines of these
selections was remarkable, implying over 2.5-fold higher grain yield, associated with a distinct shift
towards earlier flowering and a trend towards higher aerial biomass (Table 5). On average, GS and PS
produced material with comparable aerial biomass (3.157 t/ha for GS vs. 3.216 t/ha for PS; Table 5).

Specific PS for the MS environment maximized the grain yield gain over parent lines in the same
test environment (Table 5). In comparison, specific PS for Marchouch exhibited 42% lower yield
progress over parent lines (0.286 vs. 0.495 t/ha; Table 5).

2.5. Comparison of Material with Contrasting Genomic Predictions (Experiment 5)

The three line groups evaluated in Experiment 5, which were relative to putatively top-performing,
mid-performing, and bottom-performing lines according to the GS model constructed from line mean
yields across the MS environment and Marchouch, differed for grain yield and onset of flowering
(p < 0.01) but not for aerial biomass, and displayed interaction with the Cross factor for grain yield
and aerial biomass (p < 0.05; Supplementary Table S3). On average, the lines classed by GS in the
top-performing group exhibited over 2.6-fold higher grain yield and four-day earlier onset of flowering
than lines classed into the mid-performing or the bottom-performing group (p < 0.01), with no
significant difference between mid- and bottom-performing groups (Table 5). In this experiment,
the yield difference between selected line and parent line groups should not be interpreted in terms of
GS gain over parent lines, because the genetic base that underwent GS here was intrinsically poorly
adapted to severe drought because of earlier selection for cold tolerance (unlike the RIL populations
of Experiments 4 or 6). However, GS (as represented by material classed in the top-performing
group) allowed for a distinct grain yield progress over the mean of parent lines (57% higher yield;
Table 5) under severe drought even in this late-flowering, cold-tolerant genetic base, also by means of a
remarkable shift of the selected material towards earlier onset of flowering (Table 5).

2.6. Comparison of Genomic Selection vs. Marker-Assisted Selection for Intrinsic Drought Tolerance
(Experiment 6)

In this experiment, MAS for intrinsic drought tolerance and the GS model constructed from
line mean yields across the MS environment and Marchouch were applied to a set of lines featuring
similar earliness of flowering. The five line groups, which were relative to putatively top-performing,
mid-performing, or bottom-performing lines according to MAS or the GS, differed for grain and aerial
biomass (p < 0.01) and onset of flowering (p < 0.05; Supplementary Table S3). Both GS and MAS
groups of top-performing material exhibited distinctly higher grain yield than the other groups of
lines and the set of parent lines (p < 0.01; Table 5). Compared to top-performing material from MAS,
top-performing material from GS exhibited 11% higher aerial biomass (p < 0.05), and 7% higher grain
yield (with 18% greater selection efficiency in terms of grain yield progress over the mean of parent
lines, i.e., 0.286 t/ha vs. 0.243 t/ha), but the latter difference was not significant (p > 0.05; Table 5).

The success of GS and MAS selections was confirmed by the progressively lower grain yield
across line groups that were classed as top-performing, mid-performing, and bottom-performing,
respectively (p < 0.05; Table 5). The fact that also GS besides MAS capitalized on genetic variation for
intrinsic tolerance to drought in this experiment was confirmed by the lack of shift towards earlier
onset of flowering of its material classed as top-yielding (Table 5). Indeed, the very limited variation
for flowering time available for exploitation by GS in this material could justify the smaller grain
yield progress over parent lines achieved by GS in this experiment relative to Experiment 4 (0.286
vs. 0.388 t/ha for GS trained on pooled data of the three RIL populations; Table 5). The difference in
aerial biomass between top-performing lines issued by GS and bottom-performing lines or parent lines
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was greater in Experiment 6 than in Experiments 4 or 5 (Table 5), indicating that selection for intrinsic
drought tolerance had a special positive impact on plant vegetative growth.

3. Discussion

The outstanding GE interaction of cross-over type for pea grain yield across different drought-prone
environments that was highlighted by AMMI analysis and genetic correlation results represents
a challenge for phenotypic or genomic selection targeting these environments. The interaction
was particularly high between Alger—which could be defined as a moderate-stress environment
according to the yield value around 3.3 t/ha observed for top-performing material—and the other two
environments—whose yield of top-performing material was below 1 t/ha—as indicated by genetic
correlations close to zero and contrasting environment ordination on GE interaction PC 1. A limitation
of this study was the lack of repetition in time of the experiments in the two agricultural locations, which
did not allow to assess the extent of within-site GE interaction and mean yield variation and to verify
the close relationship between environment similarity for GE interaction pattern and environment
mean yield that was suggested by the results. However, wide GE interaction across environment
mean yields in the range of 1–3 t/ha was repeatedly observed in cool-season cereals [36,37]. In pea, GE
interaction for grain yield was reportedly modest for advanced breeding lines and elite cultivars across
different drought-prone environments of Australia [38] but was large for different pea material across
environments of Southern Europe [28,39–41] as well as within a different European region such as
Poland [42].

Stress escape by early flowering was a key driver of specific adaptation to severely drought-prone
environments in this study, as indicated by (i) its correlation with line grain yield in the MS environment
and in Marchouch and its lack of correlation with yield in Alger, and (ii) the shift towards earlier
flowering of material selected by GS for yield under severe terminal drought when tested in Experiments
4 and 5. However, the concurrent importance of intrinsic drought tolerance was highlighted by results
of Experiment 6, in which the distinct yield progress under severe stress that was realized by material
selected via GS or MAS could hardly capitalize on stress escape by earlier flowering. In pea, intrinsic
drought tolerance was reportedly associated with traits such as osmotic adjustment, greater root spread,
increased stomata diffusive resistance, and proline accumulation [43–45]. The first two traits are also
known to enhance biomass production via greater effective use of water, unlike early flowering [46],
which could justify the greater increase in aerial biomass of material selected for intrinsic drought
tolerance relative to that selected also for drought escape.

The moderate genetic correlation and the similarity for GE interaction pattern of the two
low-yielding sites (Marchouch and the MS environment) suggested that Mediterranean-climate
environments with similar drought stress extent may represent a unique target region. However,
indirect PS in one environment targeted to the other environment displayed distinctly lower efficiency
than direct PS. In particular, indirect selection in the MS environment targeted to Marchouch exhibited
45% lower predicted efficiency than direct PS for Marchouch, whereas material issued by PS in
Marchouch displayed 42% lower actual yield gain over parent lines in the MS environment of
Experiment 4 than material issued by earlier PS in the MS environment. The sizeable GE interaction
across these environments, which may be due to the large difference in temperature pattern between
these geographically-distant sites and the important impact that such a difference may have on GE
interactions for pea grain yield [40], sets a limit to the possibility of using a MS environment in Southern
Europe to select for severely stressed environments of Northern Africa. However, PS performed in
a MS environment that was geographically closer to its target environments may offer advantages
relative to PS in agricultural environments, because of its lower experiment error that emerged in this
study and the control over year-to-year rainfall variation that it offers.

The similar performance of the tested GS models, and the negligible or nil increase of predictive
ability arising from imputing population structure information, agreed with earlier results for pea [30,31].
The lack of substantial rise of predictive ability beyond 20% genotype SNP missing data (implying
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647 polymorphic markers) agreed as well with earlier findings for this material [30], suggesting that
moderate marker numbers may be sufficient to approach prediction maximization for biparental
RIL populations because of their narrower genetic variation and slow linkage disequilibrium decay
relative to a broadly-based diversity panel. Actually, one such panel exhibited high GS prediction
accuracy for pea seed weight and moderate accuracy for number of seeds per plant by using only 331
well-distributed markers [31].

GS models constructed from data of severely drought-prone environments such as Marchouch
and the MS environment displayed nearly no value for a moderate drought-stress site such as Alger
and vice versa, indicating that GS could hardly alleviate the difficulty to cope with the large GE
interaction across stress levels. Breeders could use GS (or PS) to breed for (i) specific adaptation to
severe-stress or moderate-stress environments, in the presence of high rainfall variation between
sites and only moderate within-site rainfall variation in their target region (as it may be the case
for geographically large target regions); or (ii) wide adaptation, by selecting for average value of
the breeding values predicted by one GS model for severe-stress environments and another for
moderate-stress environments (or by parallel PS selection across severe-stress and moderate-stress
environments), in the opposite situation. Obviously, the latter option would imply much lower genetic
progress in each environment type than the former.

Cross-population predictive ability has great practical interest for breeding programmes, as the
transferability of GS models for predictions in other populations would decrease the cost of model
development and would impact the strategies of GS implementation. In general, cross-population
predictions tend to be poor across unrelated populations of inbred crops (e.g., [47]). We envisaged
two scenarios for cross-population predictions, namely, model training on one or two connected RIL
populations (which imply greater potential success relative to training on RIL populations that share
no common parent with the target population). Particularly for the genome-enabled prediction of
yield under severe drought (object of the proof-of-concept assessment), our results indicated high
transferability of models trained on two RIL populations to the third connected population, which
imply substantial potential savings in model training cost when exploiting connected RIL populations.
Additionally, they encourage to verify whether substantial savings of model training costs may be
achieved at a modest loss of cross-population predictive ability in other situations, for example, the GS
exploitation of six biparental RIL populations that originated from four parents A, B, C, and D by
means of intra-population predictions for two phenotyped populations, e.g., A × B and C × D, and by
cross-population predictions for the other four populations (A × C, A × D, B × C, and B × D) based on
the GS model constructed from joint data of the two phenotyped populations. The moderate GS model
transferability across RIL populations sharing only one parent that was indicated by the 43% loss of
predictive ability relative to intra-population prediction is close to the 37% loss that was reported for
grain yield across Italian agricultural environments of the same populations [28] and ensured, anyway,
a moderate prediction ability (0.397; Table 4).

The results of the proof-of-concept assessment of GS based on actual yield gains in the MS
environment were encouraging for genome-enabled selection. Three experiments performed on
independent material indicated consistently the remarkable yield progress over parent lines of material
issued by GS. Two of them, designed to compare putative top-, mid-, and bottom-performing material
according to genomic estimates of breeding values (Experiments 5 and 6), confirmed the ability of GS to
identify top-performing lines. Finally, Experiment 4 indicated the comparable performance in the MS
environment of PS and GS for mean yield across the MS environment and Marchouch. This experiment
assumed same selection intensity for GS and PS (10% selected fraction for each RIL population), which
would imply greater efficiency of GS over PS when considering the lower cost per test line and the
shorter selection cycle (e.g., 0.5 years vs. one year or more) of GS relative to PS. This finding agreed
largely with the somewhat greater efficiency of GS over PS according to predicted yield gains, whose
assessment considered the different cost per test line of these selection approaches by assuming distinct
selection intensity (while not accounting for the advantage of shorter selection by GS). In an earlier
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study on pea, GS outperformed PS in terms of predicted efficiency per unit time (for same selection
cost) and correlation with line yield responses in independent environments, for grain yield selection
across agricultural environments of Northern and Central Italy subjected to GE interaction mainly due
to year-to-year variation for extent of low winter temperatures [28]. A preliminary comparison in terms
of actual yield gains for another legume crop, i.e., alfalfa, was less encouraging for GS, which was
successful for divergent selection of higher- and lower-yielding synthetic populations but produced
distinctly lower genetic gain than PS [48]. Various comparisons of GS vs. PS for crop yield were
reported for cereals. For wheat yield, Lozada et al. [49] reported 32% lower actual response to selection
for wheat yield from GS relative to PS, whereas Michel et al. [50] found greater prediction accuracy
for independent environments of GS relative to PS. For maize yield, Beyene et al. [51] reported the
greater efficiency of GS over pedigree-based conventional PS when comparing actual yield gains
from GS with ordinary gains reported for PS; Beyene et al. [52] found similar actual yield gains for
GS and PS in a second study; and Môro et al. [53] observed 12% greater response to selection for GS
relative to PS. Additionally, Sallam and Smith [54] reported similar actual yield gains of GS and PS
for barley. These cereal studies would reveal additional merit for GS once accounting for its lower
cost and shorter selection cycle. A few studies [48,49] provided evidence for the advantage over PS of
genomic assisted selection, by which phenotypic yield data from preliminary trials are combined with
genomic predictions.

This study could define and test a GS model for severe-stress environments, while data from
at least another moderate-stress site besides Alger would be needed to define a GS model for this
environment type. Although preliminary, our results are not encouraging for GS targeting Alger, on
the basis of the modest predictive ability and over 50% lower predicted efficiency relative to PS of the
GS model constructed from one-year data.

GS did not display a distinct and statistically significant superiority over MAS for grain yield
related to intrinsic drought tolerance, although its estimated selection efficiency advantage was not
quite negligible when expressed in terms of yield progress over the parent lines (+18%). However, GS
produced material with significantly greater aerial biomass than MAS. Earlier comparisons of GS vs.
MAS for production traits were reported for non-legume crops, where GS proved more efficient but
with quite variable advantage. For example, the advantage of GS was in the range 18%–43% according
to simulation results [55] and 14%–50% according to actual selection responses [56] for maize, while
being over 2.5-fold according to wheat selection gains [49]. The only modest disadvantage of MAS
relative to GS in this study suggests that the five genomic regions that were targeted by MAS (see
Supplementary Table S4) may include important drought tolerance genes, whose discovery may be the
target of further research.

In conclusion, both PS and GS for pea grain yield in the Mediterranean region are challenged by
large GE interaction, whose size tends to increase as a function of the difference across environments
for drought stress extent and environment yield potential. A GS model defined for severe-stress
environments exhibited greater efficiency than PS when accounting for its shorter selection cycle and
lower evaluation costs, as well as moderate to high transferability across connected RIL populations.
Further research is warranted to compare GS vs. PS and to confirm model transferability across RIL
populations on the ground of actual yield gains in severely drought-prone agricultural environments,
as well as to compare wide-adaptation vs. specific adaptation strategies for GS or PS as a function of
the target region of a breeding programme.

4. Materials and Methods

4.1. Multi-Environment Phenotyping and Data Analysis of RIL Populations (Experiments 1, 2, and 3)

Phenotyping data were generated for 288 semi-dwarf, semi-leafless lines belonging to three
connected RIL populations originated by single-seed descent from paired crosses between Attika (a
European cultivar described as a spring-type), Isard (a French winter-type cultivar), and Kaspa (an
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Australian cultivar). These parent cultivars displayed fairly similar phenology and cycle duration along
with high and stable grain yield and other positive agronomic characteristics across environments of
Northern and Southern Italy [39,57]. The RIL populations are coded henceforth as ‘A × I’, ‘K × A’, and
‘K × I’ from the initials of their respective parents. The 288 lines represented a large subset of the 315
lines, 105 for each RIL population, that were phenotyped by Annicchiarico et al. [30]. In particular, this
study included 96 lines for the A × I population, 92 for K × A, and 100 for K × I, for which enough
seed was available for sowing in both North-African environments. In addition, the evaluation trials
included the three parent cultivars, as well as the recent cultivar Spacial, which is characterized by
excellent adaptation to Italian environments [41].

The lines were phenotyped for grain yield in three environments described as Exp. 1, 2,
and 3 in Table 1. The first (Exp. 1) was a MS environment established in Lodi (Italy) as a large
field-based phenotyping platform equipped with a rain-out shelter and a double rail irrigation boom.
The management of Exp. 1, whose irrigation scheme mimicked the Mediterranean-climate rainfall
pattern observed in the driest areas of Southern Italy, and its phenotyping results, were already reported
in [30]. The second and third environments were the rain-fed agricultural sites of Marchouch (Exp.
2, Morocco, 33◦ 33′ N, 6◦ 41′ W) and Alger (Exp. 3, Algeria, 36◦ 45′ N, 3◦ 3′ E), respectively. Exp. 1
was sown in late winter of 2015 to avoid confounding effects of drought and cold stress, whereas Exp.
2 and 3 were autumn-sown (according to local practices) in 2015 in mild-winter environments that
prevented the occurrence of cold stress. Exp. 1 involved smaller plots (0.8 × 0.2 m) and higher sowing
density (100 germinating seeds/m2) than Exp. 2 and Exp. 3 (plot size: 1.1 × 0.8 m; sowing density: 60
germinating seeds/m2), owing to smaller room available in the MS environment. The experimental
design was an alpha lattice with four replications for Exp. 1, and a randomized complete block (RCB)
with three replications for Exp. 2 and 3. Dry grain yield was measured on a plot basis after estimating
seed moisture by oven-drying seed samples at 90 ◦C for four days. Onset of flowering (as the number
of days from April 1 to when 50% of plants in the plot had at least one open flower) was also recorded.

Grain yield and onset of flowering data of the RIL populations underwent a preliminary analysis
of variance (ANOVA) that verified the occurrence of within-population variation for each experiment.
Yield data of RIL material and the parent and control cultivars underwent a combined ANOVA
including the factors genotype, environment, and block within environment. Experiment errors
previously tested by Hartley’s test proved to be not homogeneous (p < 0.01), implying some loss of
sensitivity for the F tests of genotype main effects and GE interaction in the combined ANOVA [58] that
had no practical importance because of the high statistical significance (p < 0.001) of these effects. GE
interaction variation for yield was partitioned by Additive Main effects and Multiplicative Interaction
(AMMI) analysis, expressing graphically the AMMI-modeled responses as nominal yields (which
exclude the site main effect, irrelevant for entry ranking) as a function of the environment score on
the first GE interaction principal component (PC 1) [59]. For sake of clarity, the graph included just a
subset of top-performing genotypes. The significance of GE interaction principal component (PC) axes
was tested by the FR test [60]. The extent of GE interaction across pairs of environments was estimated
by the genetic correlation (rg) for yield responses of the whole set of lines as described in [61].

The interest of indirect PS for yield in the Italian MS environment for each of the two North-African
environments relative to direct PS for yield in each agricultural environment was assessed by comparing
predicted yield gains for each PS scenario. The predicted gain in environment j (represented by Alger
or Marchouch) from one selection cycle of direct PS is [62]:

ΔGPj = ij Hj
2 σp(j) (1)

where ij is the standardized selection differential, Hj
2 is the broad-sense heritability on a line mean

basis, and σp(j) is the phenotypic standard deviation of the line mean values. The predicted yield gain in
environment j from indirect selection in environment j’ (represented by the MS environment) is [62,63]:

ΔGPj/j’ = ij’ Hj Hj’ rg(jj’) σp(j) (2)
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where ij’ is the standardized selection differential in the environment j’, Hj, and Hj’ are square root
values of the broad-sense heritability on a line mean basis in the environments j and j’, respectively,
and rg(jj’) is the genetic correlation for line yield responses across the two environments. We assumed
ij = ij’ for both selection scenarios and used the ratio (Hj Hj’ rg(jj’))/Hj

2 to estimate the predicted
efficiency of indirect PS in the MS environment relative to direct PS in each target environment. This
assessment ought to be considered as preliminary, as it could not account for GE interactions within
each agricultural site arising from year-to-year climatic variation (which may be large, unlike those
expected in a MS environment). Relevant rg values estimated according to [61], H2 values estimated
by a restricted maximum likelihood method, and relative efficiency values, were assessed separately
for each RIL population, reporting the values averaged across populations. H2 values were also used
to compute best linear unbiased prediction (BLUP) values according to [64], which were used for
subsequent GS analyses. BLUP-based values of grain yield of the test material in the three cropping
environments are reported in the Data repository S1 provided as supplementary material.

Statistical analyses of phenotyping data were carried out using SAS/STAT® software (SAS Institute
Inc, Cary, NC, USA) [65] and, for AMMI analysis, CropStat software (International Rice Research
Institute, Manila, The Philippines) [66].

4.2. Definition of GS and MAS Procedures

DNA was extracted from bulked stipules of four F6 plants per genotype. Details of DNA isolation,
GBS library construction, sequencing, genotype SNP calling, and SNP data filtering were reported
in [30]. In brief, we adopted Elshire et al.’s [20] GBS protocol with modifications, using the ApeKI
restriction enzyme and KAPA Taq polymerase. Raw reads (100 bp, single end read) were quality-filtered,
de-multiplexed, and trimmed to 64 bp, grouping identical reads into one tag. We retained tags with 10
or more reads across all individuals for pairwise alignment aimed to find tag pairs that differed by
1 bp. The read distribution of the paired tags in each individual was used for SNP genotype calling,
which, as in [30], was performed by each of two filtering criteria that removed markers with less than
four or less than six aligned reads per locus, respectively. The latter, more conservative criterion aimed
to minimize the risk of imperfect SNP calling arising from residual heterozygosity in the genotyped
material. Markers that were monomorphic or with minor allele frequency <2.5% were removed.
The data set was filtered for increasing levels of allowed genotype SNP missing values, excluding
markers whose missing rate exceeded fixed thresholds of 10%, 20%, 30%, 40%, and 50%. SNP missing
data were estimated using the K-Nearest neighbors imputation algorithm (K = 4) coupled with the
simple matching coefficient distance function [67]. SNP marker data for the five thresholds of genotype
missing data are provided in the Data repository S1.

We considered two GS models for yield prediction that stood out for predictive ability in a
previous model comparison for pea grain yield limited to Lodi’s MS environment [30], i.e., Bayesian
Lasso (BL; [68]) and Ridge regression BLUP (rrBLUP; [69]). While rrBLUP assumes that the effects
of all loci have a common variance, BL assumes relatively few markers with large effects, allowing
different markers to have different effects and variances [70]. Bayesian models assign prior densities to
markers effects, thereby inducing different types of shrinkage, obtaining the solution by sampling from
the resulting posterior density [68].

For each of the two SNP calling criteria, we assessed GS models trained either on pooled data of
the three RIL populations or the individual populations, with five possible genotype SNP missing data
thresholds (10%, 20%, 30%, 40%, 50%). BL and rrBLUP models with different combinations of data
training and SNP missing data thresholds were assessed for intra-environment predictive ability, as well
as for ability to predict line mean yields across MS and Marchouch environments (whose application
for actual GS of drought-tolerant lines was supported by GE interaction analysis results). We also
assessed (i) the cross-environment predictive ability of GS models constructed in one environment
to predict breeding values of independent lines in another environment; (ii) the cross-environment
predictive accuracy rAc of the same GS models, by which the model predictive ability rAb is readjusted
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as a function of the square root of the broad-sense heritability on a line mean basis Hj of the predicted
environment j by the formula rAc = rAb/Hj [71]; and (iii) the ability of GS models constructed from line
mean yields across MS and Marchouch environments to predict yield responses of independent lines
in each agricultural site. Predictive ability values were measured as Pearson’s correlation between
observed and predicted phenotypes using cross-validations for the single RIL populations (to avoid
bias associated with different population mean value) and then averaging results across populations.
Finally, we explored the cross-population predictive ability of GS by assuming model training on data
of one connected RIL population or on pooled data of two connected populations for all possible
combinations of training and validation populations, for two traits of practical interest represented
by yield in Alger and mean yield across MS and Marchouch environments. GS regression modelling,
cross-validations, and predictive ability estimation were performed using the R package GROAN [72],
adopting 50 repetitions of a 10-fold stratified cross-validation scheme for each analysis.

The MAS criterion for intrinsic drought tolerance was defined on the basis of the GWAS reported
in [30] for 315 lines belonging to the same RIL populations, which found 10 linked SNP markers with
association score ≥2.25. Further insight on the genomic position of these markers was obtained by
aligning their sequence to the pea draft genome under construction by the International Pea Genome
Sequencing Project coordinated by INRA and Tayeh et al.’s [73] consensus map [74]. MAS was based
on seven aligned markers which belonged to five genomic regions (markers TP78343 and TP13485, on
LG 5; TP94476, on LG 1; TP6268, on LG 3; TP63677 and TP51372, around 32-33 cM of LG 7 in Tayeh et
al.’s [73] map; and TP6885, around 76-77 cM of LG 7 in Tayeh et al.’s [73] map; see Supplementary Table
S4). Based on our late verification of the position of these markers on Kreplak et al.’s [75] pea reference
genome using the alignment tool bwa [76], these markers aligned on five gene coding regions of
chromosomes 2, 3, 5, and 7 (Supplementary Table S4) for which we report gene names and descriptions
as available in the Pulsedb website (https://www.pulsedb.org/Analysis/989011). We envisaged MAS
based on two criteria, i.e., the number of favorable alleles over the seven markers, and the number
of favorable alleles over the five putative QTL belonging to the five genomic regions. Both criteria,
however, identified the same sets of top- and bottom-ranking independent lines.

4.3. Comparison of Genomic vs. Phenotypic Selection Based on Predicted Yield Gains

An estimation of the predicted yield gain from one cycle of GS in environment j is [77]:

ΔGGj = ij” rAc σa(j) (3)

where ij” is the standardized selection differential used for GS, rAc is the GS model accuracy, and σa(j)
is the standard deviation of the line breeding values. Recalling that rAc = rAb/Hj and σa(j) = σp(j) Hj,
another expression of ΔGGj as a function of the GS model predictive ability rAb is:

ΔGGj = ij rAb σp(j) (4)

which, when compared to the predicted gain from direct PS (ΔGPj) reported in Equation (1), indicates
that the ratio of (ij” rAb) to (ij Hj

2) could be used to estimate the predicted efficiency of GS relative to
direct PS in the target environment. However, a fair comparison of PS vs. GS ought to be based on the
same costs. PS based on one field experiment with three replications may imply about 2.5 [78] to 3.1 [32]
greater cost per evaluated line than GBS-based GS, which, considering the average value of 2.8, implies
2.8 more test lines and 2.8 smaller selected fraction for GS relative to PS when assuming same evaluation
costs. Hence, we hypothesized 10% selected fraction, i.e., ij = 1.755 [60], for PS, and 3.6% selected
fraction, i.e., ij” = 2.197, for GS, and used the ratio (2.197 rAb)/(1.755 Hj

2) to estimate the predicted
efficiency of GS relative to PS. We envisaged GS for each environment based on best-performing
environment-specific models or the best-performing model constructed from line mean yields across
MS and Marchouch environments, computing rAb and Hj

2 values separately for each RIL population
and reporting relative efficiency values averaged across populations. Particularly for agricultural sites,
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this comparison of selection strategies ought to be seen as preliminary, as it could not account for
within-site GE interactions across cropping seasons neither for PS (where they would be accounted
for in the denominator of Hj

2) nor for GS (where they would be accounted for by assessing rAb
across different test years rather than through intra-environment cross-validations). Additionally, this
comparison tended to underestimate the relative value of GS, as it did not account for the further
advantage of shorter selection cycle duration offered by GS relative to PS.

4.4. Comparison of Genomic vs. Phenotypic Selection Based on Actual Yield Gains (Experiment 4)

In this study, GS was applied to independent lines using top-performing statistical models in the
earlier assessment that were constructed from line mean yields across Lodi’s MS environment and
Marchouch. GS was applied using either the top-performing model trained on joint data of the three
RIL populations, or the models trained on data of each separate population (RIL population-specific
models). The set of 288 RILs was split into two subsets. The former set included 30 randomly chosen
lines per RIL population, which acted as independent lines for GS and PS. The latter set included the
remaining lines of the three populations, whose data were used for GS model definition. For each
GS model, we selected for each RIL population the three lines out of 30 that were top-ranking for
predicted yield. Likewise, we selected phenotypically for each RIL population the three lines out of
30 that were top-ranking for mean yield across MS and Marchouch environments. In addition, we
performed environment-specific PS for Lodi’s MS environment and for Marchouch, by selecting the
three top-yielding lines out of 30 separately for each environment.

The experiment included the 45 lines issued by selecting three lines for each of three RIL
populations for each of the five selection criteria (PS in the MS environment, in Marchouch, and across
the two environments; GS based on population-specific and on joint-population data), and the RIL
parent lines, which acted as a reference to assess yield gains. The material was evaluated for dry
grain yield and aerial biomass (estimated on plant material oven-dried at 90 ◦C for four days) and
onset of flowering in Exp. 4, which was performed in the same MS environment adopted for Exp. 1.
Exp. 4 was designed as an RCB experiment with four replications, using same plot size and sowing
density as Exp. 1. Compared to Exp. 1, Exp. 4 involved similar available water for the crop but over
six-week later sowing (Table 1), which increased somewhat the extent of drought stress exerted on the
selected material.

A first ANOVA that excluded parent line data aimed to compare the five selection criteria and to
assess the interaction between selection criteria and RIL populations. It included the fixed factors line
group (whose variants were defined by the selection criteria), RIL population, and line within group
and RIL population, along with the random factor block. A second ANOVA that included parent lines
as an additional line group and that held the factors line group, line within group and block aimed to
compare each group of selected lines with the parent line group by Dunnett’s multiple mean test.

4.5. Comparison of Material with Contrasting Genomic Predictions (Experiment 5)

The best-predicting GS model constructed from joint-population data of line mean yields across
Lodi’s MS experiment and Marchouch in the earlier assessment was applied to an independent set of
90 lines that included 30 lines from each of the same three crosses (A × I, K × A, and K × I). These new
lines were issued from four generations of bulk selection under local autumn-sown field conditions in
Lodi (F2 to F5 generation, starting with 800 F2 seeds per cross), and were genotyped as F6 plants by
GBS as described earlier. Local selection for tolerance to low winter temperatures was expected to
produce a shift towards later onset of flowering in this material relative to the mean phenology of the
RIL populations issued from the same crosses. GS-based predictions were exploited to select the two
top-ranking lines, two mid-ranking lines (ranks 15 and 16), and the two bottom-ranking lines out of 30
lines within each cross. The 18 selected lines and the three parent lines were evaluated for grain yield,
aerial biomass, and onset of flowering in Lodi’s MS environment by an RCB experiment with four
replications (Exp. 5) whose management was identical to Exp. 4. The data analysis contemplated two
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ANOVAs as described for Exp. 4, the only difference being the presence of a Cross factor instead of a
RIL population factor in the first ANOVA (as the selection was not applied to RIL material in this case).

4.6. Comparison of Genomic Selection vs. Marker-Assisted Selection for Intrinsic Drought Tolerance
(Experiment 6)

This study assessed both GS and MAS for intrinsic drought tolerance. The GS model was
constructed using the top-predicting GS model in the earlier assessment that was trained on joint data
of 192 lines belonging to the RIL populations K × A and K × I evaluated in Exp. 1, and was applied to
lines of the RIL population A × I (which was selected because it displayed smaller variation in onset of
flowering than the other populations in earlier work [30]). To limit the impact on grain yield of line
variation for earliness, we applied GS and MAS to a subset of 24 lines out of the 96 lines available for
the A × I population whose onset of flowering in Exp. 1 fell in the interval m ± s, where m and s stand
for mean and standard deviation values, respectively, of the phenology trait (which implied a range
of 1.1 days among the 24 test lines). GS-based predictions for this subset of lines were exploited to
select the three top-ranking lines, two mid-ranking lines, and three bottom-ranking lines. Likewise,
MAS was used to predict three top-ranking lines that possessed all 14 favorable alleles for the seven
target markers and the five relevant genomic regions, and three bottom-ranking lines that possessed no
favorable alleles. The two GS-based mid-ranking lines acted as mid-ranking material also according to
the MAS criterion, as they displayed six to eight favorable alleles overall. The 14 selected lines and the
two parent lines were evaluated for grain yield, aerial biomass, and onset of flowering in Lodi’s MS
environment by an RCB experiment with four replications (Exp. 6) whose management was identical
to Exp. 4 and 5.

A first ANOVA that excluded parent line data and included the fixed factors line group and
line within group and the random factor block aimed to compare the five groups of lines. A second
ANOVA including also parent line data compared each line group to the mean value of parent lines by
Dunnett’s multiple mean test.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/7/
2414/s1. Table S1: AMMI analysis for grain yield of 288 lines belonging to three connected RIL populations, three
parent cultivars and one recent control cultivar grown in a managed drought stress environment of Lodi (Italy)
and two agricultural environments of Marchouch (Morocco) and Alger (Algeria). Table S2: Cross-environment
predictive ability (rAb) and predictive accuracy (rAc) of the top-performing of models constructed by Bayesian
Lasso (BL) or Ridge Regression BLUP (rrBLUP) for grain yield breeding value of pea lines belonging to three
connected RIL populations in a managed drought stress (MS) environment (Lodi, Italy) and two agricultural sites
(Marchouch, Morocco; Alger, Algeria). Table S3: ANOVA F test results for grain yield, aerial biomass, and onset
of flowering under managed drought stress (MS) of pea line groups belonging to different RIL populations or
crosses. Table S4: Markers associated with intrinsic drought tolerance (as grain yield deviation from the value
expected according to onset of flowering) and their location in five genomic areas of Tayeh et al.’s [73] consensus
map and on Kreplak et al.’s [75] pea reference genome (for which we report also the name of the gene coding
region). Donor genotype: A = Attika; I = Isard; K = Kaspa. See Supplementary Table 1 in Annicchiarico et al. [30]
for SNP marker sequence. Figure S1: Predictive ability of two genomic selection models (Bayesian Lasso, BL,
and Ridge Regression BLUP, rrBLUP) and five thresholds of genotype SNP missing data (10%, 20%, 30%, 40%,
50%), for grain yield of pea lines belonging to three connected RIL populations in a managed drought stress (MS)
environment of Lodi (Italy) and the agricultural environments of Marchouch (Morocco) and Alger (Algeria) and
for mean grain yield across the MS environment and Marchouch. Model training on data of three RIL populations
(encompassing 288 lines overall), averaging validation results for individual populations based on 50 repetitions
of 10-fold stratified cross-validations per individual analysis. Data repository S1: Phenotypic and genotypic data.
Grain yield in three environments, and SNP marker data for five thresholds of genotype SNP missing data (10%,
20%, 30%, 40%, 50%), for 288 pea lines belonging to three connected RIL populations.
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Abstract: A defining challenge of the 21st century is meeting the nutritional demands of the growing
human population, under a scenario of limited land and water resources and under the specter of
climate change. The Vavilov seed bank contains numerous landraces collected nearly a hundred
years ago, and thus may contain ‘genetic gems’ with the potential to enhance modern breeding
efforts. Here, we analyze 407 landraces, sampled from major historic centers of chickpea cultivation
and secondary diversification. Genome-Wide Association Studies (GWAS) conducted on both
phenotypic traits and bioclimatic variables at landraces sampling sites as extended phenotypes
resulted in 84 GWAS hits associated to various regions. The novel haploblock-based test identified
haploblocks enriched for single nucleotide polymorphisms (SNPs) associated with phenotypes and
bioclimatic variables. Subsequent bi-clustering of traits sharing enriched haploblocks underscored
both non-random distribution of SNPs among several haploblocks and their association with
multiple traits. We hypothesize that these clusters of pleiotropic SNPs represent co-adapted genetic
complexes to a range of environmental conditions that chickpea experienced during domestication and
subsequent geographic radiation. Linking genetic variation to phenotypic data and a wealth of historic
information preserved in historic seed banks are the keys for genome-based and environment-informed
breeding intensification.

Keywords: bioclimatic analysis; chickpea; GBS; GWAS; haploblock; SNP

1. Introduction

Landraces dominated agriculture for millennia, until the advent of intensive modern breeding in
the mid 20th century, when reduced sets of elite cultivated varieties largely displaced the wider diversity
of local genotypes [1]. Although the shift away from landraces was neither systematic nor synchronous,
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it is generally accepted that the subsequent convergence on a limited set of elite germplasm removed
considerable useful variation [2]. In the early 20th century (1911–1940), N.I. Vavilov led a systematic
effort to collect and preserve crop diversity, now maintained within the Vavilov Institute of Plant
Genetic Resources (VIR) collection in St. Petersburg, Russia [3]. The geographic distribution and
genetic diversity of most crops collected during this time frame are likely to reflect their historic patterns
of cultivation established over the preceding millennia. Exploring these unique genetic resources
provides an opportunity to revisit hypotheses about the radiation and secondary diversification of
crops, not possible using later collections. Moreover, the expanded diversity of these early collections
likely contains ‘genetic gems’ with the potential to enhance modern breeding efforts [4].

Here, we focus on biodiversity of Cicer arietinum, chickpea, which is among the world’s most
widely grown grain legumes and provides a vital source of dietary protein for ~15% of the world’s
population. Chickpea was first domesticated ~10 KYA, initially in southeastern Turkey, and then spread
regionally throughout the Fertile Crescent. Although exact dates are unknown, archeological evidence
suggests chickpea moved to India ~6000 years ago and to Ethiopia and North Africa ~3000 years
ago [5]. Millennia of cultivation in these new areas, largely in isolation from each other, led to the
establishment of new centers of secondary diversity, with accompanying differentiation of regionally
specific landraces. Despite this generally accepted scenario, the relationships among the chickpea
crops at these historic centers of cultivation are not fully resolved.

Chickpea domestication and breeding imposed a severe genetic bottleneck on the crop,
with an estimated>95% of diversity lost between the crop wild progenitor and modern elite varieties [6].
Landraces represent an intermediate step to modern germplasm. An implicit, yet untested assumption
is that chickpea landraces will have increased genetic diversity relative to modern elite germplasm.
Moreover, we posit that geographic patterns of landrace diversity were shaped by post-domestication
selection to adapt the crop to different agro-ecological environments and cultural preferences. Although
Vavilov was unable to quantify the extent of diversity and differentiation, he and his contemporaries
recognized the value of landraces as reserves of agriculturally-relevant traits, which motivated these
early efforts in collection and conservation. Thus, chickpea landraces are expected to contain beneficial
alleles, not segregating among modern elite varieties, which can be accessed and prioritized for crop
improvement using genomics, phenotyping, and computational methods.

Here, we combine genomics, phenotyping, and computational biology to understand chickpea’s
agricultural variation one century ago, and from that analysis to infer the breadth and genetic bases
of trait variation in the pre-modern era. Such knowledge can prioritize landrace haplotypes that
contributed to diversification of chickpea as a crop, particularly haplotypes missing from modern
breeding programs, thereby facilitating their use for crop improvement.

2. Results

2.1. Germplasm Resources and Phenotyping

To fully cover the biogeographic range of historic chickpea cultivation, we assembled 407
accessions collected between 1911 and 1940. Text descriptions of sampling locations, which were
often local markets in small towns, were converted to geographic coordinates (Figure 1a). This set of
accessions is enriched for genotypes under cultivation a minimum of one century ago in Turkey, India,
Ethiopia, Uzbekistan, and Morocco, representing the major centers of post-domestication chickpea
diversification and comprising 55% of the 407 analyzed accessions. Beyond the 147 Turkish and
Ethiopian genotypes analyzed in an earlier study [4], we genotyped and/or phenotyped an additional
260 accessions spanning a total of 30 countries, with adjacent countries occasionally representing single
extended historic agricultural systems (for examples, Ethiopia and Eritrea in eastern Africa, and several
countries from the Fertile Crescent) (Table S1). The entire set of accessions was phenotyped under field
conditions, genotyped, and used for further analysis.
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Figure 1. Sample distribution and correlation of bioclimatic variables. (a) Location of the chickpea
samples around the world that were split into six geographically distinct groups. (b) The correlation
between nineteen bioclimatic variables (bioclimatic variables and their abbreviations are presented in
Table S2). Color intensity and the size of the asterisk are proportional to the correlation coefficients.
ETHI, Ethiopia; IND, India; LEB, Lebanon; MOR, Morocco; TUR, Turkey; C_ASIA, Central Asia.

Correlation analyses of nineteen bioclimatic variables (bioclimatic variables and their abbreviations
are presented in Table S2) from the range of chickpea collection sites revealed five groups of correlated
variables (Figure 1b; Table S3). Three bioclimatic variables (BIO2, BIO19, DEM) were not strongly
correlated to other variables. The first, third, and fifth groups (Table S3) correspond to temperature
traits. The second and fourth groups (Table S3) consist of precipitation variables. While the first
group (Table S3) consists of traits with moderate positive correlation (pairwise Spearman correlation
coefficient, r > 0.4, Figure 1b), traits in the second group (Table S3) have stronger positive correlations
(pairwise Spearman correlation coefficient, r > 0.7, Figure 1b), and traits in the remaining groups
(Table S3) have the strongest positive correlations (pairwise Spearman correlation coefficient, r > 0.9,
Figure 1b).

All 407 landraces accessions were phenotyped for thirty-six traits under field conditions in Kuban,
Russia. The scored phenotypes and their abbreviations are presented in Table S4. Correlation analyses
identified three groups of correlated traits (Figure 2). Phenotypic traits related to the color of plant
organs and tissues were moderately correlated (pairwise Spearman correlation coefficient, r > 0.5,
Figure 2) and form a single group. Quantitative traits characterizing the weights and sizes of whole
plants and pods, as well as leaf size, also had moderate positive correlations (pairwise Spearman
correlation coefficient, r > 0.4, Figure 2) and form two groups. Two phenological traits describing the
duration of flowering and the duration of pod maturation had strong negative correlation (Spearman
correlation coefficient, r = −0.76, Figure 2). Pod shape (PodSH) had moderate negative correlation
with pod length (PDL) (Spearman correlation coefficient, r = −0.53, Figure 2) and pod width (PDW)
(Spearman correlation coefficient, r=−0.55, Figure 2). Pod shape also had moderate negative correlation
with thousand seeds weight (TSW) (Spearman correlation coefficient, r = −0.47, Figure 2). Phenotypic
traits related to organ and tissue coloration had moderate negative correlation with traits describing
the weights and sizes of plant and pods (pairwise Spearman correlation coefficient, r < −0.4, Figure 2).
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Figure 2. Correlation of thirty-one phenotypic traits. The scored phenotypes and their abbreviations are
presented in Table S4. Ascochyta, the degree of damage (AsoDes) trait, was excluded from correlation
analysis because it is the opposite value of Ascochyta resistance (AscoRes) trait. Moreover, we excluded
overlapping time periods traits. Color intensity and the size of the asterisk are proportional to the
correlation coefficients. PodSH, pod shape; SCO, seed color; SSP, number of seeds per plant; SSH,
seed shape; TSW, thousand seeds weight; PDW, pod width; PDL, pod length.

2.2. Marker Polymorphism Analysis

Restriction site associated genotyping by sequencing (RAD-GBS) was used to survey
polymorphism within the genomes of 407 accessions. SNPs were filtered to retain polymorphisms
present in at least 90% of genotypes with a minor allele frequency of at least 3%. The resulting
2579 polymorphisms are distributed among all chromosomes, but with variable density that is
especially elevated on chromosome 4 (Figure 3a). The elevated polymorphism content of chickpea
chromosome 4 has been observed in previous studies (e.g., [4]). We hypothesized that selection and
introgression via inadvertent hybridization between more and less advanced morphotypes might
have resulted in agricultural improvement genes being aggregated to genomic ‘agro islands’, and in
genotype-to-phenotype relationships resembling widespread pleiotropy.
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Figure 3. (a) Density of SNPs across the chickpea genome. Chromosome Ca6 is the longest chromosome
in the chickpea genome (59.46 Mb) and chromosome Ca8 is the shortest (16.48 Mb). (b) Linkage
disequilibrium (LD) (r2) plots of the whole chickpea genome. The horizontal red line indicates the 95th
percentile of the distribution of the unlinked r2, which gives the critical value of r2. (c) Distribution of
SNPs along the eight chromosomes of the chickpea genome.

The sufficiency of this marker set for genetic tests depends in part on the scale of linkage
disequilibrium (LD), because the relationship between physical distance and recombination frequency
determines the precision of genetic association tests. LD is the non-random association between
polymorphisms and can originate from demographic processes (e.g., shared ancestry and drift) or
from selection (i.e., selective sweeps). In smaller populations of predominantly selfing organisms
(including those that are the product of breeding), drift and selection typically have stronger effects
than recombination, and thus LD extends to large genomic regions. Landraces are expected to exhibit
especially extended LD. In line with these expectations, LD in chickpea landraces is very slow to decay
(Figure 3b; Figure S1). Moreover, the marker density is uneven between chromosomes: from 91 SNPs
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on chromosome Ca8 to 792 SNPs on chromosome Ca4 (Figure 3c). Our sample size is comparable with
other recent GWAS crop publications, hopefully resulting in adequate power.

2.3. Geographic Analyses

Patterns of population differentiation were analyzed using principle components (PCA) and
visualized with unrooted trees. Figure 4 depicts the PCA plot for genetic data of the first versus
second components and Figure S2 depicts a summary of variation and covariation attributed to the
first five principle components. Interestingly, the accessions from the center of domestication, Turkey,
are mainly divided into two clusters with light seeded Kabuli and Desi, which are smaller with
dark seeds and purple flowers market classes intermixed with each cluster (Figure 4). The lack of
distinctiveness between Desi and Kabuli adds further support to the same conclusion reached by
Penmetsa et al. [7]. All groups containing Turkish accessions also contain minor representation from
other regions, with the exception of a preponderance of landraces from North Africa in one of the
Turkish groups. Notably, landraces from India and Ethiopia, which represent two of Vavilov’s major
sites of secondary diversification [8], are well resolved, though not exclusive of one another. Turkish
accessions are absent from the group of Ethiopian landraces and constitute only a minor component of
the Indian group, which is instead enriched in landraces from Central Asia. A portion of Central Asian
accessions also occur in a distinct grouping dominated by the ancestral Desi form (Figure 4).

 
Figure 4. Scatter plots of the first two principal components of the principal component analysis (PCA)
based on 2579 SNPs. Each dot represents an accession. Desi varieties are shown as asterisks and Kabuli
as triangles.
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These observations are consistent with the deduced pattern of molecular evolution. Maximum
likelihood phylogenetic trees constructed with genome-wide SNP (Figure 5a) support inferences from
the PCA analysis. Central Asian and Turkish accessions are broadly distributed throughout the tree,
but notably absent from groups predominated by India and Ethiopia, consistent with more extensive
diversity (Table S5) at the Turkish center of origin for the species, and with longstanding, but distinct
secondary diversification in India, Central Asia, and Ethiopia. Chromosome 4 is known to have excess
diversity relative to the rest of the genome [9,10], as indeed we observe here. Interestingly, certain of the
relationships observed using genome-wide SNP are obscured in the tree constructed from chromosome
4 SNPs (Figure 5b). In particular, the previously coherent group of Ethiopian genotypes is divided
more broadly within the tree and there is both greater subdivision within the Indian group and less
distinction from the Central Asian landraces.

 
Figure 5. (a) Maximum likelihood phylogenetic tree showing relationships among accessions based on
the whole genome SNPs and (b) on chromosome 4 SNPs.

2.4. Single Trait Associations

Genetic and phenotypic data were strongly concordant, as described in Table S6, which shows
co-variances between genetic and phenotypic data.

To account for these effects, GWAS analysis was implemented with the first eight PCA axes
scores used as covariates for all phenotypic and bioclimatic data (Figures S3–S18), revealing multiple
significant associations among 70 SNPs with bioclimatic and phenotypic traits (Figures 6 and 7;
Table S7). Twelve of 70 markers were found to have significant associations with two or more traits.
SNP Ca2: 17161867 is associated with plant weight without pods (WpWp) as well as isothermality
(BIO3) and mean temperature of the warmest quarter (BIO10) (see Table S2 and Table S4 for a full
list of bioclimatic variables and phenotypes abbreviations). These genetic findings are supported by
WpWp weakly negatively correlated with BIO3 and BIO10. SNP Ca3: 20549509 and SNP Ca6: 2908823
are associated with mean diurnal range (BIO2) and BIO3, which are themselves weakly positively
correlated (Figure 1b). Three SNPs, two on the 8th chromosome (SNP Ca8: 9098790 and Ca8: 10314452)
and one on the 4th chromosome (SNP Ca4: 30948593), are associated with two phenotypic variables:
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biological yield (Byld) and plant weight without pods (WpWp), which are very strongly correlated
and appear to derive from common genetic capacities (r = 0.92; Figure 2). Also on chromosome 4, Ca4:
33967674 is associated with the correlated group of phenotypes that includes plant weight traits (weight
of seeds, pods, and the whole plant). SNP Ca6: 57117312 is associated with flower color (FloCol) and
seed shape (SSH), which are themselves moderate negatively correlated (r = −0.45, Figure 2). SNP Ca7:
30930779 is associated with BIO3, number of seeds per plant (SPP), and the group of phenotypes
characterizing plant and organ weights. Three additional SNPs on chromosome 7 (SNP Ca7: 33337524,
Ca7: 33340372, Ca7: 33457287) are associated with three bioclimatic variables, BIO3, BIO6, and BIO11,
which are part of a larger group of correlated variables (Figure 1b).

 
Figure 6. Summary of GWAS analyses with eight PCs as covariates for phenotype data (different colors
correspond to different phenotype). SNPs with q-value < 0.05 are shown for each chromosome, marked
as triangles. Chromosome density is attached on the bottom of the Manhattan plot.

 
Figure 7. Summary of GWAS analyses with eight PCs as covariates for bioclimatic variables (different
colors correspond to different bioclimatic variables). SNPs with q-value < 0.05 are shown for each
chromosome, marked as triangles.

To incorporate geography explicitly into the analysis, we repeated the above GWAS, but with the
addition of the first two axes of PCoA, which derive from the analysis of landrace geographic variation
(Figures S19 and S20; Table S7). The results of these analyses were generally consistent with the results
described above and are only introduced briefly here. An additional set of significant associations
was found. Twelve SNPs are associated with pod length (PDL), nine on chromosome 6 and three on
chromosome 7. Ten of these twelve SNPs exhibit significant linkage. Two SNPs on chromosome 7 are
associated with secondary branching (StemBranch2order), but without strong linkage.
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Because of extended LD, we cannot identify causal relationships between SNPs and phenotypes.
Nevertheless, we explored the potential nature of the associated genes and found several important
genes that have been reported in previous studies. For example, genes Ca_10410, Ca_10426,
and Ca_10428 are present within haploblock Ca6:2541669 . . . .Ca6:3024335, to which several SNPs
associated with the beginning to flowering to the beginning to maturation phenotype and temperature
related variables map (see Table S7). Ca_10410 (Ca6:2766285 . . . .2768999) is involved in floral
development and encodes flavin-binding kelch repeat F-box protein with high homology to circadian
clock-associated FKF1 gene of soybean. Ca_10426 (Ca6:2881369 . . . .2884463) encodes a XAP5 protein
important for light regulation of the circadian clock that plays a global role in coordinating growth in
response to the light environment. SNP Ca2: 17161867 associated with plant weight without pods
(WpWp) and temperature related bioclimatic variables BIO3 and BIO10, as well as Ca2: 17161884
associated with the duration of flowering (BegFloEndFlo) and BIO3 are all located within intron of gene
Ca_16015. This gene encodes phosphoenolpyruvate carboxylase, enzyme involved in carbon fixation,
and citric acid cycle biosynthesis flux [11]. The first intron of Ca_11533 gene encoding beta-D-xylosidase
contains SNP Ca8: 9098790, which is associated with both WpWp and Byld. beta-D-Xylosidases
are involved in the breakdown of xylan, a major component of plant cell-wall hemicelluloses [12].
SNP Ca1: 2218700, which is associated with WpWp, is located in the intergenic region upstream of gene
Ca_00278 that encodes protein with polyphenol oxidase activity. In Clematis terniflora DC, decreasing
activity of this enzyme elevates the plant photosynthesis by activating the glycolysis process, regulating
Calvin cycle, and providing adenosine triphosphate (ATP) for energy metabolism. Besides, polyphenol
oxidase is involved in the formation of brown melanin pigment in fruits and vegetables, plays a crucial
role in the biosynthesis of secondary metabolites, and has a role in plant defense against biotic and
abiotic stresses [13]. SNP Ca3: 10855323 associated with WpWp is located upstream of Ca_19358
gene encoding beta-N-acetylhexoamidase that catalyzes the hydrolysis of N-acetylglucosamine or
N-acetylgalactosamine from the non-reducing terminal of oligosaccharides, glycoproteins, glycolipids,
and other glycoconjugates. b-N-acetylhexosaminidase is highly active in dry or germinating seeds,
where it participates in the degradation of reserve glycoproteins. Moreover, its activity is induced in
the period of ripening in tomato and peaches [14]. The Ca_11539 (Ca8:9151680. . . . 9159194) intron
contains several SNPs associated with WpWp. This gene encodes an oligopeptidase degrading short
peptides. SNP Ca4: 2145082 associated with flower color (FloCol) is located upstream of Ca_07836
gene, which is homologue of genes in Pisum sativum (protein A) and Medicago truncatula (bHLH-A),
which are flower color associated genes [15].

2.5. Clustering of Phenotypes and Variables Sharing Enriched Haploblocks

The total number of the Haploview-inferred [16] haploblocks was 224, encompassing 1264 SNPs
(mean per haploblock = 5.6) (Table S8). Filtering for more than six SNPs left 74 haploblocks (33%
of total) as input to find haploblocks enriched for associated SNPs for each trait and variable using
the fast gene set enrichment (FGSEA) method [17] (parameter for permutations = 100,000) (Table S9).
Subsequent to bi-clustering of phenotypes and variables sharing enriched haploblocks, we defined
several visually distinguished groups (Figure 8, Table S10). The first group contained two consecutive
reproductive stages of plant development: the duration of flowering (BegFloEndFlo) and the duration
from the end of flowering until the beginning of maturation (EndFloBegMatu). We hypothesize that
the same genetic mechanisms influence the duration of both stages. The second group contains pod
shattering (PodShat) and pod drop (PodDrop) traits as well as one-third of all bioclimatic factors,
related to both temperature and precipitation, exclusive to a well correlated set from Figure 1b
(BIO6,8,11,12,13,16). Pod-related traits form a subgroup with three temperature-related bioclimatic factors:
mean temperature (BIO1), mean temperature of coldest month (BIO6), and temperature annual range
(BIO7); this subgroup is similar in a set of enriched haploblocks with the group containing two
additional heat-related bioclimatic factors, max temperature of warmest month (BIO5), and mean
temperature of warmest quarter (BIO10). This grouping is consistent with a well-known relationship
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between high temperature and pod shattering/retention. A third group includes color-related traits,
flower color (FloCol), peduncle color (FlowstemColo), seed color (SCO), and stem color (StemColo),
which is expected, because genes in the phenylpropanoid pathway are implicated in the production of
pigments in different plant organs. A fourth group aggregates Ascochyta blight resistance (AscoRes)
and precipitation of the coldest quarter (BIO19), which reflects a well understood relationship between
Ascochyta incidence and rainfall during periods of reduced temperatures. Also of note is a group
containing moisture stress-related covariates (BIO14,17, precipitation of the driest month/quarter) and
plant height (Ptht), which is expected to depend on moisture availability; interestingly, this group
clusters with a group that contains phenotypic traits related to plant size (biological yield and pod size),
which are traits related to the duration of vegetative growth and that are limited by moisture availability.

Figure 8. The degree of overlap in haploblocks enriched for SNPs associated with phenotypes and
variables. Bi-clustering of similarity scores reveals several visually distinct groups of phenotypes.
The haploblock similarity score is defined as a double sum of haploblocks simultaneously enriched
for SNPs for both traits normalized to the amount of significantly enriched haploblocks for each trait.
The degree of similarity is color coded.

3. Discussion

For many millennia, farmers and breeders have focused on selecting crops with desirable
phenotypes [2]. With the successful domestication of numerous crops came the incremental loss of
genetic and phenotypic variation. Genetic bottlenecks are especially common in selfing species such as
grain legumes (e.g., [18]). Novel sources of variation for biotic and abiotic stress resistance are especially
needed in chickpea, because the crop is often grown by resource-poor farmers, on marginal lands,
and under low-input conditions. Broadening chickpea’s genetic base should facilitate production of
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new varieties to address these needs, while also meeting changing consumer demands, new agricultural
practices, and anticipated shifts in climatic conditions [6].

Chickpea landraces represent an expanded source of genetic and phenotypic variation that
has not been systematically explored and has been used only in an ad hoc manner for modern
breeding. The Vavilov Institute of Plant Genetic Resources is one of the world’s primary libraries
of lost genetic variation in food crops, capturing the genetic and functional diversity of regionally
stratified agriculture typical of one century ago. It contains tens of thousands of legume accessions,
including approximately one thousand chickpea accessions collected prior to intensive international
breeding efforts [3]. The re-introduction of genetic material from the Vavilov Institute’s collection
into modern elite varieties could be a potent force for future agricultural improvement. To this
end, we combine genomics, phenotyping, and computational biology to characterize the chickpea
collection of Nikolay Vavilov and his colleagues, linking traits and environments to genes. Our results
highlight the collection’s currently latent potential of chickpea landraces, and underscore the value of
this resource to meet the enormous challenges of 21st century agriculture. However, the identified
candidate genes are needed in further validation and functional confirmation owing to such factors as
one-year observation of phenotypes and long extend of LD in the germplasm.

Our observations contribute to an increasing understanding of genetic variation of quantitative
and categorical traits in chickpea [19–21]. The present work adds a new dimension by incorporating
a wider set of historical crop diversity, and by treating bioclimatic data at accession sampling sites
as extended crop traits. In doing so, our GWAS hits highlight associations to genomic regions not
discovered in prior GWAS and quantitative trait locus (QTL) analyses (Table S7). These hits map in the
vicinity of genes involved in floral development, photosynthesis, cell wall or secondary metabolism,
and carbohydrate biosynthesis, and some of them are close to already known QTLs. For example,
SNP Ca4: 33967674, associated with yield, pod weight, plant weight without pods, and seed weight per
plant, is located 752 kb downstream from known QTL (Table S11) governing pod number trait [22] and
SNP Ca3: 28094292, associated with plant weight without pods, localizes 96 kb downstream of QTL
(Table S11) containing cluster of FLOWERING LOCUS T (FT) genes and controlling phenology and
growth habit [23]. SNP Ca4: 30948593 and SNP Ca8: 10314452, associated with yield, are located ~90 kb
upstream from previously detected SNP (Table S11) and ~25 kb downstream from previously detected
SNP, respectively (Table S11), also associated with yield [24]. SNP Ca6: 3024192, associated with
beginning of flowering to the beginning of maturation phenotype, is located in the same haploblock
Ca6_Block_3 (~87 kb upstream) as the previously detected SNP (Table S11), associated with days to
50% flowering [24]. Previously, we [25] published a study in which we were looking for associations
between SNPs and bioclimatic covariates at collection sites. Two covariates, which include temperature
characteristics, were jointly associated with one SNP on chromosome 8 (Ca8: 10314452). This SNP
is associated with two phenotypic variables: biological yield (Byld) and plant weight without pods
(WpWp) in the current study.

To rigorously test for associations, we implement a novel haploblock-based test that, we believe,
will find much use in the crop genomics. The underlying statistics for the test are similar to the
gene set enrichment analysis, where each haploblock represents a set of SNPs associated with a trait
and all SNPs are ranked according to GWAS p-values. This analysis identified eleven haploblocks
(Table S12) intersecting with previously reported GWAS hits. Haploblock Ca1_Block_18 and haploblock
Ca4_Block_18 are enriched for SNPs associated with several phenotypes and bioclimatic variables,
including thousand seeds weight phenotype. These haploblocks covers SNP on chromosome 1 and
SNPs on chromosome 4, respectively, reported by Varshney et al. [24], associated with 100 seed weight
(Table S12). Haploblock Ca3_Block_4, haploblock Ca4_Block_54 and haploblock Ca5_Block_4 are
enriched for SNPs associated with several phenotypes and bioclimatic variables, including seeds
weight per plant phenotype. These haploblocks overlay four SNPs on chromosome 3, three SNPs
on chromosome 4, and eight SNPs on chromosome 5, respectively, reported by Varshney et al. [24],
associated with yield per plant (Table S12). Haploblock Ca3_Block_7 is enriched for SNPs associated
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with the duration of vegetative growth, with seeds weight per plant, and with three bioclimatic
variables (BIO5, BIO13, BIO16). This haploblock covers two SNPs on chromosome 3, reported by
Varshney et al. [24], associated with days to 50% flowering and with yield per plant, respectively
(Table S12). Haploblock Ca3_Block_16 is enriched for SNPs associated with the duration of vegetative
growth, as well as with plant height, plant weight without pods, and temperature-related bioclimatic
variables BIO3 and BIO5. This haploblock intersects with a QTL for days to 50% flowering time
(Table S12) reported from the GWAS analysis of Upadhyaya and colleagues [19]; Upadhyaya et
al. nominated a particular candidate gene, SBP (SQUAMOSA promoter binding protein), though
we advocate a more cautious approach that recognizes limitations of the study design and instead
implicates haplotype intervals. Haploblock Ca4_Block_9 is enriched for SNPs associated with the
duration of vegetative growth, with pod shattering, and with four bioclimatic variables (BIO4, BIO6,
BIO7, BIO12). This haploblock covers SNP on chromosome 4 associated with days to 50% flowering
(Table S12), reported by Varshney et al. [24]. Haploblock Ca7_Block_12 is enriched for SNPs associated
with the duration of vegetative growth, with number of seeds per plant, with stem branchness,
and with temperature-related bioclimatic variable BIO3. This haploblock covers SNP on chromosome
7 associated with days to maturity (Table S12), reported by Varshney et al. [24]. The last haploblock,
Ca8_Block_7, is enriched for traits related for branching and covers SNP on chromosome 8 reported by
Bajaj et al. [20], associated with branch number (Table S12).

Previously, we [4] published a pilot study combining historic phenotypic data with reduced
representation sequencing to establish a proof-of-principle for the results reported here. We employed
a combination of genomics, computational biology, and phenotyping to characterize VIR’s 147 chickpea
accessions from Turkey and Ethiopia, representing chickpea’s center of origin and a major location of
secondary diversification, respectively. The majority of SNPs associated with multiple traits localized to
a single chromosome 4 region. Here, we observe similar patterns with a larger sample of more diverse
landraces and with a more comprehensive phenotypic and environmental dataset. We find multiple
SNPs that are non-randomly distributed among several haploblocks, many of which are associated
with multiple phenotypes (Table S9). The non-random clustering of phenotypes and variables
(Figure 8) exactly arises as a result of such multi-trait associations. Although the grouping of traits and
ancestral bioclimatic variables does not necessarily imply co-selection during domestication (e.g., [26]),
these clusters may represent genetic complexes co-adapted to a range of environmental conditions that
chickpea experienced during domestication and subsequent geographic radiation. Indeed, many of
the trait–environment associations reflect well-known interactions between environmental factors
and the crop’s biology; for example, the relationships between Ascochyta blight occurrence and the
duration of cool-wet periods, as well as the increased incidence of pod abortion and shattering under
conditions of heat stress. Thus, by combining genomics with an explicit biogeographic framework
encompassing climatic and phenotype covariates, we are able to suggest concordance between human
selection, the crop’s known biology, and environmental constraints.

4. Materials and Methods

4.1. Germplasm Resources and Phenotyping

We assembled a collection of VIR’s chickpea germplasm originating from a range of countries
including Ethiopia, Lebanon, Morocco, Turkey, India, and the broader Central Asia and Mediterranean
regions (see Table S1). Phenotyping of the 407 chickpea genotype collection was conducted at the VIR
Kuban experimental station with climatic conditions well suited for chickpea cultivation (see Text
S1). During the vegetative period, thirty-six phenological, morphological, agronomical, and biological
descriptors were measured. The scored phenotypes and their abbreviations are presented in Table S4.
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4.2. Genotyping by Sequencing (GBS) and SNP Calling

The restriction site associated (RAD) GBS protocol from von Wettberg et al. [6] was used to
generate reduced representation sequence data for 407 accessions (see Text S2). All Illumina data
are available from the National Center for Biotechnology database under BioProject PRJNA388691.
SNPs were called using the Genome Analysis Tool Kit (GATK) pipeline [27] and further filtered with
VCFtools [28]. A total of 2579 SNPs accessions passed all filters, with 407 accessions remaining for
further analysis.

4.3. Genetic Data Analyses

Principal component analysis (PCA) was conducted using the “SNPRelate” R library [29]. Custom
scripts in Python [30] and R [31] were used to plot depth and distribution of SNPs on chromosomes.

Linkage disequilibrium (LD) was estimated using the squared correlation coefficient (r2) between
genotypes. VCFtools [28] was used to calculate intra-chromosomal and unlinked r2 values. LD decay
was assessed by plotting intra-chromosomal r2 values against the physical distance (bp) between
markers. The parametric 95th percentile of unlinked r2 values distribution was taken as a critical value.
The threshold beyond which the LD was accepted as real physical linkage was estimated to be r2 = 0.16.
The intersection of the smothering second degree local regression (LOESS) curve of intra-chromosomal
r2 values with this threshold was considered to be an estimate of the range of LD.

Relationships among genotypes were calculated and maximum likelihood phylogenetic trees were
constructed using SNPhylo [32] based on filtered SNPs and drawn using R libraries “phytools” [33]
and “ape” [34].

The nucleotide diversity (pi) was estimated from polymorphic sites and separately for each
chromosome and geographical group using VCFtools [28]. By considering only polymorphic sites,
we overestimate genomic diversity; however, these estimations can be used for between group
comparisons. We applied the Mann–Whitney–Wilcoxon test [35] to make between group comparisons.

The Genome-wide complex trait analysis (GCTA) program [36] was used to estimate the proportion
of variance in phenotypes explained by all genome-wide SNPs. First, phenotypic data were normalized.
Then, the genetic relationships among individuals from genome-wide SNPs were calculated using
GCTA-GRM (genetic relationship matrix) analysis. Finally, GCTA-GREML (genome-based restricted
maximum likelihood) analysis was performed to estimate the proportion of variance in a phenotype
explained by all GWAS SNPs (i.e., the SNP-based heritability).

4.4. Bioclimatic Analysis

Bioclimatic analysis was performed as described in Plekhanova et al. [4]; for details, see Text S3.
Nineteen quantitative bioclimatic variables were used in the analysis (Table S2).

Shapiro–Wilk test for normality [37] was implemented to quantitative phenotypic traits and
quantitative bioclimatic variables. Spearman correlation coefficients were calculated using the “rcorr”
function from the “Hmisc” R library [38].

4.5. Mapping Approaches

GWAS analysis was performed using a single-locus linear mixed model, implemented in
FaST-LMM toolset (factored spectrally transformed linear mixed models) [39]. Principal component
analysis (PCA) of 2579 SNPs revealed that the first eight significant principal components (PCs)
explained 48% of the variance of all markers. The LMM model was implemented with the first eight
PCA axes scores used as covariates for all phenotypic and bioclimatic data. Principal coordinate
analysis (PCoA), based on geographical distances between the accessions, was performed using the
“pco” function from the “labdsv” library [40] in R, and revealed that the first two significant PCs
explained 59% of the variance. We repeated the GWAS analysis including the first eight PCA axes
scores and the first two PCoA axes scores as covariates for all traits. In both cases, we used genomic
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control parameter (λGC) and a false discovery rate (FDR) [41] of 0.05 to determine significant trait
associated loci separately for each trait. Manhattan plots were performed using “CMplot” library [42]
in R.

Annotation of significant associated markers was performed using the SNPEff program [43],
as well as the legume information system (LIS) [44] and the LegumeIP [45] databases.

4.6. Biogeographic Analyses

In total, 407 accessions were split into six distinct groups reflecting geographic locations (Table S1):
Ethiopia (“ETHI”), India (“IND”), Lebanon (“LEB”), Morocco (“MOR”), Turkey (“TUR”), and Central
Asia (“C_ASIA”). The Mann–Whitney–Wilcoxon test [35] was used to identify differences among
groups for each bioclimatic variable.

4.7. Haploblock Enrichment Analysis and Clustering of Enriched Haploblocks

To divide the genome into haplotype blocks (haploblocks) based on linkage disequilibrium,
Haploview tools [16] were applied to the set of 2579 SNPs. Chromosomal regions with strong
linkage were identified using default Haploview parameters (confidence interval for LD [0.7, 0.98]).
Each haploblock was considered as the set of SNPs located within a given haploblock. We analysed
haploblock enrichment for SNPs associated with trait or variable by applying the logic of gene-set
enrichment analysis implemented in the FGSEA method [17], which takes as input data the list of
all SNPs ranked by increasing GWAS p-values and the list of haploblocks. The method returns an
enrichment score and FDR corrected p-value [41] for each haploblock. We performed FGSEA analysis
for each trait (phenotype and bioclimatic variable), and haploblocks significantly enriched for associated
SNPs were defined as those having positive enrichment scores and significantly low FDR corrected
p-values (<0.05). The outcome of this analysis was that each phenotype or bioclimatic variable was
characterized by a set of haploblocks significantly enriched with associated SNPs. To obtain groups of
phenotypes and variables sharing sets of enriched haploblocks, we applied bi-clustering on the matrix
of pairwise similarities between traits. To estimate the degree of overlap between haploblocks enriched
for SNPs associated with different traits, we calculated the haploblock simalarity score as a sum of
common haploblocks (i.e., haploblocks enriched for SNPs associated with both traits) divided by the
sum of all haploblocks significantly enriched for SNPs associated with these two traits.

5. Conclusions

The Vavilov seed bank contains numerous landraces collected nearly one hundred years ago,
and thus may contain ‘genetic gems’ with the potential to enhance modern breeding efforts. Here,
we analyze 407 landraces, sampled from major historic centers of chickpea cultivation and secondary
diversification. The collection was grown in the southern European part of Russia in 2016 with climatic
conditions well suited for chickpea cultivation. GWAS conducted on both phenotypic traits and
bioclimatic variables at landraces sampling sites as extended phenotypes resulted in 84 GWAS hits
associated to various regions, most of which were not discovered in prior GWAS and QTL analyses.
The novel haploblock-based test identified haploblocks enriched for SNPs associated with phenotypes
and bioclimatic variables, of which eleven haploblocks intersect with previously reported GWAS hits
on chromosomes Ca1, Ca3, Ca4, Ca5, Ca6, Ca7, and Ca8. Subsequent bi-clustering of traits sharing
enriched haploblocks underscored both non-random distribution of SNPs among several haploblocks
and their association with multiple traits. We suggest that these clusters of pleiotropic SNPs represent
co-adapted genetic complexes to a range of environmental conditions that chickpea experienced during
domestication and subsequent geographic radiation. We observed significant genomic diversity in
Central Asia, which may have been a bridge for subsequent radiation in India and nearby areas.
Linking genetic variation to phenotypic data and a wealth of historic information preserved in historic
seed banks are the keys for genome-based and environment-informed breeding intensification.
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Abstract: Environmental stress hampers pea productivity. To understand the genetic basis of heat
resistance, a genome-wide association study (GWAS) was conducted on six stress responsive traits
of physiological and agronomic importance in pea, with an objective to identify the genetic loci
associated with these traits. One hundred and thirty-five genetically diverse pea accessions from
major pea growing areas of the world were phenotyped in field trials across five environments, under
generally ambient (control) and heat stress conditions. Statistical analysis of phenotype indicated
significant effects of genotype (G), environment (E), and G × E interaction for all traits. A total
of 16,877 known high-quality SNPs were used for association analysis to determine marker-trait
associations (MTA). We identified 32 MTAs that were consistent in at least three environments for
association with the traits of stress resistance: six for chlorophyll concentration measured by a
soil plant analysis development meter; two each for photochemical reflectance index and canopy
temperature; seven for reproductive stem length; six for internode length; and nine for pod number.
Forty-eight candidate genes were identified within 15 kb distance of these markers. The identified
markers and candidate genes have potential for marker-assisted selection towards the development
of heat resistant pea cultivars.

Keywords: pea; heat stress; genetic diversity; GWAS; genotyping-by-sequencing; marker-trait
association; candidate-gene

1. Introduction

Pea (Pisum sativum L., 2n = 14) is a major pulse crop widely grown in the temperate regions
primarily for its nutritional values as a source of protein, slowly digestible starch, essential minerals,
high fiber and low fat; and soil fertility benefits as it fixes atmospheric nitrogen [1–3]. However, as
a cool season crop, pea is prone to heat and drought stress, with warm summers causing shortened
life cycles, abortion of floral components and pods, and thus economic yield loss [4–6]. Due to global
warming, the average surface temperature is predicted to increase by 3.7 ◦C by the end of this century,
and thus heat stress is expected to be even more challenging in the future [7].

Genetic improvement of pea for heat and drought resistance is a promising approach to stabilize
yield under environmental stresses. Pea germplasm has a wide range of diversity in morpho-anatomical,
biochemical and physiological characteristics [8,9]. Among other things, such diversity has been
explored to identify traits associated with heat response [10–12]. Pigments including chlorophylls,
carotenoids, anthocyanins contribute to heat tolerance through heat dissipation and protection of
vital plant components and processes [13,14]. Multi-environment studies on pea [10], and maize [15]
revealed leaf color (greenness) as a trait linked to stress tolerance.
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Chlorophyll represents pigment abundance and composition, and is used to drive photosynthesis,
plant senescence, and yield potential [15,16]. Stay-green, a trait that delays plant senescence, is reported
to be associated with improved yield under stress conditions [15]. Estimation of leaf chlorophyll
concentration by the soil plant analysis development (SPAD) meter is reliable, and is strongly correlated
with laboratory-based destructive methods [17].

Vegetative indices (VI), determined from different wavelengths of spectral reflectance, have been
used as proxies to quantitatively and qualitatively assess traits linked with vegetation cover and
plant vigor, pigment abundance and composition, and plant water status [18,19]. Thus, VIs indirectly
indicate the overall physiological state of the plant under various environmental conditions. For
example, photochemical reflectance index (PRI), derived from narrowband wavelengths, indicates
photosynthetic efficiency and photosynthetic performance in stress [19]. Canopy temperature (CT) is a
direct indicator of degree of stress in plants. If CT is greater than the air temperature, then the plants
are under stress predominantly caused by heat and drought. Although the environment contributes to
CT to a great extent, there exists significant variation in genotype response [12].

In pea and other crops, lodging is one of the plant factors that exacerbates heat stress by making
the plant hold more heat in the canopy, and thereby leading to increased CT [12,20]. Heat and drought
stress decreases reproductive stem and internode lengths [12], which are related to genes associated
with gibberellin function [21,22]. Pod number, a major yield component in pea and other pulse crops, is
an economic trait highly affected by heat stress [23,24]. Pod loss due to heat stress is mostly associated
with pollen and stigma malfunction, and abortion of flowers, bud and pods [6,11].

Understanding of the genetic base of traits involved in pea stress response would assist breeders in
developing heat resistant varieties. Genome-wide association study (GWAS) has been used as a tool for
dissecting the genetic bases of various traits using the naturally occurring genetic diversity a species has
accumulated over many generations [25,26]. Linkage disequilibrium (LD)-based association mapping
provides high resolution, as it relies on the use of single nucleotide polymorphisms (SNP), and thus
has the capacity to distinguish even between closely related individuals [27–30]. The advancement and
inexpensive availability of high-throughput next generation sequencing (NGS) platforms enabled the
use of SNPs for genetic diversity study and estimation of LD in pea and other crops [29,30]. Association
mapping has been successfully used for identification of numerous genomic loci and underlying genes
for complex traits in several crops including pea [25–35].

In pea, association and linkage mapping has been employed to uncover the genetic bases of several
traits including agronomic and seed quality traits [30,35], disease resistance [32,36], seed mineral
concentrations [37], seed lipid content [38], salinity tolerance [31], and frost tolerance [33]. Despite its
importance, only limited studies have been carried out to identify genomic regions associated with
pea stress tolerance [28]. Stress tolerance is complex and is controlled by many genes throughout the
genome each with minor effects and each interacting with the environment [39]. The objectives of this
study were to examine the G × E interaction in pigment and vegetative structures associated with
stress response, to explore the genetic variation of stress tolerance present in a GWAS panel of 135
accessions, and to identify MTAs related with six stress responsive traits.

2. Results

2.1. Weather and Stress Condition of the Environments

The weather condition of the five environments during the pea growing season described by
the average of daily maximum, minimum, 24 h mean temperatures, number of days when the
daily maximum temperature was greater than 28 ◦C during the growing season, and total monthly
precipitation is summarized in Table 1. In pea, significant yield loss due to heat stress is evident
whenever the daily maximum air temperature exceeds 28 ◦C for several days during the growing
season [5]. Impact of heat and drought is severe when it occurs during reproductive stages. Saskatoon
2015 was the most stressed environment as indicated by mean daily maximum air temperatures
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> 27 ◦C, 18 days where air temperature was > 28 ◦C, and drier conditions during the reproductive stage.
Similarly, 2017 Saskatoon was also under heat and drought stress during the reproductive stage with
average air temperature ~26 ◦C, 16 days where air temperature was > 28 ◦C, and relatively low total
precipitation. The remaining three environments were generally ambient and considered as control
environments (Table 1).
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2.2. Phenotypic Measurements, Analysis of Variance, and Marker Detection through Association Mapping

Variance components of genotype (G), environment (E), and G × E interaction together with their
significance on the six traits used in this study is presented in Table 2. For all traits analyzed, normality
of residuals and homogeneity of variance were met.

Table 2. Variance components of environment, genotype, and their interaction and broad sense
heritability (H2) on SPAD, PRI, canopy temperature, reproductive stem length, internode length and
pod number in 135 pea accessions.

Source
SPAD PRI

Canopy
Temperature

Reproductive
Stem Length

Internode Length Pod Number

Variance
% of
Total

Variance
% of
Total

Variance
% of
Total

Variance
% of
Total

Variance
% of
Total

Variance
% of
Total

Genotype (G) 19.88 *** 67.9 0.0000171 *** 4.8 0.095 *** 1.7 189.12
*** 63.4 1.69 *** 43.0 2.33 *** 36.6

Environment (E) 0.64 *** 2.2 0.000067 *** 18.7 4.70 *** 85.3 22.52 *** 7.6 0.19 ** 4.8 0.79 *** 12.4
REP 0.05 ** 0.2 0 ns 0.0 0.006 ns 0.1 8.72 2.9 0.11 ** 2.7 0.00 ns 0.0

G × E 1.47 *** 5.0 0.00041 *** 11.4 0.00 ns 0.0 7.58 ** 2.5 0 ns 0.0 0.07 1.1
Error 7.25 24.7 0.000233 65.1 0.71 12.9 145 23.6 1.94 49.5 3.18 49.9
Total 29.29 0.00036 5.51 298.19 3.93 6.36
(H2) 0.95 0.35 0.57 0.92 0.90 0.88

Note: * Significant at the 0.05 level of probability; ** Significant at the 0.01 level of probability; *** Significant at
the 0.001 level of probability; ns, not significant at the 0.05 level. SPAD, soil plant analysis development; PRI,
photochemical reflectance index.

Descriptive statistics for minimum, maximum and mean values of phenotypic measurements on
the traits of the GWAS panel across five environments are summarized in Table 3 and Figure 1.

Figure 1. Distribution of average SPAD, PRI, canopy temperature, reproductive stem length, internode
length and pod number of 135 GWAS accessions across ambient and stress environments. Note: The
ambient (control) environments were 2016 Rosthern, 2016 Saskatoon and 2017 Rosthern; and the heat
stress environments were 2015 and 2017 Saskatoon. PRI, photochemical reflectance index.
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Table 3. Minimum, maximum and mean values of phenotypic traits of 135 pea accessions of the
genome-wide association study panel.

Trait Environment Minimum Maximum Mean
Standard
Deviation

SPAD

2015 Saskatoon 27.3 57.6 42.5 4.7
2016 Rosthern 30.0 67.5 45.0 6.7
2016 Saskatoon 31.0 61.1 43.7 4.8
2017 Rosthern 32.5 56.8 42.9 5.0
2017 Saskatoon 26.6 55.7 42.6 5.2

Photochemical reflectance
index (PRI)

2015 Saskatoon −0.039 0.028 0.000 0.012
2016 Rosthern −0.032 0.028 0.001 0.012
2016 Saskatoon −0.116 0.024 −0.019 0.024
2017 Rosthern −0.031 0.02 −0.006 0.01
2017 Saskatoon −0.037 0.026 −0.003 0.013

Canopy temperature (◦C)

2015 Saskatoon 28.0 31.0 29.6 0.5
2016 Rosthern 21.4 26.9 24.2 1.0
2016 Saskatoon 22.3 28.4 24.6 1.2
2017 Rosthern 23.5 26.9 25.1 0.6
2017 Saskatoon 24.5 29.1 26.4 0.8

Reproductive stem length (cm)

2015 Saskatoon 13.2 90.7 37.9 15.0
2016 Rosthern 16.0 117 48.9 19.7
2016 Saskatoon 14.4 101 42.9 17.6
2017 Rosthern 18.3 104 42.0 15.3
2017 Saskatoon 14.6 99 36.0 15.1

Internode length (cm)

2015 Saskatoon 1.6 10.7 4.7 1.6
2016 Rosthern 2.0 14.7 5.8 2.1
2016 Saskatoon 1.9 14.7 5.1 2.0
2017 Rosthern 2.4 14.9 6.0 2.0
2017 Saskatoon 1.9 11.3 4.9 1.7

Pod number

2015 Saskatoon 3.0 13.0 7.8 1.8
2016 Rosthern 3.5 18.5 9.8 2.8
2016 Saskatoon 3.0 17.5 9.9 2.6
2017 Rosthern 4.0 15.0 8.6 2.0
2017 Saskatoon 4.5 18.5 8.3 2.4

Note: soil plant analysis development (SPAD), spectral reflectance and canopy temperature were taken four to six
times in a season during reproductive stage on hot days at solar noon. A SPAD reading > 50 indicates a dark-green
color and high chlorophyll concentration, a reading < 40 indicates a yellow-green color and low chlorophyll
concentration. Reproductive stem length, internode length and pod number were measured on three plants per plot
at physiological maturity. The overall weather classification of environments 2015 and 2017 at Saskatoon was heat
stress, and the remaining three environments condition was ambient (control) for pea production. A SPAD value is
an index of light transmittance at 650 nm and 940 nm. Similarly, PRI is an index derived from narrow-band (531 and
571 nm) spectral reflectance.

Chlorophyll concentration, measured by a SPAD meter, was affected by genotype, environment and
their interaction; and the variance component analysis showed that maximum variation (67.9%) among
the GWAS panel was due to the genotype effect, and the broad sense heritability was 0.95. Overall,
genotype chlorophyll concentration ranged from 26.6 to 57.6 SPAD values under heat stress, and 30.0
to 67.5 under control conditions (Table 3). On average, the heat stressed environments had 3% less
SPAD value than the ambient environments. Six markers (Chr5LG3_150942510, Chr5LG3_446272814,
Chr5LG3_449362407, Chr5LG3_566189589, Chr5LG3_569788697, and Chr5LG3_572899434) were
associated with SPAD in at least three out of the five environments, and on average each marker
explained 7%–13% of the phenotypic variance (PV) measured as the difference in R-square of the
model with the SNP and without the SNP. SNP markers Chr5LG3_566189589 and Chr5LG3_449362407
were associated with SPAD in 4 and 5 environments explaining 13% and 11% of the PVs, respectively
(Table 4). PRI was also significantly affected by genotype, environment and by the G x E interaction.
Variance components showed most of the variation in PRI was due to environmental factors, and the
broad sense heritability was the least (0.35) compared with the other traits (Table 2). Two markers,
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Chr6LG2_469101917, and Chr7LG7_263964018 were significantly associated with PRI at three out of
the five environments. Each of the two markers explained 9% of PV (Table 4).

Table 4. Trait-linked SNP markers identified by association analysis of pea phenotypes associated with
heat stress using the mixed linear model (MLM).

Trait SNP Marker Environment p.value
R Square of

Model with SNP
R Square of

Marker †
Average R
Square of

Marker

SPAD

Chr5LG3_150942510 2016 Rosthern 3.77 × 10−4 0.39 0.08
2016 Saskatoon 6.80 × 10−4 0.45 0.06
2017 Saskatoon 2.15 × 10−4 0.42 0.09 0.08

Chr5LG3_446272814 2016 Saskatoon 1.89 × 10−4 0.46 0.08
2017 Rosthern 2.46 × 10−4 0.48 0.07
2017 Saskatoon 4.68 × 10−4 0.41 0.08 0.08

Chr5LG3_449362407 2015 Saskatoon 1.39 × 10−4 0.42 0.09
2016 Rosthern 6.66 × 10−5 0.41 0.1
2016 Saskatoon 3.27 × 10−5 0.48 0.09
2017 Rosthern 1.24 × 10−6 0.54 0.13
2017 Saskatoon 6.61 × 10−6 0.46 0.13 0.11

Chr5LG3_566189589 2015 Saskatoon 5.00 × 10−7 0.56 0.15
2016 Rosthern 4.33 × 10−6 0.45 0.14
2016 Saskatoon 1.23 × 10−5 0.49 0.1
2017 Rosthern 9.83 × 10−6 0.52 0.11 0.13

Chr5LG3_569788697 2015 Saskatoon 1.22 × 10−4 0.42 0.09
2016 Rosthern 5.03 × 10−4 0.39 0.08
2016 Saskatoon 9.70 × 10−4 0.45 0.06
2017 Rosthern 9.00 × 10−4 0.47 0.06 0.07

Chr5LG3_572899434 2015 Saskatoon 4.76 × 10−4 0.41 0.08
2016 Rosthern 3.17 × 10−4 0.39 0.08
2016 Saskatoon 5.09 × 10−4 0.45 0.06
2017 Rosthern 2.98 × 10−4 0.48 0.07 0.07

PRI

Chr6LG2_469101917 2016 Rosthern 8.99 × 10−4 0.3 0.08
2017 Rosthern 8.85 × 10−5 0.3 0.11
2017 Saskatoon 3.39 × 10−3 0.16 0.07 0.09

Chr7LG7_263964018 2016 Rosthern 8.99 × 10−4 0.3 0.08
2017 Rosthern 8.85 × 10−5 0.3 0.11
2017 Saskatoon 3.39 × 10−3 0.16 0.07 0.09

Canopy
temperature

Chr4LG4_415994869 2015 Saskatoon 1.16 × 10−3 0.52 0.05
2016 Rosthern 1.08 × 10−3 0.5 0.06
2016 Saskatoon 2.22 × 10−4 0.44 0.08 0.06

Chr5LG3_309595819 2015 Saskatoon 4.88 × 10−4 0.53 0.06
2016 Rosthern 5.11 × 10−3 0.48 0.04
2016 Saskatoon 4.39 × 10−4 0.43 0.07 0.06

Reproductive
stem length

Chr3LG5_18678117 2015 Saskatoon 2.18 × 10−4 0.63 0.06
2016 Saskatoon 3.60 × 10−4 0.62 0.05
2017 Rosthern 6.62 × 10−4 0.7 0.04
2017 Saskatoon 8.42 × 10−5 0.5 0.08 0.06

Chr4LG4_29062302 2015 Saskatoon 5.85 × 10−4 0.62 0.05
2016 Rosthern 2.58 × 10−3 0.59 0.03
2016 Saskatoon 2.09 × 10−3 0.61 0.04
2017 Rosthern 8.96 × 10−4 0.7 0.03
2017 Saskatoon 3.11 × 10−3 0.46 0.04 0.04

Chr5LG3_566189271 2015 Saskatoon 1.72 × 10−4 0.63 0.06
2016 Rosthern 3.71 × 10−4 0.61 0.05
2016 Saskatoon 1.14 × 10−4 0.63 0.06
2017 Rosthern 1.43 × 10−4 0.71 0.04 0.05

Chr5LG3_572669963 2015 Saskatoon 1.06 × 10−3 0.62 0.05
2016 Saskatoon 1.03 × 10−4 0.63 0.06
2017 Rosthern 2.53 × 10−4 0.71 0.04 0.05

Chr7LG7_20086906 2015 Saskatoon 6.08 × 10−4 0.62 0.05
2016 Rosthern 4.27 × 10−3 0.59 0.03
2016 Saskatoon 8.52 × 10−4 0.61 0.04
2017 Rosthern 4.00 × 10−3 0.69 0.03 0.04

Chr7LG7_23295474 2015 Saskatoon 8.25 × 10−4 0.62 0.05
2016 Saskatoon 4.84 × 10−4 0.62 0.05
2017 Rosthern 3.82 × 10−4 0.7 0.03 0.05

Chr7LG7_96157380 2015 Saskatoon 2.72 × 10−4 0.63 0.06
2016 Rosthern 2.15 × 10−3 0.59 0.04
2016 Saskatoon 6.82 × 10−4 0.62 0.05
2017 Rosthern 2.68 × 10−4 0.71 0.04 0.05
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Table 4. Cont.

Trait SNP Marker Environment p.value
R Square of

Model with SNP
R Square of

Marker †
Average R
Square of

Marker

Internode length

Chr4LG4_62461234 2015 Saskatoon 8.58 × 10−3 0.49 0.04
2016 Saskatoon 3.83 × 10−4 0.48 0.07
2017 Saskatoon 3.18 × 10−4 0.39 0.08 0.06

Chr4LG4_63111072 2015 Saskatoon 3.86 × 10−4 0.52 0.06
2017 Rosthern 3.54 × 10−3 0.62 0.04
2017 Saskatoon 3.68 × 10−4 0.39 0.08 0.06

Chr4LG4_80759704 2016 Rosthern 3.50 × 10−3 0.36 0.05
2016 Saskatoon 2.28 × 10−4 0.49 0.03
2017 Rosthern 7.64 × 10−3 0.62 0.08 0.06

Chr5LG3_566189271 2015 Saskatoon 1.22 × 10−5 0.55 0.09
2016 Rosthern 8.23 × 10−4 0.38 0.07
2016 Saskatoon 4.72 × 10−5 0.5 0.09
2017 Rosthern 2.29 × 10−3 0.63 0.04
2017 Saskatoon 2.85 × 10−3 0.36 0.05 0.07

Chr6LG2_420562729 2015 Saskatoon 3.76 × 10−4 0.52 0.06
2016 Saskatoon 3.87 × 10−3 0.46 0.05
2017 Rosthern 8.96 × 10−4 0.63 0.04 0.05

Chr7LG7_197862543 2015 Saskatoon 4.69 × 10−4 0.52 0.06
2016 Saskatoon 9.72 × 10−3 0.45 0.05
2017 Saskatoon 1.39 × 10−3 0.37 0.06 0.06

Pod number

Chr2LG1_4359822 2015 Saskatoon 8.14 × 10−4 0.24 0.08
2016 Rosthern 1.75 × 10−3 0.27 0.07
2016 Saskatoon 3.00 × 10−3 0.16 0.08 0.08

Chr2LG1_105547608 2015 Saskatoon 3.98 × 10−4 0.25 0.09
2016 Saskatoon 3.01 × 10−3 0.16 0.08
2017 Saskatoon 9.05 × 10−4 0.22 0.09 0.09

Chr2LG1_370541780 2015 Saskatoon 2.08 × 10−4 0.26 0.1
2016 Saskatoon 7.58 × 10−4 0.18 0.1
2017 Saskatoon 4.68 × 10−3 0.19 0.06 0.09

Chr2LG1_385949935 2015 Saskatoon 3.11 × 10−4 0.26 0.1
2016 Saskatoon 8.17 × 10−5 0.21 0.13
2017 Saskatoon 1.20 × 10−3 0.18 0.05 0.10

Chr2LG1_389336188 2015 Saskatoon 4.96 × 10−4 0.25 0.09
2016 Saskatoon 2.71 × 10−3 0.16 0.08
2017 Saskatoon 4.60 × 10−4 0.23 0.1 0.09

Chr2LG1_402022079 2015 Saskatoon 3.58 × 10−3 0.22 0.06
2016 Rosthern 1.16 × 10−3 0.27 0.07
2016 Saskatoon 5.15 × 10−4 0.18 0.1
2016 Saskatoon 5.15 × 10−4 0.18 0.1 0.08

Chr3LG5_216337201 2015 Saskatoon 4.75 × 10−3 0.22 0.07
2016 Rosthern 3.54 × 10−3 0.26 0.06
2017 Saskatoon 3.49 × 10−4 0.23 0.1 0.08

Chr5LG3_530537682 2015 Saskatoon 3.32 × 10−3 0.22 0.06
2016 Rosthern 3.80 × 10−3 0.26 0.06
2016 Saskatoon 5.81 × 10−4 0.18 0.1 0.07

Sc04062_32372 2015 Saskatoon 4.27 × 10−4 0.25 0.09
2016 Rosthern 8.51× 10−3 0.25 0.06
2016 Saskatoon 7.23 × 10−3 0.14 0.06
2017 Saskatoon 1.70 × 10−5 0.28 0.15 0.09

Note: All markers presented here were significant in at least three of five environments for a given trait. In each SNP
designation, Chr and LG indicate chromosome and linkage group and the number after the _ is the base pair position.
For non-chromosomal SNPs, Sc refers to scaffold followed by the scaffold number. Each locus is represented by one
SNP marker of the LD block. †R-square value is presented as the difference of R-square explained by the model with
and without SNP.

For canopy temperature (CT), the GWAS accessions significantly varied due to both genotype (G)
and environment (E) effects, but not by the G x E interaction (Table 2). In general, under heat stress,
the accessions’ CT, measured four to six times in a season during reproductive stage on hot days at
solar noon, ranged from 24.5 to 31.0 ◦C, whereas under ambient conditions, the CT ranged from 21.4
to 26.9 ◦C. This temperature difference indicated that CT is highly influenced by the environment
effects with a relatively lower broad sense heritability of 0.57 (Table 2; Table 3; Figure 1). Two SNP
markers (Chr4LG4_415994869 and Chr5LG3_309595819) were associated with CT in three of the five
environments. The R-square value of the model with SNP ranged from 0.43 to 0.53, and each of the
SNP markers explained 6% of PV.
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Reproductive stem length was also affected by genotype and environment main effects and
their interaction. The reproductive stem length under the stressed environments ranged from 13
to 99 cm, whereas under the control environments the range was from 14 to 117 cm, suggesting
heat stress decreased the reproductive stem length. Analysis of variance components showed
genotype and environment main effects respectively contributed to 63.4% and 7.6% of the variation
in the GWAS panel. The broad sense heritability for reproductive stem length was 0.92. Seven
SNP markers (Chr3LG5_18678117, Chr4LG4_29062302, Chr5LG3_566189271, Chr5LG3_572669963,
Chr7LG7_20086906, Chr7LG7_23295474, and Chr7LG7_96157380) were associated with reproductive
stem length in at least three of the five environments, and four of these SNPs were consistent in at least
four of the five environments. SNP marker Chr4LG4_29062302 was found to be associated with the
trait in all five environments with an average R-square of the model of 0.60. Overall, the R-square
value of the model with SNP ranged up to 0.71 for reproductive stem length (Table 4).

Internode length was another trait significantly affected by genotype and environment main
effects and their interaction. Under heat stress, the internode length ranged from 1.6 to 11.3 cm with
a mean value of 11.0 cm, whereas under control conditions, the range was 1.9 to 14.9 cm with a
mean value of 14.8 cm. Variance component analysis showed genotype and environment respectively
contributed 43% and 4.8% of the variations to the GWAS panel. The broad sense heritability was 0.90.
Six SNP markers (Chr4LG4_62461234, Chr4LG4_63111072, Chr4LG4_80759704, Chr5LG3_566189271,
Chr6LG2_420562729, and Chr7LG7_197862543) were associated with internode length in at least three
of the five environments. These markers were significantly associated with internode length in at least
three of the five environments with the R-square value of the model with SNP ranged up to 0.63. SNP
marker Chr5LG3_566189271 was identified in all five environments with an average R-square of 0.49.

Pod number was also significantly affected by genotype and environment main effects
and their interaction. Variance component analysis showed genotype and environment,
respectively, contributed 36.6% and 12.4% to the overall pod number variance in the GWAS
panel. Compared with the three control environments, pod number under the heat stress
environments decreased by 14.6%. The broad sense heritability in pod number was 0.88. Eight
SNP markers (Chr2LG1_4359822, Chr2LG1_105547608, Chr2LG1_370541780, Chr2LG1_385949935,
Chr2LG1_389336188, Chr2LG1_402022079, Chr3LG5_216337201, Chr5LG3_530537682, and
Sc04062_32372) were associated with pod number in at least three of the five environments explaining
7% to 9% of PV, with an average R-square value of 21.9.

Manhattan plots showing the association of SNP markers with plant chlorophyll concentration
and reproductive stem length in multiple trials, and the corresponding Q-Q plots are presented as
examples from this research in Figures 2 and 3, respectively. The Q-Q plots represent the observed P
values of each SNP marker against the expected P values. The Manhattan plots in Figure 2 showed
the significant association of SNP markers on Chr 5 (LG3) with plant SPAD in each of the individual
environments presented. The Manhattan plots in Figure 3 showed the significant association of SNP
markers on multiple chromosomes with the reproductive stem length.
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Figure 2. Manhattan plots and the corresponding Q-Q plots representing the identification of SNP
markers associated with chlorophyll concentration measured by a SPAD meter. The Manhattan plots
are based on association of 15,608 chromosomal and 1269 non-chromosomal SNPs with SPAD of 135
pea accessions in the multi-year, multi-environment trials. Note: S15, Saskatoon in 2015; R16, Rosthern
in 2016; S16, Saskatoon in 2016; R17, Rosthern in 2017; and S17, Saskatoon in 2017.
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Figure 3. Manhattan plots and the corresponding Q-Q plots representing the identification of SNP
markers associated with reproductive stem length. The Manhattan plots are based on association
of 15608 chromosomal and 1269 non-chromosomal SNPs with reproductive stem length of 135 pea
accessions in the multi-year, multi-environment trials. Note: R16, Rosthern in 2016; R17, Rosthern in
2017; S15, Saskatoon in 2015; S16, Saskatoon in 2016; and S17, Saskatoon in 2017.

Of all the MTAs that were observed in > 60% of the environments, the following
markers had the greatest percent variation averaged over the selected environments for the
respective traits: Chr5LG3_566189589 (13% PV) and Chr5LG3_449362407 (11% PV) for SPAD;
Chr6LG2_469101917 and Chr7LG7_263964018 each with 9% PV for PRI; Chr4LG4_415994869 and
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Chr5LG3_309595819 each with 6% PV for CT; Chr3LG5_18678117 (6% PV), Chr5LG3_572669963
(5% PV), and Chr7LG7_96157380 (5% PV) for reproductive stem length; Chr4LG4_63111072 (6%
PV), Chr5LG3_566189271 (7% PV) and Chr4LG4_62461234 (6% PV) for internode length; and
seven markers, Chr2LG1_105547608, Chr2LG1_370541780, Chr2LG1_385949935, Chr2LG1_389336188,
Chr3LG5_216337201, Chr5LG3_530537682, and Sc04062_32372 each with 9% PV for pod number
(Table 4).

Forty-eight unique genes were identified within a 15 kb region of the selected 32 SNP markers
and are considered as candidate genes. The candidate genes identified for various traits included those
encoding for transcription factor, translation initiation factor, heat shock protein, ribosomal protein,
protein kinase, transmembrane protein, and others as listed in Table 5. Two genes, Psat5g299080 and
Psat5g299040, which encode the proteins kinesin-related protein 4-like and PPR containing plant-like
protein (putative tetratricopeptide-like helical domain-containing protein), were identified as potential
candidate genes associated with internode length, reproductive stem length and chlorophyll content
(SPAD).
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2.3. Overall Association of Phenotypic Traits

Principal component analysis (PCA) based on the correlation of traits revealed the overall traits
association and the genotype response across the five environments (Figure 4A,B). The first two PCs
explained 61.9% of the total variability in the data. The loading plot illustrated traits association
and how much each trait contributed to the PCs. The first PC was influenced mainly by SPAD,
reproductive stem and internode lengths, whereas the second PC was influenced mainly by CT and
pod number. SPAD positioned in an opposing direction (obtuse angle to straight line) to reproductive
stem and internode lengths indicating a significant negative correlation between SPAD and the length
measurements. Likewise, CT positioned in the opposite direction of pod number indicating their
significant negative correlation. The hotter the canopy, the lower the pod number and thus seed yield
(Figure 4A). Score plots illustrated genotype placement (response) across the environments (Figure 4B).
The heat and or drought stressed environments (2015 Saskatoon and 2017 Saskatoon) positioned to the
negative direction PC2 associating with high CT, whereas the control environments were associated
greater pod number and SPAD value.

Figure 4. Loading (A) and Score (B) plots of principal component analysis illustrating the overall
association of traits and genotype performance across environments. Note: PN, pod number;
RSL, reproductive stem length; IL, internode length, CT, canopy temperature; PRI, photochemical
reflectance index.

3. Discussion

As a cool season crop, pea is sensitive to heat stress which causes a significant yield loss.
However, there exists substantial genetic variation among pea genotypes for heat tolerance [10,12,24,28].
A strategic assessment and use of available variation is essential for crop improvement through using
allelic variation. With the availability of cost-effective, high-throughput SNP genotyping methods and
genomic resources, GWAS has been an effective method for identifying genetic loci associated with
traits of many crop species including legumes [29,30,36].

The present GWAS was undertaken to identify SNP markers associated with traits related with
pea heat response using a panel of 135 genetically diverse pea accessions. The accessions were from
breeding programs of major pea growing areas and, thus accounted genotypes with a wide range of
heat sensitivity. Genotyping by sequencing (GBS) identified 16,877 good quality SNPs, of which 15,609
were distributed across seven chromosomes of pea and the remaining 1268 were non-chromosomal
SNPs [30].

Linkage disequilibrium patterns of population structure and genetic relatedness information are
important for association mapping to minimize the number of false positive associations [41], thus the
LD of the 135 GWAS members was analyzed by chromosome, and the LD decay estimates of the 7
chromosomes ranged from 0.03 to 0.18 Mb [30]. Based on genetic relatedness the 16,877 SNPs in the
GWAS panel were clustered into nine groups [30]. Similarly, Diapari et al. [37] clustered another 94
pea accessions into eight groups, and Siol et al. [42] grouped 917 Pisum accessions into 16 groups. The
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above groupings indicated the extent of genetic variability among pea accessions. The clustering did
not necessarily correspond solely with the geographic origins of the individuals, but depended on
additional factors of variability such as the objectives in different breeding programs [30].

In the present GWAS, we evaluated ten heat stress-responsive traits. The first six were: chlorophyll
concentration by SPAD, PRI, CT, reproductive stem length, internode length, and pod number. The
other four were: plant height, lodging, pod to node ratio, and water band index (WBI). From the
latter four traits, five SNP markers on Chr 1 (LG6), Chr 2 (LG1), Chr 3 (LG5), Chr 5 (LG3) for lodging,
and four SNP markers on Chr5 (LG3) for plant height were previously reported by Gali et al. [30],
and no marker was detected to be significant in at least three of the five environments for pod to node
ratio and WBI. As such, in the current paper we focused on the first six traits for phenotypic variation
in the 135 pea accessions across five environments.

The five environments were grouped into ambient (three environments) and heat and or drought
stress (two environments) conditions based on weather data and threshold temperature for heat stress
in the field [5]. All traits had a wide range of phenotypic variation within each environment and
stress level, which is essential for dissecting complex traits through association mapping. Overall, we
identified 32 MTAs for six traits that have physiological and agronomic importance and are involved
in pea heat response. A marker identified for a significant association with a given trait would be
more reliable if the same marker is found in multiple environments [30]. Therefore, for the six traits
we investigated, the SNP markers deemed significant were consistent in at least three environments,
and these markers could potentially be used for marker-assisted selection of these traits in the effort of
improving pea for heat tolerance.

In this study, the SPAD value was used to estimate chlorophyll concentration, a major component
of chloroplasts, and can be used as a factor to determine crop adaptation to environmental stresses
by retention of greenness [10,13,43]. Regression analysis on wheat reported that under heat stress,
the SPAD value was associated with plasma and thylakoid membrane damage [44], which hinders
light absorbing efficiency of photosystems (PSI and PSII), and hence reduced photosynthetic capacity
ultimately leading to crop yield loss [11]. Understanding of the genetic bases that govern chlorophyll
concentration may contribute to enhancing photosynthetic efficiency and thus minimize yield loss due
to stressful environments.

We identified six MTAs that were related to SPAD value in repeated tests. All of the MTAs
identified for SPAD were from Chr 5 (LG3). Bell et al. [45] reported that pea chlorophyll degradation
under stress conditions is governed by the SGRL protein, a distinct class of the SGR gene which is
induced by environmental stresses. The genomic location of SGRL was reported to be on LG3 which
supports our result where all of the SPAD markers also reside on Chr 5 (LG3). The SGRL gene sequence
(https://www.ncbi.nlm.nih.gov/nuccore/LN810021) location in the pea genome assembly spanned
between the base pair positions Chr5LG3_151800929 and Chr5LG3_151804253, and is within close
proximity (858 Kbp) of the SPAD associated marker ChrLG3_150942510. Using GWAS on soybean,
Dhanapal et al. [29] identified 52 SNP markers associated with chlorophyll content.

Similarly, two loci were identified for association with PRI. One of these loci is on Chr 6 (LG2) and
the second is on Chr 7 (LG7), and in both cases the markers were consistent in three environments.
There are only a few reports that have used GWAS to identify markers associated with vegetation
indices, namely, in soybean and wheat. In soybean, Herritt et al. [25] identified 31 SNPs linked with
PRI, and on wheat, Gizaw et al. [34] reported the presence of markers associated with normalized
chlorophyll-pigment ratio index (NCPI), and normalized difference vegetation index (NDVI). However,
use of GWAS and vegetation indices has been lacking in cool season pulse crops. To the best of our
knowledge, our report is the first to apply VIs in pea GWAS. The PRI is increasingly used as a predictor
of crop photosynthetic efficiency which responds to environmental variables [19]. PRI is associated
with photosynthetic protective mechanisms by dissipation of excess energy such as in the operation
of xanthophyll cycle during stress. Violaxanthin de-epoxidase VDE is among the genes known to be
involved in excess energy dissipation in the xanthophyll cycle [46].
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Two MTAs, one each on Chr 5 (LG3) and Chr 4 (LG4), were detected for CT, a trait consistently
used as an indicator of stress mainly of drought and heat stresses [12,14]. Generally, cooler canopy is
associated with heat avoidance, and is an indicator of a healthy canopy with an optimal physiological
state [12]. Again, to the best of our knowledge, no previous study exists on pea or other cool season
legume crops that has reported genomic regions associated with CT. In a study using 24 pea cultivars
across six environments, Tafesse [14] reported that leaf surface wax concentration is positively correlated
with water band index, a proxy for leaf water retention, and contributes to a cooler canopy. WAX2 is
among the genes controlling wax biosynthesis in Arabidopsis [47], and glossy13 is another gene with
similar role reported in maize [48]. Lodging contributes to canopy heating in pea, and upright and
semileafless cultivars with the afila gene have cooler CT [12,49]. Tar’an et al. [50] identified major loci
associated with lodging resistance in pea on LG III, and one of the markers we identified for CT is also
on LG III, suggesting genes controlling lodging also control CT.

We identified seven MTAs associated with reproductive stem length on chromosomes 3 (LG5),
4 (LG4), 5 (LG3), and 7 (LG7); and six MTAs associated with internode length on chromosomes 4 (LG4),
5 (LG3), 6 (LG2) and 7 (LG7). The markers associated with these two traits mostly were positioned
on the same linkage groups, and a SNP marker Chr5LG3_566189271 was associated with both the
traits. Using the current GWAS panel, Gali et al. [30] identified four MTAs associated with plant
height that were on same linkage group as that of reproductive stem length and internode length. The
SNP marker Chr5LG3_566189271 reported for plant height [34] was also associated with internode
length in the current study. Both reproductive stem and internode lengths were significantly reduced
by heat stress [12]. A cultivar’s genetics affects internode length, and in pea the Le gene controls
internode length [25], which directly affects reproductive stem length and plant height via its influence
on gibberellic acid function on growth and determinacy/indeterminacy [25,51,52]. Using two pea
recombinant inbred populations, Weeden [22] identified a major QTL on LG3 for a longer internode
(Le), and a second QTL on LG4 for the recessive allele which caused plants to have shorter internodes.

We identified nine loci associated with pod number, of which six were on Chr 2 (LG1), one
each on Chr 3 (LG5) and 5 (LG3), and one on a non-chromosomal scaffold. Plant pod number is the
number of flower-bearing nodes multiplied by the average number of flowers per node. Previously,
Jiang et al. [28] identified two unmapped QTLs for pod number using 92 diverse accessions. Also,
Huang et al. [24] identified two QTLs for pod number based on a bi-parental mapping population on
Chr 5 (LG3). The greater number of loci identified in this study was likely due to the use of a GWAS
panel which represented a broad range of diversity in pod number ranging from 3 to 19 pods per plant,
and where most of this variation is contributed by genetic factors. Benlloch [53] indicated that flower
number per plant, which directly determines pod number, is controlled by two genes, Fn and Fna,
and a single mutation of these genes increases flower number per plant. Pod number is a major yield
component that has a strong correlation with seed yield, and is most affected by heat stress [12,23,24].
The reduction in pod number and yield was likely from heat stress-induced abortion of flower buds,
flowers, and pods [4,23]. Pod set relies on pollen and stigma functioning optimally, both of which are
very sensitive to heat stress [54].

In conclusion, in this GWAS we identified 32 MTAs and 48 candidate genes for traits associated
with pea heat response. These results are expected to enhance the understanding of genetic loci
controlling these traits. The identified candidate genes are involved in various biological functions and
require further functional validation. The detected MTAs and candidate genes should be useful for
marker-assisted selection for heat tolerant pea varieties.

4. Materials and Methods

4.1. Plant Materials

A panel of 135 diverse field pea accessions, as described by Gali et al. [30], were grown for two
years (2016–2017) at two Rosthern (52◦66’N, 106◦33’W; Orthic Black Chernozem); and three years

94



Int. J. Mol. Sci. 2020, 21, 2043

(2015–2017) at Saskatoon (52◦12’N, 106◦63’W; Dark Brown Chernozem), Saskatchewan, in western
Canada, for phenotypic evaluation. The combination of year-location forms five environments:
2015 Saskatoon; 2016 Rosthern; 2016 Saskatoon; 2017 Rosthern; and 2017 Saskatoon for phenotypic
evaluation. Among the 135 accessions, 19 were from Australian pulse breeding programs, 77 were
from eastern and western European countries, the Russian Federation and the UK, 15 were from the
USA, 17 were from Canada (mostly from the Crop Development Centre, University of Saskatchewan),
five were from Ethiopia, and two were from India. Thus, the accessions represented the major pea
growing areas of the world. The accessions were commercial cultivars released over the past 50 years
for local production, and were able to flower and mature under the five environments tested [30].

4.2. The Field Trials and Weather Conditions

The experimental design at each environment was a randomized complete block with two
replications. Plot size was 1.37 m width × 3.66 m length, and the recommended seeding rate (100 seeds
m−2, targeting 80–85 plants m−2 on 0.25 m row spacing) was used. Weed control was achieved by
management practices used in pea production in Saskatchewan as described by Tafesse et al. [12].

Weather data for 2015 Saskatoon starting from June 11 to the end of the growing season,
2016 Rosthern starting from June 21 to the end of the growing season, and 2016 Saskatoon starting from
July 21 to the end of the season were collected from weather stations (Coastal Environmental Systems,
Seattle, WA, USA) established at each site. Weather data of 2017 and the remaining 2015 and 2016 were
obtained from Environment Canada database (https://climate.weather.gc.ca) recorded by the nearest
stations to the trial sites. For Saskatoon, data from central Saskatoon station, and for Rosthern the mean
of data from Saskatoon international airport and Prince Albert stations were used. The daily maximum
air temperatures, amount of precipitation and number of days when air temperature exceeded 28 ◦C
during the growing seasons were used to determine the degree of stress in each environment at
different growth stages. The categorization of growth stages into vegetative (germination to end of
vegetative growth) and reproductive (beginning of flowering to maturity) was conducted using the
phenology data reported by Gali et al. [30]. Based on the weather data, 2015 and 2017 Saskatoon had
heat and drought stress conditions and the remaining three environments were generally ambient and
considered control environments (Table 1).

4.3. Phenotypic Measurements

Chlorophyll concentration was estimated non-destructively using a SPAD502Plus chlorophyll
meter (Konica Minolta Sensing Americas Inc., USA). The SPAD value is a unitless index, calculated as
the ratio of the intensity of light transmittance at red (650 nm) to infrared (940 nm) and gives a value
that corresponds to the relative amount of chlorophyll present in the leaf. Hereafter, the chlorophyll
concentration estimated by SPAD meter is referred to as ‘SPAD’. The SPAD readings were taken four
to six times each season, and for each measurement day the mean SPAD value was calculated by the
instrument from three readings taken from three plants per plot on fully expanded stipules at the
second or third node counting down from the apex of a main stem.

Similarly, spectral measurement was conducted repeatedly on leaf stipules using a portable
spectroradiometer PSR-1100F (Spectral Evolution Inc, Lawrence, MA, USA). This device enabled
hyperspectral readings with a range of 320-1,126 nm, and 1.6 nm sampling interval, and a total of 512
discrete narrow bands. PRI was calculated from the reflectance data according to Gamon et al. [19] as:

PRI = (R531 − R570)/(R531 + R570) (1)

where R is reflectance percentage and 531 and 570 are the wavelength bands in nm along the light
spectrum. The PRI is used as a proxy for the xanthophyll cycle, a photosynthetic protective cycle that
operates more during stress [19].
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Canopy temperature (CT) was measured four to six times in each location in a season using a hand
held infrared thermometer (Model 6110.4ZL, Everest Interscience Inc, Tucson, AZ, USA) as described
by Tafesse et al. [12]. Measurements of SPAD, spectral reflectance, and CT were carried out repeatedly
(four to six times in a season) during the reproductive stage, at solar noon on relatively hot days when
air temperature is greater than 25 ◦C, and the mean value was used for analysis.

The other measurements taken at physiological maturity were: reproductive stem length (vine
length from first flowering node to the tip of the main stem); internode length (determined as the ratio
of reproductive stem length to reproductive node numbers); and pod number per plant (total pods
counting all pods with at least one seed on the main stem). For these, each measured variable was the
mean of three plants per plot sampled at random and lengths were measured in cm.

4.4. Phenotype Data Analysis

Before employing analysis of variance (ANOVA), homogeneity of variances and normality of
residuals were tested using checked using Levene and Shapiro-Wilk tests, respectively [55,56]. Variance
components of genotype, environment, the G × E interaction, block within environment, and the
residual were analyzed using the generalized linear model (GLM) and by considering all factors as
random effects. Broad sense heritability (H2) was calculated as:

H2= σg2/(σg2 + σge2/n + σ2/nb) (2)

where σg2 is the genetic variance, and σge2 is the variance of genotype and environment [57].
Over environments, combined ANOVA on SPAD, PRI, CT, reproductive stem length, internode

length, and pod number was carried out using the Mixed procedure of SAS (Version 9.4, SAS Institute).
Genotype, environment and G x E interaction were considered as fixed, and blocks as random factors.
Principal component analysis (PCA) was performed with the multivariate function of Minitab (Version
19, Minitab LLC, USA) using means of traits to infer overall association among traits and genotype for
the five environments. Based on significant eigenvalue (> 1), the first two principal components (PC)
were selected for the minimum number of PCs to explain the greatest total variation in the data set.

4.5. Association Mapping

Genotyping of the 135 GWAS panel was performed by genotyping-by-sequencing (GBS, [58]),
and 16,877 SNPs were reported based on a minimum read depth of five and minimum allele frequency of
0.05 [30]. The reported SNPs were used for association analysis using GAPIT (Genome Association and
Prediction Integrated Tool—R package [30]) software. Association analysis for each trait was conducted
using the mixed linear model (MLM). For MLM analysis, Q values were generated from structure
analysis [59] and K (kinship coefficient matrix) values calculated by GAPIT and identity-by-state (IBS)
methods were used. Principal co-ordinate values were used as co-variates. Although the result is not
presented here, the model output of MLM was compared with the Super MLM model and the markers
identified in both methods were mostly similar. The quantile-quantile (Q-Q) plots of each trait were
drawn using the observed and expected log10P values. Marker–trait associations were selected based
on P value (P ≤ 0.001) and repeated occurrence of the association in at least three of the five trials. The
genes within 15 kb of the identified markers are reported as the candidate genes. The pea genome
sequence reported by Kreplak et al. [40] was used for identification of candidate genes.
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Abstract: “Stay-green” crop phenotypes have been shown to impact drought tolerance and nutritional
content of several crops. We aimed to genetically describe and functionally dissect the particular
stay-green phenomenon found in chickpeas with a green cotyledon color of mature dry seed and
investigate its potential use for improvement of chickpea environmental adaptations and nutritional
value. We examined 40 stay-green accessions and a set of 29 BC2F4-5 stay-green introgression
lines using a stay-green donor parent ICC 16340 and two Indian elite cultivars (KAK2, JGK1) as
recurrent parents. Genetic studies of segregating populations indicated that the green cotyledon trait
is controlled by a single recessive gene that is invariantly associated with the delayed degreening
(extended chlorophyll retention). We found that the chickpea ortholog of Mendel’s I locus of
garden pea, encoding a SGR protein as very likely to underlie the persistently green cotyledon
color phenotype of chickpea. Further sequence characterization of this chickpea ortholog CaStGR1
(CaStGR1, for carietinum stay-green gene 1) revealed the presence of five different molecular variants
(alleles), each of which is likely a loss-of-function of the chickpea protein (CaStGR1) involved in
chlorophyll catabolism. We tested the wild type and green cotyledon lines for components of
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adaptations to dry environments and traits linked to agronomic performance in different experimental
systems and different levels of water availability. We found that the plant processes linked to disrupted
CaStGR1 gene did not functionality affect transpiration efficiency or water usage. Photosynthetic
pigments in grains, including provitaminogenic carotenoids important for human nutrition, were
2–3-fold higher in the stay-green type. Agronomic performance did not appear to be correlated with
the presence/absence of the stay-green allele. We conclude that allelic variation in chickpea CaStGR1
does not compromise traits linked to environmental adaptation and agronomic performance, and is a
promising genetic technology for biofortification of provitaminogenic carotenoids in chickpea.

Keywords: Mendel’s I gene; cosmetic stay-green; biofortification; green cotyledon; carotenoids;
pro-vitamin A; chickpea; Cicer arietinum

1. Introduction

The chickpea is an important source of nutrition and economic livelihood for developing
countries [1]. In developing semiarid tropical (SAT) regions, chickpea is typically grown during the
post-rainy season under rain-fed conditions [2]. As a result of this growing practice, fluctuations in crop
yields largely reflect in-season water availability and crop adaptation to these conditions. Fluctuations
in crop production threaten the nutritional and economic status of the already impoverished smallholder
farming communities, which make up 80% of all Asian and African farmers [3]. One way to alleviate
chickpea production fluctuations in SAT is through the introduction of cultivars with enhanced climate
resilience and nutrient density. The utilization of functional stay-green phenotypes is a possible
solution to enhance crops climate resilience due to its ability to conserve water and nutrients in
drought conditions [4]. Functional stay-green technology is extensively studied and exploited by
many crop improvement programs (mainly in cereals, sorghum: [5–10]; maize: [11–14]; wheat: [15–19];
rice: [20–23].

The biological basis (i.e., plant constitutive water and nutrient use dynamics) and benefits of the
functional stay-green trait for the SAT agrisystems have been well documented [10,24–28]. In contrast,
cosmetic-stay green which is linked to naturally occurring loss-of-function allelic variants [29] with
dysfunctional chlorophyll degradation pathways, has rarely been studied in these conditions. This
type of stay-green results in extended retention of chlorophyll in all plant organs (leaves, stems,
grains) and delays age-related senescence as well as senescence caused by environmental factors
(e.g., drought). The utility of cosmetic stay-green variants has been, thus far, limited to green color
retention in ornamentals, vegetables, and turf-grasses [29]. However, green-seeded variants also occur
in many legumes and pulses such as, chickpea, common bean, lima bean, lentil, cowpea, and pea. Seed
greenness in pea has resulted into two major market categories, yellow and green pea, demonstrating
the vast economic potential of this trait in other legumes and pulses.

The cosmetic stay-green trait might have much more practical implications than just visual
appearance caused by extended chlorophyll retention [29–33]. For example, it is well known that
chlorophyll biosynthesis and retention is co-regulated with carotenoids which facilitate scavenging of
reactive oxygen species generated in the process of photon’s capture by chlorophylls [34–36]. Therefore,
we may expect that extended chlorophyll maintenance in any plant organ (including seeds) to be
associated with extended maintenance of carotenoids (including β-carotene, i.e., provitamin A), which
are of relevance to improving the human diet [37,38] as observed in chickpea [30,39]. On the other
hand, the retention of chlorophyll and its associated pathways in cosmetic stay-green crops may
impose drawbacks on crop agronomic performance, such as slow seedling establishment or arrested
N-remobilization [29,40–47].

Therefore, in this study we aim to characterize the genetic, molecular and physiological basis
of cosmetic stay-green trait in chickpea. We document allelic variation in the chickpea ortholog of
the ‘staygreen’ protein that is invariantly associated with genotypes of the green cotyledon color.
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We test the functional consequences of ‘stay-green’ on several key plant processes linked to water
usage, transpiration efficiency, and other agronomic traits important for chickpea production in
drought-prone regions of the semiarid tropical (SAT) agrisystems. Lastly, we examined stay-green’s
potential for natural biofortification of chickpea to alleviate the nutritional deficiencies commonly
found in these systems.

2. Results

2.1. Delayed Degreening Phenotypes in Green Cotyledon Chickpea and Underlying Allelic Variation

2.1.1. Delayed Degreening Phenotypes in Green Cotyledon Chickpea

In the initial examination of two green-seeded accessions, PI 450,727 and W6 25975, we observed a
delay in degreening of mature plant tissues after harvesting, including of leaves and pods. Subsequent
senescence assays of fresh growing leaves (Figure 1) corroborated the initial observations of delayed
degreening that were made on harvested whole plants.

 
Figure 1. Seed and leaf senescence phenotypes of normal and green chickpea. Dried mature seed of
common chickpea with yellow cotyledons (a) and of the green cotyledon colored type (b). Differential
degreening rates in detached leaves floated on water after 5 days in the absence of light from normal
chickpea (c) and green cotyledon type (d), and from leaves wrapped in aluminum foil from yellow (e)
and green chickpea (f). Asterisk in (e) and (f) mark leaves covered by foil for 5 days. Blue lines in each
panel correspond to 1 cm.

To determine the extent of co-occurrence of delayed degreening of leaf tissues and the green
cotyledon trait, we examined degreening in a broader set of green cotyledon chickpea. Using the
detached leaf assay, examined degreening among 30 green-seeded chickpea germplasm available from
the public gene banks, alongside four other germplasm lines with yellow cotyledon color (Table S1).
In this experiment all 27 green cotyledon accessions (three other accessions did not germinate) exhibited
delayed degreening, with detached leaves remaining remained visually green through day 7 of the
detached leaf assay (Table S1). By contrast, each of the four yellow cotyledon accessions exhibited
an apparently normal degreening phenotype, with progressive yellowing of leaves clearly evident
by day 7 after the start of the experiment (Figure 1c,d). Furthermore, in a separate experiment,
we examined degreening of leaves of this germplasm accessions using an “on-planta” assay, wherein
leaves were wrapped in aluminum foil (to block out light and trigger degreening) and degreening
assayed 5–10 days later (Figure 1e,f). Of 29 accessions assayed in this manner, all 26 green cotyledon
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lines exhibited persistent green leaves, while by contract, the three yellow cotyledon accessions
exhibited yellow-colored leaves (Table S1). Together, the data from the two different assays for
degreening invariantly correlated green cotyledon seed types with delayed degreening (senescence)
of leaf tissues, and which contrasted with a more rapid (normal) senescence of leaves of the yellow
cotyledon seed types. Moreover, this association held true in additional genotypes (breeding lines or
cultivars) that were analyzed subsequently (Supplementary Table S1).

2.1.2. Identification of Chickpea Ortholog of the Staygreen (SGR) Protein

The delayed degreening observed to be associated with the green cotyledon colored chickpea
was reminiscent of the ‘stay green’ phenotype. This suggested that the ‘staygreen’ gene as a potential
candidate gene in chickpea, as this protein has been previously shown to underlie the green-cotyledon
trait at Mendel’s I locus in garden pea [48,49]. To identify chickpea sequence homologs of SGR
protein, coding regions of SGR protein from pea and Medicago [33] were used in blast searches to
identify chickpea transcript assemblies and genomic sequences from public databases. Alignment
of messenger RNA sequences against the genomic sequence of chickpea indicated a gene structure
comprised of four exons interspersed with three introns (Figure 2a and Supplementary Figure S1).
Oligonucleotide primers were designed to encompass the entire coding region of the STG gene and
used for PCR amplification from cDNA and genomic DNAs of yellow cotyledon chickpea. Amplified
PCR products were Sanger sequenced and aligned against the transcript and genomic sequences of
chickpea. The 100% correspondence of the sequence between the amplicons and those of the reference
transcriptome and genomic sequences of chickpea confirmed the on-target amplification of the chickpea
homolog. We designated this gene as CaStGR1 (for Cicer arietinum Stay-Green gene 1).

Figure 2. Gene structure and genomic context of type chickpea stay-green gene CaStGR1. (a) Schematic
of the gene structure of CaStGR1 are shown in (a), with the four exons denoted by gray boxes and the
three introns as thin lines. Locations of the four small deletion alleles CaStGR1 through CaStGR4 are
denoted by triangles above the exons. (b) Whole genome Illumina short read skim sequencing read
pileups of three normal yellow cotyledon colored chickpea genotypes (ICCV 2, ICC 16,207 and ICCV
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96029) are aligned to the chickpea reference of ‘CDC Frontier’, alongside those from genotype W6
25,975 that harbors the large deletion allele CaStGR1-5. Predicted genes Ca-02399 (CaStGR1) and two
flanking low copy genes Ca-02398 (cytC) and Ca-02400 (5′ ORF) are marked by ovals. Location of
oligonucleotides used in PCR amplification assays from the vicinity of CaStGR1 and falling within the
large deletion are marked by gray arrows, and those from the deletion spanning amplification PCR are
marked by blue arrows.

2.1.3. Association of CaStGR1 Sequence Variants with Green Cotyledon Chickpea Germplasm

Examination of the nucleotide sequence of the green-cotyledon line PI 450,727 indicated a single
nucleotide (1-bp) deletion within the first exon of CaStGR1. This frameshifting mutation is predicted
to result in missense changes (from amino acid residue 34) coupled with premature termination of
translation (at amino acid residue 56) of 266 amino acid residues of a full-length, functional ‘wild type’
CaStGR1 protein.

To determine the prevalence of delayed degreening and of nucleotide variation in CaStGR1 more
broadly among chickpea germplasm, we examined the rate of degreening in a set of 53 chickpea lines
in total (Supplementary Table S1). This collection was predominantly germplasm from the US gene
bank (34 accessions) that was supplemented with breeding lines (15 genotypes) and cultivars with
green cotyledon color, with a smaller number of normal, tan/yellow cotyledon lines serving as controls
(Supplementary Table S1).

A total of 33 genotypes of which 27 possessed green cotyledons, including genotypes PI 450,727
and W6 25,975 which were analyzed previously, along with six additional genotypes with yellow
cotyledons, were assessed phenotypically in a leaf degreening assay. In this analysis, all of the
27 green cotyledon genotypes exhibited delayed degreening, whereas by contrast, all six of the yellow
cotyledonary lines senesced rapidly with yellowing of detached leaves by day five of the experiment.
Furthermore, the degreening phenotype of the 27 with green cotyledons were indistinguishable from
that of the previously characterized genotypes PI 450,727 and W6 25,975 that were included alongside
in this analysis. This invariant association between green cotyledon color and delay in degreening
of detached leaves suggested that the additional 25 germplasm lines may harbor similar molecular
variation previously observed in genotypes PI 450,727 and W6 25975.

PCR amplification with CaStGR1-specific oligos with genomic DNA as the template was conducted
in 41 genotypes, of which 37 were green cotyledonary with the remaining four with yellow cotyledons.
Amplification was consistently unsuccessful in 10 green cotyledon genotypes despite exhaustive
PCR attempts, in a manner similar to that in the presumptive large-deletion in genotype W6 25,975
(Supplementary Table S1). Sanger sequencing of PCR amplicons revealed the presence of the 1-bp
deletion previously identified in genotype PI 450,727 in an additional six genotypes (Supplementary
Table S1 and Supplementary Figure S1). We designated this variant as CaStGR1-1 allele. Of the
remaining 25 genotypes, the four genotypes with yellow cotyledons each had a nucleotide identical to
that of ‘wild type’ staygreen gene (that we designated as allele CaStGR1), whereas the remaining 21
genotypes with green cotyledons contained either one of three nucleotide variants in the coding region
of the CaStGR1 gene (Supplementary Table S1). Accession ICC 16,340 that was used as the source for
breeding of green cotyledon chickpea at ICRISAT-India, along with four breeding lines (also from the
ICRISAT-India chickpea breeding program) all shared a novel 8-bp deletion in exon 2 (Supplementary
Table S1 and Figure S1) that we designated as allele CaStGR1-2. Ten other genotypes (9 germplasm
accessions and the Canadian green-cotyledon cultivar “CDC Verano”) shared another molecular
lesion, consisting of a 1-bp deletion (Supplementary Table S1 and Supplementary Figure S1) that we
designated as allele CaStGR1-3. Although this variant is also located within exon 2 of CaStGR1, it falls
downstream in the coding sequence of the location of the 8-bp deletions observed among material from
ICRISAT (allele CaStGR1-2; Supplementary Figure S1). The remaining six green cotyledon genotypes,
that included three germplasm accessions and three breeding lines from the USDA-ARS breeding
program in Pullman, Washington, USA, each harbored yet another molecular variant, in the form of a

105



Int. J. Mol. Sci. 2019, 20, 5562

1-bp deletion in exon 4 of CaStGR1 (Supplementary Table S1 and Supplementary Figure S1) which we
designated as allele CaStGR1-4). Taken together, the PCR amplification and amplicon sequencing data
identified five different molecular lesions in CaStGR1 (Figure 1a and Supplementary Figure S1) that
occur exclusively among green cotyledon genotypes (Table 1 and Supplementary Table S1).

Table 1. Summary of nucleotide variants identified in CaStGR1 among chickpea germplasm. The color
of cotyledons, designated allele names for the variants, the nature of molecular lesions found in each
allele, and their frequencies among germplasm studied are listed.

Cotyledon Color Allele Nucleotide Variation in CaStGR1 Number of Genotypes

green CaStGR1-1 1-bp “g“ del in exon 1 7

green CaStGR1-2 8-bp “ctaggttg“ deletion in exon 2 5

green CaStGR1-3 1-bp “c“ deletion in exon 2 10

green CaStGR1-4 1-bp “g“ del in exon 4 6

green CaStGR1-5 entire gene deleted 11

Yellow/Tan CaStGR1 WT “Wild Type” 6

2.1.4. Whole Genome Skim Sequencing Delimits the Extent of the Deletion in Allele CaStGR1-5

The absence of amplification in genotypes with the CaStGR1-5 allele with oligonucleotide
primers located within the entire coding regions of CaStGR1 was suggestive of a larger sized deletion.
To characterize the extend of this deletion we focused on genotype W6 25,975 that typifies this
large-deletion allele. In an initial experiment, using the draft whole genome of chickpea genotype
CDC-Frontier [50] as a guide, oligos sited in low copy sequences immediately adjacent (within few kbp)
to CaStGR1 were designed and used in PCR amplification. Amplification products of the expected size
(3-6 kbp in length) were consistently obtained from wild type ICCV 96,029 genotype and PI 450,727
harboring a 1-bp in exon 1 (allele CaStGR1-1). By contrast, no amplification products were obtained
from W6 25975, indicating a deletion of larger and yet to be determined size.

To further characterize the extent of this deletion, a whole genome shotgun library was prepared
using genomic DNA of the green cotyledon genotype W6 25,975 and sequenced with Illumina HiSeq
platform. Sequences obtained were aligned against short read data from normal yellow cotyledon
genotypes ICCV2, ICC 16,207 and ICCV 96029, and anchored to the draft whole genome sequence of
chickpea genotype CDC-Frontier [50]. Analysis of the resulting pileup of short-read data localized
the wild type CaStGR1 gene to between positions 2.047 and 2.049 Mbp on chickpea chromosome
8′s pseudomolecule (Figure 2b). This multi-genotype sequence pileup data suggested a deletion of
~25 kbp in length, from ~2.026 Mbp within an adjacent predicted gene on one side, through CaStGR1
at ~2.047 Mbp, and into another predicted gene at ~2.052 Mbp on the other side of CaStGR1 (Figure 2b).
Oligonucleotide primers were designed in the low copy predicted genes at ~2.026 Mbp and ~2.052
Mbp that flank CaStGR1, to encompass the ~25 kbp deduced deletion. PCR amplification with these
deletion-spanning oligos yielded amplification products of the expected size (3–6 kbp) in genotype W6
25,975 but not in PI 450,727 (where the amplicon would be >25 kbp in size, beyond the capacity of PCR
conditions used). The whole genome skim sequencing data together with the PCR results with the
gap-spanning oligos corroborate that the CaStGR1-5 allele represents a large deletion of ~26 kbp in
size that encompasses the entirety of the CaStGR1 gene (Figure 2b).

2.1.5. Genetic Cosegregation of Staygreen Sequence Variants with the Green-Cotyledon Trait

In two F2 populations that we examined, the green cotyledon trait segregates as a monogenic
recessive trait. In the PI 450,727 x RS11 F2 population, of 47 F2s 35 were of yellow cotyledon color
with the remaining 12 with green cotyledon color. In a second F2 population of 88 individuals derived
from a cross between yellow cotyledon cultivar ‘Royal’ and the green cotyledon accession PI 359555,
63 F2s had yellow cotyledons and the remaining 25 F2s had green colors. These fit the 3:1 ratio that is
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expected for a monogenic recessive gene in the F2 generation (with chi-square values of 0.007 and
0.545; and p-values 0.933 and 0.460 for the PI 450,727 x RS11 and Royal x PI 359,555 F2 populations
respectively).

The single nucleotide deletion identified in the green cotyledon accession PI 450,727 creates a
Hpy-188I restriction enzyme recognition site, which allowed for the design of a CAPS (cleaved amplified
polymorphic sequence) marker for the CaStGR1-1 variant allele. A F2 population of 47 individuals,
derived from a cross between PI 450,727 (with green cotyledons) and accession RS11 (with normal
yellow cotyledons), was phenotyped for cotyledon color and genotyped with the Hpy-188I CAPS
marker. In this analysis, all 12 F2 individuals with green cotyledons were homozygous for the PI
450,727 allele, while the remaining 35 F2 individuals were either heterozygous or homozygous for
the yellow cotyledon allele of RS11, as would be expected for a monogenic recessively inherited trait
conditioning green cotyledon color.

We further examined cosegregation between cotyledon color and molecular variation in the
CaStGR1 gene in additional F2 populations. A green cotyledonary breeding line with the CaStGR1-4
allele was crossed to the elite cultivars ‘Nash’ and ‘Billybean’ from which F2 populations were generated.
Seeds of these F2s were scored for cotyledon color prior to sowing, and subsequently degreening of
vegetative leaves assessed by the foil wrap assay. A KASP marker assay for the 1-bp deletion that occurs
in this allele was developed and used to genotype these F2 individuals, and to examine the correlation
with the seed cotyledon color and degreening phenotypes. In this analysis, all 52 individuals with
green cotyledons and delayed degreening of leaves were homozygous for the 1-bp deletion allele.
Of an additional 55 individuals with yellow cotyledons and rapid degreening of leaves, 24 individuals
were homozygous for the wild type allele, with the remaining 31 individuals heterozygous for the two
alleles. These observations are consistent with the expected monogenic recessive nature expected for
the CaStGR1-4 allele. The loss-of-function of the protein in the 52 homozygotes for the deletion allele
engendering phenotypes on seed color. By contrast, the presence of one or more of the wild type alleles
in the other 55 individuals provides a functional protein, and the associated normal yellow cotyledon
color and normal rate of degreening.

2.2. Characterization of Physiological Functions of Green Cotyledon Chickpea

The genetic and early phenotypic analysis indicated that green cotyledon chickpea is sharing a
common suite of characteristics such as delayed degreening in leaf tissue, and which were in contrast
to those observed in regular yellow cotyledon chickpeas. To determine the impacts of altered function
of the chickpea stay-green gene in these green cotyledon lines, we undertook a set of studies to
characterize the impacts on plant physiological functions and indicators of agronomic performance.

2.2.1. Plant Responsiveness to Soil and Atmospheric Drought (Experiment 1 and 2)

The main purpose of the response to soil and atmospheric drought experiments (experiment 1 and
2) was to characterize the crop capacity to restrict transpiration upon severing soil/atmospheric moisture
deficit. The plant responsiveness to soil moisture deficit could be expressed as the soil moisture
threshold (i.e., fraction of transpirable soil water; FTSW) when the plant transpiration significantly
declines compared to transpiration of WW plants. Across the experiments, we documented a wide
range of the genotypic responses to declining soil moisture. FTSW values of 0.43–0.64 were observed
among germplasm (Figure 3a), which encompassed the narrower range of FTSW (0.54-0.58) observed
in stay-green introgression lines (ILs) that originated from the Indian elite cultivars KAK2 and JKG1
(Figure 3b and Table 2). Within the germplasm lines, genotypes with functional StGR1-WT allele
tended to limit their transpiration at a higher level of soil moisture (FTSW threshold higher than 0.5)
although we couldn’t statistically differentiate these lines from the other tested StGR1 allelic variants.
In the series of experiments with introgression lines (ILs) based on Indian elite cultivars (KAK2 and
JKG1), we found that FTSW thresholds of both cultivated recurrent parents (KAK2 and JKG1) was very
narrow (0.54 ± 0.03) and significantly lower compared to the FTSW of the stay-green trait donor parent
ICC 16,340 (0.58 ± 0.02) whereas there was no significant difference between ILs and the parental lines.
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Figure 3. (a) Normalized transpiration ratio (NTR) versus fraction of transpirable soil water (FTSW)
of chickpea genotypes differed in deletion of CaStGR1gene segments [ICC 08504-CaStGR-1-#Wild
type (filled square with solid red line); ICC 06426-CaStGR-1-Wild type (filled round with solid blue
line); ICC 17505-CaStGR-1-5 (filled upward triangle with dashed green line); ICC 17661-CaStGR-1-1
(filled down-word triangle with dashed green line); ICC 06814-CaStGR-1-2 (filled diamond with solid
green line) and ICC 17660-CaStGR-1-3 (open round with solid green line)] exposed to progressive
drying soil under glasshouse conditions. During detached leaf green assay, ICC 08504-CaStGR-1-#Wild
type showed yellow colour in all leaflets fully. By contrast, ICC 06426-CaStGR-1-Wild type showed
semi-green colour leaflets. Genotypes with CaStGR1-1 (ICC 17661), CaStGR1-2 (ICC 06814), CaStGR1-3
(ICC 17660), and CaStGR1-5 (ICC 17505) showed completely green colour in all the leaflet during
detached leaf green assay. Values are transpiration data of five replicated plants for each genotype at
each FTSW condition. The FTSW thresholds where transpiration initiated its decline were calculated
with a plateau regression procedure from SAS. The regression lines of the relationships between NTR
and FTSW were drawn by fitting NTR to FTSW data above and below the respective threshold for
transpiration decline in each genotype with GraphPad Prism. The FTSW breakpoint (BP) are displayed
in the figures. (b) Normalized transpiration ratio (NTR) versus fraction of transpirable soil water
(FTSW) of stay green chickpea introgression lines (ILs) with different genetic background [stay green
donor parent (DP) ICC 16,340 (square with solid green line); Recurrent parent (RP) JGK1 (square with
solid red line); JGK1 background introgression lines JGK1-ILs (square with dashed red line); Recurrent
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parent (RP) KAK2 (diamond with solid blue line); KAK2 background introgression lines KAK2-ILs
(diamond with dashed red line)] exposed to progressive drying soil under glasshouse conditions.
Values are transpiration data of five replicated plants for each genotype at each FTSW condition. The
FTSW thresholds where transpiration initiated its decline were calculated with a plateau regression
procedure from SAS. The regression lines of the relationships between NTR and FTSW were drawn
by fitting NTR to FTSW data above and below the respective threshold for transpiration decline in
tested genotype with GraphPad Prism. The FTSW breakpoint (BP) and their confidence intervals of
regressions are displayed in the figures.

Table 2. Regression analysis of transpiration response to soil drying of green cotyledon trait donor
genotype ICC 16340, recurrent yellow cotyledon elite cultivars KAK-2 and JGK1 and backcross
introgression lines of the green cotyledon trait in these elite cultivar backgrounds.

Genotypes
NTR-FTSW Thresholds

and Std. Error
Slope 1 and
Std. Error

Slope 2 and
Std. Error

ICC 16340_Stg-D-P 0.58 ± 0.02 1.92 ± 0.08 −0.59 ± 0.23

KAK2_R-P 0.54 ± 0.03 1.72 ± 0.05 0.20 ± 0.26

JGK 1_R-P 0.54 ± 0.03 1.88 ± 0.06 −0.12 ± 0.24

ICCX-060119-107 (KAK2) 0.54 ± 0.03 1.85 ± 0.08 −0.10 ± 0.22

ICCX-060119-113 (KAK2) 0.48 ± 0.03 1.98 ± 0.09 0.06 ± 0.17

ICCX-060119-116 (KAK2) 0.58 ± 0.03 1.64 ± 0.07 0.01 ± 0.19

ICCX-060119-123 (KAK2) 0.62 ± 0.05 1.69 ± 0.09 −0.32 ± 0.53

ICCX-060121-125 (JGK1) 0.51 ± 0.02 1.87 ± 0.06 −0.01 ± 0.17

ICCX-060121-128 (JGK1) 0.60 ± 0.03 1.63 ± 0.06 0.05 ± 0.28

ICCX-060121-129 (JGK1) 0.55 ± 0.03 1.72 ± 0.07 0.14 ± 0.18

Further, we tested the plant’s capacity to regulate transpiration rate (TR [g of water transpired per
cm-1 of canopy per h]) in conditions of a drying atmosphere (i.e., increasing vapor pressure deficit;
VPD). Here, we documented wide range of variability in the tested material and across the range
of conditions (outdoors typically ~0.5–3.0 kPa [Figure 4a,b] and in growth chambers 1.2 to 4.6 kPa
[Figure 5a,b]). TR responses to VPD under natural atmospheric (outdoor) conditions and under
controlled VPD (growth chamber) conditions showed a similar trend (Figure 4a,b and Figure 5a,b;
Table 3). In germplasm, we found no consistent trend in material with (“wild type”) stay-green
allele or without (i.e., Loss-of-Function alleles CaStGR1-1 to CaStGR1-5) in the TR responsiveness
to VPD (Figure 5a). Some StGR1 loss-of-function germplasm allelic variants were having TR higher
while others lower than values observed for germplasm with a functional (wild type) stay-green
gene. In experiment 2b and 2c’s series encompassing the stay-green ILs, we found the stay-green
donor ICC 16,340 had a higher TR and rapid TR increase upon increasing VPD compared to the
recurrent elite parents and their stay-green derivatives in both outdoor and controlled (growth chamber)
conditions (Figure 4a,b, Figure 5b; and Table 3). Interestingly, whereas ILs with the KAK2 background
had TR and VPD values intermediate to those of the stay-green donor line ICC 16,340 and the elite
cultivar KAK2 (Figure 4a), all the stay-green derivatives of JGK1 had even significantly lower TR
across the VPD regimes compared to JGK1 elite parent (Figure 4b). Furthermore, in well watered
(WW) conditions, there were no significant genotypic differences in the specific leaf weight (SLW) in
germplasm, the JKG1-derived ILs had lower SLW compared to both of the parents (Supplementary
Figure S2a,b).
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Figure 4. Transpiration rates (TR) of stay green chickpea introgression lines (ILs) with different
genetic backgrounds of KAK2 elite cultivar (a), and 4JGK1 elite cultivar (b). Stay green donor parent
(DP) ICC 16,340 (round with solid green line); Recurrent parent (RP) KAK2 (round with solid red
line); KAK2 background introgression lines ICCX-060119-107, ICCX-060119-113, ICCX-060119-116 and
ICCX-060119-123 (round with solid blue line); Recurrent parent (RP) JGK1 (round with solid red line);
JGK1 background introgression lines ICCX-060121-125, ICCX-060121-128 and ICCX-060121-129 (round
with solid blue line)] are response to natural changing in the atmospheric vapour pressure deficit (VPD)
cycle. TRs were measured on well-watered plants grown in the glasshouse, which were temporarily
transferred to outdoor conditions. There, plants were exposed to natural changing atmospheric VPD.
TR and VPD data were used to draw a segmental or a single linear regression for all tested genotypes.
Each data points represents the means (± SE) of eight replicates per genotype.
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Figure 5. (a) Transpiration rates (TR) of six selected chickpea genotypes differed in deletion
of CaStGR1gene segments [ICC 05727-CaStGR-1-#Wild type (round with solid red line); ICC
17531-CaStGR-1-Wild type (square with solid pink line); ICC 08244-CaStGR-1-5 (upward triangle with
solid green line); ICC 08245-CaStGR-1-1 (diamond with solid blue line), ICC 04969-CaStGR-1-2 (star
with solid orange line) and ICC 01165-CaStGR-1-3 (downward triangle with solid pink line)] in response
to increasing VPD. During detached leaf green assay, ICC 05727-CaStGR-1-#Wild type showed yellow
colour in all leaflets fully. By contrast, ICC 17531-CaStGR-1-Wild type showed semi-green colour
leaflets. Genotypes with CaStGR1-1 (ICC 08245), CaStGR1-2 (ICC 04969), CaStGR1-3 (ICC 01165), and
CaStGR11-5 (ICC 08244) showed completely green colour in all the leaflet during detached leaf green
assay. TRs were measured on well-watered plants grown in the glasshouse, which were temporarily
transferred to a growth chamber with control over temperature and relative humidity. There, plants
were exposed to increasing VPD, set by modifying temperature and humidity. TR data are the mean
of five replicate plants, computed hourly at each of the eight VPD levels. Data were used to draw a
segmental or a single linear regression for all tested genotypes. Each data points represents the means
(± SE) of five replicates per genotype. The slopes and breakpoint (BP) of regressions are displayed in
the figures. (b) Transpiration rates (TR) of stay green chickpea introgression lines (ILs) with different
genetic background [stay green donor parent (DP) ICC 16,340 (square with solid green line); Recurrent
parent (RP) JGK1 (square with solid red line); JGK1 background introgression lines JGK1-ILs (square
with dashed red line); Recurrent parent (RP) KAK2 (diamond with solid blue line); KAK2 background
introgression lines KAK2-ILs (diamond with dashed red line)] are response to increasing VPD. TRs were
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measured on well-watered plants grown in the glasshouse, which were temporarily transferred to a
growth chamber with control over temperature and relative humidity. There, plants were exposed to
increasing VPD, set by modifying temperature and humidity. Data were used to draw a segmental or a
single linear regression for all tested genotypes. Each data points represents the means (± SE) of eight
replicates per genotype. The slopes and breakpoint (BP) of regressions are displayed in the figures.

2.2.2. Variation in Plant Growth and Water-Use Related Traits in Lysimetric Facility (Experiment 3a, b)

In the lysimeter experiment under well-watered (WW) conditions with germplasm (Experiment 3a)
and introgression lines (Experiment 3b), significant genotypic differences in the total amount of water
required to reach maturity were observed (data no shown). However this was mostly conditioned by
the different phenological development between germplasm and the ILs. The relationship between
total water use and days to flowering was strongly correlated in germplasm (R2 = 0.63*; Supplementary
Figure S3a) but only very weakly in the introgression lines (R2 = 0.10ns; Supplementary Figure S3b).
Under water stress (WS) differences in total amount of water extracted from lysimeters was independent
of crop phenology but these did not coincide with the presence of particular CaStGR1 allele in any of
the material used.

Under WW and WS, although differences were observed in total biomass accumulation and seed
setting, these did not appear to be associated with the stay-green trait. However, the relative decline
in total biomass accumulation due to water stress was very similar between all allelic variants with
reduction in WS when compared to WW, of ~50% in germplasm and ~30% in IL material. In experiment
3b under WW treatments, the seed yield was largely explained by duration of phenological stages
(Supplementary Figure S4). Interestingly in the same experiments under WS, the seed yield did not
relate to crops phenology (Supplementary Figure S4) but related positively to seed number (R2 = 0.66*
in ILs; experiment 3a, R2 = 0.73 in germplasm materials). In addition, TE [g biomass per kg of water
transpired] and seed yield were strongly associated under WS conditions [R2 = 0.62 *** in ILs (Figure 6a)
and R2 = 0.37 in germplasm ], while there was a weak relationship between TE and seed yield under
WW conditions (Figure 6b). Also, in experiment 3b under WS, there were several stay-green isolines in
each elite genetic background, which had seed yield comparable or higher than the respective elite
recurrents and stay-green donor (Supplementary Figure S5).
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Figure 6. Relationships between seed yield and transpiration efficiency (TE) under (a) water stressed
(WS) and (b) well watered conditions (WW) in stay green chickpea genotypes grown in the PVC
cylinders (Lysimetric facility). The data used for these regression analyses are replicated data, obtained
under WS and WW conditions. For each genotype, five replicates data points were used to draw
the linear regressions. The stay green donor parent (ICC 16340) data are represented in green colour,
recurrent parent (JGK1) data are represented in red colour, recurrent parent (KAK2) data are represented
in pink colour and introgression lines (ILs) are represented in grey colour. The slopes and R2 of
regressions are displayed in the figures. R2 values with * and *** (astric) symbols are significantly
different at p < 0.05 and p < 0.001.

2.2.3. Evaluation of Canopy Growth Related Traits (Experiment 4)

The canopy growth parameters were examined only among stay-green ILs alongside the donor
germplasm line ICC 16,340 and the recurrent elite cultivars JGK1 and KAK2. We found the donor
parent ICC 16,340 had lower canopy growth rates than elite recurrent parents (JGK1, KAK2) with some
of the ILs attaining higher growth rates compared to stay-green donor parent and recurrent parents
(Figure 7a) and this reflected in the differences in canopy size and digital biomass estimates averaged
across the time of observations (Figure 7b). The parental line JGK1 grew more slowly compared to
the elite recurrent line KAK2 (Figure 7a). The stay-green derivative ILs in the KAK2 elite cultivar
background had growth rates similar to those of the recurrent elite parent KAK2 (Figure 7a). Growth
rates in stay-green ILs originated from the elite cultivar, JGK1 exceeded those observed in both parents,
and at levels similar to those of in KAK2 stay-green ILs. This indicated that stay-green IL material had
recovered its vigor (Figure 7a).
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Figure 7. (a) Growth rate variation in digital biomass of stay green chickpea introgression lines (ILs)
with different genetic background [stay green donor parent (DP) ICC 16,340 (round with solid green
line); Recurrent parent (RP) JGK1 (round with solid red line); JGK1 background introgression lines
JGK1-ILs (round with dashed red line); Recurrent parent (RP) KAK2 (round with solid blue line); KAK2
background introgression lines KAK2-ILs (round with dashed blue line)] are measured by LeasyScan
phenotyping platform. Each data point represents the means (± SE) of four replicates per genotype.
Data were used to draw a line graph for all tested genotypes. (b) Variation in digital biomass of stay
green chickpea introgression lines (ILs) with different genetic background [stay green donor parent (DP)
ICC 16,340 (bar filled with solid green colour); Recurrent parent (RP) JGK1 (bar filled with solid red
colour); JGK1 background introgression lines JGK1-ILs (bar crossed lines with red colour); Recurrent
parent (RP) KAK2 (bar filled with solid blue colour); KAK2 background introgression lines KAK2-ILs
(bar crossed lines with blue colour)] are measured by LeasyScan phenotyping platform. Each data
points represents the means (± SE) of four replicates per genotype. Data were used to draw a bar graph
for all tested genotypes. Bars with different letters are significantly different (p < 0.05).

2.2.4. Evaluation in the Field Conditions (Experiment 5)

The IL plant material that was relatively more homogeneous for the main phenology-related
characters was tested in the field alongside their recurrent parents (experiment 5; flowering 37–53
DAS, days to maturity 97-101). Some of the tested ILs attained similar or even higher grain
yield under irrigated conditions (Figure 8a), which was partially positively driven by phenology
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differences [Relationship between accumulated biomass or seed yield and days to flowering; R2 = 0.51*
(Supplementary Figure S6a) and negatively related to harvest index [Relationship between accumulated
biomass and harvest index (HI); R2 = 0.30* (Supplementary Figure S6b)]. Water stress (WS) conditions
reduced the grain yield cca 40–70%. Under WS conditions, the yield of stay-green ILs in relation with
the days to flowering was much looser (Supplementary Figure S6c). We also observed the lack of
correlation between the production traits (biomass and yield) and phenology parameters [Regression
between accumulated biomass and days to flowering; R2 = 0.0001 & regression between seed yield and
days to flowering; R2 = 0.08] while the relation between HI was maintained [Relationship between
seed yield and harvest index (HI); R2 = 0.21 (Supplementary Figure S6d)]. Interestingly, we found
that the extent of yield reduction due to WS was similar between the parental lines and some of the
stay-green introgression line progenies (Figure 8b), and was further positively related to plant capacity
to grow in WW but negatively in WS (i.e., higher production potential, higher yield reduction due to
WS while the “smaller” plants had suffered less yield reduction under WS).

Figure 8. (a) Variation in seed yield under well water (bar filled with blue colour) and water stress
(bar filled with pink colour) conditions. The data used for these bar graphs are mean data, obtained
under well-watered (WW) and water stress (WS) conditions. For each genotype, three replicates
data points were used to draw the bar graph. Bars with different capital letters (well-watered—WW)
and small letters (water stressed—WS) alphabets are significantly different (p < 0.05) and same letters
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represents non-significant. (b) Percentage of seed yield reduction under water stress (WS) conditions.
The data used for these bar graph are mean data, obtained from well watered seed yield data were
normalised against water-stressed seed yield data and then seed yield reduction values are presented
in percentage. The data of stay green donor parent ICC 16,340 (bar filled with black colour); recurrent
parent-JGK1 (bar filled with red colour); recurrent parent-KAK2 (bar filled with blue colour); stay-green
introgression lines from both JGK1 and KAK2 genetic background–ILS (bar filled with green colour).

2.2.5. Leaf Pigments Content Under WW and WS Conditions (Experiments 1c, 3a,b,c)

Pigments in the Leaf Tissues and Grains.
Across all material tested, we found that plants grown outdoors (in lysimeters, experiment 3c)

maintained much higher levels of photosynthetic pigments, especially carotenoids in leaves tissues,
compared to plants cultivated in the glass-house (in lysimeters, experiment 3b) environments.

We found no differences between the levels of leaf pigments (i.e., chlorophyll a, chlorophyll b, total
carotenoids) and their ratio (chlorophyll a/chlorophyll b ratio) in the materials carrying the CaStGR1-wt
functioning allele and CaStGR1-1 to 5 malfunctioning allele (ILs and some germplasm) under WW.
The methodology of stress imposition and the tissue sampling (the last fully developed leaf on the main
stem) couldn’t discriminate the stay-green material from wild-type under the WS conditions either.
However, we found a higher chlorophyll_a and cholorophyll_b content in mature seeds of material
carrying stay-green alleles compared to CaStGR1-wt in both germplasm (Supplementary Figure S7a,b)
and stay-green ILs (Supplementary Figure S8a,b). Similarly, the grain total carotenoids content was
~10–30% higher in the stay-green loss-of-function variants (alleles CaStGR1-1 to 5) compared to wild
type (CaStGR1-WT; Figure 9a) in germplasm and ILs. Furthermore, grain total caratenoid levels were
not significantly affected by the conditions of cultivation (WW and WS) in the introgression lines
(Figure 9b).

The detailed fractionation of carotenoids contents in ILs seeds revealed that there were ~3-fold
higher levels of lutein and beta-carotene (provitamin A) in the seeds of green cotyledon introgression
lines (ILs) compared to both of the yellow cotyledon colored elite cultivars (KAK2 and JGK1; Figure 10).
By contrast, zeaxanthin content did not significantly vary between ILs with green cotyledons and
the elite cultivars with yellow cotyledons (KAK2 and JGK1; Figure 10) used as recurrent parents in
introgression line development.
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Figure 9. Variation in (a) seed total carotenoids content in germplasm [ICC 08,504 (CaStGR1-#WT), ICC
08,244 (CaStGR1-WT), ICC 17,661 (CaStGR1-1), ICC 06,814 (CaStGR1-2) and ICC 17,660 (CaStGR1-3)] and
(b) stay green chickpea introgression lines (ILs) with different genetic background under well-watered
(WW) and water-stressed (WS) conditions. During detached leaf green assay, ICC 08504-CaStGR-1-#Wild
type showed yellow colour fully in all leaflets. By contrast, ICC 08244-CaStGR-1-Wild type showed
semi-green colour leaflets. Genotypes with CaStGR1-1 (ICC 17661), CaStGR1-2 (ICC 06814) and
CaStGR1-3 (ICC 17660) showed completely green colour in all the leaflet during detached leaf green
assay In both graph (a) and (b), closed bars represents WW and open bars are represents WS. Each data
points represents the means (± SE) of five replicates per genotype. Data were used to draw a bar graph
for all tested genotypes. Bars with different capital letters (well water-WW) and small letters (water
stressed-WS) alphabets are significantly different (p < 0.05) and same letters represents non-significant.
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Figure 10. Variation in different carotenoids content (Lutein, Zeaxanthin and beta carotene) in seeds
of stay green chickpea introgression lines (ILs) with different genetic background [ICCX-109 (KAK2
genetic background and ICCX-129 (JGK1 genetic background) and their recurrent parents (JGK1 and
KAK2). The lutein pigment data are represents in light grey colour bars; Zeaxanthin pigment data are
represents in black colour bars and beta carotene pigment data are represents in dark grey colour bars.
Each data points represents the means (± SE) of three replicates per genotype.

3. Discussion

The two goals of the present study were to (1) understand the molecular and functional mechanisms
underlying the delayed senescence in chickpea with the “cosmetic stay-green” trait [29,31] and, (2) to
characterize the effects of the “cosmetic stay-green trait” on plant performance in semiarid agricultural
systems. Since the majority of chickpea production occurs under water-limited rainfed conditions,
(i.e., terminal drought), understanding responses to water limitations is critical to evaluating the
potential of stay-green chickpea. Lastly, we also investigated the nutrient composition of stay-green
chickpea, as a genetic biofortification technology to alleviate nutritional deficiencies for carotenoids
in consumers.

3.1. Identification of ‘Cosmetic Stay-Green’ Allele in Chickpea

Recent developments in genome sequencing have provided deep sequence resources for several
legumes, in terms of whole genome sequences and transcriptomes. These sequence data provide a
valuable resource for both the comparative and evolutionary studies of genome structure and genes.
Subsequent analysis of amplified chickpea sequences and their localization to the chickpea draft
genome supported the identification of the cognate chickpea stay-green gene that exhibited a high
degree of sequence similarity with the other legume stay-green orthologs, and localized to a syntenic
position on chromosome 8 in the chickpea draft genome [50]. This genomic region corresponds to the
large-effect QTL for carotenoid concentrations described among three F2 populations of chickpea [39],
which contains the staygreen gene ortholog (LOC101509366; [39]). Our methods highlight the utility
of draft or reference genomes for the more detailed study of individual genes from their initial
identification to deduction of orthology from the evolutionary history.

In addition, we also conducted a whole genome skim sequencing, to delimit the extent of the
deletion in allele StGR1-5. Initial and exhaustive PCR amplifications indicated this allele as probably
encompassing the entire coding region of the chickpea ortholog, but whose boundaries were unknown.
The use of whole genome skim sequencing of the genome for this allele allowed us to flank the large
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(several 10s of kbp; Figure 2b) deletion in a single experiment. This contrasts with earlier approaches
such as primer amplicon ‘walking’ that given the large size of the deletion would not have yielded
results or required the use of a large collection of oligos at varying distance surrounding the StGR1 gene.

The monogenic recessive nature of the green cotyledon trait is supported by observation of only
yellow cotyledon phenotypes in the F1 individuals from crosses between yellow and green cotyledon
chickpeas, and in cosegregation data in segregating progenies (described in results). Furthermore, the
occurrence of green cotyledon phenotype in F1s obtained from crosses among alleles, and invariantly
green cotyledon in their F2s supports our inference that the five molecular variants we identified and
describe in this study comprise an allelic series in StGR1 gene.

The recessive behavior of the green cotyledon alleles of chickpea is consistent with a loss-of-function
of the chickpea StGR1 gene in these phenotypic variants. This inference is corroborated by the likely
impact of the deletions on the deduced amino acid sequence of the translated protein. The single
nucleotide deletions in alleles StGR1-1 to allele StGR1-4 all occur within the coding regions, and
consequently these deletions would result in a frame shift of the open reading frame (and premature
truncation of the translated protein).

The identification of five different loss-of-function alleles in CaStGR1, and the absence of nesting
(where more than one deletion allele occurs within a single genotype), implies that the green cotyledon
trait arose independently at least four times in chickpea, and as naturally occurring variation among
chickpea germplasm. The fifth gene-encompassing deletion allele StGR1-5 could represent a fifth
independent origin of green cotyledon trait in chickpea. However, based on our data we cannot
preclude the possibility that this allele may have arisen secondarily within the background of one of
the other small 1-bp deletion alleles (StGR1-1 to StGR1-4). Additional analyses of the green cotyledon
germplasm along with related germplasm might help to clarify this current ambiguity.

It is intriguing that green cotyledon breeding lines from the three different chickpea breeding
programs (ICRISAT in India, USDA-ARS in USA, and the University of Saskatchewan in Canada)
represent three different and distinct loss-of-function alleles of the stay-green gene as a source of the
green cotyledon trait. This could be a reflection of the limited knowledge or availability of the sources
of green cotyledon germplasm in these breeding programs. Alternatively, the use of the different
alleles in each breeding program might reflect preferential use of distinct germplasm on the basis of
other traits (e.g., for local adaptation, market type, disease reactions) present in the various germplasm
sources. Indeed, our observation of varying phenology among green cotyledon germplasm could
represent such additional phenotypic variation, along with seed size and color that also vary. In such a
scenario, the distinct alleles for StGR1 gene are merely inadvertently co-selected for a desired common
trait of green cotyledons from germplasm with additional characteristics.

Despite the recurrent selection at an orthologous StGR gene in multiple crop legumes for green
cotyledon color, it is possible that additional genes exist that replicate this phenotype, or might modulate
it. For example, in the more exhaustively studied Rice and Arabidopsis systems (e.g., [29,51–53]), genes
other than the stay-green protein have also been implicated in the cotyledon color or persistence of
chlorophyll machinery which would affect stay-green phenotypes. Furthermore, some aspects of the
green cotyledon trait, and its manifestation at the level of whole seeds is also likely to depend on
pigmentation in the overlying seed coat tissues. For example, in cowpea, distinct genes controlling
green color in cotyledon and green color in seed coats have been described [42,54].

Our identification of the molecular nature of variation among green cotyledon chickpea should
facilitate the use of molecular marker assisted selection (MAS) or backcrossing (MABC) for introgression
of this trait in chickpea breeding. For example, in the current study we developed and tested a KASP
marker for the StGR1-4 allele found in USDA-ARS breeding lines (Supplementary Tables S1 and S2).
This assay is effective at monitoring the allele states (wt or 1-bp deletion) within exon 4 of the chickpea
gene, and is being used for marker-assisted backcrossing in our program. Design and testing of similar
KASP assays for the remaining single nucleotide deletions (alleles StGR1 -1, -2, -3) is being planned to
facilitate similar use of MAS with these distinct allelic variants.
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3.2. Green Cotyledon Trait as a Vavilovian Homologous Series of Variation

Green cotyledon market classes or types occur in several crop legumes, including garden pea [52],
Medicago [33], chickpea [30,55], common bean [52], lima bean [52], and cowpea [54]. This recurrence
suggests that the green cotyledon color trait arose from the repeated and independent selection from
the white or yellow cotyledon forms that typify these crops and their wild relatives. The prevalence of
repeated human selection for a common phenotype in multiple crops was suggested by the pioneering
crop evolutionary botanist Nikolai Vavilov [56].

3.3. Stay-Green Alleles do not Affect the Plant Responsiveness to Soil and Atmospheric Drought

3.3.1. Plant Responsiveness to Soil and Atmospheric Drought

Any novel crop technology intended for practical utilization in complex agrisystems has to be
appropriately tested to enhance the probability to be implemented and accepted. In many of the
semiarid rain-fed agrisystems, one of the main limiting factors to crop productivity is soil moisture
deficit [2,8,57–60]. To understand plant responses to decreased soil moisture, we have generated
substantial evidence on plant functions that contribute to crop adaptations in these environments [61–65].
In the present study we evaluated whether stay-green phenotype in chickpea underlined by CaStGR1
gene might be functionally involved in any important environmental adaptations (i.e., responsiveness
to soil and atmospheric drought). We found that in all tested material carrying the stay-green CaStGR1
gene (germplasm or cultivated crop types) we did not observe any association between allelic variation
and plant responsiveness to soil/atmospheric drought which would have impacted crop production in
dry environments. In the cultivated plant types, we found that CaStGR1-2 stay-green ILs inherited
the level of environmental adaptations from the cultivated parent rather than from the donor of this
stay-green allele (ICC 16340). In some particular cases, the level of adaptive features was even more
pronounced than in the cultivated recurrent parent (JGK-1 and derived ILs; Figure 4b). We speculate
that this “transgressive segregation” could have been, at least partially, driven by the higher capacity
to grow and expand canopy of ILs originated from this cross (Figure 7b; see [65]).

3.3.2. Plant Water-Use Related Traits and Agronomic Performance

Crop functions linked to quantity and efficiency of water utilization (e.g., see above) determines
its agronomic performance, especially in environments limited by the water availability [10,66,67].
As discussed above we showed that CaStGR1 allelic variation does not appear to affect the relatively
simple plant functions which were previously documented to influence crop adaptations to dry
environments [2,59,68]. However, since crop yield is a very complex trait, we have also tested the
CaStGR1 allelic variants in the systems relevant for evaluation of crop agronomic characteristics
(i.e., lysimteric system and field).

We found there were significant differences in grain and biomass yield in germplasm when tested
under different irrigation regimes but none of the differences seemed to coincide with the presence
of disrupted CaStGR1 allele (CaStGR1-1 to CaStGR1-5). These differences in germplasm production
characteristics were mostly explained by the differences in phenological development. In the stay-green
CaStGR-1-2 ILs derived on cultivated background, we found significant genotypic differences in the
main production parameters with the recurrent parents attaining generally higher production (example
on Figure 8a). Nevertheless, in each of these experiments there were at least few ILs in the genetic
background of each of the two elite cultivars whose production was comparable to the elite recurrent
parents under WW and WS treatment (which ILs were consistent). Interestingly, under WS treatment,
yield of some ILs was similar to that of their respective recurrent parents despite the phenological
development of these ILs was generally several days longer (~14 days). Further, we found that the
relation between seed yield and flowering time was much looser than that of the germplasm (as
in [69,70])-especially under WS where this correlation was hardly significant (e.g., Supplementary
Figure S6). However, we found that the majority of variation in grain yield and yield components
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within this material was explained by TE, especially under WS (Figure 6a,b). We can speculate that
higher TE in some of the tested ILs could have been the consequence of lower TR and increased
transpiration responsiveness of some ILs to VPD (see above and Figure 4b). We can further speculate
that the enhanced TE of some tested ILs could be a consequence of yet to be determined mechanisms
induced by portions or interactions of genome remaining from the donor genotype since the recurrent
background of IL material was not completely recovered at BC4-5:F2 (i.e., ~94–97% of recurrent
background recovered).

Collectively these data indicate that across the range of tested conditions there is no significant
trade-off between elevated carotenoid content and agronomic productivity. Yields were similar between
lines with “wild type” CaStGR1 (with yellow cotyledons) and genotypes with loss-of-function alleles
in the CaStGR1 gene (with green cotyledon and delayed degreening phenotypes).

3.3.3. Stay-Green Alleles Extend Retention of Chlorophyll and Provitaminogenic Carotenoids in
Grains and Leaves

Several stay-green plant phenotypes have been described in different crops [52]. The common
denominator of “stay-green” phenotype can be described as a plant’s capacity to remain green
(i.e., maintain chlorophylls) in particular circumstances (reviewed [29,71,72]). In general, we can
consider two basic stay-green types; “cosmetic” and “functional”. Cosmetic stay-green is underlined
by any mechanism that avoids chlorophylls to degrade—therefore the plant tissues appear green even
if desiccated. Functional stay-green is a consequence of plants ability to manage resources during the
crop cycle (e.g., water and nitrogen; [8,25,27,28,73,74]).

We present evidence that the green-seeded chickpea material is of a “cosmetic” type and depended
on the presence of disrupted CaStGR1 gene, an ortholog of Mendel’s I locus of garden pea (see above),
that affects the function of chlorophyll degrading enzyme [48] and resulted in retention of chlorophylls
in dried plant tissues (grain and leaf). We were further interested in addressing whether the composition
of chlorophylls a and b and the functionally related pigments (carotenoids) differed among plant tissues
(grain and leaves) during a range of circumstances (irrigated and water stress).

Consistently, we found that the levels and the composition of pigments did not significantly
differ between genotypes carrying disrupted CaStGR1 gene (allele 1–5) and wild-type under irrigated
and even under water stress conditions (probably because for this estimation only the leaves from
the top of the plants which still remained green even in wild-type were sampled). Nevertheless, we
found that all stay-green genotypes, in general, maintained higher level of pigments in matured grains
compared to wild-type in irrigated conditions (similarly in [30]). The pigments in the grain were
not significantly affected by the conditions of cultivation (WW and WS) across the range of material
tested and the grains produced by plants exhibiting stay-green phenotype had all 10–100% higher
chlorophyll and total carotenoids contents compared to the respective wild-type checks (similarly
in [30,75]). Further dissection indicated the stay-green ILs contained two to three fold higher levels of
specific A-provitaminogenic carotenoids (beta-carotene) resembling or exceeding the levels achieved
by “golden-rice” technology [39,76].

Additional studies are required to determine the extent to which these elevated levels of carotenoids
translate into enhanced bioavailability of vitamin A for humans, factors influencing consumer
acceptance of green cotyledon colored chickpeas as dry grains, and if green cotyledon chickpea may
be associated with conditionally-reduced seed germination or seedling establishment as has been
observed in some other crop legumes.

4. Materials and Methods

4.1. Plant Material: Chickpea Germplasm and Breeding Lines

Chickpea genotypes with the common yellow cotyledon color and those with the infrequently
occurring green cotyledon color were obtained from gene banks (USDA GRIN in Pullman, Washington,
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and ICRISAT India) and from chickpea improvement programs (detailed in Supplementary Table S1).
In the process of plant grow outs for seed multiplication, the gene bank accessions were visually
screened for occurrence and confirmation of green cotyledon color in mature dry seeds. Furthermore,
during such grow outs we examined degreening of leaves of this germplasm accessions using a
detached leaf assay, wherein leaves were wrapped in aluminum foil (to block out light and trigger
degreening) and the pigment loss/retention capacity (“degreening”) assayed 5–10 days later. The same
plants were tested for sequence polymorphism in the CaStGR1 gene (see below). In initial germplasm
screen, eight lines with green cotyledon color representing four different allelic variants in the chickpea
stay green candidate gene and two yellow cotyledon genotypes carrying the wild-type alleles were
used in physiological studies (Supplementary Table S1). In these initial studies, as expected [30]
elevated levels of total carotenoids among green cotyledon color lines relative to concurrently grown
normal yellow chickpea lines was observed.

For the subsequent and more detailed analyses, breeding lines with contrasting yellow and green
cotyledon color were used (Supplementary Table S1). These lines were derived from introgression
of the green cotyledon trait from the germplasm accession ICC 16,340 into two Indian elite chickpea
cultivars, JGK1 and KAK2 with yellow cotyledon colors. 25 BC4-5:F2 generation introgression lines and
their parents were screened for phenology and agronomic traits. Based on homogeneous phenology
(flowering time, duration of flowering) and agronomical traits (harvest index), genotypes were selected
for further studies (Supplementary Table S3) details of genotypes used in different experiments).

4.2. Molecular Characterization of Candidate Gene and Genome:

The genotypes tested for variation in CaStGR1 allele are shown in S1 table. In these, the genomic
DNA was extracted from the young leaflets using QIAGEN DNeasy Plant Kit following the
manufacturer’s recommended procedures, or from seed-derived cotyledon tissue (for the cultivar
‘CDC Verano’) using a phenol-chloroform based extraction protocol. PCR amplification for CaStGR1
were performed with ExTaq polymerase (Takara-Fisher) using oligonucleotide primers as detailed in
Supplementary Table S2. PCR products were analyzed in 1% agarose gel electrophoresis. For Sanger
sequencing, PCR amplicons were purified with ExoSAP kit (Affymetrix, Santa Clara, CA, USA) to
remove any excess salts carried over from PCR reactions. Amplicons were Sanger sequenced using
single primers at on-campus core sequencing facilities at the University of California and the University
of Vermont. Chromatogram traces from amplicon sequencing were analyzed with the Sequencher
(Gene Codes Corporation, Ann Arbor, MI USA) and Geneious 2019.1 software packages. Sanger
sequence traces were curated manually to identify and verify the positions of variant nucleotides in
sequencing data. Variants supported by at least two independently run sequencing reaction were
recorded and used for enumerating allele distribution and frequencies.

Preparation of whole genomic libraries for Illumina sequencing and data analysis of Illumina
short read data were as described previously [65]. Illumina reads were mapped to the C. arietinum
‘CDC Frontier’ reference genome assembly [50] using BWA MEM 0.7.9a-r786. Visualization of CaStGR1
and its flanking regions was done using an instance of GBrowse loaded with gene structural annotation
available from the CDC Frontier reference.

For genotyping of the CaStGR1-1 allele as a CAPS marker, PCR products were digested with
Hpy-188I restriction enzyme (New England Biolabs, USA) per manufacturer’s recommended protocol.
Digested PCR products were analyzed by gel electrophoresis in 1.35% agarose gels in 0.5× Tris Borate
EDTA buffer stained with cybersafe reagent. Genotyping of the CaStGR1-4 allele in F2 population of
wild type (yellow cotyledon) genotypes and green-cotyledon lines was conducted as a customized
KASP assay (LGC Genomics, UK) using leaf tissue from greenhouse grown plants and oligos listed in
Supplementary File S2.
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4.3. Plant Growth Conditions for Physiological Assays (Experiments Listed in Table 3)

4.3.1. Experiments Conducted in Glass-House (Experiment 1, 2, 3a and b)

The glass-house environment was used to evaluate crop responsiveness to soil and atmospheric
drought. In Experiments 1 and 2 (Supplementary Table S4), plants were grown in 8” plastic pots filled
with 5 kg of vertisol while for experiment 3a and b, plants were raised in PVC cylinders filled with 45 kg
of vertisol. The experiments were set-up using completely randomized block design with treatments as
separate blocks. The black soil (Vertisol) was collected from the ICRISAT farm and fertilized with DAP
(di-ammonium phosphate) at the rate of 0.3 g per kg of soil in all experiments. Seeds were treated with
fungicides (Thiram®; Sudhama Chemicals Pvt. Ltd. Gujarat, India) to avoid fungal contamination.
Four seeds were sown in each pot, and a rhizobium inoculum (Strain No: IC 2002) was added to each
pots to ensure adequate nodulation. Two weeks after sowing, plants were thinned to two plants per pot.
Plants were maintained well-watered up to ~30 days after sowing. During the experiments duration,
a data logger (Lascar Electronics Inc. Whiteparish, UK) was positioned within the plant canopy for the
hourly recording of the air temperature and relative humidity (RH%) and these oscillated on average
between 28–22 ◦C and 70–90% during the day–night cycle.

4.3.2. Experiments Conducted at LeasyField (Experiment 3c)

The Lysimetric facility located at International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) Patancheru in India (17◦30′N; 78◦16′E; altitude 549 m). It offers an experimental setup to
evaluate the basic crop agronomic features, monitor the crop capacity to convert water into biomass
(g of dry mass per unit of water transpired) and to measure water use patterns during the cropping
season. Plants were grown in lysimeters constructed from the PVC plumbing pipes with 20 cm
diameter and 1.2 m length outdoors under a rain-out shelter (ROS) (Experiment 3c). The protocol for
lysimeter soil preparation & filling, spacing arrangement, growing and weighing plants were followed
according to [69,70] and [60,77]. Three seeds were sown in each cylinder and watered regularly and
around 15 DAS thinned to one seedling per cylinder. The experiment was planned in a complete
randomized block design. One block was assigned to a well-watered treatment (WW) and two blocks
to water-stressed treatment (WS). The WS treatment was imposed by cessation of watering from
25 Days after sowing (DAS). WW plants were watered every week to maintain 80% field capacity until
maturity. During the experiment’s duration, the data logger was positioned within the plant canopy
to record the day and night temperatures and relative humidity (RH%), which fluctuated under the
natural day–night oscillations around average 31.7/15.5 ◦C and 40/85%.

4.3.3. Experiments Conducted at LeasyScan (Experiment 4)

LeasyScan is a high throughput phenotyping platform constructed to monitor crop canopy related
parameters during the vegetative phase of development with high throughput and accuracy. Details of
LeasyScan technology and set-up are elaborated in [61,62,64]. For experiment 4 the crop was raised in
large trays (60 × 40cm, approximately 75 kg of vertisol; i.e., “miniplots”) filled with vertisol using the
recommended field management practices (20 kg·ha−1 of DAP and planting densities of 32 plants m−2).
The experimental design was an Alpha lattice with 4 replications to account for spatial variability.
Plants were maintained under well water conditions throughout the experiment. Canopy size related
parameters (i.e., 3D-Leaf area, digital biomass and leaf area index) were continuously measured from
15-40 DAS when the plants were harvested. During the crop grown period the daily temperature
and humidity oscillated in between of 11/35.8 ◦C and 17.2/93.2% on average as per the records of the
attached weather station (Model: WxPRO™; Campbell Scientific Ltd., Shepshed, UK).

4.3.4. Experiments Conducted in Field (Experiment 5)

The main crop agronomic features were measured in the field experiment that was planted in
post-rainy 2017–18 season at ICRISAT field facilities. The field was solarized using a polyethene mulch
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during the preceding summer primarily to avoid the crop infection by Fusarium oxysporum f. sp, [78].
The basal dose of di-ammonium phosphate at the rate of 18kg N ha−1 and 20kg P ha−1 was applied
before sowing. The field was prepared as broad bed and furrows with 1.2m wide beds flanked by
0.3m furrows. Within these beds, the plots of 4 rows of 4 m length were planted. Seeds were treated
with Thiram® (Sudhama Chemicals Pvt. Ltd. Gujarat, India) to avoid fungal contamination during
germination. The seeds were hand sown at a depth of 2–3 cm maintaining a row-to-row distance of
30 cm and a plant to plant distance of 10 cm (i.e., 33 plants m−2). After sowing, furrow irrigation
(60 mm) was given to ensure uniform seedling emergence. Subsequently, plants were grown under
different irrigation regimes: water stress [WS; crop received only ~60 mm at the sowing], and well
water [WW; crop received ~60mm at the sowing and additional ~20 mm irrigation every 20 days
through perforated irrigation system]. The plots were kept weed-free by hand weeding and intensive
protection was taken against pod borer (Helicoverpa armigera). The experiment was conducted in a
randomized complete block design with three replications for each treatment (WW/WS).

4.4. Physiological Assays

4.4.1. Experiments to Test Plant Responsiveness to Soil Drought (Experiment 1b and 1c)

The main aim of “dry-down” experiments is to assess the capacity of genotypes to restrict
the transpiration upon declining soil moisture, which could be a crucial adaptive trait for plants
in particular water-limited environments. To test the transpiration restriction capacity of selected
genotypes, these were organized in two experimental blocks; well-watered (WW) and water-stressed
(WS) conditions. The day before the dry-down was initiated all pots were abundantly watered and the
soil was allowed to drain overnight. The following day the soil surface of the pots were covered with
plastic sheets, and then a uniform 2 cm layer of plastic beads to prevent soil evaporation. The pots were
then weighed and this initial pot weight was considered as the soil-saturation level (field capacity)
of the individual pots. Pot weight was recorded daily at the same time of day. Based on the daily
weight loss, the well-watered plants were maintained at approximately 80% of the saturated weight
(80% of the field capacity). For the WS treatment, the water available to the plant was gradually
decreased by allowing a maximum daily water loss of 70g. The transpiration weight loss above 70g
was compensated by adding an excess amount of transpired water to each pot. The experiment was
terminated when transpiration of all WS plants was below 10% of their WW treated counterparts. After
termination, the above-ground biomass of the plants was harvested, organs separated, and oven-dried
at 60 ◦C for a minimum of 3 days. The traits assessed are detailed in Supplementary Table S4.

Additionally, during the dry-down experiments (in Experiment 1b and 1c), 30 mg leaf tissue
(leaflets from the first fully developed leaf from the top of the main stem) from each replicate
(i.e., in WW and WS) were collected twice WW and severe water stress (~0.25 NTR). Collected tissues
were frozen by liquid nitrogen and conserved for later estimation of pigments (i.e., Chlorophylls and
Carotenoids, see below). (http://gems.icrisat.org/allinstruments/controlled-imposition-of-water-stress/;
methodology also used in e.g., [79–81])

4.4.2. Experiments to Test Plant Responsiveness to Atmospheric Drought (Experiment 2a,b,c)

While “dry-down” experiments (above, experiment 1b and c) were conducted to evaluate
plant responsiveness to drying soil, complementary “transpiration responsiveness” experiments were
designed to characterize the genotypic ability to limit transpiration upon drying atmosphere [increasing
vapour pressure deficit (VPD)]. For this, the plants were evaluated during vegetative growth stage
under well-watered conditions. Around 30-day-old plants grown in pots were watered to ~90%
field capacity and soil evaporation minimized by applying the plastic sheets and beads similarly
as in the regulated dry down experiment (above). Initially, the plant transpiration was evaluated
outdoors during the cloud-less clear days in the natural circadian cycle or in the growth chambers
(Conviron-PGW36 model, Controlled Environments Limited, Winnipeg Manitoba, Canada: see
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more details in http://www.conviron.com/sites/default/files/PGW36%20Data%20Sheet_1.pdf). In these
experiments, temperature and humidity sensors were mounted at canopy level to record the actual
conditions experienced by the crop canopy in 5 min intervals. In the outdoors conditions, plants
were weighted in hourly intervals using 0.01 g precision scales (KERN 24100, Kern & Sohn GmbH,
Balingen, Germany). Consequently, for the controlled environment testing, the same pots were placed
into the growth chamber for one day to acclimate with the day/night temperature (◦C) and relative
humidity (RH%) of 32/26 ◦C and 60/80% respectively. Plants were then exposed to an increasing ladder
of VPD ranging from 0.9 to 4.1 kPa by increasing temperature and decreasing RH% (80–30%) at hourly
intervals for 8 h. Plant transpiration was also assessed hourly by swift weighing in between of the
VPD transitioning regimes. At the end of the experiments, plants were harvested and leaf area (LA)
was measured with a leaf area meter (LI-3100C area meter, LI-COR®Biosciences, Lincoln, NE, USA).
Consequently, the plant transpiration rate was expressed as TR = T/LA [g of water transpired per unit
of LA per hour] and regressed upon VPD during the particular time interval. In both germplasm and
ILs (Experiment 2a and 2c), the specific leaf weight (SLW) was estimated as leaf dry weight (g)/leaf
area (cm−2).

(http://gems.icrisat.org/allinstruments/transpiration-response-to-increasing-vpd/; methodology
also used in e.g., [61,62,79,80])

4.4.3. Experiments to Test Plant Baseline Agronomic Features and Water-Use Related Traits in
Lysimetric Facility (Experiment 3a,b,c)

The unique lysimetric set-up allows estimating the plant water productivity while having access
to relevant agronomic traits. The cylinders were covered with plastic sheets and beads similarly as in
assay #1 and 2 and the water use monitoring started ~25 DAS. From this onwards, the cylinders were
weighed weekly by lifting them with a block chained pulley using S-type load cell (Mettler-Toledo,
CSE 100, Geneva, Switzerland) until crop maturity. The WW block of experimental plants was
retained at 80% of field capacity. Under the WS treatment, the declining soil moisture was only
monitored but not regulated, which contrasts with the regulated dry-down protocol used in the pot
culture (see above #1). During the plant growth flowering dates were recorded for each plant. At the
end of the experiment, plants were harvested, the crop residuals dried at 60 ◦C in an oven during
minimum 72 h and the above ground biomass, grain and vegetative dry biomass were weighed
(KERN 3600 g; 0.01 g precision balance, Kern & Sohn GmbH, Balingen, Germany). Plant transpiration
was calculated from consecutive cylinder weight differences and water additions. Transpiration
efficiency (TE; [gram of biomass per kilogram of water transpired; g/kg−1]) and water use efficiency
(WUE, [gram of seed weight per kilogram of water transpired; g/kg−1]) was then calculated as the
ratio of the total/grain dry biomass per unit of water transpired. Lastly, Harvest Index (HI) was
calculated as the ratio of total dry grain biomass per the total dry weight of remaining above-ground
biomass. (http://gems.icrisat.org/allinstruments/lysimetric-assessments/, methodology also used in
e.g., [60,69,70,82,83]).

4.4.4. Experiments to Assess Plant Canopy at LeasyScan (Experiment 4)

The LeasyScan platform has been used to monitor traits indicating crop canopy traits related to
“vigor”. This is enabled by the optical system (PlantEye®; www.phenospex.com), which captures
the dynamics of canopy growth during the crop vegetative growth-phase with high throughput and
accuracy. We measured 3D-Leaf area (3D-L; canopy size reconstructed from 3D point-cloud distribution
[mm3]), projected leaf area (PL; canopy ground coverage [mm2]) and plant height (PH; estimated from
3D point-cloud as height encompassing 95% of recorded points of given point-cloud) during 15-30
DAS (http://gems.icrisat.org/leasyscan/) methodology also used in e.g., [4,61,64]).
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4.4.5. Agronomic Evaluation of ILs in Field Settings (Experiment 5)

Agronomic traits of selected stay-green introgression lines and their recurrent parents were
evaluated using the precision field facility under optimal water input (WW) and under severe water
shortage WS. Under both treatments, in each plot we monitored the phenology parameters (date
to first flower, 50% flowering and 80% of the dried pods was recorded as maturity). At maturity,
shoots were harvested plot wise and kept for drying at 60 ◦C for minimum of 3 days. Organs
were separated, dry weights recorded and expressed in grams per meter square (g m−2). 100 seed
number was counted by seed counter (Data Count S60 seed Counter, Data technologies, Israel;
http://www.datatechnologies.com/data_count_s_60_seed_counter.html), weighed and based on these
the total seed number per square meter was calculated.

Harvest index was calculated:
HI = (Seed weight/total shoot biomass weight) × 100 [%].

(1)

4.5. Chlorophyll and Carotenoid Estimation in Leaves and Seeds (Measured in Experiment 1 and 3)

Photosynthetic pigment contents (chlorophyll a, chlorophyll b and total carotenoids) were
assessed in the leaf tissues across various stages of plant exposure to declining soil content in lysimeters
(un-regulated dry-down; Experiment 3) and in pot cultures (regulated dry-down; Experiment 1b and
1c). The grain pigments were assessed only in the experiments conducted at lysimetric experiments
(Experiment 3a,b,c).

In Experiment 3c the leaf tissue samples were collected from each plant from the glasshouse
lysimetric experiment. Chlorophyll a and b, as well as Carotenoids, were estimated from the samples
using dimethyl sulfoxide (DMSO) method [84]. We standardized that around 18 mg of fresh leaf
tissue/30mg of dry-seed powder extracted in a 5mL of DMSO resulted in suitable optical density
(OD) between 0.3–0.9. The test-tubes with the exact weighted tissue and DMSO were placed in
~65 ◦C hot water bath and left for cca 3 h until the tissue became translucent ensuring all pigments
were extracted into to the DMSO. The OD of extract was assessed spectrophotometrically (Shimadzu
UV-2401 PC UV-Visible Spectrometer; Shimadzu Scientific Instruments) at 665.1 (Chlorophyll A), 649.1
(Chlorophyll B) and 480 (Total Carotenoids) and the contents were calculated as per [84].

The grain material from Experiment 3b was used to separate the main carotenoids using the High
Performance Liquid Chromatography (HPLC) system. For this, the extraction of carotenoids was
done according to the method of [85] with some modifications. Briefly, about 0.1 g of chickpea sample
was weighed and placed in a screw-capped glass tube (~15 mL tube) and 1 mL ethanol containing
0.1% butylated hydroxytoluene (BHT) added to the solution. The mixture was saponified by adding
200 μL of 20% Potassium hydroxide (KOH) and mixed by vortexing. Extraction was completed by
adding 1.5 mL hexane to the saponified solution, vortexed for 20 s and centrifuged at 2500 rpm for
5 min. Using a glass pipette, the upper hexane layer containing carotenoids was carefully removed
and transferred to a new glass tube. Extraction was repeated 2 more times. The combined hexane
extracts were then dried down under a stream of nitrogen gas. Purified β-apo-8′-carotenal was used
(absorbance ~ 0.8; 100 μL) was used as an internal standard. The dried extract was reconstituted in
100 μL of 50:50 (v/v) methanol:dichloroethane and 10 μL of the sample injected into the HPLC system
(duplicate injections per sample).

Chromatographic separation of carotenoids was carried out using the Ultra-Fast Prominence Liquid
chromatography (Shimadzu, Kyoto, Japan) equipped with a SIL-20ac-xr Prominence auto-sampler, a
DGU-20A5 Prominence degasser, a CTO-20AC column oven and an SPD-M20A Diode Array Detector
(DAD). Separation of carotenoids was achieved at 25 ◦C on a C30 YMC carotenoid column (250 ×
4.6 mm, i.d., 5 μm particle size, Waters, Ireland) on a gradient method with 95% Methanol as solvent
A and 100% MTBE as solvent B. Identification of the carotenoids was based on the standards, their
retention times and by comparing the absorption spectra with those in the literature. Quantification
of the carotenoids were extrapolated from standard curves prepared from authentic standards after
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correcting for extraction efficiency based on the recovery of the internal standard. The processing of all
chromatograms was done using Shimadzu LC Lab-Solutions software (also used in [26,84,85]).

4.6. Statistical Analysis

In the experiments 1b, 1c, 2a, 2c, 3a, 3b, 3c, 4 and 5, the differences between investigated genotypes
were evaluated by simple/multiple-way ANOVA followed by the Tukey–Kramer test to evaluate
the significance of genotypic differences (Statistical program package CoStat version 6.204 (Cohort
Software, Monterey, CA, USA). The line graph (Experiment 2a, 4), bar graph (1b, 1c, 2a, 2c, 3a, 3b,
3c, 4 and 5) and simple linear regressions were fitted using Microsoft Excel 2013 (Microsoft Corp.,
Redmond, WA, USA). For treatment of temporal data from experiments 1b, 1c and experiments 2
a,c-i.e., transpiration response to atmospheric (Experiment 2a and 2c) and soil drought (Experiment
1b and 1c) we used methodologies described in [69,70,80,86,87]; specifically, a nonlinear regression
analysis was done using GraphPad Prism version 6 (GraphPad Software Inc., San Diego, CA, USA),
and Genstat 14.0 (VSN International Ltd., Hemel Hempstead, UK).

5. Conclusions

Chickpea production suffers greatly due to its cultivation predominantly as a rain-fed crop,
particularly across developing countries. Significant progress has been made from crop agronomic
practices and breeding to address the yield gap to ensure appropriate caloric intake of populations
inhabiting these areas. Although caloric intake is slowly increasing, human nutrient deficiencies
prevail in the same regions and remain largely unaddressed. Therefore, in this paper we tested
the suitability of stay-green chickpea for cultivation in semiarid tropical regions, which as a genetic
biofortification technology may help to reduce widespread vitamin-A deficiency while maintaining the
levels of agronomic production. We tested a range of plant material with the stay-green character which
was expressed as an extended maintenance of chlorophylls and carotenoids in dry seeds and leaves.
We found this particular phenotype was controlled by variation in a single gene, CaStGR1, an ortholog
of Mendel’s I locus of garden pea, which occurred in 5 different allelic variants in the tested material.
We also showed that across a range of environmental conditions the stay-green allelic variants were
very likely neither influencing the mechanisms linked to drought stress adaptations nor negatively
influencing important agronomic traits. Our evidence that the green-seeded CaStGR1 variants contain
multiple-fold higher levels of the phytonutrients lutein, and provitamin A (beta-carotene) when
compared to the more common yellow cotyledon chickpea indicate a higher nutritional value of the
green cotyledon type. Further investigations of the bioavailability of vitamin A, multilocation trials
for yield stability, and acceptability of the stay-green chickpea products in production regions by
producers and consumers are warranted in order to establish the efficacy of genetic biofortification
with stay-green chickpea for improving human nutrition and health.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
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Abstract: Plant uridine 5′-diphosphate glycosyltransferases (UGTs) influence the physiochemical
properties of several classes of specialized metabolites including triterpenoids via glycosylation.
To uncover the evolutionary past of UGTs of soyasaponins (a group of beneficial triterpene glycosides
widespread among Leguminosae), the UGT gene superfamily in Medicago truncatula, Glycine max,
Phaseolus vulgaris, Lotus japonicus, and Trifolium pratense genomes were systematically mined. A total
of 834 nonredundant UGTs were identified and categorized into 98 putative orthologous loci
(POLs) using tree-based and graph-based methods. Major key findings in this study were of, (i)
17 POLs represent potential catalysts for triterpene glycosylation in legumes, (ii) UGTs responsible
for the addition of second (UGT73P2: galactosyltransferase and UGT73P10: arabinosyltransferase)
and third (UGT91H4: rhamnosyltransferase and UGT91H9: glucosyltransferase) sugars of the
C-3 sugar chain of soyasaponins were resulted from duplication events occurred before and
after the hologalegina–millettoid split, respectively, and followed neofunctionalization in species-/
lineage-specific manner, and (iii) UGTs responsible for the C-22-O glycosylation of group A
(arabinosyltransferase) and DDMP saponins (DDMPtransferase) and the second sugar of C-22
sugar chain of group A saponins (UGT73F2: glucosyltransferase) may all share a common
ancestor. Our findings showed a way to trace the evolutionary history of UGTs involved in
specialized metabolism.

Keywords: family 1 glycosyltransferases; legumes; putative ortholog loci; soyasaponins; specialized
metabolites; triterpenoids

1. Introduction

Glycosyltransferases (GTs) (EC 2.4.x.y) are ubiquitous enzymes of a superfamily that generally
mediate the transfer of carbohydrate moieties from nucleotide-activated donor molecules to a broad
range of saccharide or non-saccharide acceptor molecules and form glycosidic linkages via two distinct
catalytic mechanisms-defined inversion or retention [1,2]. They are present in all phyla and influence
the physio-chemical properties of acceptor molecules through which entail in diverse pivotal cellular
processes [3]. Though GTs are extremely divergent in terms of sequence similarity, most of its members
exhibit well-conserved secondary and tertiary structures and adopt either the characterized GT-A or
GT-B fold [1,4–6].

The carbohydrate-active enzyme (CAZy) database classifies the GTs from diverse species based
on their amino acid sequence conservation [7]. As of March 2020, a total of 110 numbered GT
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families have been identified and the number will likely increase in the future (http://www.cazy.
org/GlycosylTransferases.html). Of these, GTs utilizing uridine 5′-diphosphate (UDP)-conjugated
carbohydrates as the sugar donors are referred as family 1 GTs (alias UGTs). They are generally cytosolic
in nature, widespread in the plant kingdom, and constitute the largest GT family [8,9]. Plant UGTs
are assigned between families 71–100, 701–1000 and 7001–10000 in the current classification system
(https://prime.vetmed.wsu.edu/resources/udp-glucuronsyltransferase-homepage). They are inverting
GTs exhibiting GT-B fold and consist of a characteristic 44-amino acid consensus sequence, designated
as the plant secondary product glycosyltransferase (PSPG) box, at the C terminus [10,11]. The highly
divergent N-terminal and the well-conserved C-terminal PSPG box are acknowledged to be engaged
in the determination of sugar acceptor and sugar donor, respectively [11]. Plant UGTs glycosylate
multitude of acceptor molecules including phytohormones and diverse specialized metabolites by
which influence the acceptor molecules stability, solubility, storage, transport, compartmentalization,
and bioactivity [8,10,12,13]. They also have important functions in detoxification of xenobiotics and
facilitate plant protection [8,14,15].

Plants naturally synthesize a tremendous number of triterpenoids through specialized metabolism
that often exists as glycosidic conjugates (i.e., saponins) and have potential functions in different sectors
of day-to-day life applications [16–18]. Like that of steroids, the committed biosynthesis pathway of
triterpenoids stems from the mevalonate pathway-derived precursor 2,3-oxidosqualene [19]. Several
triterpene scaffolds generate from 2,3-oxidosqualene by one of many oxidosqualene cyclase (OSC)
enzymes, but the OSC namely β-amyrin synthase yields the most common scaffold β-amyrin [20,21].
The members of cytochrome P450 monooxygenase (CYP450) and UGT families decorate the pentacyclic
C30 skeleton of β-amyrin by oxygenation and glycosylation, respectively, at various active sites
depending on the genetic background of the given genera/species. Though the vast diversity of
triterpenoids is broadly achieved by OSCs, CYP450s, and UGTs, the diversification created by UGTs is
exponential and by far the most. For example, in soybean (Glycine max), the combinatorial activity of
three different CYP450s produces only two soyasapogenols (namely A and B) from β-amyrin whereas
the epistatic activity of eight different UGTs on soyasapogenol A (SA) and B (SB) could generate >50
triterpene glycosides [22]. Triterpene-related UGTs not only enhance the diversification of triterpenoids
and its pharmacological values, but are also involved in plant defense against take-all-diseases [23]
and herbivores [24].

Soyasaponins are oleanane-type pentacyclic triterpene glycosides implicated in diverse
pharmaceutical benefits [25], several characters of root growth [26] and in undesirable taste properties of
soybean-based food products [27]. They are widespread among the species of Leguminosae including
the model legumes barrel medic (Medicago truncatula) and birdsfoot trefoil (Lotus japonicus), but abundant
principally in the seeds of G. max. At least nine different UGTs have been assumed to be involved in
the biosynthesis of soyasaponins. Of these, seven UGTs have been characterized to date (UGT73P2
and UGT91H4 [28], UGT73F2 and its allelic variant UGT73F4 [29], UGT73P10 [30], UGT91H9 [31], and
UGT73B4 [32]), excluding the UGTs responsible for the C-3-O- and C-22-O-glycosylation of SA/SB and
SA respectively. Though the biochemical and genetical characteristics of soyasaponin UGTs are studied
well, how they evolved upon large-scale [whole-genome duplication (WGD) alias polyploidization)] or
small-scale (e.g., segmental/ tandem) duplication events remains to be studied. Also, the corresponding
homologs of soyasaponin UGTs in the model legumes M. truncatula/L. japonicus are yet to be discovered.

Leguminosae (alias Fabaceae) is the third largest flowering plant family consists of more than
750 genera and 19,500 species [33]. Leguminosae plants biosynthesize a vast diversity of specialized
metabolites as glycosidic conjugates in taxa-specific manner [34]. Both the model legumes M. truncatula
and L. japonicus, as well as the economically important oil seed legume crop G. max, all belong to a
legume subfamily Papilionoidea which experienced two WGD events—one at ~59 [papilionoid-specific
WGD (PWGD)] and the other at ~13 [glycine-specific WGD (GWGD)] million years ago (MYA) [35].
To explore the effect of WGD events on soyasaponin UGTs, a systematic genome-wide survey of UGT
gene superfamily was conducted using the latest genome versions of M. truncatula (MtUGTs), G. max
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(GmUGTs), L. japonicus (LjUGTs), common bean (Phaseolus vulgaris; PvUGTs), and red clover (Trifolium
pratense; TpUGTs). All the identified UGTs were assigned to putative ortholog loci (POLs) for the first
time, which disclosed the mode of expansion of UGTs, gene gain/loss and intron addition/deletion
events in M. truncatula and G. max. POL assignments underscore the evolutionary origin of soyasaponin
UGTs and functional divergence of their homologs. In addition, it showed a way for future studies to
easily pick up candidate ortholog UGTs across legumes to unravel their functions and extends our
understanding in the evolution of UGT gene family.

2. Results

2.1. Genome-Wide Identification of UGT Gene Family in Five Papilionoid Legumes

With the help of PSPG sequence and several other criteria (see Materials and Methods Section 4.1),
a total of 243, 208, 168, 94, and 121 authentic UGTs were identified for M. truncatula, G. max, P. vulgaris,
L. japonicus, and T. pratense respectively in this study (Table 1). These numbers shall be treated as the
least because many sequences (36 for M. truncatula, 34 for G. max, 5 for P. vulgaris, 64 for L. japonicus
and 50 for T. pratense) in all five species were excluded based on one or more criteria (Tables S1–S5).
Following the guidelines of UGT nomenclature committee, no UGTs were named in this study because
we believe that the final designation of their nomenclature should be made after their functional
characterization by in vitro and/or in vivo techniques.
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The UGT family of G. max [36,41,46] and L. japonicus [47] has been described previously. We did
not go for a detailed comparison with the results of Yin et al. [46,47] because of discrepancies in
the screening criteria of those studies (e.g., they considered all proteins having PSPG motif as UGTs
irrespective of the protein length) with that of the current study. Though Caputi et al. [36] and Rehman
et al. [41] utilized the first genome version of G. max, the former identified 183 UGTs while the latter
identified 149 UGTs. Since it remains unclear how Rehman et al. [41] underestimated the number of
GmUGTs, we compared our results with that of Caputi et al. [36]. Out of 183, 160 sequences were also
identified in this study; seven sequences were redundant, 16 were absent, and 48 were new in the
second G. max genome assembly (Wm82.a2.v1). This suggests that the number of UGTs identified in
this study may vary in the future genome assemblies of the corresponding species.

2.2. Phylogenetic Relationship of the UGTs in Five Papilionoid Legumes

Plant UGTs from diverse species could form at least 18 distinct groups (designated A–R) in
unrooted phylogenetic analyses (Table 1). Earlier studies identified 14 (A–N) of the 18 UGT groups
using Arabidopsis genome [36]. Perhaps, whole-genome examination from other higher plants
identified four new UGT groups named O–R: groups O and P observed in many higher plants
including rice [36] while the existence of groups Q (only in maize [45] and wheat [44]) and R (only
in tea [37]) are restricted. In this study, the five-legume species found to retain 14–16 phylogenetic
groups (A–R, except K and Q) (Figure 1; Table 1). Notably, (i) all the five legumes lacked groups K and
Q, (ii) group C members only found in P. vulgaris, and (iii) groups N and R absent respectively in T.
pratense and G. max. Interestingly, search in other legumes identified group K members only in Arachis
species, group C members in pigeon pea (Cajanus cajan) and Vigna species while no legume species
carried group Q. This suggests many legumes lost groups K and C during their course of evolution,
and the presence of group Q could be specific to monocots. The number of individuals within each
group among the five legumes has varied (Table 1). Nevertheless, the highest number of UGTs was
observed in groups E and D followed by groups L, G, and A. This coincides with Caputi et al. [36] that
those five groups in each species have expanded more than any other groups during the evolution of
higher plants. Among the five legumes, M. truncatula had relatively many members in groups G and L
while G. max and P. vulgaris had that in group I, suggesting that those groups may have expanded
evolutionarily in species- and lineage-specific manner, respectively.
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Figure 1. Evolutionary relationship of putative ortholog loci (POL) of five legume UGTs. A total of 196
full-length amino acid sequences covering all phylogenetic groups (A–R, excluding K and Q) and POLs
(n = 98) were selected from Glycine max (number of UGTs = 86), Medicago truncatula (76), Phaseolus
vulgaris (9), Lotus japonicus (8), Cajanus cajan (3), Trifolium pratense (3), Vigna radiata (3), Cicer arietinum
(2), Arachis duranensis (4), Lupinus angustifolius (1), and Trifolium subterraneum (1). Each POL included
two sequences, each from different species (See Text S1). Subtrees (i.e., UGT pairs) were compressed
with corresponding POL numbers to understand the POL relationship. POLs highlighted in orange,
green, purple, yellow, and gray backgrounds denote that at least one UGT from that POL has been
characterized for the glycosylation of triterpenoids, flavonoids, phenylpropanoids, xenobiotics, and
cytokinin’s respectively. The first letter of each POL represents their phylogenetic groups.

2.3. Putative Ortholog Loci Assignments for UGTs of Papilionoid Legumes

Although M. truncatula, P. vulgaris, L. japonicus, and T. pratense have undergone similar WGD
events, the retention of a high number of UGTs in M. truncatula (Table 1) suggest that MtUGT family may
have expanded through multiple species-specific small-scale duplication events during its evolution
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course. Concurrently, despite the recent GWGD event, G. max retained relatively less UGTs than M.
truncatula. This implies G. max may have lost several UGTs during its evolution. To validate these
presumptions and to trace the evolutionary histories of UGTs in legumes, assigning putative ortholog
loci (POL) is essential. Because legumes experienced different duplication events, the gene number
may vary among the species, but the gene loci number would be evolutionarily more stable. Several
platforms such as POG [48] and PLAZA [49] were developed to trace the cluster of ortholog groups
among species using different criteria including the genome/gene synteny search between species.
Additionally, the Phytozome gene family [50] and context viewer in Legume Information System (LIS)
database [51] were helpful to get basic insight into orthologs but not feasible when the gene family has
too many duplicates. These platforms, databases, and tools were certainly helpful but not sufficient to
confidently assign POL for all the identified legume UGTs due to several species-specific duplication
events. After several trial and error attempts to subdue the shortcomings in POL assignments, we
observed that the multi-species phylogenetic clustering and the full-length amino acid percent identity
were together effective in assigning POL for legume UGTs.

Using the proposed scenario (see Materials and Methods Section 4.3), 98 POLs were estimated by
combining M. truncatula, G. max, P. vulgaris, L. japonicus, and T. pratense UGTs (Table S6; Figures S1–S11).
Of these, 35 POLs had members in all five species, 25 POLs had members in either of four species, 16
POLs had members in either of three species, and 12 POLs had members in either of two species (Figure
S12). Albeit using five different yet closely related species, ten POLs (one each for M. truncatula and L.
japonicus, two for T. pratense, and three each for G. max and P. vulgaris) lacked corresponding orthologs
within the five species (Figure S12). They were assigned to POL based on the UGTs of other legume
species such as pigeon pea and mung bean (Vigna radiata) (Table S6). This suggests that analyzing UGT
family of other papilionoid and non-papilionoid species may reveal new POLs. Furthermore, members
in some POLs (e.g., E20 and L04) shared relatively less amino acid identity with their co-members
[they were included in the same POL due to the absence of true orthologs in other legumes (Table S6)],
and members in some POLs (e.g., D03 and G02) formed large clusters with complex relationship while
in some POLs (e.g., D02, D06 and I03) they formed short clusters. These imply that some of the current
POLs can be divided into more POLs or combined into other existing POLs in future and therefore the
number of POLs identified in this study should be treated as the least.

Of the 98 POLs, the highest number of POL was found for the major groups E (n = 23) and
D (n = 21), as the number of UGTs present in these groups was high. Groups A and L sustained
respectively 12 and 10 POLs while all the remaining groups sustained 1–5 POLs (Table 2 and Table S6).
Noteworthy is that albeit the number of UGTs in groups G and J had huge difference, both groups
consisted of only 5 POLs each. Further observation clearly showed that the retention, expansion, or
lose of POL in each phylogenetic group was merely species-specific followed by lineage-specific. For
example, (i) groups G and L in M. truncatula had only 5 and 9 POLs but contained 39 and 33 UGTs,
respectively, reflecting the species-specific expansion; because, such expansion was not observed for G.
max, P. vulgaris, L. japonicus and T. pratense; and (ii) group I in G. max and P. vulgaris retained 15–17
UGTs in 4 POLs whereas M. truncatula, L. japonicus and T. pratense retained 1–2 POLs with 1–5 UGTs
suggesting that the expansion of group I was specific to G. max/P. vulgaris lineage.
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Table 2. Distribution of UGT POLs among the legumes.

Phylogenetic
Groups

Distribution of UGT POLs among the Phylogenetic Groups a

M. truncatula G. max P. vulgaris L. japonicus T. pratense Total

A 10 (28) 10 (21) 09 (19) 08 (09) 07 (11) 12
B 03 (04) 03 (03) 02 (03) 02 (03) 03 (03) 03
C – – 01 (02) – – 01
D 14 (55) 19 (46) 16 (33) 15 (25) 13 (29) 21
E 18 (55) 21 (52) 16 (33) 12 (22) 14 (39) 23
F 01 (02) 03 (08) 03 (05) 02 (02) 01 (01) 03
G 05 (39) 04 (16) 03 (18) 03 (09) 04 (13) 05
H 03 (03) 02 (03) 03 (03) 01 (01) 03 (03) 03
I 02 (05) 04 (17) 04 (15) 02 (02) 01 (01) 04
J 04 (09) 05 (07) 02 (03) 01 (01) 02 (02) 05
K – – – – – –
L 09 (33) 08 (19) 09 (17) 07 (10) 07 (12) 10
M 02 (02) 02 (05) 02 (04) 01 (01) 01 (01) 02
N 01 (01) 01 (01) 01 (01) 01 (01) - 01
O 02 (03) 02 (06) 02 (06) 02 (06) 02 (02) 02
P 01 (03) 02 (04) 02 (05) 01 (01) 01 (03) 02
Q – – – – – –
R 01 (01) – 01 (01) 01 (01) 01 (01) 01

Total 76 (243) 86 (208) 76 (168) 59 (94) 60 (121) 98
a Numbers within the brackets denotes the number of UGTs corresponded to the loci.

2.4. Expansion of UGTs in M. truncatula and G. max

Because of the sequencing coverage, completeness, and higher resolution, we only focused
MtUGTs and GmUGTs from here for all further analyses with fewer exceptions. POL assignments
revealed an interesting criterion: the 243 UGTs of M. truncatula traced back to 76 POLs whereas that of
208 GmUGTs were traced back to 86 POLs (Table 2; Table S6). This emphasizes the fact that UGT family
in M. truncatula expanded more but lost some POLs during its evolution. Perhaps, our findings show
that the 76 POLs in M. truncatula were dispersed as 33 single-copy, 14 double-copy, and 29 multi-copy
POLs (Table S6). In G. max, 40 were single-copy, 21 were double-copy, and 25 were multi-copy POLs.
Notably, 19 POLs were single-copy in both species. In M. truncatula, four multi-copy POLs namely G02,
D03, D06, and L01 had 30, 17, 15, and 11 members respectively (Table S6). These four POLs represent
30% of UGTs in total number of MtUGTs (73 in 243) whereas that represent only 8.7% in G. max (18 in
208). We thus attributed these four POLs as the predominant source for the higher number of UGTs
in M. truncatula. No UGT members had been found for 22 POLs in M. truncatula and 12 POLs in G.
max. Of these, 16 POLs had no members in M. truncatula but had in G. max whereas 6 POLs had no
members in G. max but had in M. truncatula; 6 POLs lacked members from both species. This shows
that the retention or loss of POLs in M. truncatula and G. max was species- or lineage-specific.

2.5. Analysis of Intron Gain/Loss Events in M. truncatula and G. max

Introns present in the coding sequences were considered for this study. The majority of UGTs in M.
truncatula (n = 140; 57.6%) and G. max (114; 54.8%) had no introns. Among the intron containing UGTs,
87 out of 103 (84.5%) in M. truncatula and 76 out of 94 in G. max (80.9%) had one intron. Nine UGTs
contained 2, five contained 3, and two contained 5 introns in M. truncatula (Table S1) while G. max had
two introns in 11, three in 5, and four in 2 UGTs (Table S2).

Intron gain or loss events were inferred by the comparison of members present in the given POL
across five legumes (Table S7). The 98 POLs of UGTs were first classified into three types: no-intron
POLs (n = 42), one-intron POLs (n = 26) and mixed-intron POLs (n = 30). Based on our criteria (see
Materials and Methods Section 4.4), 11 one-intron UGTs from M. truncatula, and 9 one-intron UGTs from
G. max were found as intron-gained genes. This implies that 12.6% (11 in 87) of one-intron MtUGTs and
11.8% (9 in 76) of one-intron GmUGTs gained introns evolutionarily. Though experimental validation
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is required, this finding suggest that no-intron UGTs can become one-intron UGTs evolutionarily.
In addition, 16 MtUGTs and 18 GmUGTs were also identified as intron-gained genes which consisted
of 2–5 introns. Our findings reveal that, six (G, H, I, J, N, and P) and two (O and R) phylogenetic
groups could be designated as one-intron and no-intron containing groups, respectively.

2.6. Chromosomal Locations and Gene Duplication Analyses in M. truncatula and G. max

UGTs distributed throughout all the chromosomes (Ch) of M. truncatula (Figure S13; Table S1) and
G. max (Figure S14; Table S2). The UGTs density per chromosome was highly uneven in both species.
In M. truncatula, Ch6 (n = 42) had the highest number of UGTs followed by Ch5/Ch8 (n = 40) and Ch7
(n = 37). Ch1 (n = 14) and Ch3 (n = 15) had the least number of UGTs, while Ch2 and Ch4 had 20 and
25 UGTs, respectively. In G. max, Ch8 had the maximum number of UGTs (n = 21) followed by Ch3
(n = 18) and Ch2 (n = 17), whereas the least number of UGTs found in Ch4, Ch5, Ch17, and Ch20 which
had 3–4 UGTs. All other chromosomes had 6–16 UGTs. Scaffolds represent 10 and one UGTs in M.
truncatula and G. max respectively.

All the double-copy and multi-copy POLs in M. truncatula and G. max were selected for gene
duplication analysis (Table S8). The members in double-copy POLs shared 60–94% amino acid identity
at full-length protein level whereas that of multi-copy POLs shared 54–99% within each POL in both
species. The variation in sequence conservation among UGTs in the given POL suggest that the
duplicated copies diverged rapidly after the duplication. In M. truncatula, 61 sequences were identified
as segmental duplicates and 149 sequences were identified as tandem duplicates. This shows that
the UGT family in M. truncatula has been expanded majorly through tandem duplication (61.3%; 149
in 243) and subtly through segmental duplication (25.1%; 61 in 243) events. A similar trend was
observed for the UGT family expansion in G. max, in which tandem duplication contributed 51.4% (107
in 208) whereas segmental duplication contributed 29.3% (61 in 208). Of the 29 multi-copy POLs in M.
truncatula, eight POLs (A06, A10, E10, I02, J02, L07, L08, and P01) involved only in tandem duplication
events; four POLs (A08, D02, G05, and L04) involved only in segmental duplication events; and the
remaining 17 POLs experienced both events (Table S8). Among the 25 multi-copy POLs in G. max,
nine POLs (A01, D03, D04, D06, D07, E10, E13, E19, and I02) involved only in tandem duplication, one
POL (E17) involved only in segmental duplication and the remaining 15 POLs involved in both events.
By using chromosomal positions and the gene order, it appears that the members in 17 multi-copy
POLs (which experienced both events) in M. truncatula were first scattered on different M. truncatula
chromosomes via segmental duplication and then concentrated through tandem duplication (e.g.,
D06). Whereas, it appears that most members (if not all) of 15 multi-copy POLs (which experienced
both events) in G. max were first underwent tandem duplication and then translocated into other
chromosomes by segmental duplication or by GWGD (e.g., D03).

2.7. Duplication History and Functional Divergence of Triterpene Related UGT POLs in M. truncatula and
G. max

Albeit the genomes of M. truncatula and G. max retained hundreds of putative UGT sequences,
only a handful of them have been studied for their functions (10 in M. truncatula and 27 in G. max) to
date. In the case of triterpene glycosylation, only three MtUGTs and eight GmUGTs were characterized.
These 11 UGTs were clustered and evolutionarily close to 11 POLs (A02, A03, D01, D03, D05, D09, D10,
D15, D18, D21, and E06) (Figure 1).

The two members [Glyma.08G181000: UGT91H4 and Glyma.10g104700: UGT91H9 (Figure 2A)]
in A02 of G. max catalyze the addition of rhamnose or glucose, respectively, at the terminal position
of C-3 sugar chain of SA and SB in vitro and in vivo [28,31]. The members of A02 from 14 legumes
(Table S9) formed two sister clades (i.e., A02-I and A02-II) with high bootstrap support in phylogenetic
analysis (Figure 2A). The A02-I locus corresponding the homologs of UGT91H4 was located in syntenic
blocks across all legumes and had one or two homologs in all the analyzed legumes except M.
truncatula, which had two synteny and six non-synteny homologs (Figure 2B). Whereas, the A02-II
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locus corresponding UGT91H9 homologs had single homologs only in millettoid species (e.g., G. max,
P. vulgaris, and Vigna species) (Table S9) and found in syntenic blocks only between P. vulgaris and
cow pea (Vigna unguiculate). The A02-I and A02-II members shared high amino acid identity (>70%)
and showed a segmental duplication relationship in G. max and adzuki bean (Vigna angularis) and
a tandem duplication relationship in P. vulgaris and cowpea (Figure 2B). Divergence time analysis
estimates the duplication (whether it was tandem or segmental) may have occurred at ~44–47 MYA
(Table S10). The eight UGTs in A02 of M. truncatula shared 71–90% amino acid identity and appear to
be resulted from tandem as well as segmental duplication events (Table S8). None of these eight UGTs
were characterized to date. The expression of a tandem duplicate Medtr2g008220 and Medtr2g008225
(UGT91H6) [both shared 90% amino acid identity; duplication time estimated as ~10.1 MYA (Table
S10)] was highly correlated with triterpene biosynthetic genes [52]. Also, they shared 77% and 72%
amino acid identity respectively to UGT91H4 and found together with it in syntenic blocks (Figure 2B)
suggesting that one of these two or both genes might have similar functions to that of UGT91H4.

A03 was a single-copy POL across all legumes and none of its members have been functionally
characterized. Noteworthy, missense mutations in the PSPG box or its proximal regions of
Glyma.15g051400 (a A03 member of G. max) did not affect the soyasaponin profile [53]. The A03
member in M. truncatula (Medtr2g008226: UGT91H5) showed high co-expression values with triterpene
biosynthetic genes [52] and tightly linked with a tandem duplicate of A02-I members (i.e., Medtr2g008220
and Medtr2g008225), implying that A03 members may glycosylate triterpenes. Microsynteny analysis
revealed that A03 locus tandemly linked to A02-I locus in diverse species including the early
diverged legumes blue lupin (Lupinus angustifolius) and cultivated peanut (Arachis hypogea) (Figure 2B).
Divergence time analysis estimates the tandem duplication event may have occurred ~42–84 MYA
(Table S10).

D03 retained 17 members in M. truncatula and seven members in G. max (Table S9). One of these
members from M. truncatula (Medtr2g035020: UGT73F3) was shown to glucosylate the C-28 position of
hederagenin in vitro and in vivo [52]. Concurrently, a D03 member from G. max (Glyma.07G254600:
UGT73F2) and its allelic variant UGT73F4 were characterized to attach glucose or xylose respectively
at the terminal position of C-22 sugar chain of SA in in vitro and in vivo [29]. These suggest that the
catalytic functions of D03 members had been diverged and neofunctionalized during their course
of evolution in species-specific manner. D03 existed as a multi-copy POL in hologalegina (eg. M.
truncatula, T. pratense and L. japonicus) and millettoid species (eg. G. max and P. vulgaris) but a single-copy
POL in the early diverged legumes (Table S9). Many of D03 members of M. truncatula and T. pratense
were non-synteny homologs (Table S9) and showed a complex phylogenetic relationship (Figure S3).
Even the syntenic D03 homologs from 14 legumes did not resolve well phylogenetically; however, they
were divided into D03-I, D03-II, and D03-III clades based on the amino acid percent identity of D03
members (Figure 3A). The 17 MtUGTs in D03 shared 61–84% amino acid percent identity and may have
resulted from more than one segmental and tandem duplication events (Table S8). UGT73F3 shared
81–84% amino acid identity with its neighboring UGTs Medtr2g034990 and Medtr2g035040, suggesting
that these three UGTs may have resulted from a tandem duplication event occurred at ~11–16 MYA
(Table S10). UGT73F2 was tandemly located with three UGTs (Glyma.07G254700, Glyma.07G254800,
and Glyma.07G254900) and all these showed high amino acid identity with another tandem duplicates
located at the 17th chromosome (Glyma.17G019400, Glyma.17G019500, and Glyma.17G019600) suggesting
that one of these genes first underwent tandem duplication and then copied into another chromosome
by segmental duplication or GWGD. This notion is supported well by the gene-collinearity between
Ch07 and Ch17 (Figure 3B). Divergence time analysis in M. truncatula, G. max, P. vulgaris, and chickpea
(Cicer arietinum) estimates that the tandem duplication may have occurred ~40–104 MYA (Table S10).
Non-sense mutations in Glyma.07G254700, Glyma.07G254900, Glyma.17G019400; Glyma.17G019500 and
Glyma.17G019600 does not affect the saponin composition in mature soybean seeds implying that these
genes might be not involved in soyasaponin biosynthesis [53]. The Glyma.07G254800 was assumed as
a pseudogene because the gene was not amplified using different primer sets [53].
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Figure 2. Evolutionary history of putative ortholog loci (POL) A02 and A03 in legumes. (A).
Phylogenetic relationship of A02 and A03 homologs in 14 legumes. Bolded genes are non-synteny
homologs with any of the 14 legumes. The full-length sequences of Araip.DP3MP.1 and Vradi10g12640.1
could be a sequencing error; their N-terminus and C-terminus shared high amino acid percent identity
with UGT91H5 (A02) and UGT91H4 (A03) members respectively. See Table S9 for species and gene
ID’s information. (B). Microsynteny relationship of A02 and A03 loci across legumes. Microsyntenic
genome segments are retrieved and centered using Phvul.006G208300. Orthologous/paralogous gene
pairs are indicated through the use of a common color. Uncolored and cracked genes are singletons
and orphans respectively in this genomic region. Species and genomic positions are mentioned in
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the left side of each segment. From top to bottom, Arahy—Arachis hypogea, Araip—Arachis ipaensis,
CcLG—Cajanus cajan, CDC.Ca—Cicer arietinum, Gm—Glycine max, Lj—Lotus japonicus, Mt—Medicago
truncatula, Pv—Phaseolus vulgaris, Tp—Trifolium pratense, Vr—Vigna radiata, Vu—Vigna unguiculate,
Aradu—Arachis duranensis, NLL—Lupinus angustifolius, and Va—Vigna angularis.

 

Figure 3. Evolutionary history of putative ortholog locus (POL) D03 in legumes. (A). Phylogenetic
relationship of syntenic D03 homologs in 14 legumes. The full-length sequence of Vang11g17730.1 (1283
amino acids length) could be a sequencing error; only its C-terminus (471 amino acids) shared high
amino acid percent identity with D03 members. Based on amino acid percent identity, D03 members
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are sub-grouped into D03-I, D03-II, and D03-III. Unresolved members are not sub-grouped. See
Table S9 for species and gene id’s information. (B). Microsynteny relationship of D03 locus across
legumes. Microsyntenic genome segments are retrieved and centered using Phvul.003G097300 and
Araip.QU1CY in panel 1 and using Vang0304s00050 in panel 2. Orthologous/paralogous gene pairs are
indicated through use of a common color. Uncolored and distorted genes are singletons and orphans
respectively in this genomic region. Species and genomic positions are mentioned in the left side of
each segment. From top to bottom, CcLG—Cajanus cajan, CDC.Ca—Cicer arietinum, Gm—Glycine max,
NLL—Lupinus angustifolius, Mt—Medicago truncatula, Pv—Phaseolus vulgaris, Tp—Trifolium pratense,
Va—Vigna angularis, Vu—Vigna unguiculate, Arahy—Arachis hypogea, Lj—Lotus japonicus, Araip—Arachis
ipaensis and Vr—Vigna radiata.

D05 was a single-copy POL (Table S6). Its member (Medtr4g031800: UGT73K1) in M. truncatula
reported to glycosylate hederagenin, SB, and soyasapogenol E in vitro [54]. Recently, the member of
D05 (Glyma.16G033700) in G. max was reported to attach DDMP moieties at the C-22 hydroxyl position
of SB in vivo [32]. In another independent study, we have identified that the D05 members are DDMP
transferases and have homologs in diverse legume species including the early diverged ones [53].
These suggest that UGT73K1 could be a candidate gene for DDMP transferase in M. truncatula.
Noteworthy, Glyma.16G033700 has been wrongly named as UGT73B4 in Sundaramoorthy et al. [32].

D09 (Glyma.11G053400: UGT73P2) and D10 (Glyma.01g046300: UGT73P10) members of G. max
catalyze the addition of galactose and arabinose sugars respectively at the second position of the C-3
sugar chain of SB in vitro and/or in vivo [28,30]. The members of D01, D09, D10, and D15 from 14
legumes shared considerable amino acid identity and formed sister clades in phylogenetic analysis
with high bootstrap support (Figures 1 and 4). This implies that these four POLs may share a common
ancestor and that the members of D01 and D15 may have a potential for triterpene glycosylation like
that of D09/D10. Supporting this assumption, (i) a D01 member from M. truncatula (Medtr8g044140:
UGT73P1) had been proposed to be involved in triterpene glycosylation because of its elevated
co-expression with that of other triterpene biosynthetic genes upon methyl jasmonic acid treatment in
M. truncatula root cell suspension cultures [54], and (ii) D15 members were tandemly linked to D09 in
blue lupin and Arachis species (Figure 5). The presence/absence of D01, D09, D10, and D15 homologs
in 14 legumes (Table S9) denote D09 was evolutionarily old and conserved, D15 was evolutionarily
old but lost in many legumes and D01/D10 may have originated (via segmental duplication) after
the PWGD but before the split of hologalegina and millettoid species (i.e., <59–48 MYA). However,
assuming D01/D10/D15 were stemmed from D09, the divergence time analysis estimated that they
were duplicated from D09 at 38−100, 54−81, and 73−101 MYA, respectively.

G. max retained single copy each for D09, D10, and D15 (Table S6). M. truncatula retained one
copy for D09, three copies for D10, and none for D15. The D09 of M. truncatula (Medtr5g016660) shared
75.6% amino acid identity to UGT73P2 and co-expressed highly with soyasaponin biosynthesis genes
(Table S11) implying that Medtr5g016660 might have similar functions to that of UGT73P2. The three
D10 sequences in M. truncatula shared 74−75% amino acid identity and appear to be raised from tandem
(Medtr5g039900 and Medtr5g040030) and segmental duplication (Medtr6g035295) events occurred at
~15−18 MYA (Table S10). None of these genes were studied previously. However, based on the syntenic
relationship and amino acid identity, we assume Medtr5g039900 and Medtr5g040030 were the most
probable candidates to carry out the similar functions of UGT73P10. Both G. max and M. truncatula
retained two copies in D01 that may have segmentally duplicated from one another at ~58 and ~11 MYA
respectively (Table S10). Nonsense mutations in D01 (i.e., Glyma.10G280400 and Glyma.15G221300)
and D15 (Glyma.01G188800) members of G. max does not affect the soyasaponin composition [53]
implying that these genes might be not involved in soyasaponin biosynthesis. The in vivo activity
of UGT73P2 was never characterized before. We thus identified missense mutations causing various
amino acid changes in PSPG box or its proximal region of UGT73P2 but none of them affected the
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soyasaponin composition [22]. We reckon that the in vivo characterization of UGT73P2 is essential to
validate its function.

Figure 4. Phylogenetic relationship of putative ortholog loci (POL) D01, D09, and D10 homologs in 14
legumes. The full-length sequence of Vang07g02270.1 (901 amino acids length) could be a sequencing
error; its C-terminus (409 amino acids) and N-terminus (492 amino acids) both shared high amino
acid percent identity with D09 members. Bolded genes are non-synteny homologs with any of the 14
legumes. See Table S9 for species and gene ID’s information.
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Figure 5. Microsynteny relationship of putative ortholog loci (POL) D01, D09, D10, and D15 in
14 legumes. (A). Microsyntenic genome segments having D01 locus are retrieved and centered
using Phvul.007G020600 (first panel) and Medtr8g044140 (second panel). (B). Microsyntenic genome
segments having D09 and D15 loci are retrieved and centered using Phvul.002G016400. (C).
Microsyntenic genome segments having D10 locus are retrieved and centered using tripr.gene37002
(Tp57577_TGAC_v2_mRNA38240). A–C, Orthologous/paralogous gene pairs are indicated through
use of a common color. Uncolored and distorted genes are singletons and orphans respectively in
these genome regions. Species and genomic positions are mentioned in the left side of each segment.
Aradu—Arachis duranensis, Arahy—Arachis hypogea, Araip—Arachis ipaensis, CDC.Ca—Cicer arietinum,
CcLG—Cajanus cajan, Gm—Glycine max, Lj—Lotus japonicus, NLL—Lupinus angustifolius, Mt—Medicago
truncatula, Pv—Phaseolus vulgaris, Tp—Trifolium pratense, Va—Vigna angularis, Vr—Vigna radiata, and
Vu—Vigna unguiculate. See Table S9 for species and gene ID’s information.
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D18 of G. max included two members (Glyma.08G348500 and Glyma.08G348600). One of these
members (Glyma.08G348500) was co-expressed highly with UGT73F2 and characterized to attach
arabinose at the C-22-O position of SB-glycoside in vitro [23]. The resulting product was subsequently
utilized by UGT73F2 which attaches glucose as the second sugar to the C22-O-arabinose of SB in in vitro.
Intriguingly, the products generated neither by Glyma.08G348500 nor by Glyma.08G348500+UGT73F2
are never identified in vivo in G. max. In this context, we reckon that Glyma.08G348500 may not carry
out its in vitro function in in vivo and it may arabinosylate the C-22-O position of SA or SA-glycosides
in vivo in G. max. Glyma.08G348500 and Glyma.08G348600 were tandem duplicates sharing 63% amino
acid identity (Table S8) and may have originated from one another at ~49 MYA (Table S10). D18 had
one member each in P. vulgaris, Vigna species and in T. subterraneum but none in many other legumes
(e.g., M. truncatula, L. japonicus and chickpea) (Table S6) implying that D18 may have undergone
deletion process in those species.

D21 had homologs only in T. pratense and T. subterraneum. The relevance of D21 members in
triterpene glycosylation yet to be discovered.

E06 of M. truncatula retained two members (Medtr5g070040 and Medtr5g070090). One of these
members (Medtr5g070090: UGT71G1) was proposed to be specific to medicagenic acid based on
the integrated transcript and metabolite profiling in methyl jasmonic acid-treated M. truncatula root
cell suspension cultures [54]. Since E06 was an only POL from group E as triterpene related and
could glycosylate flavones and isoflavones with higher efficiency than triterpenes in in vitro [54],
the in vivo function of UGT71G1 or its homologs is necessitated to unarguably consider E06 as a
triterpene related POL. Medtr5g070040 and Medtr5g070090 were tandem duplicates sharing 77% amino
acid identity (diverged at ~14 MYA). In case of G. max, E06 retained three members resulted from
tandem duplication (Glyma.02G225800 and Glyma.02G226000) and segmental duplication/ GWGD
(Glyma.14G192800) events.

3. Discussion

Hundreds of putative UGT sequences have been uncovered from the whole-genome sequence of
several plant species including legumes (Table 1). All these studies have reported the species-specific
expansion of UGT members in each phylogenetic group based on the identified UGT gene numbers
within the phylogenetic groups among species. Albeit not without merits, these studies are never being
sufficient enough to completely uncover the expansion, gene gain/ loss, and intron addition/deletion
histories of UGTs. Identifying the putative ortholog groups across species and putative paralog groups
within species is a valid and promising approach to estimate the mode of gene family expansion
to determine gene functional differentiation to trace gene gain/loss events across species and to
transfer functional information of well-studied genes from one species to non-studied species [55–57].
Previously, 24 ortholog groups were proposed using the UGTs from primitive and higher plant species
and provided an overview like that of the phylogenetic group analysis [9]. However, assigning POLs
to trace back all the identified UGTs from diverse species into a common ancestor and establishing
their one-to-one, one-to-many, and many-to-many relationship across species are challenging and often
jeopardized by the presence of multiple non-similar duplication events among the species. As a primary
step, we thus herein assigned POLs for legume UGTs based on the tree-based (i.e., multi-species
phylogenetic relationship) and graph-based (i.e., amino acid identity percentage) strategies to unravel
the expansion pattern of UGT family and to decipher how triterpene UGTs evolved over the period
in legumes.

3.1. Expansionary and Evolutionary Dynamics of the UGT Gene Family in M. truncatula and G. max: Insights
from POL Assignments

Since legumes experienced different WGD events, it is mandatory to trace back each UGT genes
from different legume genomes to a common ancestor that would help to deepen our knowledge on
the evolutionary histories of UGTs in legumes. Hence, the 834 UGTs of all five legumes were traced
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back to 98 POLs. Since we were uncertain about the quality and completeness of genome assembly
in P. vulgaris, L. japonicus, and T. pratense, we utilized POL assignment to determine the evolution
and expansion patterns of UGT gene family in M. truncatula and G. max. Also, we wanted to clarify
how M. truncatula retained most number of UGTs (n = 243) than its close relative T. pratense, both of
which diverged around 23 MYA [58] and how G. max retained lesser UGTs (n = 208) than M. truncatula
despite the recent glycine-specific WGD event. POL assignments clearly showed that, despite the high
number of UGTs, M. truncatula lost 21 POLs during its course of evolution whereas G. max lost only 12.
This suggests the higher/ lower number of UGTs in one species not necessarily correspond to that
of the increased/decreased POLs. A simple comparison of POL numbers in other three legumes (P.
vulgaris, L. japonicus and T. pratense) suggests that losing UGT POLs may be insubstantial but most
legumes (if not all) would experience POL loss events either in species- or lineage-specific manner.

To pinpoint the expansion and mode of expansion, we subcategorized UGT POLs based on the
gene copy number into single-, double-, and multi-copy POLs. M. truncatula and G. max retained
respectively 33 and 40 single-copy POLs, 14 and 21 double-copy POLs, and 29 and 25 multi-copy POLS.
Close observation of POLs revealed four key factors: (i) groups D and E contained the most number of
UGTs in both species like other plant species (Table 1); but they still retained 5–10 single-copy POLs in
those groups, (ii) expansion of group G was M. truncatula-specific but POL assignment showed that
only G02 underwent rampant expansion while G01 and G04 carried each single UGT, (iii) expansion of
group I was specific to G. max/P. vulgaris lineage but only I02 and I03 POLs expanded more whereas I01
and I04 POLs carried each single UGT, and (iv) eight single-copy POLs in G. max were expanded more
in M. truncatula with 44 UGTs (~five-fold increase) while only two single copy POLs in M. truncatula
were contained 3–4 UGTs in G. max. These results emphasize the fact that the increase in UGT number
in M. truncatula was mostly achieved by POL-specific expansion and such POLs may be regarded as
duplication susceptible. Despite the expansion, some POLs are tended to be duplication resistance
(i.e., the single-copy POLs) in both species and such POLs may carry out important functions in plant
growth, development, and protection. Nevertheless, current study predicts 86.4% [210 (149 tandem
and 61 segmental) were duplicates in 243] of MtUGTs and 81.7% [170 (107 tandem and 63 segmental)
were duplicates in 208] of GmUGTs were duplicates (Table S8). These sequences showed different
degree of sequence conservation suggesting that they may have undergone rapid Ka and Ks nucleotide
substitutions after the duplication event and retained for sub-or neo-functionalization.

More than 60% of UGTs in M. truncatula and 50% of UGTs in G. max were identified as tandem
duplicates and formed cluster on different chromosomes suggesting that unequal crossover accelerated
and contributed more in the expansion of UGT gene family in those species. Notably, the POLs G02
and D06 could respectively formed a cluster with 20 and 13 UGTs tandemly on chromosomes 6 and 8
in M. truncatula. Whereas, in G. max, the largest tandem cluster was formed with only six members
(E10 and E13). Many tandem duplicates of GmUGTs found in synteny blocks of two corresponding
chromosomes (e.g., A01, D03, and I02) suggesting that the segmental duplication or GWGD event also
provided considerable contribution in the expansion of UGT gene family in G. max.

Intron addition/deletion events are a part of gene evolution. Previous studies (e.g., Li et al. [43])
mostly examined the intron addition/deletion histories of UGTs based on the mapping of introns
positions. These studies provide information about the conserved intron position and approximate
intron addition/deletion events. However, this information does not clarify intron deletion in no-intron
UGTs or intron addition in one-intron UGTs. In this context, in this study, the UGT POLs were
subcategorized into three types namely no-intron, one-intron, and multi-intron POLs (Table S7).
This analysis showed that ~12% of no-intron UGTs in M. truncatula and G. max underwent intron
addition and became one-intron UGTs during evolution. Although we could not detect any intron
deletion events, POL assignments defined six phylogenetic groups (G, H, I, J, N, and P) as one-intron
UGTs and two groups (O and R) as no-intron UGTs in legumes. Further results from diverse
plant species are necessitated to determine whether this phenomenon is universal among higher
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plants. Nevertheless, this information will undoubtedly assist future studies to trace the intron
addition/deletion history of UGTs in diverse species.

3.2. Evolutionary Insights into the Sugar Chain Biosynthesis of Soyasaponins

The contribution of gene duplication followed by neofunctionalization (i.e., positive selection)
is evident in the diversification of several groups of specialized metabolites [59] including
triterpenoids [60]. However, no solid examples are currently available to emphasize the importance
of gene duplication and neofunctionalization in the UGTs-oriented diversification of triterpenoids.
Hence, in this study, we tried to establish the history and consequence of duplication on soyasaponin
UGTs in triterpene glycosylation (Figure 6).

Figure 6. Duplication history and evolutionary fates of soyasaponin-related UGT loci. From top to
bottom, structures of soyasapogenols A and B, major C-3 sugar chains, C-22 sugar chains and DDMP
sugars are shown. Soyasaponin-related UGTs with their duplication history are shown on the right
side of sugar chains. Divergence period of each duplication events is inferred based on the presence of
corresponding homologs in other legumes (see Discussion Sections 3.2.1 and 3.2.2). Shaded genes are
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not involved in soyasaponin biosynthesis in vivo [53]. UGTs are connected to responsible sugars by
modified arrows: the enzymatic activity of dashed arrow UGTs is proved by in vivo experiments while
the activity of round-dot arrow UGT is proved only by in vitro experiments. Glyma.16G033700 may
correspond a single-copy POL (D05) and its closest neighbor is the multi-copy POL D03. No UGTs
have been characterized for the C-3-O-glycosylation of SA/SB and C-22-O-glycosylation of SA to-date.

To reconstruct the evolutionary history of soyasaponin UGTs, it is mandatory to consider not
only the gene duplication events but also the prevalence of soyasaponins in G. max and other
legumes. Soyasaponins comprising bidesmosidic SA-glycosides (also known as group A saponins)
and monodesmosidic SB-glycosides (also known as DDMP saponins) are predominantly accumulated
in the seeds of G. max. Although many soyasaponin components identified in G. max, majority of them
accumulated much lesser quantity in vivo and only the Aa/Ab and βg components correspond the
maximum proportion of total group A and DDMP saponins respectively [22]. DDMP saponins and its
derivatives group B or group E saponins are widespread among legumes while group A saponins are
restricted to the subgenus Soja that includes the G. max and its wild relative Glycine soja (Gs).

3.2.1. Evolution of the C-3 Sugar Chain of Soyasaponins

Six genuine C-3 sugar chains (four are tri-saccharide and two are di-saccharide) comprising of five
sugars (glucuronic acid as first; galactose or arabinose as second; and rhamnose or glucose as third) are
identified from soyasaponins (Figure 6). DDMP saponins having galactose (catalyzed by UGT73P2) as
second sugar in the C-3 sugar chain (i.e., either of αg¸ βg and γg) are identified in many papilionoid
legumes including the early diverged ones [e.g., cladrastis (Styphnolobium japonicum), genistoid (e.g.,
blue lupin) and dalbergioid (peanut) species] while those having arabinose (catalyzed by UGT73P10)
at the same position (i.e., either of αa¸ βa, and γa) are exclusively reported in millettoid species (e.g.,
Phaseoleae and Desmodium species) except for Amorpha fruticosa (a dalbergioid species) [61]. Also, the
homologs of UGT73P2 (POL D09) were identified in syntenic blocks across legumes whereas UGT73P10
homologs (POL D10) were identified in hologalegina and millettoid species (Figure 5; Table S9).
These suggest that galactose being present at second position in the C-3 sugar chain catalyzed by
UGT73P2 is evolutionarily old and conserved. Since the specificity of UGT73P10 towards soyasaponins
was relatively lesser than UGT73P2 (because all major soyasaponin components (i.e., Aa/Ab and βg)
had only galactose as second sugar) and the loss of UGT73P10 homologs was prevalent in many
species (Table S9), we suspect UGT73P10 must have stemmed out from UGT73P2 and underwent
gene deletion in many species but retained for neofunctionalization in some species especially in the
millettoid lineage. Divergence time analysis estimates that the segmental duplication of UGT73P2 may
have occurred at ~54–81 MYA (i.e., before the PWGD) (Table S10). This coincides with the presence of
βa in A. fruticose [61]. However, the identification of either of αa¸ βa, and γa, and the true homologs of
UGT73P10 in several early diverged legume species will clarify whether the duplication event occurred
before the papilionoid speciation. Until then, based on the presence or absence of UGT73P10 homologs
in 14 legumes, we tentatively assume UGT73P10 may have duplicated from UGT73P2 at >48 MYA (i.e.,
before the hologalegina-millettoid split) (Figure 6).

Like the galactose of C-3 sugar chain, the widespread occurrence of βg indicates rhamnose
(catalyzed by UGT91H4) being present at the third position was evolutionarily old and conserved,
whereas the restricted occurrence of αg and αa in legumes [61] indicates that glucose (catalyzed by
UGT91H9) at the same position was evolutionarily recent. Notably, the homologs of UGT91H4 (POL
A02–clade I) were identified in syntenic blocks across legumes whereas UGT91H9 homologs (POL
A02–clade II) were identified only in millettoid species (Figure 2B; Table S9). These UGTs showed
a segmental or tandem duplication relationship in the millettoid species and the duplication event
may have occurred ~44–47 MYA (i.e., after the hologalegina–millettoid split). To support this notion,
soyasaponins having glucose at the third position were never identified in legumes other than the
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millettoid species [61]. Though group A and DDMP saponins have glucose as third sugar in their
C-3 sugar chain, only group A saponins (i.e., Aa and Ab) accumulated in high concentration in vivo
while none of the DDMP saponins with glucose at the same position accumulated predominantly.
Considering these facts, we assume UGT91H9 must have stemmed out from UGT91H4 and followed
neofunctionalization with high specificity towards group A saponins (Figure 6).

3.2.2. Evolution of the C-22 Sugar Chain of Soyasaponins

In addition to the C-21 hydroxyl position, group A and DDMP saponins are mainly differenced
at the C-22-O position of their aglycones where the former has arabinose while the latter has DDMP
(Figure 6). Distribution of soyasaponins among legumes [61] suggests DDMP moiety at the C-22-O
position of soyasapogenols (catalyzed by UGT73K’s [32,53]; POL D05) is evolutionarily old and
conserved. The members of D05 shared considerable amino acid identity to D03 members and
clustered neighborly (Figure 1) suggesting that both were evolutionarily and phylogenetically related.
POL D03 of G. max retained a set of tandem duplicated genes in two different chromosomes (i.e., Ch07
and Ch17). One of the genes from the sets was characterized for the addition of second (xylose/glucose
catalyzed by UGT73F4/UGT73F6; from Ch07) sugar of the C-22 sugar chain of group A saponins
(Figure 6). We believe the identification of a gene responsible for the C-22-O-arabinosylation will shed
more lights on the biosynthetic origin of group A saponins. Of note, though SA identified in other
than glycine species (e.g., M. truncatula [62] and lupine [63]), group A saponins were only identified in
glycine species. Notably, lupine accumulates SA with general C-3 sugar chain (i.e., Rha-Gal-GlcUA-)
but had only one sugar at the C-22-O position and that too xylose not arabinose [63]. These suggest the
gene of C-22-O-arabinosylation may have evolved by species-specific functional divergence.

3.3. Triterpene Related UGT POLs and Their Functional Divergence

UGTs modulate the functionalities of different triterpene aglycones by glycosylating them at
various active sites depending on the genetic background of given genera/species. Intriguingly, the
discovery of UGTs for specific triterpenes in legumes is scarce. For example, the legume model
plant M. truncatula accumulates at least ten different triterpene aglycones including medicagenic acid,
hederagenin, and soyasapogenols, attached with various hexose sugars at various active sites [62]; yet,
only three UGTs have been characterized for triterpenes (Table S1). To accelerate/ease the search of
UGTs of beneficial triterpenoids in legumes, we herein utilized our POL assignments to estimate the
candidate UGTs for legumes triterpenes.

To narrow down triterpene-related UGTs in legumes, we first collected all the studied UGTs of
M. truncatula, G. max, L. japonicus, P. vulgaris, and T. pratense from published literature and mapped
the information in the POL tree. UGTs of 15 in M. truncatula, 34 in G. max, 7 in L. japonicus and 1 in
P. vulgaris have been studied so far; of these, 3 MtUGTs, 8 GmUGTs and 1 LjUGT are characterized
for triterpene glycosylation (Tables S1–S5). These 12 UGTs were evolutionarily related to 11 POLs
(Figure 1). Earlier studies show that a part of group A, D and E members of legume UGTs are
capable to glycosylate triterpenes (Figure 1). Since none of group E members of legumes characterized
for triterpene glycosylation in vivo and UGT71G1 (only this member was attributed as triterpene
related and belonged to POL E06) glycosylated flavones and isoflavones with higher efficiency than
triterpenes in in vitro [54], we believe that group E members shall not be specific for triterpenes.
We also underline that researchers shall not conclude the functions of a given UGT solely based on
the in vitro experiments, without its or its homologs in vivo functional analysis. This notion could
be supported by several examples. To describe few, (i) UGT73K1 glucosylated hederagenin, SB and
soyasapogenol E in vitro [54] but its homologs attached DDMP moieties to SB in vivo [32,48), and (ii)
UGT73F2 glycosylated isoflavones in vitro [64] but it was later reported to be specific for soyasaponins
using in vivo and in vitro experiments [29].

Based on the phylogenetic clustering of characterized UGTs, we propose here that at least
four POLs from group A (A02, A03, A09, and A10) and 13 POLs from group D (D01, D03,
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D05–D10, D15, D16, D18, D19, and D21) could glycosylate diverse triterpene scaffolds in different
legume species. During our study to discover soyasaponin UGTs in G. max, we found that
the members of A03 (Glyma.15G051400), D01 (Glyma.10G280400 and Glyma.15G221300), D03
(Glyma.07G254700–Glyma.07G254900 and Glyma.17G019400–Glyma.17G019600), D08 (Glyma.02G104600),
and D15 (Glyma.01G188800) are not involved in soyasaponin biosynthesis in vivo and one of them
glycosylated either of soyasaponin aglycones or glycosides in vitro [53]. In this context, we presume
that the homologs of these genes in other species may glycosylate diverse triterpenes in vitro and/or
in vivo. Supporting this notion, a homolog of D08 in Glycyrrhiza uralensis (GuUGAT; GenBank ID:
ANJ03631.1–79.3% amino acid identity to Glyma.02G104600) [65] glycosylated C-3-O position of
glycyrrhetinic acid in vitro and a homolog of D03 namely UGT73F17 (GenBank ID: AXS75258.1–69.4%
amino acid identity to Glyma.17G019500) from G. uralensis glycosylated C-30 of glycyrrhizic acid [66].
Though the in vivo functions of GuUGAT and UGT73F17 remain to be studied, these data imply D03
and D08 members may underwent species-specific functional divergence.

4. Materials and Methods

4.1. Identification of Putative UGTs in Five Legumes

Proteins containing the PF00201 (UDP-glucuronosyl/glucosyltransferase) domain were retrieved
for M. truncatula, G. max, P. vulgaris, L. japonicus, and T. pratense from the LIS database (http://
legumeinfo.org/) [51]. Concurrently, a stand-alone blast-p search was performed with the PSPG
sequence of known UGTs (UGT73F3 for M. truncatula, L. japonicus, T. pratense and UGT73F2 for G. max
and P. vulgaris) against the available respective proteome data in Phytozome v12.1 database (https:
//phytozome.jgi.doe.gov/pz/portal.html#) [50] and Miyakogusa database (http://www.kazusa.or.jp/lotus;
for L. japonicus) [67]. These databases were searched with default settings except the function ‘# the
number of alignments to show’ in Phytozome that was set at 300. All the retrieved primary sequences
(i.e., spliced transcripts ignored) were manually checked; and, proteins that had incomplete PSPG
compare to their orthologs/paralogs and proteins whose first amino acid is not methionine were
excluded from the study. Additionally, short-length proteins (i.e., proteins having less than 350 amino
acids), and too lengthy proteins (i.e., proteins having more than 600 amino acids) were excluded.
If UGTs of same species share 100% amino acid identity at full-length protein level, one of UGTs from
the given identical pair was excluded further. Criteria of each excluded sequence from this study were
described in Tables S1–S5.

4.2. Phylogenetic Analysis

To determine the evolutionary relationship and the presence/absence of UGT’s phylogenetic
groups, the selected amino acid sequences of five legume species were aligned together or separately
with 14 AtUGTs (groups A-N), three ZmUGTs (groups O-Q), and one CsUGT (group R) by MUSCLE and
used to construct neighbor-joining (NJ)-oriented unrooted phylogenetic trees. All multiple sequence
alignments and phylogenetic trees generation were performed by MEGA6 program [68]. Trees were
constructed under Poisson model, uniform rates and pairwise deletion options with 1000 bootstrap
replicates which values were expressed as percentages in each node.

4.3. Assignment of POL for Legume UGTs

To assign UGTs POL, multi-species phylogenetic trees were constructed separately for each
phylogenetic group in MEGA6 (Figures S1–S11). Trees were generated as mentioned in the previous
section. A POL was assigned based on phylogenetic clustering and the amino acid percent identity of
full-length proteins, by applying two conditions that sequence conservation shall be relatively high
among UGTs in the given POL across species and the UGTs must cluster together in the phylogenetic
analyses. Sequence identities were inferred from Clustal Omega (http://www.ebi.ac.uk/Tools/msa/
clustalo/) [69]. POLs were named within each group in chronological order according to MtUGTs
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present in the given POL. If no MtUGTs are present in the given POL, the next species UGTs positions
were utilized for the POL naming.

4.4. Estimation of Intron Addition or Deletion Events

To estimate intron addition or deletion events, first, intron information of all the identified UGTs
was mapped in the POL assignments data (Table S7). Second, POLs were classified into three types
namely (i) no-intron POLs, (ii) one-intron POLs, and (iii) mixed-intron POLs, based on the intron
numbers present in the given POL across species. If most (if not all) members from three or more
species in the given POL sustain no or one intron, that given POL was defined as no-intron POL or
one-intron POL, respectively. Mixed-intron POLs sustain members with or without introns, which
could not let us to make any concrete decision. Third, intron addition or deletion events were examined
for no-intron and one-intron POLs: if the members do not follow the designation of a given POL, they
were considered as intron-gained or intron-lost members. Additionally, if any members from any
intron POL types had more than one intron, they were considered as intron gained members.

4.5. Chromosomal Mapping, Gene Duplication, and Divergence Time Analyses

The physical locations of UGTs were plotted on chromosomes by Map Chart 2.2 software [70]
using the chromosomal coordinates of MtUGTs and GmUGTs that were respectively inferred from
their most recent genome versions. UGT members in each POL within species could be considered
as paralogs and across species could be considered as orthologs. The term homologs represent both
paralogs and orthologs within and across species. Duplicated copies separated by four or fewer other
gens were attributed as tandem duplicates while other copies were attributed as segmental duplicates.

The amino acid sequences of each duplicated pair or each duplicated group were aligned separately
by MUSCLE in MEGAX [71] using neighbor-joining method, with the first and/or final 10 amino
acids in each alignment were checked manually and modified if necessary. These alignments were
then used to guide the alignment of corresponding coding sequences in RevTrans 2.0b server [72].
The resulting coding sequence alignments were utilized for the calculation of synonymous (dS) and
nonsynonymous (dN) nucleotide substitution rates per site using yn00 tool implemented in PAML
package [73]. The obtained dS values of Nei-Gojobori method were used in the formula T = dS/ (2 × λ)
× 10−6 to estimate the divergence time (T) of duplicated pairs. Assuming the PWGD occurred at ~58
MYA, the λ (rate of dS nucleotide substitutions per site per year) was 1.08 × 10−8, 5.85 × 10−9, 8.46 ×
10−9, 6.05 × 10−9 and 8.12 × 10−9 for M. truncatula [74], G. max [75], P. vulgaris [75], C. arietinum [76] and
A. duranensis/A. ipaensis [77] species, respectively.

4.6. Microsynteny Analyses

Microsynteny relationship of triterpenoid-related UGTs among legumes was inferred from the
online tool Genome Context Viewer (https://legumeinfo.org/lis_context_viewer/instructions) [78].
Gene IDs of G. max, M. truncatula or P. vulgaris belonged to triterpenoid-related POLs were subjected
and the tool was run with default settings. The resulting output files were aligned using MS office.

5. Conclusions

Based on the multi-species phylogenetic relationship and amino acid identity percentage, POLs
were successfully assigned to each UGTs identified in this study. The loss/retention of POLs,
addition/deletion of introns and the multiplication of UGTs in a given POL were merely species-specific
followed by lineage-specific. Notably, a rampant duplication in four POLs accounted for 30% of total
UGTs in M. truncatula while that never happened for other legumes. In M. truncatula and G. max, 43–47%
of POLs retained single copies and the remaining of them retained two or multiple copies accounting
80–85% of the total number of UGTs. Tandem duplication majorly contributed to the expansion of
UGT family in M. truncatula (61.3%) and G. max (51.4%). Besides the expansion, both species lost many
UGTs and different POLs in species-specific manner during their course of evolution. UGTs reported
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to diversify the C-3 sugar chain of soyasaponins were all resulted from two independent duplication
events while the UGTs reported for the C-22-O glycosylation of soyasaponins were evolutionarily close.
The members from 13 group D and 4 group A POLs could be triterpene related. In sum, our study
paved a way to decipher evolutionary dynamics of UGTs, emphasized the contribution of duplication
and neofunctionalization of UGTs in triterpene glycoside diversification and will assist in precise
selection of candidate UGTs for various specialized metabolites across legumes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/5/1855/
s1.
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Abstract: Seed size and shape are important traits determining yield and quality in soybean. However,
the genetic mechanism and genes underlying these traits remain largely unexplored. In this regard,
this study used two related recombinant inbred line (RIL) populations (ZY and K3N) evaluated in
multiple environments to identify main and epistatic-effect quantitative trait loci (QTLs) for six seed
size and shape traits in soybean. A total of 88 and 48 QTLs were detected through composite interval
mapping (CIM) and mixed-model-based composite interval mapping (MCIM), respectively, and 15
QTLs were common among both methods; two of them were major (R2 > 10%) and novel QTLs
(viz., qSW-1-1ZN and qSLT-20-1K3N). Additionally, 51 and 27 QTLs were identified for the first time
through CIM and MCIM methods, respectively. Colocalization of QTLs occurred in four major QTL
hotspots/clusters, viz., “QTL Hotspot A”, “QTL Hotspot B”, “QTL Hotspot C”, and “QTL Hotspot D”
located on Chr06, Chr10, Chr13, and Chr20, respectively. Based on gene annotation, gene ontology
(GO) enrichment, and RNA-Seq analysis, 23 genes within four “QTL Hotspots” were predicted as
possible candidates, regulating soybean seed size and shape. Network analyses demonstrated that 15
QTLs showed significant additive x environment (AE) effects, and 16 pairs of QTLs showing epistatic
effects were also detected. However, except three epistatic QTLs, viz., qSL-13-3ZY, qSL-13-4ZY, and
qSW-13-4ZY, all the remaining QTLs depicted no main effects. Hence, the present study is a detailed
and comprehensive investigation uncovering the genetic basis of seed size and shape in soybeans. The
use of a high-density map identified new genomic regions providing valuable information and could
be the primary target for further fine mapping, candidate gene identification, and marker-assisted
breeding (MAB).

Keywords: Soybean; seed shape; seed size; QTL mapping; high-density genetic map; QTL hotspot;
epistatic interactions; candidate genes

1. Introduction

Soybean (Glycine max L.) is one of the most economically important crops, being a rich source of
both edible oil and protein, and can fix atmospheric nitrogen through a symbiotic association with
microorganisms in the soil, and are used as a model plant for legume research [1]. However, over
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the past five decades, a continuous decline in soybean production in China has been recorded [2].
Besides, annually, China imports more than 80% of soybeans and its products to meet its domestic
demands; hence, there is an immediate need to increase the domestic production of soybean to make
the country self-sufficient [2]. Yield-related traits are the key target of plant breeders to improve
soybean yield/production. In this regard, traits related to seed size and shape are the crucial parameters
determining seed-weight and yield in soybean [3,4]. In soybean, seed size traits such as length (SL);
width (SW) and thickness (ST); and seed shape traits, viz., length-to-width (SLW), length-to-thickness
(SLT), and width-to-thickness (SWT) ratios determine seed appearance, quality, and yield in soybeans [5].
Seed size is also a vital fitness trait in flowering plants and plays a crucial role in adaptation to a
particular environment [6]. However, seed size and shape are complex quantitative traits governed
by polygenes and highly influenced by the environment (E) and genotype × environment (G × E)
interactions [7,8]. Specific soy-based food products made from soybean are also determined mainly by
seed size and shape [9,10]. For example, for the production of fermented soybeans (natto) and sprouts,
small-seeded cultivars are suitable, while for soymilk, green soybeans (edamame), boiled soybeans
(nimame), and soybean curd (tofu), large-seeded varieties are used [11–13]. Additionally, these
traits influence the germination ability and seedling vigor, and that, in turn, plays an essential role
in determining the competitive strength of the seedlings for light, nutrient resources, and stress
tolerance [14–16].

Quantitative trait loci (QTL) analysis has proved as a powerful technique to elucidate complex
trait architecture. Over the past two decades, recent advances in marker technology and statistical
methods have allowed the identification of many QTLs related to seed size and shape traits. The USDA
Soybean Genome Database (SoyBase, http://www.soybase.org) presently document more than 400
QTLs for seed size and shape, and the majority of them are not confirmed (http://www.soybase.org).
The previous studies used mostly low-resolution and low-density molecular markers such as simple
sequence repeats (SSRs) that often result in larger confidence intervals and make the use of these
QTLs less effective in crop improvement [3,5,17,18]. For example, Mian et al. [19] reported 16 QTLs
for seed size and shape on 12 different chromosomes of soybean. Hoeck et al. [20] identified 27 QTLs
associated with seed size distributed on 16 soybean chromosomes, and Li et al. [21] detected three
QTLs for SL on Chr07, Chr13, and Chr16. Lü et al. [18] identified 19 main-effect QTLs (M-QTLs) and
three epistatic-effect QTLs (E-QTLs) for SL on eight chromosomes. Xie et al. [22] finely mapped QTLs
for soybean seed size traits on Chr06 in the recombinant inbred line (RIL) population derived from a
cross between Lishuizhongzihuang and Nannong493-1. Likewise, Che et al. [17] identified 16 QTLs for
seed shape, distributed on seven linkage groups in soybeans by using the RIL population. Hu et al. [7]
mapped 10 QTLs for seed shape on six chromosomes in soybeans. However, only a few yield-related
stable QTLs have been identified in different genetic backgrounds and environments [23]. Hence, it
is vital to identify and validate QTLs in multiple backgrounds and environments for their potential
use in marker-assisted breeding (MAB). Lastly, the earlier studies mostly focused on the identification
of main-effect QTLs for seed size/shape in soybean; however, minimal efforts have been made to
understand complex genetic interaction effects, such as epistasis and environment effects [24–26].

The inheritance of quantitative traits varies from simple to complex; however, the phenotypic
variation of most quantitative traits is complex, governed by many factors [27]. In addition to
main-effect QTLs, phenotypic variation (PV) of complex traits is also governed by QTL by QTL
(epistatic) and QTL by environment (QTL × E) interactions, which contribute significantly to complex
trait variations [28]. By considering these QTL interactions in the QTL mapping model of complex traits
will lead to increased precision of QTL mapping [29]. Therefore, these factors cannot be considered
only as the main obstacles to dissect the genetic architecture of complex traits, but they also affect the
accuracy of breeding value estimation, and thus, hinder the efficiency of breeding programs. Hence, it
is imperative to consider these factors while dissecting the genetic basis of complex traits and their
uses in improving plant performance. In recent years, epistatic and QTL × E interaction effects are
under consideration in several crop species, including soybeans, for QTL mapping [30]. Therefore,
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extensive efforts are required to study such QTL interaction effects for their effective exploitation in
soybean breeding.

Development of high-density genetic maps, and their use in the detection of QTLs/genes, have
allowed a detailed and broader understanding of the genetic basis underlying complex quantitative
traits. Furthermore, the analysis of genes has partitioned the related traits into individual Mendelian
factors [31]. Nevertheless, limited reports are targeting the mapping of QTLs related to seed size and
shape based on the high-density map in different genetic backgrounds. Besides, to mine candidate
genes for seed size and shape in soybeans, negligible efforts were made. By keeping the above in
view, the present study has used a high-density linkage map of two RIL populations, viz., ZY and
K3N, evaluated in multiple environments to identify main and epistatic-effect QTLs, as well as their
interactions with the environment, to mine candidate genes for seed size and shape in soybeans. These
results will be helpful in MAB for developing soybean varieties with improved yield and quality,
as well as to clone underlying genes for seed size and shape in soybean.

2. Results

2.1. Evaluation of Phenotypic Variation for RIL Populations

Mean, range (minimum and maximum value), standard deviation, skewness, kurtosis, heritability
(h2), and coefficient of variation (CV%) associated with six soybean seed shape and size traits of two
RIL populations (ZY and K3N), along with their parents, evaluated across three different environments,
viz., 2012FY, 2012JP, and 2017JP, are presented in Table S1.

The difference in average phenotypic values between the contrasting parents of both RIL
populations for all six traits was evident and consistent across all three individual environments (Table
S1). The trait value of several RILs exceeded their parents for all studied traits in both directions,
suggesting transgressive segregation in both RIL populations (Figure 1). All six traits related to
seed size and shape showed different levels of distribution in both RIL populations (ZY and K3N),
with mostly skewness and kurtosis <1, and the majority have CV >3%, which is typical for quantitative
traits, indicating the suitability of these populations for QTL mapping (Figure 1 and Table S1a,b).

Combined ANOVA results revealed that variations among the RILs of both populations were
highly significant (p < 0.0001 or p < 0.05) for all six traits (Table S2a,b). The environmental differences
and G × E interaction effects were also highly significant for all the studied traits, except SLW, SLT,
and SWT in the case of the K3N population (Table S2a,b). Heritability in a broad sense (h2) for both
RIL populations in individual, as well as combined, environments was above 60%, indicating high
heritability for all studied traits (Table S2a,b). The correlation coefficient (r2) among the six traits
related to seed size and shape for both RIL populations are presented in Table S3. Correlation analysis
has shown a significant positive correlation between any two seed shape size traits, and a significant
negative correlation exists between seed shape and seed size traits (Table S3).
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Figure 1. Frequency distribution of seed length (SL), seed width (SW), seed thickness (ST),
seed length-to-width (SLW), seed length-to-thickness (SLT), and seed width-to-thickness (SWT) in ZY
and K3N recombinant inbred line (RIL) populations across three different environments (2012FY, 2012JP,
and 2017JP). Trend lines show the moving average. Arrows represent mean value of corresponding
parent. Horizontal and vertical axis represent trait value and number of genotypes, respectively.
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2.2. QTL Mapping of Seed Size by CIM

The high-density genetic maps of ZY and K3N populations were used to perform a linkage analysis
for the identification of QTLs associated with SL, SW, and ST in soybeans. In total, we identified
50 main-effect QTLs associated with three seed size traits, viz., SL, SW, and ST, explaining the
phenotypic variation (PV/R2) of 4.46–22.64%, mapped on 18 soybean chromosomes in both ZY and
K3N populations across three environments, viz., 2012FY, 2012JP, and 2017JP (Table 1 and Figure 2).
For seed length (SL), 14 main-effect QTLs were detected on ten different chromosomes (Table 1).
Among them, qSL-9-1ZY, K3N was stable and had significant QTL with an average R2 = 10.01% and
are consistently found in two individual environments (2012FY and 2017JP), as well as in both RIL
populations (ZY and K3N) (Table 1). Additionally, qSL-13-1ZY, expressing a PV of 8.26%, was detected
in two different environments (2017JP and 2012JP) in the ZY population (Table 1). Moreover, one
minor stable QTL, qSL-4-1ZY, expressing an average PV of 6%, was consistently identified in all three
studied environments, viz., 2012FY, 2012JP, and 2017JP (Table 1). Four major QTLs, viz., qSL-11-1K3N,
qSL-17-1K3N, qSL-18-1K3N, and qSL-20-1K3N, with R2 > 10%, were environmental-sensitive and identified
in only one environment in the K3N population (Table 1). The remaining seven minor QTLs (R2 < 10%),
viz., qSL-6-1ZY, qSL-6-2ZY, qSL-6-3ZY, qSL-9-2ZY, qSL-13-2ZY, qSL-14-1ZY, and qSL-15-1ZY, were also
identified in a single environment in the ZY population (Table 1).
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Figure 2. Cont.
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Figure 2. Location of quantitative trait loci (QTLs) on the genetic linkage map of the ZY and K3N RIL
populations. Distances among markers are indicated using the physical location to the right of the
linkage groups; names of markers are shown on the left. Only those SNP/SLAF markers are shown that
were in and around the QTL regions. The red circles indicate the four QTL hotspots/clusters. Colored
bars represent different QTLs.

In both ZY and K3N populations, a total of 14 main-effect QTLs associated with SW were identified,
distributed on ten different chromosomes/LG (Table 1). Among them, qSW-13-1ZY was detected in two
individual environments, viz., 2012JP and 2017JP, in ZY population and expressed an average of 7.45%
of PV (Table 1). However, nine major QTLs, viz., qSW-2-1K3N, qSW-5-1K3N, qSW-6-1ZY, qSW-6-2ZY,
qSW-8-1K3N, qSW-9-1K3N, qSW-10-1K3N, qSW-17-1ZY, and qSW-17-2ZY, with R2 > 10%, were identified
only in one environment and expressed PV that varies from 10.33–17.32% in both RIL populations
(Table 1). Four minor QTLs, viz., qSW-1-1ZY, qSW-4-1ZY, qSW-9-2ZY, and qSW-13-2ZY, were also
detected as environment-sensitive and expressing a PV of 5.19–8.63% (Table 1).

For ST, we identified 22 main-effect QTLs in both RIL populations across three environments,
distributed on 13 LG (Table 1). One stable major (qST-6-2ZY) and minor (qST-13-3ZY) QTLs were
consistently detected in two individual environments in the ZY population with an average R2

of 11.32% and 6.36%, respectively (Table 1). Moreover, ten major QTLs: qST-2-1K3N, qST-3-1K3N,
qST-5-1K3N, qST-6-3K3N, qST-8-1K3N, qST-12-1K3N, qST-12-3K3N, qST-13-2ZY, qST-16-1K3N, and qST-18-1K3N
were identified in only one individual environment in the K3N population, with PV ranging from
10.00–16.67% (Table 1). Besides, ten minor QTLs, viz., qST-1-1ZY, qST-1-2ZY, qST-4-1ZY, qST-6-1ZY,
qST-11-1ZY, qST-12-2K3N, qST-13-1ZY, qST-17-1ZY, qST-17-2ZY, and qST-18-2ZY, expressing PV in the
range of 4.46–9.68%, were environment-sensitive (Table 1).

Among 50 QTLs identified for all three seed size traits, 31 QTLs were novel identified for the
first time, and the remaining 19 QTLs are reported earlier in the same physical genomic interval
(Table 1). Moreover, 25 out of 50 QTLs were major, with R2 > 10%, and the remaining 25 were
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minor QTLs, with R2 < 10%. However, we detected several major QTLs in the K3N population (18),
compared to the ZY. Notably, the most prominent QTL with the highest logarithm of odds (LOD)
score (10.76) in a 23.31cM region was located on Chr06, named qSW-6-2ZY, expressing 14.45% of
PV (Table 1). The majority of QTLs showed a positive additive effect with favorable alleles from
parent Zhengxiaodou, except ten QTLs (qSL-9-2ZY, qSL-14-1ZY, qSL-18-1K3N, qSL-20-1K3N, qSW-2-1K3N,
qSW-8-1K3N, qSW-10-1K3N, qST-2-1K3N, qST-6-3K3N, and qST-8-1K3N) that displayed negative additive
effects with beneficial alleles from Nannong1138-2 (Table 1).

2.3. QTL Mapping of Seed Shape by CIM

In total, we identified 38 QTLs associated with three seed shape traits, viz., SLW, SLT, and SWT on 15
different chromosomes in both RIL populations (ZY and K3N) across all three individual environments
(Table 2 and Figure 2). A single QTL expressed a PV that varies from 3.44% (qSLT-16-1K3N) to 26.84%
(qSLW-20-1K3N) (Table 2). For SLW, we identified 11 QTLs located on nine different chromosomes
(Table 2). A major and stable QTL, qSLW-6-1ZY, was detected consistently on Chr06 in all three
individual environments (2012FY, 2012JP, and 2017JP) in the ZY population and expressed a PV
of 16.03% (Table 2). Besides, another major stable QTL, qSLW-20-1K3N, was identified on Chr20 in
two individual environments (2012 JP and 2017JP), expressing an average PV of 19.24% in the K3N
population (Table 2). The qSLW-19-1K3N,ZY was identified in both RIL populations, as well as two
individual environments (2012FY and 2017JP), with an average PV of 9.17% (Table 2). The remaining
eight QTLs were environment-sensitive (identified in only one individual environment); out of them,
three QTLs, viz., qSLW-7-1K3N, qSLW-9-1K3N, and qSLW-16-1K3N, were major, with R2 > 10% (Table 2).

In the case of SLT, we identified a total of 16 QTLs distributed on 11 different chromosomes in
both RIL populations across three individual environments (Table 2). Among them, qSLT-10-1ZY and
qSLT-20-1K3N were significant and stable QTLs having R2 > 10%, as well as detected in three and two
individual environments, respectively (Table 2). Additionally, four significant QTLs, viz., qSLT-9-1K3N,
qSLT-9-2K3N, qSLT-11-1K3N, and qSLT-13-1ZY, expressing a PV of 10.29–12.62%, were detected only in
one individual environment (Table 2). The remaining ten QTLs were minor, having R2 < 10% detected
in only one individual environment (Table 2).

For SWT, a total of 11 QTLs on nine different chromosomes were mapped in both RIL populations
(Table 2). Among these QTLs, qSWT-2-1K3N,ZY and qSWT-8-1ZY were the stable QTLs identified in
three and two individual environments, respectively; additionally, qSWT-2-1K3N,ZY was identified in
both RIL populations. Besides, four out of 11 QTLs, viz., qSWT-9-1K3N, qSWT-10-1K3N, qSWT-11-1K3N,
and qSWT-16-1K3N, were major (R2 > 10%) but were environment-sensitive, detected only in K3N-RIL
populations (Table 2). The remaining five minor QTLs, viz., qSWT-8-2ZY, qSWT-12-1K3N, qSWT-13-1ZY,
qSWT-13-2ZY, and qSWT-18-1ZY, were detected in one individual environment with R2 > 10% (Table 2).

Overall, 38 QTLs were associated with three different seed shape traits in both the K3N and
ZY populations; out of them, 20 QTLs have been reported for the first time, while earlier studies
have already reported the remaining 18 QTLs (Table 2). Moreover, 17 out of 38 QTLs were major,
with R2 > 10%, and four of them, viz., qSLW-6-1ZY, qSLW-20-1K3N, qSLT-10-1ZY, and qSLT-20-1K3N,

were detected stably in more than one individual environment. The most prominent major and stable
QTL was qSLW-20-1K3N (novel QTL), with the highest LOD value of 9.01 in an individual environment,
identified at 53.61 cM position on Chr20 and expressing a PV of 26.84% (Table 2). The 16 QTLs have
positive additive effects with beneficial alleles inherited from KeFeng35, whereas the remaining 22
QTLs possess negative additive effects with favorable alleles derived from Nannong1138-2 (Table 2).
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2.4. MCIM Mapping and Comparison of CIM and MCIM Methods

To further validate the QTLs detected by CIM, we performed another method of mixed-model-
based composite interval mapping (MCIM) to dissect the additive effect QTLs and QTL x E interactions.
By using the MCIM method, we identified a total of 48 additive effect QTLs distributed on 15
chromosomes for all six traits related to seed size and shape in both the RIL populations and all three
environments, which expressed 1.69 to 29.35% of the PV (Table 3). Moreover, the additive effect of
different QTLs was either negative or positive; for example, 30 and 18 QTLs have positive and negative
additive effects, respectively. Hence, indicating that both parents contribute beneficial alleles for seed
size and shape traits in ZY and K3N populations (Table 3). Out of 48 QTLs, 10 QTLs were significant,
with R2 > 10%, whereas the remaining 38 QTLs were minor, with R2 < 10% (Table 3).

Among these 48 QTLs, 15 QTLs showed significant additive by environment interaction (AE)
effects (Table 3). However, four QTLs viz., qSL-13-4ZY, qSW-13-3ZY, qST-13-4ZY, and qST-10-1K3N
revealed AE effect at all environments, while seven and four QTLs showed AE effect in two and one
specific environments, respectively (Table 3). The AE effect of these 15 QTLs associated with seed size
and shape traits could express the PV that varies from 0.01 to 4.15%. The remaining 33 QTLs identified
through the MCIM approach do not possess any AE effect; hence, they are environmentally stable
QTLs (Table 3).

Lastly, we performed a comparative analysis of QTLs detected by CIM and MCIM approaches. A
total of 88 and 48 QTLs were identified by CIM and MCIM, respectively. Among these QTLs, 15 QTLs
were common and are detected by both methods in the same physical genomic interval, indicating the
reliability and stability of these QTLs. Besides, by comparing the physical genomic regions of QTLs
identified in both populations (ZY and K3N) and mapping methods (CIM and MCIM), two QTLs,
viz., qSW-1-1ZY and qSLT-20-1K3N, were detected in common, with R2 > 10%, identified for the first
time. Hence, these QTLs were considered as the most stable and novel QTLs that could be utilized
potentially for gene cloning and MAB of soybean seed size and shape traits.
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2.5. Epistatic Interaction Effects

A total of 16 pairs of epistatic QTLs were detected for seed size and shape in both RIL populations
(Table 4). Out of these 16 pairs, four epistatic QTL pairs, viz., qSL-2-1K3N and qSL-2-2K3N, qST-9-1K3N and
qST-12-4K3N, qSLT-2-3K3N and qSLT-7-1K3N, and qSWT-6-1K3N and qSWT-8-4K3N, possess both significant
AA and AAE interaction effects with PV of 1.71–9.70% and 1.68–12.03% expressed, respectively
(Table 4). However, the remaining 12 QTLs pairs had only significant AA effects and did not possess
any significant AAE interaction effects (Table 4). Hence, the above findings indicate that environment
and epistatic interaction effects have considerable influence on the regulation of phenotypic expressions
of seed size and shape traits in soybeans. Though, except for three QTLs, viz., qSL-13-3ZY, qSL-13-4ZY,
and qSW-13-4ZY, all the remaining additive-effect QTLs did not show any epistatic effects.

180



Int. J. Mol. Sci. 2020, 21, 1040

T
a

b
le

4
.

Es
ti

m
at

ed
ep

is
ta

ti
c

eff
ec

ts
(A

A
)a

nd
en

vi
ro

nm
en

ta
l(

A
A

E)
in

te
ra

ct
io

ns
of

Q
TL

s
fo

r
se

ed
sh

ap
e

an
d

si
ze

tr
ai

ts
ac

ro
ss

al
le

nv
ir

on
m

en
ts

.

R
IL

Q
T

L
_
i

C
h

r_
i

P
o

s_
i

M
a
rk

e
r

In
te

rv
a
l_

i
Q

T
L

_
j

C
h

r_
j

P
o

s_
j

M
a
rk

e
r

In
te

rv
a
l_

j
(A

A
)

E
ff

e
ct

(A
A

E
)

E
ff

e
ct

A
A

P
V

E
(%

)
A

E
1

A
E

2
A

E
3

P
V

E
(%

)

Z
Y

qS
L-

13
-3

Z
Y

13
78

.7
5

M
ar

k4
73

66
8–

M
ar

k4
78

52
4

qS
L-

13
-4

Z
Y

13
4.

00
1

M
ar

k4
71

28
4–

M
ar

k4
86

98
7

−0
.0

5
1.

84
N

S
N

S
N

S
-

qS
T-

1-
4 Z

Y
1

67
.2

2
M

ar
k9

62
09

2–
M

ar
k9

62
28

1
qS

T-
13

-5
Z

Y
13

11
8.

5
M

ar
k4

92
08

7–
M

ar
k5

10
24

7
−0

.0
7

4.
16

N
S

N
S

N
S

-

qS
T-

1-
5 Z

Y
1

88
.7

2
M

ar
k1

00
60

29
–M

ar
k9

81
29

2
qS

T-
13

-4
Z

Y
13

32
.5

9
M

ar
k4

89
89

0–
M

ar
k4

87
00

4
−0

.0
7

4.
11

N
S

N
S

N
S

0.
02

qS
T-

6-
5 Z

Y
6

26
.1

9
M

ar
k7

38
10

0–
M

ar
k7

50
61

5
qS

T-
9-

1 Z
Y

9
98

.0
4

M
ar

k5
91

38
4–

M
ar

k5
70

19
3

−0
.0

7
4.

96
N

S
N

S
N

S
0.

06

qS
LT

-6
-6

Z
Y

6
11

.8
5

M
ar

k7
29

84
5–

M
ar

k7
75

15
6

qS
LT

-1
0-

3 Z
Y

10
14

.2
9

M
ar

k6
28

84
5–

M
ar

k6
23

92
6

0.
02

3.
98

N
S

N
S

N
S

-

qS
LT

-1
5-

1 Z
Y

15
26

.2
9

M
ar

k7
99

92
2–

M
ar

k8
17

83
4

qS
LT

-1
9-

1 Z
Y

19
64

.1
6

M
ar

k1
14

39
5–

M
ar

k1
41

33
6

0.
03

9.
59

N
S

N
S

N
S

-

qS
W

T-
1-

1 Z
Y

1
67

.2
2

M
ar

k9
90

28
4–

M
ar

k9
86

36
7

qS
W

T-
13

-4
Z

Y
13

83
.9

1
M

ar
k4

84
07

3–
M

ar
k4

89
30

1
0.

02
6.

7
N

S
N

S
N

S
0.

25

qS
W

T-
13

-5
Z

Y
13

53
.1

1
M

ar
k5

05
12

1–
M

ar
k5

08
85

7
qS

W
T-

20
-1

Z
Y

20
83

.5
6

M
ar

k2
50

25
3–

M
ar

k2
57

47
3

0.
02

6.
2

N
S

N
S

N
S

0.
01

K
3
N

qS
L-

2-
1 K

3N
2

40
.9

1
bi

n8
7–

bi
n8

8
qS

L-
2-

2 K
3N

2
95

.9
4

bi
n1

30
–b

in
13

1
−0

.1
1

9.
7

−0
.0

5
**

0.
01

**
N

S
3.

02

qS
T-

9-
1 K

3N
9

71
.5

1
bi

n7
48

–b
in

74
9

qS
T-

12
-4

K
3N

12
0.

6
bi

n9
62

–b
in

96
3

0.
04

1.
71

N
S

0.
03

**
N

S
2.

41

qS
LW

-4
-1

K
3N

4
50

.2
9

bi
n2

85
–b

in
28

6
qS

LW
-1

5-
1 K

3N
15

14
8.

55
bi

n1
29

8–
bi

n1
29

9
0.

03
4.

34
N

S
N

S
N

S
-

qS
LW

-7
-2

K
3N

7
37

.3
bi

n5
26

–b
in

52
7

qS
LW

-
12

-1
K

3N
12

55
.0

9
bi

n9
90

–b
in

99
1

−0
.0

1
6.

33
N

S
N

S
N

S
0.

08

qS
LT

-2
-3

K
3N

2
4.

2
bi

n1
64

–b
in

16
5

qS
LT

-7
-1

K
3N

7
94

.7
4

bi
n5

68
–b

in
56

9
−0

.0
1

3.
21

N
S

0.
01

**
N

S
1.

68

qS
W

T-
6-

1 K
3N

6
97

.8
bi

n4
70

–b
in

47
1

qS
W

T-
8-

4 K
3N

8
10

9.
71

bi
n6

72
–b

in
67

3
−0

.0
4

7.
56

−0
.0

1
*

N
S

0.
01

**
12

.0
3

qS
W

T-
11

-2
K

3N
11

97
.1

2
bi

n9
34

–b
in

93
5

qS
W

T-
17

-1
K

3N
17

5.
47

bi
n1

38
6–

bi
n1

38
7

0.
01

7.
1

N
S

N
S

N
S

1.
11

qS
W

T-
11

-3
K

3N
11

10
6.

76
bi

n9
52

–b
in

95
3

qS
W

T-
14

-2
K

3N
14

45
.8

4
bi

n1
17

0–
bi

n1
17

1
0.

01
6.

48
N

S
N

S
N

S
0.

74

C
hr

_i
an

d
C

hr
_j

in
d

ic
at

e
th

e
tw

o
si

te
s

in
vo

lv
ed

in
ep

is
ta

ti
c

in
te

ra
ct

io
ns

an
d

P
os

in
d

ic
at

es
ge

ne
ti

c
p

os
it

io
n

fo
r

ea
ch

of
th

e
si

te
s.

*
p
<

0.
05

an
d

**
p
<

0.
01

.
P

V
E

in
d

ic
at

es
p

he
no

ty
p

ic
va

ri
at

io
n

ex
pr

es
se

d
by

ep
is

ta
ti

c
eff

ec
ts

.A
E1

:2
01

2F
Y,

A
E2

:2
01

2J
P,

an
d

A
E3

:2
01

7J
P.

181



Int. J. Mol. Sci. 2020, 21, 1040

2.6. Colocalization of QTLs in QTL cluster/Hotspot

A QTL cluster/hotspot is defined as a densely populated QTL region of the chromosome that
contains multiple QTLs associated with various traits. In this study, we observed colocalization of QTLs
on four QTL Clusters/hotspots located on different chromosomes, viz., Chr6, Chr10, Chr13, and Chr20,
and were named Cluster-06/QTL Hotspot A, Cluster-10/QTL Hotspot B, Cluster-13/QTL Hotspot C,
and Cluster-20/QTL Hotspot D, respectively (Table 5). The highest concentration of QTLs for seed
size and shape traits was identified in “QTL Hotspot A” of Chr06, spanning the physical interval of
2.19Mb (Figure 3). This QTL hotspot harbors six QTLs (three major and three minor), viz., qSW-6-1ZY,
qST-6-1ZY, qSL-6-1ZY, qSW-6-2ZY, qST-6-2ZY, and qSLT-6-1ZY, associated to seed size and shape traits,
expressing a PV of 5.43–15.35% (Table 5). Another set of QTL-rich regions possessing five QTLs (two
major and three minor), viz., qSL-13-1ZY, qSW-13-1ZY, qST-13-2ZY, qST-13-3ZY, and qSLW-13-1ZY was
“QTL Hotspot C”, with a length of 6.3 Mb (Table 5 and Figure 3). However, both “QTL Hotspot B” and
“QTL Hotspot D” contain three QTLs each associated with studied traits and spanning the physical
interval of 4.0Mb and 2.3Mb expressed PV of 6.60–17.03% and 10.22–26.84%, respectively (Table 5).
Furthermore, all these four “QTL cluster/hotspots” comprise many significant QTLs identified in more
than one individual environment. QTLs within “QTL Hotspot B” were identified in both ZY and K3N
populations (Table 5 and Figure 3). Hence, these four major “QTL hotspots” are the stable genomic
regions governing the inheritance of seed shape and size in soybeans.

Table 5. Four QTL hotspots/clusters detected in ZY and K3N RIL populations across
multiple environments.

QTL Cluster
Name

Chr_Bin Range QTL Name
Physical Range

(bp)
LOD

Additive
Effect

R2 (%)

Cluster-06/QTL
Hotspot A

Chr06_Mark730486-
Mark767055(ZY)

qSW-6-1ZY

5651662–7843389

10.53 0.12 15.35

qST-6-1ZY 6.16 0.11 9.68

qSL-6-1ZY 4.12 0.1 5.43

qSW-6-2ZY 10.76 0.11 14.45

qST-6-2ZY
8.14 0.12 11.53

4.46 0.08 11.12

qSLT-6-1ZY 3.70 −0.02 5.27

Cluster-10/QTL
Hotspot B

Chr10_ Mark668037-
Mark662847(ZY)

Chr10_bin821-bin828(K3N)

qSLT-10-1ZY
41983494–45988221

4.55 −0.03 17.03

4.61 −0.02 16.83

4.96 −0.03 7.40

qSLW-10-1ZY 4.64 −0.01 6.60

qSW-10-1K3N 3.83 −0.1 12.85

Cluster-13/QTL
Hotspot C

Chr13_ Mark477148-
Mark495958(ZY)

qSL-13-1ZY

20463309–26852039

3.5 0.09 5.07

8.14 0.14 11.46

qSW-13-1ZY
7.07 0.09 9.59

3.57 0.07 5.32

qST-13-2ZY 4.23 0.09 10.28

qST-13-3ZY
5.17 0.09 7.87

3.57 0.08 4.86

qSLW-13-3ZY 4.04 0.01 6.44

Cluster-20/QTL
Hotspot D

Chr20_bin1697-
bin1704(K3N)

qSLW-20-1K3N

35957343–38300982

9.01 −0.03 26.84

4.64 −0.02 11.64

qSL-20-1K3N 7.19 −0.18 22.64

qSLT-20-1K3N
3.82 −0.02 10.22

7.28 −0.04 18.54
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Figure 3. Diagram showing the physical location of four QTL clusters/hotspot regions (cluster-06,
cluster-10, cluster-13, and cluster-20) on four different chromosomes viz., Chr6, Chr10, Chr13, and
Chr20 identified in two RIL populations across multiple environments Different colors indicate different
QTLs within same region.

2.7. Candidate Gene Mining within Major “QTL Hotspots”

The whole-genome sequence and gene annotations availability makes it possible to identify
possible candidate genes within major genomic regions. In the present study, all the model genes along
with their gene annotations were downloaded from Phytozome and Soybase. In total, we identified
2406 gene models within the physical genomic interval of all four major “QTL hotspots” (Table S4).
An online web-based toolkit agriGO V2.0 was used for a gene ontology (GO) enrichment analysis to
visualize the biological process, molecular function, and cellular component main categories (Figure 4).
Among all the genes present within the four “QTL hotspots”, only the 831, 193, 192, and 118 genes
from “QTL Hotspot A”, “QTL Hotspot B”, “QTL Hotspot C”, and “QTL Hotspot D”, respectively,
had GO annotations available (Figure 4). In all the four major “QTL hotspots”, a higher percentage
of genes were associated within the terms cellular process, metabolic process, cell part, cell, catalytic
activity, and binding (Figure 4), suggesting a vital role of these terms in regulating seed size and shape
in soybeans.

Based on the gene annotations, available literature, and GO enrichment analysis, we predicted
26, 19, 35, and 18 candidate genes from “QTL Hotspot A”, “QTL Hotspot B”, “QTL Hotspot C”,
and “QTL Hotspot D,” respectively (Table S6). These genes function directly or indirectly in regulating
seed development, as well as seed shape and size, such as mitotic cell division, storage of proteins
and lipids, transport, metabolic process, signal transduction of plant hormones, degradation of
the ubiquitin-proteasome pathway, and fatty acid beta-oxidation (Table S6). To further refine the
above-predicted candidate genes list, we retrieved RNA-Seq data of these candidate genes from
Soybase (www.soybase.org) [35].
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Based on RNA-seq analysis, 23 genes out of above 88 predicted candidate genes showed
significantly higher gene expression/fold-change in the seed development stages, root nodules,
leaf, and pod shell. These genes include nine (Glyma06g02390, Glyma06g08290, Glyma06g04810,
Glyma06g03700, Glyma06g02790, Glyma06g06160, Glyma06g07200, Glyma06g09650, and Glyma06g10700);
two (Glyma10g35360 and Glyma10g36440); six (Glyma13g17750, Glyma13g17980, Glyma13g21770,
Glyma13g18730, Glyma13g21700, and Glyma13g22790); and six (Glyma20g28550, Glyma20g28460,
Glyma20g28640, Glyma20g27300, Glyma20g29750, and Glyma20g30100) genes from “QTL Hotspot
A”, “QTL Hotspot B”, “QTL Hotspot C”, and “QTL Hotspot D”, respectively (Figure 5 and Table 6).
Hence, these 23 genes might be the possible candidate genes regulating seed size and shape in soybean.
However, they need further functional validation to check their actual roles in governing seed size
and development.

A 

Figure 4. Cont.
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B 

 
C 

 
D 

Figure 4. agriGO annotation information. (A) Cluster-06 (QTL Hotspot A), (B) Cluster-10 (QTL Hotspot
B), (C) Cluster-13 (QTL Hotspot C), and (D) Cluster-20 (QTL Hotspot D).
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A B 

  
C D 

Figure 5. Heat map exhibiting the expression profiles of 23 candidate genes among the different
soybean tissues and development stages from four QTL hotspots/clusters. (A) Cluster-06 (QTL
Hotspot A), (B) Cluster-10 (QTL Hotspot B), (C) Cluster-13 (QTL Hotspot C), and (D) Cluster-20 (QTL
Hotspot D). Heat map was generated using the RNA-sequencing data downloaded from online dataset
SoyBase. Youngleaf—young leaf, Onecmpod—1 cm of pod, PS—pod shell, DAF—days after flowering,
and S—seed.
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Table 6. Predictive gene annotation information.

Cluster/QTL Hotspot Mapped IDs Gene Functional Annotation

Cluster-06/QTL Hotspot A

Glyma06g02390 RING/U-box superfamily
protein/protein ubiquitination

Glyma06g08290 Lipid storage

Glyma06g04810 Seed coat development
extracellular region

Glyma06g03700 Seed development ovule development

Glyma06g02790 Response to auxin stimulus

Glyma06g06160 Ubiquitin-protein ligase activity

Glyma06g07200 Response to ethylene stimulus
ubiquitin-protein ligase activity

Glyma06g09650
microtubule nucleation, response to
auxin stimulus, cytokinin mediated

signaling pathway

Glyma06g10700 Response to brassinosteroid stimulus
sterol biosynthetic process

Cluster-10/QTL Hotspot B
Glyma10g35360 Response to auxin stimulus

cellular component

Glyma10g36440 Auxin biosynthesis

Cluster-13/QTL Hotspot C

Glyma13g17750 Response to auxin stimulus protein
dimerization activity

Glyma13g17980 Embryo development

Glyma13g21770 Endosperm development embryo
development

Glyma13g18730 Ubiquitin-dependent protein
catabolic process

Glyma13g21700 Response to ethylene
stimulus-response to auxin stimulus

Glyma13g22790 Protein kinase activity

Cluster-20/QTL Hotspot D

Glyma20g28550 Seed maturation protein

Glyma20g28460 Lipid storage

Glyma20g28640 Lipid storage

Glyma20g27300 Lipid metabolic process seed
maturation cell growth

Glyma20g29750
Multidimensional cell growth

polysaccharide biosynthetic process
regulation of hormone levels

Glyma20g30100 Embryo development seed
development protein phosphorylation

3. Discussion

Seed shape and size is an economically important trait determining the yield and quality in
soybeans. Hence, developing soybean cultivars with improved seed shapes and sizes is considered
as a critical objective of soybean breeding programs. However, to develop improved cultivars, it is
a prerequisite to have a detailed understanding of genetic architecture, as well as a mechanism
underlying the trait of interest. Both seed shape and size are complex quantitative traits, governed by
multiple genes and are highly environmentally sensitive. Although, over the past decades, many QTLs
related to soybean seed shape/size have been reported but not stable and confirmed, due to small-sized
mapping populations and low-density genetic maps, and, hence, not implied for breeding improved
seed shapes and sizes in soybean. Thus, the present study aimed to utilize high-density intraspecific
linkage maps of ZY and K3N populations, evaluated in three different environments, to identify
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the stable significant main-effect QTLs, “QTL Hotspots”, and epistatic-effect QTLs, as well as their
interactions with the environment; additionally, find possible candidate genes for soybean seed sizes
and shape traits. In this study, ANOVA results revealed a significant difference among the RILs of both
ZY and K3N populations for all six traits (P < 0.01, Table S2). Similar to previous studies, our study also
reported that all six traits related to seed size/shape were significantly affected by G, E, and G × E [7,36].
Frequency distribution of all six traits (SL, SW, ST, SLW, SLT, and SWT) showed the characteristics of
continuous variations, and all these traits have transgressive segregation in both directions, which
indicates that both parents contributed favorable alleles for these traits (Figure 1). These findings are
in agreement with the prior findings, which also stated continuous distribution and transgressive
segregation for seed size/shape traits among RILs of soybeans in multiple environments [3,17,22].
In our study, the estimated heritability of all six traits was high (>60%) in both RIL populations across
all three environments (Table S1), which was consistent with previous studies [7]. The high heritability
suggests that if the trial repeated in the same growing/environment conditions, there would be a high
possibility of achieving the same kind of phenotypic results. A highly significant correlation (either
positive or negative) between any two seed shapes or seed size traits and between seed size and shape
traits is in accordance, as previously reported by Xu et al. [5].

QTL mapping is a practical approach and has been frequently employed for the detection of
QTLs/genes underlying the quantitative traits in crop plants. However, the efficiency and accuracy of
QTL mappings are influenced, mainly by parental diversity and marker density [26]. The quality of
genetic maps has a significant impact on the accuracy of QTL detection, and, consequently, increasing
marker density can intensify the resolution of QTL mapping [37]. Hence, it is a prerequisite to utilize
high-density linkage maps for improving the efficiency and accuracy of linkage mapping and MAS.
In this study, high-density genetic maps of ZY and K3N populations were used, consisting of 3255
SLAF and 1733 bin markers, respectively. The markers in both linkage maps, viz., ZY and K3N,
were integrated to all 20 LGs and covered the total length of 2144.85 and 2362.44 cM, respectively, with
an average distance between adjacent markers of 0.66 cM and 1.36 cM, respectively.

The use of high-density bin-maps assisting in QTL identification with tightly linked markers
provided a good foundation for analyzing quantitative traits. However, to reduce environmental
errors, RILs were planted in three environments (consisting of different locations and years), and each
of the environments was statistically different. Jansen et al. [38] described that the QTL position and
effects could be accurately evaluated if the phenotypic data collected in various environments were
different from a statistical perspective. Although, markers associated with the QTLs regulating the seed
sizes and shapes in soybeans have been mapped on all linkage groups (Soybase, www.soybase.org).
However, for cross-validation and improving the accuracy of QTL mapping results, we used two
different methods for QTL mapping, viz., CIM and MCIM. A total of 88 and 48 QTLs were detected
by CIM and MCIM methods, respectively, associated with all six traits related to seed size and shape
(Tables 1–3). Among these QTLs, 15 common QTLs were verified through both CIM and MCIM,
indicating that these QTLs were stable and utilized effectively as potential candidate regions for
enhancing seed sizes and shapes in soybeans. The QTL results of our study revealed better matches
with the SoyBase database (www.soybase.org; Tables 1 and 2); however, 51 (CIM) and 27 (MCIM) QTLs
were identified for the very first time (Tables 1–3). These novel QTLs collectively expressed more than
90% of PV for seed size and shape, suggesting their potential value for the development of improved
soybean cultivars. Among these novel QTLs, qSL-9-1ZY,K3N, qST-6-2ZY, qSLW-6-1ZY, qSLW-20-1K3N,
qSLT-10-1ZY, and qSLT-20-1K3N were reported as stable and major QTLs, identified in more than one
individual environment, with R2 > 10%. Besides, by comparing the physical genomic regions of QTLs
identified in both populations (ZY and K3N) and mapping methods (CIM and MCIM), two major
and novel QTLs, viz., qSW-1-3ZY and qSLT-20-3K3N, were characterized commonly in both mapping
methods. These above seven unique and stable QTLs significantly represent potential loci for the
improvement of seed sizes and shapes in soybeans. Hence, identification of many new and unique
QTLs in the present study suggests distinct genetic architecture in the population derived from the

188



Int. J. Mol. Sci. 2020, 21, 1040

diverse Chinese cultivated soybean genotypes and the need to use more germplasm for revealing the
complex genetic basis of soybeans. The favorable alleles for seed size and shape traits were contributed
by both parents of two RIL populations, viz., ZY and K3N. Therefore, it is critical to note that not only
the higher phenotype parent contributes beneficial alleles but also the contribution of favorable alleles
by lower phenotype parents cannot be disregarded; similar results are also described earlier [30].

The stability of the QTL is essential for use in a breeding program. In addition to novel stable
QTLs identified for both seed size and shape traits, this study also identified 37 and 21 QTLs through
the CIM and MCIM methods, which have been previously colocalized in the same physical interval by
earlier studies (see references in Tables 1–3). Out of these colocalized QTLs, 12 and 3 QTLs detected by
the CIM and MCIM methods were major (R2 > 10%). Therefore, our results showed the reliability of
QTL mapping. Furthermore, these QTLs can be utilized as principal targets to identify the candidate
genes and MAS in future studies.

It has been demonstrated that epistatic and QTL by environment interaction effects are the two
crucial genetic factors that make an enormous contribution to the phenotypic variation observed in
complex traits, and the knowledge of those interaction effects is vital for understanding the genetic
mechanism of complex traits [39,40]. Previous studies revealed that the seed sizes and shapes of
soybeans is significantly affected by the environment [36]. Moreover, knowledge of specific QTL by
environment interactions can guide the search of varieties adapted to particular environments. The
QTLs with more significant additive effects are often considered more stable [41,42]. For example,
the qSW-1-1ZY and qST-18-2ZY (additive effect: 0.14) identified in both CIM and MCIM methods;
though, qSLT-6-5ZY (additive effect: 0.001) was detected only in the MCIM method (ZY only) (Table 3).
The genetic architecture of seed size and shape also includes epistatic interactions between QTLs [11,43].
Hence, ignoring intergenic interactions will lead to the overestimation of individual QTL effects,
and the underestimation of genetic variance [44], consequently, could result in a substantial drop
in the genetic response to MAS, particularly at late generations [45]. In the present study, 16 pairs
of digenetic epistatic QTLs pairs were identified for seed size and shape in both populations and
expressed phenotypic variations that varied from 1.71 to 9.70% (Table 4). Except for qSL-13-3ZY,
qSL-13-4ZY, and qST-13-4ZY, all the remaining epistatic QTLs do not possess additive effects alone,
suggesting that these loci might serve as modifying genes that interact with other genes to affect the
phenotypes of seed sizes and shapes (Table 4). All 16 pairs have significant AA, but only four QTL
pairs, viz., qSL-2-1K3N and qSL-2-2K3N, qST-9-1K3N and qST-12-4K3N, qSLT-2-3K3N and qSLT-7-1K3N, and
qSWT-6-1K3N and qSWT-8-4K3N, hold significant AAE interaction effects. However, the total AAE
phenotypic variations expressed by these four epistatic pairs was 19.14%. These results show that
epistatic and environmental interactions are fundamental for understanding the genetic basis of seed
sizes and shapes in soybeans, demonstrating that these effects should be considered in a QTL mapping
program and could increase the accuracy of phenotypic value predictions in MAS.

Colocalization of QTLs on chromosomes for different traits related to seed size and shape were
also observed in this study. This colocalization of QTLs linked to related traits on chromosomes was
reported earlier in soybeans and referred to as “QTL cluster/hotspots” [46]. In this study, we scrutinized
a few genomic regions containing QTL clusters and found four QTL clusters/hotspots on four different
chromosomes, viz., Chr06, Chr10, Chr13, and Chr20 (Figure 3 and Table 5). The QTLs within each
cluster/hotspot are associated with three or more traits related to seed sizes and shapes in soybeans.
The highest number of six and five QTLs were observed in “QTL Hotspot A” and “QTL Hotspot C”,
respectively, harboring QTLs for more than three traits related to seed size and shape (Figure 3 and
Table 5). The other two hotspots, viz., “QTL Hotspot B” and “QTL Hotspot D”, contain three QTLs,
each for three different traits related to seed size and shape (Table 5). These QTLs clusters/hotspots
have not reported and added to the growing knowledge of the genetic control of these traits. The
phenomenon of the QTL clustering might represent a linkage of genes/QTLs or result from the
pleiotropic effects of a single QTL in the same genomic region [47]. This colocalization of QTLs for
different seed size and shape traits was following the fact that they were highly significantly correlated
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with each other (Table 1). These “QTL hotspot” regions showed that the QTLs linkage/pleiotropy could
facilitate the enhancement of seed size and shape. Previously, some of the QTLs for other traits have
also been identified in the same region of “QTL Hotspot A” on chromosome 06, which are related to
seed oil and protein content [48,49] and days to flowering [50]. In the case of “QTL Hotspot B”, QTLs
related to seed weight and seed yield [51], length of the reproductive stage [33], days to flowering, and
maturity [33] were reported in the same physical interval.

Similarly, earlier studies have also reported QTLs for seed weight [7] and seed volume [33] in
the “QTL Hotspot C” region on Chr13. In “QTL Hotspot D”, QTLs related to seed maturity [33] and
seed oil content [52] have formerly reported. Seed oil and protein content in soybeans have reported a
significant correlation with seed size and shape [53], as seed oil and protein content represents a major
component of soybean seeds, representing 38–42% and 18–22%, respectively; hence, these traits are
directly related to seed sizes and shapes in soybeans [13]. Both seed size and shape are important
yield component traits [54] and it has been reported that days to flowering and maturity is directly
correlated to yield in soybeans [55,56], signifying the potential probability of common genic factors
for these traits and also showing the necessity to promote further study for these regions. These QTL
clusters have provided some valuable information to define genome regions associated with different
traits. Based on the comprehensive analysis of clusters in this study, breeding programs targeting an
increase of seed sizes and shapes with high yield and superior quality can focus on hotspot clustering
and select QTLs around the region. Finally, the existence of QTL clusters/hotspots has provided proof
that genes related to some crop traits are more densely concentrated in certain genomic regions of crop
genomes than others [33,51].

Identification of candidate genes underlying the QTL region is of great interest for practical plant
breeding. Earlier studies based on QTL mapping of seed size and shape did not practice mining for
candidate genes [22,54], and, to date, only a few seed size/shape-related genes have been isolated from
the soybean. For example, the Ln gene has a large effect on the number of seeds per pod and seed
size/shape [57], and, recently, the PP2C-1 (protein phosphatase type-2 C) allele from wild soybean
accession ZYD7 were found to contribute toward the increase in seed size/shape [58]. Based on the gene
annotations, available literature, and GO enrichment analysis, the present study identified the possible
candidate genes regulating the seed sizes and shapes in soybeans that underlies the four categorized
“QTL hotspots”. Gene ontology (GO) analysis revealed that most of the genes underlying the above
four “QTL hotspots” belong to the terms cellular process, metabolic process, cell part, cell, catalytic
activity, and binding, and these elements are reported as being vital in seed development [59–61].
A total of 2406 gene models were mined within the physical interval of the four “QTL hotspots.”
Out of them, 88 were considered as possible candidate genes, based on the GO enrichment analysis,
gene function, and available literature. These 88 predicted candidate genes have functions that are
directly or indirectly involved in seed development, influencing the shape and size of seeds, such as
lipid storage, transport and metabolic processes, signal transduction of plant hormones, degradation
of the ubiquitin-proteasome pathway, fatty acid beta-oxidation, the brassinosteroid-mediated signaling
pathway, and the auxin biosynthetic process (Table S5). From the available gene expression data
(RNA-seq), 23 of the 88 predicted candidate genes expressed significantly higher gene expression,
particularly in seed development stages, root nodules, leaf, and pod shell (Figure 5 and Table S5). Out
of these 23 genes, five genes, viz., Glyma06g04810, Glyma06g03700, Glyma13g17980, Glyma13g21770, and
Glyma20g30100 have functions that are related to seed development, ovule development, endosperm,
and embryo development, which have been reported to directly contribute to seed sizes and shapes in
crop plants, including soybeans [62,63]. Likewise, Glyma06g02390, Glyma06g06160, Glyma06g07200,
and Glyma13g18730 encode RING/U-box superfamily proteins/protein ubiquitination. The ubiquitin
pathway has recently been known to play an essential part in seed size determination [60]. Several factors
involved in ubiquitin-related activities have been revealed to determine seed sizes in Arabidopsis and
rice [60]. Genes, viz., Glyma06g08290, Glyma20g28460, Glyma20g28640, Glyma20g29750, Glyma20g28550,
Glyma13g22790, Glyma20g29750, and Glyma20g27300, function in lipid storage, seed maturation, and
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cell growth, which have formerly been reported to determine seed size and shape in oilseeds, including
soybeans [64]. For example, overexpression of GmMYB73 promotes lipid accumulation in soybean
seeds, which leads to increased seed sizes in soybeans [65]. Genes, viz., Glyma06g09650, Glyma10g35360,
Glyma10g36440, Glyma13g17750, and Glyma13g21700, are involved in auxin biosynthesis, responses to
auxin stimulus, and responses to ethylene stimulus. The auxin regulates seed weights and sizes in
Arabidopsis [22,66]. Glyma06g10700 functions to regulate the brassinosteroid stimulus, which positively
governs seed size [62]. Hence, based on the gene function, GO, and RNA-Seq analysis, the above 23
genes were considered as the most potentially possible candidate genes for regulating the seed sizes
and shapes in soybeans. However, it requires further validation and verification to confirm their actual
roles in seed sizes/shapes in soybeans, as well as their future uses for the improvement of seed quality
traits. Some of these genes were already included in our ongoing project for functional validation
to ascertain their effects on the seed sizes and shapes. Hence, the precise identification of QTLs in
a specific physical interval through the use of a high-density map would make it easy to identify
candidate genes.

4. Materials and Methods

4.1. Plant Material and Experimental Conditions

In the present study, two related RIL populations, viz., ZY and K3N, consisting of 236 and 91 lines,
respectively, were used for elucidating the genetic basis of seed shapes and sizes in soybeans. The ZY
and K3N populations were derived through a single seed descent (SSD) method by crossing a common
higher seed size parent Nannong1138-2 (N) with two cultivated soybean varieties, viz., Zhengxiaodou
(Z) and KeFeng35 (K3), having smaller seed sizes [67]. All the plant material was received from
Soybean Germplasm Gene Bank, located at the National Centre for Soybean Improvement (Ministry of
Agriculture), Nanjing Agricultural University, Nanjing, China. The F6:9–F6:11 generations of both RIL
populations were planted in three different environments, viz., Jiangpu Experimental Station, Nanjing,
Jiangsu Province (Latitude 33◦03′ N; Longitude 63◦118′ E) in 2012 and 2017 (2012JP and 2017JP) and
Fengyang Experimental Station, Chuzhou, Anhui Province (Latitude 32◦87′ N; Longitude 117◦56′ E) in
2012 (2012FY). Both RIL populations, along with their parents, were planted in a single-line plot of 1 m
in length and 0.5 m in width in a randomized complete block design with three replications. In each
environment, standard cultural and agronomic practices were trailed, as previously described [68,69].

4.2. Phenotypic Evaluation and Statistical Analysis

For the phenotypic assessment of seed size and shape, we collected seeds from the randomly
selected ten plants harvested from the middle of each block across three different environments (2012JP,
2012FY, and 2017JP) in both RIL populations. The seed size traits include seed length (SL), seed width
(SW), and seed thickness (ST), whereas seed shape was assessed using three different ratios, viz., seed
length/seed width (SLW), seed length/seed thickness (SLT), and seed width/seed thickness (SWT). The
SL, SW, and ST were measured in millimeters (mm) using the vernier caliper instrument, according to
Kaushik et al. [39]. However, SLW, SLT, and SWT were estimated from the individual values of the SL,
SW, and ST, respectively, by following Omokhafe and Alika [41].

Descriptive statistics, such as mean, range (maximum and minimum values), coefficient of
variation (CV%), skewness, and kurtosis for above seed size and shape traits in both RIL populations,
including their parents, were calculated using the SPSS17.0 software (http://www.spss.com) [42]. For
each environment, an analysis of variance (ANOVA) was carried out using a generalized linear model
(GLM) program of SAS PROC (SAS Institute Inc. v. 9.02, 2010, Cary, NC, USA). The ANOVA for the
combined environment (CE) was also performed in SAS software using mixed PROC with random
factors: lines, environments, replication within environments, and the line-by-environment interaction.
Pearson correlation coefficient (r) among traits was calculated from the average data using PROC
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CORR in combined environments. The broad-sense heritability (h2) in RIL populations was estimated
using the following equation:

h2 = σ2
G/
(
σ2

G + σ2
GE /n + σ2

e /nr
)

(1)

where σ2
G is the genotypic variance, σ2

GE is the variance of the genotype-by-environment interaction, σ2
e

is the error variance, n is the number of environments, and r is the number of replications within an
environment [44].

4.3. SNP Genotyping and Bin Map Construction

Genetic map construction began with the extraction of DNA from the young and fresh leaves
of both RIL populations, along with their parents, by following the protocol of Zhang et al. [45].
DNA library construction, high-throughput sequencing (RAD-Seq), high-quality SNP acquisition,
and SLAF/bin marker integration for ZY and K3N populations, respectively, were performed as
described by Huang et al. [70] and Cao et al. [30]. These SLAF and bin markers were employed
to develop the linkage maps of the ZY and K3N populations, respectively, using JoinMap 4.0 [71].
High-density genetic maps of the ZY and K3N populations contained 3255 SLAF and 1733 bin markers,
respectively. The total length of the ZY and K3N maps were 2144.85 and 2362.44 cM, with an average
distance between the adjacent markers as 0.659 and 1.36 cM, respectively (Table S7). The average
length of each linkage group was 162.75 and 86.65 cM for ZY and K3N linkage maps, with the mean
marker density of each linkage group as 107.24 and 118.122, respectively (Table S7).

4.4. QTL Mapping for Seed Size and Shape

For QTL analysis, we used the WinQTLCart 2.5 software [47] and QTLNetwork 2.2 [72]. The
model of composite interval mapping (CIM) was used to identify the main-effect QTLs (M-QTLs) with
a 10 cM window at a walking speed of 1cM for the WinQTLCart 2.5 software. The LOD threshold was
premeditated using 1000 permutations for an experimental-wise error rate of P = 0.05 to determine
whether the QTL was significantly associated with the traits [73]. The model of mixed linear composite
interval mapping (MCIM) was applied to identify significant additive effect QTLs, epistatic QTLs
(AA), genotype-by-environment interaction effects (additive by the environment (AE) and AA by
the environment (AAE)) in the QTLNetwork 2.2 [74]. The physical location of M-QTLs on each
chromosome were drawn by using MapChart 2.1 software [75].

QTLs were named by following standard nomenclature [76], with minor modifications. For
example, for the QTL denoted as qSW-1-1ZY, q indicates QTL, SW stands for the trait (seed width),
-1 show the chromosome on which the QTL detected, -1 also indicates the order of QTL identified on
the chromosome for each trait, andZY represents the ZY-RIL population in which QTL was detected.

4.5. Mining of Candidate Genes for Major QTLs

QTLs identified in two or more than two environments with R2 > 10% were considered as significant
and stable QTLs [77]. By utilizing the online resource databases of Phytozome (http://phytozome.
jgi.doe.gov) and SoyBase (http://www.soybase.org), we downloaded all the genomic data within the
physical interval position of the major “QTL hotspots”, and candidate genes were predicted based on
the gene annotations (http://www.soybase.org and https://phytozome.jgi.doe.gov), as well as previously
published literature. Gene ontology (GO) information was derived from SoyBase through online
resources: GeneMania (http://genemania.org/); Gramene (http://archive.gramene.org/db/ontology); the
Kyoto Encyclopedia of Genes and Genomes website (KEGG, www.kegg.jp); and the National Centre
for Biotechnology Information (NCBI: https://www.ncbi.nlm.nih.gov). These were used to screen the
predicted candidate genes further. Gene ontology (GO) enrichment analysis was conducted for all the
genes within the four major “QTL hotspots”, viz., “QTL Hotspot A”, “QTL Hotspot B”, “QTL Hotspot
C”, and “QTL Hotspot D”, using agriGO V2.0 (http://systemsbiology.cau.edu.cn/agri-GOv2/) [78]. The
freely available RNA-Seq dataset at the SoyBase website was obtained to analyze the expression of
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predicted candidate genes in different soybean tissues, as well as the development stages. A heat map
for the visualization of fold-change in the expression patterns of these predicted candidate genes was
constructed by using TBtools_JRE1.6 software [79].

5. Conclusions

In conclusion, the present study is a detailed investigation for elucidating the genetic architecture of
seed sizes and shapes in soybean. In aggregate, 88 and 48 QTLs were detected through CIM and MCIM,
respectively, including 15 common QTLs, with two major (R2 > 10%) and novel QTLs, viz., qSW-1-1ZY
and qSLT-20-1K3N. Besides, 51 and 27 QTLs, identified through CIM and MCIM, respectively, were
reported for the first time. All identified QTLs were clustered into four major “QTL cluster/hotspots”
and represent the major and stable genomic regions governing the inheritance of soybean seed sizes
and shapes. Hence, these “QTL hotspot” regions could be of significant consideration for future
soybean breeding. Our study predicted 23 genes as the possible candidates, regulating seed sizes
and shapes within the genomic region of four “QTL hotspots”; however, they need further functional
validation to clarify their actual roles in seed development. Moreover, our results showed that 15 QTLs
exhibited significant AE effects, and 16 pairs of QTLs possessed an epistatic effect. However, except for
three QTLs, viz., qSL-13-3ZY, qSL-13-4ZY, and qSW-13-4ZY, all the remaining epistatic QTLs showed no
main effects. Hence, the hotspot regions and novel significant stable QTLs identified in the present
study will be the main focus of soybean breeders for fine mapping, gene cloning, and the MAB of
soybean varieties with improved seed quality and yield.
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Abbreviations

SL Seed Length
SW Seed Width
ST Seed Thickness
SLW Seed Length-to-Width
SLT Seed Length-to-Thickness
SWT Seed Width-to-Thickness
G x E Genotype x Environment
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QTL Quantitative Trait Loci
USDA United States Department of Agriculture
SSRs Simple Sequence Repeats
M-QTL Main-Effect QTL
E-QTL Epistatic-Effect QTL
RIL Recombinant Inbred Line
PV Phenotypic Variation
SSD Single Seed Decent
RCBD Randomized Complete Block Design
Mm millimeters
CV Coefficient of Variation
ANOVA Analysis of Variance
GLM Generalized Linear Model
CE Combined Environment
MSG Multiplexed Shotgun Genotyping
SNP Single Nucleotide Polymorphisms
CIM Composite Interval Mapping
LOD Logarithm of the Odds
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Abstract: Soybean is an excellent source of vegetable protein and edible oil. Understanding the
genetic basis of protein and oil content will improve the breeding programs for soybean. Linkage
analysis and genome-wide association study (GWAS) tools were combined to detect quantitative
trait loci (QTL) that are associated with protein and oil content in soybean. Three hundred and eight
recombinant inbred lines (RILs) containing 3454 single nucleotide polymorphism (SNP) markers and
200 soybean accessions, including 94,462 SNPs and indels, were applied to identify QTL intervals
and significant SNP loci. Intervals on chromosomes 1, 15, and 20 were correlated with both traits,
and QTL qPro15-1, qPro20-1, and qOil5-1 reproducibly correlated with large phenotypic variations.
SNP loci on chromosome 20 that overlapped with qPro20-1 were reproducibly connected to both
traits by GWAS (p < 10−4). Twenty-five candidate genes with putative roles in protein and/or oil
metabolisms within two regions (qPro15-1, qPro20-1) were identified, and eight of these genes showed
differential expressions in parent lines during late reproductive growth stages, consistent with a
role in controlling protein and oil content. The new well-defined QTL should significantly improve
molecular breeding programs, and the identified candidate genes may help elucidate the mechanisms
of protein and oil biosynthesis.

Keywords: soybean; protein content; oil content; quantitative trait loci (QTL); linkage analysis;
genome-wide association study (GWAS); candidate genes

1. Introduction

With an average composition of approximately 40% protein and 20% oil, soybean (Glycine
max (L.) Merr.) is the most important source of vegetable protein and edible oil, accounting for
68% of total global protein consumption [1] and more than half of global oilseed production [2].
Breeders have the goal of producing soybean varieties with high-protein and oil content, traits that are
quantitatively controlled by multiple genes that have small effects and are significantly influenced by
the environment [3–5]. A strong negative correlation between protein and oil content has been verified
in previous studies [6,7], suggesting that some quantitative trait loci (QTL) may inversely affect protein
and oil content. Identifying and studying QTL associated with protein or oil content is important
for directing molecular breeding, and identifying genes and gene functions that affect protein and
oil content.
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To find genetic markers that are near genes controlling traits of interest, linkage analysis can
be performed using biparental segregating populations [8]. Since Diers et al. [3] first used linkage
analysis to discover a major QTL connected to soybean protein and oil content on chromosome (Chr.)
20, studies have been conducted to detect QTL near various types of markers, including amplified
fragment length polymorphism (AFLP) markers, restriction fragment length polymorphism (RFLP)
markers, and simple sequence repeat (SSR) markers in biparental populations [7,9–13]. The Soybase
website has listed 255 and 322 QTL linked to protein and oil content, respectively, involving every
chromosome in the biparental population (http://soybase.org/, 8 July 2019). However, the limited
overlap of protein/oil-interrelated markers and sparse density of molecular markers used in previous
reports have inhibited the identification of candidate genes within the wide QTL intervals and limited
the increase in protein or oil content resulting from marker-assisted selection (MAS) [14]. Requirements
for the construction of secondary mapping populations and the use of map-based cloning have slowed
down application to breeding. Using recently developed high-density single nucleotide polymorphism
(SNP) markers based on high-throughput sequencing, Seo et al. [2] identified 23 protein and oil QTL
within small regions that covered 14 linkage groups using 1570 SNP markers, including qHPO20, a QTL
significant for both protein and oil content that overlapped a previously reported QTL [13,15–17].
Wang et al. [18] constructed two high-density genetic maps that contained 4000 more SNP markers,
examined loci related to soybean evolutionary traits, and predicted candidate genes that related to
these traits. Patil et al. used a high-resolution bin map (3343 SNP markers) to detect 18 QTL connected
to soybean seed protein, oil, and sucrose content QTL that were then confirmed by a genome-wide
association study (GWAS) [5].

GWAS, based on linkage disequilibrium (LD), is a prevailing strategy to find genetic variations
that affect complex traits by using genome-wide markers combined with phenotypes [8,19].
Hansen et al. [20] first successfully applied GWAS to plant genetics, tightly linking the B gene
to the annual growth habit of sea beet using genome-wide AFLP markers. In recent years, GWAS
has been applied to analyze complex quantitative traits in soybean such as protein, oil, fatty acid,
and amino acid content and salinity tolerance in the different wild, landrace, and elite soybean lines,
yielding putative candidate genes based on bioinformatic analysis in order to identify their action
mechanisms [21–23]. Lee et al. [24] gathered 621 soybean accessions from maturity group I–IV and
34014 SNP markers to identify QTL for protein, oil, and amino acid content. They also detected some
QTL on Chr. 5, 10, 15, and 20 that coincided with previous results [3,25–27].

Compared with linkage analysis, association analysis does not require the construction of a
mapping population and can analyze multiple alleles from the same locus simultaneously [19]. Due to
abundant recombination accumulated during the long-term evolution of natural populations, the results
are of higher resolution that can even be located within individual genes [8,28]. However, population
structure and genetic relationships may lead to false positive results in association analyses [29];
hence, it is best to combine linkage analysis and association analysis for the most accurate QTL
results. Combined analysis methods have successfully mapped loci to associated traits in rice [30,31]
and maize [32,33], but it is rarely employed to study soybean protein and oil content. In this study,
we combine linkage analysis and GWAS methods to detect QTL and identify candidate genes that are
linked to protein and oil content.

2. Results

2.1. Phenotypic Variation of Protein and Oil Contents in Two Panels

Three hundred and eight recombinant inbred lines (RILs) and 203 soybean accessions were
used in this study. The seed protein and oil content of two panels grown over three years in three
different locations are summarized in Table 1. The protein content in the two parent lines for the RILs,
Zigongdongdou (ZGDD) and Heihe27 (HH27), averaged over different locations, was 44.55% and
40.81%, respectively, and the average oil content was 18.69% and 20.07%, respectively. Differences in
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protein and oil content between the parent lines were significant in Sanya in 2016, 2017, 2018 (16SY,
17SY, 18SY), and Xinxiang in 2018 (18XX) (p < 0.01), but not in Xiangtan in 2017 (17XT). Data for the
parent lines grown in Xinxiang in 2017 (17XX) were not available. The mean content for RILs was
between the parents, with transgressive segregation expanding the range. The skewness and kurtosis
indicate that the data conforms to a normal distribution that is apparent in the histograms in Figure 1,
suggesting that both protein and oil content are controlled by multiple genes that can be analyzed by
linkage analysis. The protein and oil content in the association panel also follow a normal distribution
that is conducive to GWAS and have a wide phenotypic variation for traits as indicated by the variance,
range, and coefficient of variance (CV) observed (Table 1).

Figure 1. Histogram of recombinant inbred lines (RILs)’ protein content (a) and oil content (b) in six
environments. 16SY, 17SY, 18SY, 17XT, 17XX, 18XX represent different environments of Sanya, Xiangtan,
Xinxiang in 2016, 2017, and 2018. Zigongdongdou (ZGDD) and Heihe27 (HH27) are the parents of the
RILs. Bars in different colors represent different content of protein/oil.

Variance analysis (ANOVA) (Table 1) revealed that significant differences (p < 0.01) were found
in genotype, environment, and genotype × environment interactions for the two traits. Broad-sense
heritability (H2) of both traits was high (0.83~0.90), demonstrating that genetic factors play a vital role
in the accumulation of protein and oil in these lines.
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2.2. Genetic Map and QTL Analysis of Protein and Oil Contents

Seven thousand one hundred and twenty-three SNP markers were filtered to construct a genetic
map. Markers with severe segregation distortion (x2 > 100) were removed through Joinmap 4.1.
The final map included 3454 SNP markers covering 20 linkage groups (LGs) that spanned 2208.16 cM
of the genome with an average distance of 0.64 cM between adjacent markers. There was an average of
173 SNP markers in each LG, ranging from 70 (on Chr. 11) to 260 (on Chr. 3) [34].

Using the genetic map, we identified QTL that were co-detected by two algorithms: inclusive
composite interval mapping (ICIM) and a mixed model based on composite interval mapping (MCIM)
and/or consistently detected in multiple environments, and combined QTL that exist in two adjacent
intervals as the same QTL. This resulted in the identification of seven protein content QTL and eight
oil content QTL that were located on 11 chromosomes (Table 2 and Figure 2). The limit of detection
(LOD) value (the threshold for ICIM) of these QTL ranged from 2.90 to 35.35 while the F values
(the threshold for MCIM) were from 4.80 to 26.20, and these QTL explained 1.56% to 23.98% of the
phenotypic variation. The QTL with positive values for the additive effect indicates that the ZGDD
parent contributes to the allele that is conducive to the trait. The QTL on Chr. 1, 15, and 20 are linked
to both protein and oil content. Among those QTL, qPro15-1/qOil15-1 contributed to a high phenotypic
variation explanation (PVE) (13.40%~17.81%), was localized to a narrow physical region (from 2691560
bp to 3476238 bp), and was indicted by both algorithms and three different environments. Therefore,
this QTL interval was further examined to identify candidate genes. A second, oil-related QTL qOil5-1,
was also detected by two algorithms, apparent in every environment, and contributed a large PVE
ranging from 7.04% to 23.98%. qPro15-1, qPro20-1, and qOil5-1 were significant QTL intervals identified
in at least three environments, having high LOD/F value and contributing more than 7% PVE (Table 2
and Supplementary Figure S1).

 

Figure 2. Location of quantitative trait loci (QTL) related to protein and oil contents. QTL in red color
were protein while in blue were oil.
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2.3. Genome-Wide Association Study (GWAS) Results

Two hundred and three soybean accessions consisting of a diverse range of protein and oil content
were genotyped, yielding 3,977,183 SNPs and 491,910 indels. After filtering for missing rates ≤ 10%,
minor allele frequencies ≥ 5% and LD pruning, 94,462 SNPs and indels were available for GWAS.

Principal component (PC) analysis was conducted with 94,462 SNPs and indels and three outlier
cultivars (Hai 94, Wuhuasiyuehuang, and Suidaohuang) were identified and removed from the
association panel. The first three PCs dominate the population structure (Figure 3a), they divide the
population into two main groups which exhibit a geographic distribution pattern (Figure 3b). The first
subgroup primarily consisted of cultivars from the northeast region of China (NER) and the USA,
while the second subgroup mainly included cultivars from the Huang-Huai region of China (HHR)
and the south region of China (SR). However, a few accessions from NER and USA (e.g., liaodou15 and
Hood) were sorted into the second subgroup and a few accessions from HHR and SR (e.g., qihuang10
and taiwan75) were placed in the first subgroup (Figure 3b,c), perhaps due to their parents’ origin area.
Population structure analysis indicated K = 2 was the modeling choice (Figure 3c and Supplementary
Figure S2), and the result was confirmed by the PC analysis. The heat map of the population shows
their kinship that can distribute into two subpopulations (Figure 3d). The physical distance of total LD
decay, where r2 dropped below 0.1, was approximately 132 kb (Figure 3e), and we also detected the LD
decay of accessions from NER, USA, HHR, and SR with the relative LD decay distances of 180, 190,
171, and 161kb, respectively.

To minimize false positives due to population structure, we performed a general linear model
(GLM) and a mixed linear model (MLM) and found that MLM effectively reduced false positive SNPs.
A threshold of –log (P) = 4 was determined as the criteria for detecting significant signals of protein and
oil content. Further, we conducted GWAS on two sub-population panels (the NER-USA and HHR-SR
sub-populations). A total of 19, 12, and 36 SNP loci distributed on 17 chromosomes were detected
in the NER-USA and HHR-SR sub-populations and total population, respectively (Supplementary
Table S1 and Supplementary Figure S3). The p-values of all significant SNP loci were from 9.37 × 10−7

to 9.90 × 10−5. One SNP on Chr. 5, 9, 13, 16, 18, and three SNPs on Chr. 20 (41133383, 35512580, and
34990940) were associated with both traits in one environment, and these significant SNP loci on Chr.
20 were associated with both protein and oil content in 17XX and 18XX.
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Figure 3. The principal component (PC) analysis (a,b), population structure analysis (c), heat map of
the kinship matrix of the 203 soybean accessions (d), and linkage disequilibrium (LD) decay (e) of the
association panel.

2.4. Co-Detected Results by Linkage Analysis and GWAS

We combined the results of linkage analysis and GWAS to identify SNP regions that were
co-detected by both analyses (Table 3).
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Four significant SNP loci regions distributed on Chr. 2, 6, 9 and 20 were co-detected, and all
the SNP loci detected by GWAS were distributed in the QTL intervals obtained by linkage analysis.
The co-detected SNP regions on Chr. 2 and Chr. 6 had a weak PVE (<5%), but likely included genes
that exerted modest effects. The region on Chr. 20 was linked to both protein and oil content, with a
higher PVE for protein content (7.24~9.39%).

2.5. Candidate Genes and Expression Levels

We next searched for candidate genes in a co-detected SNP region from Chr. 20 and an extra
strongly indicated QTL interval from Chr. 15. Based on the LD decay distance of total population and
four regions, we extended the regions about 200 kb that from 34.60 to 35.40 Mb including the SNP loci
on Chr. 20. The physical region of qPro15-1/qOil15-1 on Chr. 15 was from 2.60 to 3.50 Mb. We focused
on genes that were indicated by annotation information to be involved in protein or oil metabolism
as candidate genes. Nine and 16 genes were selected on Chr. 15 and Chr. 20, respectively, that were
predicted to have one of these four categories of function: structural components, metabolic enzymes,
material transporters, and regulators of gene expression (Table 4).

Quantitative real-time PCR (qRT-PCR) was applied to measure the relative expression of the 25
candidate genes, identifying eight genes that had significant differences in the expression levels between
the two parent lines at late reproductive growth stages in pods. Glyma.15g033200, Glyma.15g034100,
Glyma.20g105300, Glyma.20g106900, and Glyma.20g107600 shared a pattern of low expression levels with
no significant difference between the two parents up to 25 days after the R3 period, then the expression
level of these genes in ZGDD increased sharply compared to HH27 (Figure 4a). As shown in Figure 4b,
the expression of Glyma.15g034600 and Glyma.20g103200 was higher in HH27, but generally low in both
parents until 25 days after the R3 period. Then, 30 days after the R3 period, gene expression switched
to be significantly higher in ZGDD only to reverse again by the 35th day to be highly expressed in
HH27 relative to ZGDD. Glyma.15g040100 has its own distinct pattern. For the first 10 days after the
R3 period, both parents had high expression levels, then the expression decreased with expression in
HH27 being significantly higher than in ZGDD (Figure 4c). The detailed expression patterns for the
other five genes are shown in Supplementary Figure S4.

 

Figure 4. Relative expression patterns of candidate genes. Glyma.15g033200, Glyma.15g034100,
Glyma.20g105300, Glyma.20g106900, and Glyma.20g107600 express as (a), Glyma.15g034600 and
Glyma.20g103200 as (b), Glyma.15g040100 as (c). * p < 0.05, ** p < 0.01.
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3. Discussion

3.1. The Accuracy of QTL Analysis and GWAS is Improved by Using Phenotypic Data from Different Locations
and Employing Ample SNP Markers

The two soybean populations we studied were planted in three different geographical locations.
Previous studies have shown that soybean varieties originating from higher latitudes possess lower
protein content and higher oil content and that the protein content of the same soybean variety is
negatively correlated with latitude, altitude, day length, and the oil content, while being positively
correlated with temperature and moisture [7,35,36]. Song et al. [37] also found that crude protein
content was positively correlated with accumulated temperature ≥ 15 °C and mean daily temperature.
In our study, the protein and oil content of ZGDD/HH27 were different when grown in three different
locations, especially in XT (Table 1); the comprehensive climate factors in XT must have led to the
significant change in protein and oil content of HH27, producing a wide phenotypic variation in the
RILs used for QTL analysis. Growth in multiple environments also expanded the phenotypic variation
of the association panel (Table 1). The use of plants grown over multiple years at different locations
helped us reduce environmental factors to identify genes that consistently affect these traits in our QTL
and GWAS analyses.

Increasing the number of markers also improves the accuracy of QTL analysis and GWAS.
The application of AFLP, RFLP, and SSR markers in QTL localization of soybean protein and oil content
has previously been limited, resulting in imprecise QTL region identification [29,38]. In this study,
3454 SNP markers obtained by simplified genome resequencing were used to increase the resolution
of the genetic map (0.64 cM of average distance between adjacent markers) and reduce the physical
interval of the QTL (average distance was about 1.5 Mb). For GWAS, LD decay distance determines
the minimum saturation marker density and using more markers produces a higher probability of
detecting functional sites [19]. Nearly one hundred thousand filtered SNP and indel markers were
used in this study, improving the precision of GWAS to study the complex traits.

3.2. Refined QTL Intervals and SNP Loci for Protein and Oil Content Were Identified

Although multiple protein and oil content QTL have been previously discovered, few have
been effectively used in breeding due to their small phenotypic effects and poor reproducibility,
so identifying QTL with consistent, large effects is desirable [7,39]. In our linkage analysis study,
QTL that were detected by both ICIM and MCIM algorithms and/or stably detected in multiple growth
environments were identified. All of the QTL intervals overlapped or were close to regions reported
by previous studies (Table 2). Here, we followed up on the QTL located on Chr. 15 and 20 that
were significantly and consistently correlated to both protein and oil content. Diers et al. [3] located
an oil-related QTL near the RFLP marker Pb on Chr. 15, which was close to the physical region of
qPro15-1/qOil15-1 identified in this study and a similar region was further associated with soybean
protein or oil content in other QTL studies [2,12,26]. Some SNP loci correlated to fatty acid and amino
acid phenotypes were also included in this region [15,22], but candidate genes were not discovered.
A second QTL, qPro20-1/qOil20-1 identified in our study, also overlapped with a previously reported
QTL region. Reinprecht et al. [40] detected a protein and oil QTL adjacent to the marker Satt270
which included a protein content QTL identified by Lu et al. [41] and an oil content QTL found by
Qi et al. [16]. Using high-density SNP markers obtained by genome resequencing, Patil et al. [5]
also detected a protein content QTL in the physical region from 33.8 to 37.4 Mb on Chr. 20 in two
environments. Our refined QTL will make MAS breeding more accurate and efficient. As to an oil
QTL on Chr. 5, GWAS studies have shown that some SNP loci in this region regulated oil content
and hence they searched for the candidate genes [29,42]. Zhang et al. [22] associated a SNP locus at
Chr. 5: 41883826 bp with oil content, and identified a candidate gene Glyma.05g245000 that annotated
as 3-Oxo-5-asteroid-4-dehydrogenase. Lee et al. [24] discovered five significant oil-related SNP loci
positioned within 41.75~41.89 Mb on Chr. 5, and they listed some previous QTL for protein and oil
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content that were in the same region identified by our linkage analysis results. This supports the
reliability of our results and suggests that there must be some oil regulating genes in this region.

In the GWAS results, the SNP loci on Chr. 20 interested us because they were embedded in the
QTL intervals that had high PVE. Priolli et al. [43] detected a SNP locus that associated with fatty acid
components near marker Satt270 on Chr. 20 and that is located in the SNP loci region identified in this
study. However, since other GWAS studies have identified a different region of Chr. 20 from 29 to
34 Mb [5,15,24,29,42], this study has likely discovered a novel region to excavate for candidate genes.

3.3. The Candidate Genes Differentially Expressed at Late Reproductive Growth Stage between Both Parents
Will Be Further Analyzed

Comparing the results identified as QTL intervals and SNP loci, we decided the co-detected SNP
loci region 34.60~35.40 Mb extended by approximately 200 kb on Chr. 20, and the qPro15-1/qOil15-1
interval 2.60~3.50 Mb on Chr. 5, an extra region, were the best novel regions for candidate genes, rather
novel QTL intervals, that might control protein and/or oil metabolism. The synthesis and catabolism of
protein and oil are complex biochemical processes [44,45] and we looked for the genes that might play
roles in protein and/or oil metabolism based on annotated information.

To test the 25 genes predicted to influence the accumulation of protein and oil content, we looked
for differential relative expression levels during R3 to R8 growth stages in the two parents ZGDD
and HH27, resulting in the identification of eight candidate genes for further study. Previous studies
have shown that the accumulation of protein and oil content is most concentrated during the late
reproductive growth stage and they are negatively correlated at this stage [46,47]. The energy needed
to produce oil in seed mainly comes from saccharides and protein, and some varieties of protein can
be degraded into acetyl-CoA, which is the raw material of oil [46,48]. Protein and oil accumulate in
the developing seeds of pods, but the surrounding pods can transport matter into the seeds, so we
extracted RNA from the whole pods. Here, we discovered that eight genes had significantly different
expression levels at a late reproductive growth stage between the two parents, ZGDD derived from
low latitude of China that was grown in short-day conditions (12 h light/12 h dark) and HH27 derived
from high latitude of China that was grown in long-day conditions (16 h light/8 h dark). Among
these eight genes, five genes of Glyma.15g033200 (structural constituent of ribosome), Glyma.15g034100
(acyltransferase activity), Glyma.20g105300 (serine/threonine kinase family protein), Glyma.20g106900
(translation initiation factor 3 (IF-3) family protein), and Glyma.20g107600 (phospholipase-like protein)
had similar expression patterns (Figure 4a), the significantly up-regulated expression of these genes
in ZGDD at the late reproductive growth stage might be the reason for high protein content of
ZGDD. The significantly up-regulated expression of two genes Glyma.15g034600 (drug transmembrane
transport, transport of citric acid, and malic acid) and Glyma.20g103200 (tryptophan, anthranilate
synthase) in HH27 at the late reproductive growth stage (Figure 4b) might contribute to the high oil
content of HH27. Glyma.15g040100 (ACT domain-containing protein, metabolic process like protein
synthesis and degradation), expressed stably but significantly higher in HH27 (Figure 4c), could
also have created the higher oil content in HH27. These results provide preliminary evidence for
the possible roles of these genes played in the accumulation of protein and/or oil content. However,
environmental conditions have a great influence on protein and oil content. Since the parents were
grown with two different photoperiod treatments, a possible role for photoperiod will be addressed
in follow up experiments to determine whether gene expression and accumulation of protein and
oil content are related to photoperiod or the variety itself. Different protein and oil content between
cultivars from diverse regions may be correlated to variations in photoperiods.
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4. Materials and Methods

4.1. Plant Materials and Field Trials

The plant material included a linkage panel and an association panel. The linkage panel consisted
of RILs from 308 F2:7 lines derived from a cross between HH27 (protein content is 39%, oil content is
21%) and ZGDD (protein content is 45%, oil content is 19%). RILs and their parents were grown in six
environments: Sanya (SY, 18◦23′N, 109◦11′E), Hainan province in 2016, 2017, and 2018; Xiangtan (XT,
27◦47′N, 112◦55′E), Hunan province in 2017; and Xinxiang (XX, 35◦18′N, 113◦55′E), Henan province in
2017 and 2018. The association panel, composed of 203 soybean accessions that included 182 accessions
from China (94 from NER, 50 from HHR, 38 from SR) and 21 accessions from the USA (Supplementary
Table S2), was planted in 18SY, 17XT, 17XX, and 18XX. Both panels were grown in a randomized
complete block design with two replications. The arrangement was 1.5 m long rows with 0.5 m row
spacing and 0.1 m of distance between individuals.

4.2. Phenotypic Data and Analysis

Fourier transform-near infrared reflectance (FT-NIR) spectrometry (Bruker, Karlsruhe, German)
was applied to scan the near infrared absorption spectra of the dry seeds. Under the Quant 2 method
of OPUS v. 4.2 software (Bruker, Karlsruhe, German), the samples’ protein and oil content data were
calculated using the dry basis model [49]. Each RIL and soybean accession from each replication of
each environment was detected three times using about 150~200 dry seeds per detection, with the
average used in statistical analysis. The histogram of phenotypic data was constructed using EXCEL
(Microsoft, Redmond, WA, USA). Statistical analysis of phenotypic data and ANOVA was conducted
using SAS v. 9.4 (SAS Institute, Cary, NC, USA), with type III analysis being employed. The H2 of
protein and oil contents was calculated using the following equation [50]:

H2 = σ2
G/(σ2

G + σ2
G∗E/e + σ2

e /re

in which σ2
G is genetic variance, σ2

G∗E is genotype × environment variance, σ2
e is error variance, r is the

number of replications, and e is the number of environments.

4.3. Genotyping and Linkage Analysis

For RILs, 2b-RAD technology [51] was applied to do simplified genome resequencing. Qualified
libraries were paired-end sequenced on the Illumina Hiseq Xten platform to obtain high-quality SNP
markers widely distributed throughout the genome. Using Joinmap v. 4.1 [52] to construct the genetic
map, markers beyond the LOD threshold 5.0 were scattered into 20 LGs [34]. A regression algorithm
and the Kosambi function were used to calculate the map distances (in cM) between adjacent markers.

QTL were predicted using two software packages based on different algorithms. IciMapping
v. 4.1 [53] used the ICIM algorithm, with the following default parameters: mapping method was
ICIM-ADD, step was 1 cM, PIN was 0.001, and LOD threshold was manual input of 2.5. QTLNetwork
v. 2.1 [54] employed the MCIM algorithm, with the permutation performed 1000 times, the F-threshold
set to 4.7, and testing window and walk speed set to 10 and 1 cM, respectively.

4.4. Genotyping and GWAS

The 203 soybean cultivars were sequenced with the high-throughput next-generation sequencing
platform of Hi-Seq 2000 with an average sequencing depth of 10-fold and genotyped using the
Genome Analysis Toolkit (GATK) pipeline [55]. After being trimmed by TRIMMOMATIC (parameter:
illuminaclip: adaptor. seq: 2:30:10 trailing: 3 sliding window: 4:10 MINLEN: 20), clean reads were
mapped to the soybean reference genome (v. Wm82.a2.v1) by BWA [56] with default parameters,
SNPs/InDels were called by GATK (-stand_call_conf set to 30.0, -stand_emit_conf set to 10.0, and -glm
set to BOTH). The variations were then recalibrated by a Gaussian mixture model, and outliers were
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discarded. Variants were further filtered by BCFtools (v. 1.2, QUAL≥ 50.0, DP≥ 5.0, QD ≥ 5.0, MQ ≥ 30,
MAF ≥ 0.03, Coverage ≥ 90%). InDels longer than 6 bp were discarded. More than four million SNPs
and indels were obtained. SNPs and indels were filtered with missing rates ≤ 10% and minor allele
frequencies ≥ 5% using PLINK [57]. The sequencing data of 125 accessions used in this study have
been deposited into the NCBI database under Short Read Archive (SRA) accession number SRP062560,
and the sequencing data of the rest 78 accessions used only in this study have been deposited into SRA
database in NCBI under accession number PRJNA589345. Linkage disequilibrium value was calculated
using the LD composite method in SNPRelate software and highly-linked SNPs were pruned, and
LD plots were modified via locally weighted scatterplot smoothing (LOWESS) using R software and
testing smoothing parameters fixed to 0.01 [58]. PCA was conducted by SNPRelate, and 3 cultivars
of population bias were removed based on the PCA result. The software fastSTRUCTURE was used
to analyze the population structure (K = 2, 3, 4, 5) [59] and it was verified based on the PCA result.
Association signals of seed protein and oil were identified based on 94,462 SNPs and indels from
200 samples with MLM by the first three PCs and kinship in GAPIT [60]. The LD analysis was
calculated by using the squared allele frequency correlation (r2) in PopLDdecay [61]. The critical
threshold was set as p < 10−4 to declare the significant SNP loci in GWAS.

4.5. Identification and Verification of Candidate Genes

Based on the LD decay distance, 200 kb upstream and downstream of regions near the significant
SNP loci on Chr. 20 were explored to identify genes whose functional annotation related to the
metabolism of protein and/or oil in the soybean reference genome Williams 82 (http://www.soybase.org/).
The functional annotation was from TAIR (www.arabidopsis.org/), GO (http://geneontology.org/),
PFAM (http://pfam.xfam.org/), PANTHER(http://www.pantherdb.org/) databases and KOG (clusters
of orthologous groups for eukaryotic complete genomes) annotation. Similarly, the QTL interval on
Chr. 15 were also scanned to identify candidate genes. qRT-PCR was applied to identify the relative
expression of candidate genes in the pods of two parents: ZGDD planted in a short-day greenhouse
(12 h light/12 h dark) and HH27 planted in a long-day greenhouse (16 h light/8 h dark) to simulate their
suitable light conditions in order to get protein and oil content close to that in the originate region (the
parent ZGDD originates from low latitude area of China (Zigong, Sichuan province, 29◦20′N, 104◦46′E),
it is sensitive to photoperiods and can only blossom and mature in a short-day condition; the parent
HH27 derives from high latitude area of China (Heihe, Heilongjiang province, 50◦14′N, 127◦31′E), it is
insensitive to photoperiods and can blossom and mature in both long-day and short-day conditions.).
Pods were picked from the middle nodes of the main stem every five days from the R3 through the
R8 stage, with three replicates for each plant [62]. The entire pods were used for the isolation of total
RNA using TransZol Up (Transegen Biotech, Beijing, China). First-strand cDNA was synthesized from
1 μg of the total RNA using a FastQuant RT Kit (Tiangen Biotech, Beijing, China). For qRT-PCR, 10 μL
reaction volume was applied using KAPA SYBR® FAST qPCR Kits (KAPA Biosystems, Wilmington,
MA, USA) with the following components: 1 μL of 1:5 diluted cDNA, 0.2 μL of each primer (10 μM),
5 μL of 2 × SYBR FAST qPCR Master Mix, 0.2 μL of 50 × ROX Low Reference Dye, and water to a
final volume of 10 μL. QuantStudio 7 Flex (Applied Biosystems, Waltham, MA, USA) was used to run
the qRT-PCR with following conditions: hold stage was 95 ◦C for 3 min; PCR stage was 40 cycles of
95 ◦C for 5 s and 60 ◦C for 30 s; melt curve stage was 95 ◦C for 15 s, 60 ◦C for 1 min and 95 ◦C for 15 s.
All PCR reactions were run in triplicate. Data were analyzed using the 2−ΔΔCt method with the mRNA
level of the GmActin (Glyma.18g290800) gene used as the internal control. The primers used are shown
in Supplementary Table S3.

5. Conclusions

In summary, using linkage analysis and GWAS, we detected 15 reproducible and significant QTL
intervals and 67 significant SNP loci that affect the protein and/or oil content of soybeans. We searched
the co-detected SNP region on Chr. 20 and an extra QTL interval on Chr. 15 to identify 25 candidate
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genes that may regulate the accumulation of soybean protein and oil. Among them, eight genes had
differential expression patterns in the parent lines (ZGDD and HH27) at late reproductive growth
stages. Further experiments with these gene candidates should lead to a better understanding of the
molecular mechanisms of protein and oil biosynthesis in soybean. The refined QTL intervals and SNP
loci in our study could also improve molecular breeding based on these markers.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5915/s1.
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Abstract: The last century has witnessed rapid domestication of the narrow-leafed lupin (Lupinus
angustifolius L.) as a grain legume crop, exploiting discovered alleles conferring low-alkaloid content
(iucundus), vernalization independence (Ku and Julius), and reduced pod shattering (lentus and tardus).
In this study, a L. angustifolius mapping population was subjected to massive analysis of cDNA
ends (MACE). The MACE yielded 4185 single nucleotide polymorphism (SNP) markers for linkage
map improvement and 30,595 transcriptomic profiles for expression quantitative trait loci (eQTL)
mapping. The eQTL highlighted a high number of cis- and trans-regulated alkaloid biosynthesis genes
with gene expression orchestrated by a regulatory agent localized at iucundus locus, supporting the
concept that ETHYLENE RESPONSIVE TRANSCRIPTION FACTOR RAP2-7 may control low-alkaloid
phenotype. The analysis of Ku shed light on the vernalization response via FLOWERING LOCUS T
and FD regulon in L. angustifolius, providing transcriptomic evidence for the contribution of several
genes acting in C-repeat binding factor (CBF) cold responsiveness and in UDP-glycosyltransferases
pathways. Research on lentus selected a DUF1218 domain protein as a candidate gene controlling
the orientation of the sclerified endocarp and a homolog of DETOXIFICATION14 for purplish hue
of young pods. An ABCG transporter was identified as a hypothetical contributor to sclerenchyma
fortification underlying tardus phenotype.

Keywords: vernalization responsiveness; alkaloid content; pod shattering; gene expression;
quantitative trait loci

1. Introduction

The narrow-leafed lupin, Lupinus angustifolius L., is a grain legume crop, appreciated as an organic
fertilizer that improves soil structure and productivity, as well as providing a source of protein for
human and animals. This species has witnessed rapid domestication during the last century. Several
important agronomic traits have been identified and transferred into improved germplasm [1]. These
traits include, among others, vernalization independence (overlapping loci Ku and Julius), low-alkaloid
content (iucundus), reduced pod shattering (tardus and lentus), soft seededness (mollis), white flower
color (leucospermus) and anthracnose resistance (Lanr1).

Vernalization responsiveness is the natural adaptation to climatic conditions, based on the
requirement of a prolonged low temperature period during germination to induce flowering [2,3].
Natural dominant mutation in the so-called Ku or Julius loci diminished the need of vernalization and
enabled temperature-independent sowing of L. angustifolius [4].
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A high level of quinolizidine alkaloids is a typical feature of primitive populations in many lupin
species, as these chemical compounds protect plants from pests and fungi [5], however, alkaloids
are major antinutritional factors and provide bitter taste [6,7]. Three unlinked low-alkaloid recessive
alleles were identified in L. angustifolius, and one of them, iucundus, was extensively implemented
in breeding [8,9]. Some germplasm resources having less than 0.01% of grain alkaloid have been
developed [10,11].

Shattering of dry pods is natural process of seed dispersal, however, it is a very undesired trait in
modern agriculture because it dramatically decreases harvested yield. Two unlinked recessive alleles
contribute to reduced pod shattering in L. angustifolius, namely tardus, affecting sclerenchyma strips of
the dorsal and ventral pod seams, and lentus, modifying the orientation of the sclerified endocarp of
the pod [12,13].

L. angustifolius is natively adapted to the Mediterranean climate which has hot dry summers,
because of one of its survival strategies which is impermeability of seed coat to water. Hard-seeded
germplasm has a long dormancy period and irregular germination. Recessive soft-seediness allele mollis
confers water permeability and efficient seed germination [14]. It is the most difficult domestication
L. angustifolius allele for breeding because the desired phenotype is maternally determined [15].

The agronomic potential of L. angustifolius has been reduced by high susceptibility to anthracnose,
caused by the pathogenic fungus, Colletotrichum lupini (Bondar) Nirenberg, Feiler and Hagedorn [16].
The resistance to anthracnose in L. angustifolius was revealed to be controlled by several single dominant
genes that were discovered in different germplasm resources, namely, Lanr1 in cultivar Tanjil, AnMan
in cv. Mandelup, and LanrBo in the breeding line Bo7212 [17–19].

Several genes contribute to L. angustifolius seed and flower color. The most widely exploited is the
recessive allele leucospermus, affecting anthocyanin synthesis and resulting in bright seeds and white
flowers [1].

To generate numerous molecular markers for agronomic trait selection in narrow-leafed lupin
breeding programs, microsatellite-anchored fragment length polymorphisms (MFLP) fingerprinting
has been exploited [20,21]. Trait-associated markers have been developed for iucundus (marker
iucLi) [22], Ku (KuHM1) [23], mollis (MoLi) [15], lentus (LeM1, LeM2 and LeLi) [13,24], and tardus (TaLi,
TaM1 and TaM2) [25,26]. Narrow-leafed lupin genomic studies have been greatly facilitated by the
incremental development of linkage map carrying sequence-defined markers [27–30], construction
of nuclear genome bacterial artificial chromosome (BAC) libraries [31,32], and assembly of the draft
genome sequence [30,33,34].

Recently, a new method of transcriptome-based genotyping-by-sequencing, called massive
analysis of cDNA ends (MACE), has been developed [35]. The MACE provides markers anchored
in 3′-ends of transcribed sequences, and therefore is directly matching active RNA content of the
genome. First implementations highlighted the relevance of the MACE for sequence polymorphism
detection, gene expression quantification, transcript-based marker development, and candidate gene
identification [36–41]. In this study, the MACE protocol was used for development of polymorphic
gene-based markers and for quantification of gene expression in mapping population of L. angustifolius.
These new data were exploited for construction of a linkage map and for determination of expression
quantitative trait loci (eQTLs) related to selected domestication traits.

2. Results and Discussion

2.1. Development of New Polymorphic Markers

The MACE protocol was applied for 89 RILs and for parental lines of L. angustifolius mapping
population (83A:476 × P27255), yielding 11,864 markers. A total of 9304 markers were localized
within gene sequences whereas 2560 markers were found in loci lacking any annotation. There were
4185 MACE markers retained after application of total missing data threshold (counting heterozygotes
and no data scores), followed by inference of consensus segregation for genes represented by several
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single nucleotide polymorphism, SNPs. There were 3532 genes represented by single markers,
four genes were represented by pairs of markers with heterogeneous segregation patterns, and 645
markers were localized in unannotated loci. The annotation of markers is provided in the Table S1.

The MACE is a method providing sequences anchored in the 3′-ends of mRNA and can be
used to develop sequence-defined markers, as well as to quantify gene expression [35,36]. In this
study both applications of the MACE protocol were exploited, providing molecular markers and
gene expression scores related to the same RNA isolates. The MACE marker set was supplemented
with 10 newly developed BAC-end derived PCR markers, namely five dCAPS (019A15_3, 026O16_3,
034M08_5, 043N19_3, and 103O20_3), four CAPS (061O23_3, 085K20_5, 085L14_3, and 128I22_5),
and one allele-specific PCR marker (085L14_5). The BAC-end based marker allele sequences were
deposited in NCBI Genbank under accession numbers (MN518055-MN518073). Information on
primer pair sequences, PCR primer annealing temperature, PCR product lengths, enzyme used
for polymorphism detection, and restriction product lengths for both alleles is provided in Table
S2. For the past 15 years, the use of BAC-derived PCR markers has been a method of choice in
studies involving L. angustifolius genome physical and linkage mapping. Because the L. angustifolius
karyotype carries numerous small and very uniform chromosomes, the BAC-derived markers have been
frequently used as chromosome-specific landmarks to validate physical linkage of particular genome
regions, as well as to facilitate assignment of particular chromosomes to linkage groups [31,42–47].
The BAC-derived markers have also been exploited for fine mapping of a region carrying a candidate
gene for vernalization independence Ku locus, as well as for comparative mapping of genes from
isoflavonoid and fatty acid synthesis pathways [48–51]. In this study, BAC-derived markers were
developed to localize on the linkage map some clones identified during our previous studies and
confirmed to carry repetitive elements.

2.2. Construction of a Linkage Map

Markers used for linkage map development included 4,185 MACE and 10 BAC-end PCR markers
developed in this study as well as previously published data including seven trait loci (Ku, tardus,
lentus, mollis, leucospermus, iucundus and Lanr1) [21], eight trait related markers (TaM1, TaM2, LeM1,
LeM2, KuHM1, AntjM2, MoA, MoLi) [13,15,24,25,52,53], and 109 BAC-derived markers anchoring
particular linkage groups to chromosomes [43–47,49–51,54]. The segregation data for markers used
for linkage mapping and the calculated χ2 p-values of distortion from expected 1:1 segregation are
provided in Table S3. There were 4309 markers localized on the genetic map, which constituted 20
linkage groups, carrying from 144 to 304 markers (215 on average) and 16 markers remained unmapped
(Table 1).

The segregation pattern of 59.7% of the markers was redundant, and therefore the map contains
1735 loci, namely from 60 to 120 loci per linkage group. The lengths of linkage groups vary from 78.5 to
156.38 cM, reaching 2163.63 cM in total. The results of linkage mapping are provided in Table S4. A high
percentage of markers matching particular linkage groups with corresponding pseudochromosomes,
reaching from 96.6% (chromosome NLL-16) to 100% (chromosomes NLL-14 and NLL-20), highlighted
the collinearity between published L. angustifolius draft genome sequence [34] and this version of
linkage map (Figure 1a). Major issues were found for chromosomes NLL-16 (block of eight adjacent
markers representing ~300 kbp localized in the linkage group NLL-01), NLL-15 (block of six adjacent
markers covering ~200 kbp mapped in the linkage group NLL-17), and NLL-12 (five markers mapped
in the linkage group NLL-14). As many as 209 unassembled scaffolds were localized on the genetic
map, namely from six to 22 scaffold per linkage group (Figure 1b). A comparison of the number of
markers assigned to particular chromosomes, scaffolds, and linkage groups is provided in Table S5.
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Table 1. Characteristics of the MACE-based L. angustifolius linkage map.

Linkage
Group

Number of
Markers

Number of
Loci

Number of
Genes

Length
(cM)

Number of
Scaffolds

NLL-01 289 120 251 156.38 11
NLL-02 207 73 185 132.78 21
NLL-03 204 77 169 115.02 22
NLL-04 193 95 157 126.93 8
NLL-05 144 70 130 101.29 10
NLL-06 304 119 267 144.66 10
NLL-07 191 85 155 104.25 10
NLL-08 231 101 194 119.29 8
NLL-09 192 93 169 140.98 10
NLL-10 154 75 121 85.64 6
NLL-11 269 107 216 119.57 8
NLL-12 271 88 220 85.86 15
NLL-13 230 81 200 78.5 11
NLL-14 160 76 121 87.5 10
NLL-15 248 87 207 86.65 10
NLL-16 240 96 204 99.42 9
NLL-17 227 70 176 91.57 6
NLL-18 196 77 151 91.34 9
NLL-19 144 60 122 92.08 10
NLL-20 199 85 169 103.92 9

Total 4309 1735 3590 2163.63 209

 

Figure 1. Collinearity links matching narrow-leafed lupin linkage groups (LG-01–LG-20) and:
(a) pseudochromosomes (NLL-01–NLL-20) and (b) unassembled scaffolds. Ribbons symbolize
homologous links identified by DNA sequence similarity. Chromosomes and linkage groups are drawn
to scale indicated by ticks (10 Mbp and 10 cM). Postions of the following major domestication loci are
indicated: Tardus (Ta), leucospermus (Leuc), iucundus (Iuc), lentus (Le), Ku, Lanr1, and mollis (Mol).

Mapping data from the most recent L. angustifolius linkage maps [30,34] were not incorporated to
our map due to a limited number of RIL lines common for all three studies (about 70), as well as due to
observed inconsistency in segregation patterns between physically linked markers originating from
different studies, indicating diverse genetic origin of some RILs having the same numbers assigned,
putatively resulting from seed admixture or cross-pollination during seed multiplication. Seeds of the
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mapping population were shared between the Department of Agriculture and Food Western Australia
and the Institute of Plant Genetics, Polish Academy of Sciences, in the year 2003, and maintained
independently thereafter. As lupin breeding was recently licensed to the private sector in Australia
it may be currently impossible to access original set of RILs developed for this mapping population.
Similar issues with possible cross-pollination during mapping population development have also been
reported for 43 RILs from the recently published linkage map of yellow lupin, L. luteus [55], as well as
for one RIL in white lupin, L. albus [56]. Nevertheless, the total number of RILs used in the most recent
L. angustifolius genome mapping study, namely 87 lines with only 78 lines overlapping with previous
mapping studies, was too low to provide the high resolution required for significant improvement of
genome assembly, and resulted in high marker redundancy, reaching 89.9% [30].

2.3. Gene Expression Profiling, Gene Ontology Enrichment, and Expression Quantitative Trait Loci Mapping

The MACE analysis provided normalized gene expression levels for all RILs analyzed. Namely,
30,595 genes revealed nonzero expression for at least 1 RIL, 25,024 genes for at least 30% of RILs,
23,557 genes for at least 50% of RILs, and 15,686 genes for all RILs. The normalized gene expression
values for mapping population and parental lines (83A:476 and P27255) are provided in Table S6. The gene
expression patterns in the mapping population were associated with domestication trait segregation
(wild alleles used as positive values). Genes with a statistically significant association (FDR p-value
threshold of 0.01) were identified for all domestication traits analyzed, namely 98 genes for iucundus,
50 for Ku, 35 for leucospermus, 29 for lentus, 17 for tardus, 11 for Lanr1 and five for mollis. The values
of the t-Student test association between domestication trait segregation and gene expression patterns,
including FDR correction and statistical significance analysis, are provided in Table S7. The gene ontology
(GO) enrichment analysis of genes with expression pattern associated with iucundus trait segregation
highlighted lysine biosynthesis and lysine metabolism, as well as cofactor binding and coenzyme
binding, as the most overrepresented processes and functions, respectively (Table S8). This was an
expected outcome as quinolizidine alkaloids are derived from lysine via a series of chemical reactions [57].
GO analysis for tardus-associated genes revealed iron-sulfur cluster assembly, metallo-sulfur cluster
assembly, and cofactor biosynthesis process enrichments. No statistically significant GO enrichments
were identified for genes associated with Ku, leucospermus, lentus, mollis and Lanr1 traits.

Composite interval mapping revealed the presence of numerous eQTL peaks close to domestication
trait loci. Within a genetic linkage distance of 2 cM from a particular domestication trait locus, from
one (mollis) to 61 (iucundus) genes had eQTL peaks localized (Table 2). The LOD values for eQTL
permutation test are provided in Table S9, whereas data on eQTL localization on the linkage map are
provided in Table S10. Some potential candidate genes were identified for all analyzed loci, except
anthracnose resistance locus Lanr1. As plants were not inoculated to allow long-range gene profiling
during their development, including the generative phase, genes related to anthracnose were putatively
not activated in the experiment. Anthracnose resistance will be addressed in another study. Here,
genes identified for iucundus, Ku, lentus, tardus, mollis and leucospermus are discussed.

Table 2. Expression quantitative trait loci localized near (≤2 cM) major domestication trait loci.

Domestication
Trait

Genes with
eQTL 1 Peak

Mean eQTL
Peak LOD

Value

Maximum
eQTL Peak
LOD Value

Genes with
cis Genomic

Positions

Genes with
trans Genomic

Positions

Genes in
Unassigned

Scaffolds

iucundus 61 14.77 37.70 11 45 5
Ku 25 11.20 40.97 11 11 3

leucospermus 9 13.18 35.34 5 3 1
lentus 6 16.36 42.97 5 1 0
tardus 2 25.05 31.82 2 0 0
Lanr1 4 10.20 13.48 4 0 0
mollis 1 9.59 9.59 0 1 0

1 eQTL, expression quantitative trait locus.
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2.4. Genes Identified for Low-Alkaloid Iucundus Locus

The high number of genes revealed for iucundus locus might be related to the complexity of the
alkaloid biosynthesis process and the number of genes involved. Taking into consideration the position
of gene coding sequences in the genome, only a relatively small fraction of eQTL genes revealed for
iucundus (18%) was cis-regulated, whereas the vast majority (74%) was trans-regulated. Furthermore,
from 34 genes for iucundus that had association values between their expression patterns and trait
segregation above 0.5 or below −0.5, as many as 30 revealed a positive association with wild, high
alkaloid phenotype. Moreover, as many as 16 genes highly associated with iucundus revealed to have
their major eQTL locus explaining more than 50% of their observed expression variance localized
directly at iucundus, or very close to it (Table 3). Many of these genes are hypothesized to be involved
in alkaloid biosynthesis process. Such an observation strongly supports a hypothesis that iucundus
locus in L. angustifolius encodes a single regulatory agent controlling this complex secondary metabolic
pathway and differentiating between high and low quinolizidine alkaloid biosynthesis profiles.

Table 3. Genes showing the highest gene expression association and eQTL peak co-localization (≤2 cM)
with low-alkaloid iucundus locus.

Protein Group
Peak
cM

Peak
LOD

PVE 1

%

Association
Based on

t-Student Test
Protein Annotation

OIW21347.1 NLL-07 40.2 37.7 84.2 −0.82 voltage-gated potassium channel subunit beta 1, KAB1
OIV96299.1 NLL-07 40.1 37.3 73.4 0.81 lysine/ornithine decarboxylase, LDC
OIV96574.1 NLL-07 40.1 35.4 60.5 0.84 purine permease 1, PUP1
OIW10551.1 NLL-07 39.6 29.4 67.2 0.80 MLP-like protein 423, MLP423
OIV89004.1 NLL-07 39.6 29.2 56.5 0.78 ethylene-responsive transcription factor, RAP2-7
OIW02927.1 NLL-07 39.6 27.3 69.9 0.69 amino acid permease, AAP
OIW07732.1 NLL-07 41.3 26.3 81.9 −0.73 uncharacterized protein
OIW13431.1 NLL-07 40.2 25.9 59.3 0.78 dihydroflavonol 4-reductase, DFR
OIV89008.1 NLL-07 40.2 25.8 66.2 −0.77 Fe superoxide dismutase 2, FSD2
OIV90042.1 NLL-07 39.6 24.6 59.6 0.72 aspartate kinase 1, AK1
OIV95196.1 NLL-07 39.6 24.3 57.2 0.77 HXXXD-type ACYL-TRANSFERASE, LaAT
OIW13432.1 NLL-07 40.1 24.0 50.2 0.77 dihydroflavonol 4-reductase, DFR
OIW03412.1 NLL-07 40.1 23.5 50.7 0.75 homeobox protein knotted-1-like, KNAT1
OIW15620.1 NLL-07 40.2 22.7 56.6 0.67 uncharacterized protein
OIW20548.1 NLL-07 40.1 21.7 50.3 0.72 diaminopimelate decarboxylase 1, DAPDC1
OIW02909.1 NLL-07 40.1 20.4 53.3 0.72 cytochrome P450, CYP71B23
OIV89669.1 NLL-07 39.6 20.4 48.0 0.70 cinnamoyl-CoA reductase 1, CCR1
OIV96948.1 NLL-07 40.1 19.5 38.5 0.73 copper amine oxidase, MHK10.21
OIW20507.1 NLL-07 40.1 18.3 40.1 0.70 anthocyanidin reductase, BAN
OIW20661.1 NLL-07 41.3 18.0 49.4 0.70 4-hydroxy-tetrahydrodipicolinate synthase, DHDPS
OIV97872.1 NLL-07 39.6 17.2 43.5 0.72 purine permease 1, PUP1
OIV93156.1 NLL-07 40.8 14.9 45.1 0.64 LL-diaminopimelate aminotransferase, DapL
OIV97100.1 NLL-07 39.6 13.9 44.4 0.64 MYB transcription factor 34, MYB34
OIW07643.1 NLL-07 39.0 13.7 36.3 0.64 4-hydroxy-tetrahydrodipicolinate synthase, DHDPS
OIV89772.1 NLL-07 39.6 13.3 40.7 0.51 pentatricopeptide repeat-containing protein
OIW10549.1 NLL-07 40.2 12.7 38.4 0.57 MLP-like protein 423, MLP423
OIV96820.1 NLL-07 40.2 11.8 30.5 0.57 glutamate synthase 1, GLT1
OIW21355.1 NLL-07 39.6 11.8 32.3 0.56 carboxylesterase 1, CXE1
OIW10098.1 NLL-07 40.1 11.8 28.3 0.53 aspartate-semialdehyde dehydrogenase, ASDH
OIW04462.1 NLL-07 39.6 11.7 30.8 0.57 VQ motif-containing protein
OIW10550.1 NLL-07 40.1 10.2 14.9 0.74 MLP-like protein 423, MLP423
OIW20088.1 NLL-07 39.6 9.6 27.4 0.53 short-chain dehydrogenase reductase, SDR
OIV89148.1 NLL-07 41.3 8.2 22.4 0.51 MLP-like protein 31, MLP31
OIW02362.1 NLL-07 39.6 7.9 21.4 −0.55 DMR6-like OXYGENASE 2, 2OG

1 PVE, proportion of explained variance.

Among the genes with expression positively associated with high alkaloid phenotypes in the
RIL population, the highest LOD values of eQTLs were revealed for Lup009726 (OIV96299.1, LOD
37.3), Lup028431 (OIV96574.1, LOD 35.4), Lup015923 (OIW10551.1, LOD 29.4), and Lup007628
(OIV89004.1, LOD 29.2) (Figure 2a). The Lup009726 product revealed 99.5% sequence identity to
lysine/ornithine decarboxylase LDC (BAK32797.1) protein which catalyzes the first step of quinolizidine
alkaloid biosynthesis [57]. Expression of the LDC gene has been confirmed to be associated with
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alkaloid content in L. angustifolius by several independent studies [58–60]. Lup028431 encodes purine
permease transporter 1 (PUP1), PUP proteins which are generally involved in alkaloid biosynthesis and
transport. Nicotine uptake permease from Nicotiana tabacum (NtPUP1), for example, affects nicotine
metabolism, as well as regulates the ETHYLENE RESPONSE FACTOR 189, a key transcription factor in
nicotine biosynthesis pathway [61,62]. Indeed, Lup028431 was selected in another study as potential
L. angustifolius quinolizidine alkaloid biosynthetic gene because it revealed similar expression pattern
to the LDC gene [63]. Lup015923 has been annotated as MAJOR LATEX PROTEIN 423 (MLP423,
AT1G24020), which is hypothesized to be involved in stress responsive activation of biosynthetic
pathway of coumestrol, a coumestan isoflavone in soybean [64]. Lup015923 was recently highlighted
as one of candidate quinolizidine alkaloid biosynthesis genes in L. angustifolius due to highly elevated
expression in bitter P27255 accession [58]. Lup007628 (OIV89004.1) is the ETHYLENE RESPONSIVE
TRANSCRIPTION FACTOR RAP2-7, a candidate locus for iucundus, evidenced by a gene expression
study involving transcriptome sequencing of four accessions and quantitative RT-PCR profiling of
14 accessions differing in alkaloid content, as well as by molecular marker development and linkage
mapping [59,60]. Interestingly, closely located to RAP2.7 at iucundus locus, another cis-regulated
component, Fe SUPEROXIDE DISMUTASE 2 (Lup007632, OIV89008.1), revealed similarly high LOD
and explained eQTL variance values, but opposite direction of association. Other iucundus-associated
genes have included Lup005321 (OIW13431.1) and Lup005322 (OIW13432.1) encoding homologs of
DIHYDROFLAVONOL 4-REDUCTASE which is one of the key genes from anthocyanin biosynthesis
pathway [65]. The set of genes with highly significant eQTLs localized in the iucundus region
also includes a Lup021586 (OIV95196.1) gene encoding HXXXD-type ACYL-TRANSFERASE (LaAT,
AB581532.1). The expression profile of LaAT has been highly associated with alkaloid content in
L. angustifolius [58–60,66]. Moreover, one of the homologs of this gene, LAGI01_35805, has been
recently designated as a candidate gene underlying low-alkaloid pauper locus in L. albus, as evidenced
by linkage mapping and validation survey in a set of 127 bitter and 23 sweet accessions [56].

In addition to Lup007628 and Lup007632, nine other cis-regulated genes revealed eQTLs localized
at iucundus locus, including three hypothetical components of alkaloid biosynthesis pathways,
Lup007706 (OIW07664.1), Lup017658 (OIW07643.1), and Lup032669 (OIW21355.1). Lup007706 encodes
a representative of a S-adenosyl-l-methionine-dependent methyltransferases superfamily protein.
N-methylation of quinolizidine alkaloids was confirmed to occur in crude protein extracts from
Laburnum anagyroides carrying S-adenosyl-l-methionine: cytisine N-methyltransferase [67]. Moreover, a
homolog of S-adenosyl-l-methionine-dependent N methyltransferase catalyzes a nitrogen methylation
involved in vindoline alkaloid biosynthesis in Madagascar periwinkle (Catharanthus roseus) [68].
Lup017658 encodes a 4-HYDROXY-TETRAHYDRODIPICOLINATE SYNTHASE gene which is generally
involved in biosynthesis of l-lysine, a precursor of quinolizidine alkaloids. This gene revealed
considerably elevated expression in bitter accessions of L. angustifolius, indicating its hypothetical
involvement in alkaloid biosynthesis pathway [59]. Lup032669 encodes the CARBOXYLESTERASE
1 gene. CARBOXYLESTERASE 1 was evidenced to be involved in one of the final three steps of
noscapine alkaloid biosynthesis [69]. To summarize, this study highlighted a relatively high number of
alkaloid biosynthesis genes with gene expression orchestrated by a regulatory agent(s) localized at
iucundus locus. This study provided novel evidences supporting the concept that RAP2.7 may control
low-alkaloid iucundus phenotype, however, further evidence would require cis-trans tests. Nonetheless,
such studies are hampered by very low transformation efficiency in narrow-leafed lupin [70].
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Figure 2. Major expression quantitative trait loci (eQTLs) revealed for narrow-leafed lupin domestication
trait loci: (a) main alkaloid content iucundus locus, (b) vernalization responsiveness Ku locus, (c) pod
shattering lentus locus, (d) pod shattering tardus locus, (e) soft seededness mollis locus, and (f) white
flower color leucospermus locus. Linear plots show LOD values (threshold 4.8), whereas vertical bar
graphs visualize eQTL ranges (outer, LODmax-2 and inner, LODmax-1) on corresponding linkage group
fragments. Linkage groups are drawn to scale indicated by ticks and labels.
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2.5. Genes Revealed for Vernalization Independence Ku Locus

The P27255 parent is late flowering and requires vernalization for flowering induction, whereas
the 83A:476 parent is early flowering and vernalization independent. In this study, seeds were subjected
to vernalization procedure to ensure transition from vegetative to generative phase in all analyzed
RILs. Such an approach could result in diminishing of some differences in expression profiles of
vernalization-responsive genes between early and late flowering RILs. However, despite this partial
pre-sowing vernalization, relatively a large number of genes revealed to have their eQTL peaks closely
localized to Ku locus (Table 4, Figure 2b). Contrary to iucundus, the same ratio of cis- and trans-regulation
for major eQTL loci was observed (44%). Genes showing the highest gene expression association
and eQTL peak co-localization (≤2 cM) with Ku included Lup011808 (OIW03171.1, LOD 41.0) and
Lup015372 (OIW20567.1, LOD 38.9). Lup015372 encodes hypothetical uncharacterized protein, whereas
Lup011808 a homolog of A. thaliana CALCIUM/CALMODULIN-REGULATED RECEPTOR-LIKE KINASE
1, CRLK1. CRLK1 confers cold responsiveness in plants via C-repeat binding factors (CBF) pathway [71].
Overexpression of the CBF in Arabidopsis delays flowering by promoting the expression of FLOWERING
LOCUS C (FLC), indicating a link between cold signaling and flowering time regulation [72]. One of
the downstream genes in this pathway is INDUCER OF CBF EXPRESSION 1 (ICE1) which integrates
cold signals into FLC-mediated flowering pathway [73]. Another cross-talk between cold response and
flowering initiation pathways, involving a SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1) gene was also identified [74]. A recent study confirmed that CBF pathway affects flowering
time but does not affect vernalization response in Arabidopsis [75]. Moreover, a calcium and
calmodulin-binding protein kinase (NtCBK1) from N. tabacum functions as a negative regulator
of flowering; high levels of NtCBK1 in the shoot apical meristem extended the vegetative phase
of growth [76]. Indeed, CRLK1, in this study, was revealed to be positively associated with late
flowering phenotype. These observations bring attention to the hypothetical involvement of calcium
and calmodulin link with FLC pathway in flowering time regulation in L. angustifolius. Legume
genomes do not contain FLC homologs but other genes from this pathway, including activators and
repressors of FLC, are present [77].

Other Ku eQTLs include Lup011781 (OIW03144.1), Lup011739 (OIV96743.1), Lup011836
(OIW03199.1), and Lup002110 (OIW20134.1) sequences. Lup011781 has been identified as a homolog of
MHM17-10 (AT5G56980) gene. It is pathogen-associated molecular pattern-induced gene with unknown
function, putatively participating in jasmonic acid pathway [78]. Lup011739 encodes a homolog of
GALACTURONOSYLTRANSFERASE-LIKE 10, which is involved in cell wall organization and its
expression is regulated by FLAVIN-BINDING KELCH REPEAT, F-BOX 1 (FKF1), blue light receptor,
and well-known photoperiodic flowering time regulator [79]. Lup011836 encodes general transcription
factor IIH subunit 2 (GTF2H2), performing basic functions in transcription and nucleotide excision repair
of damaged DNA. Lup002110 has been annotated as a representative of the UDP-glycosyltransferases
protein family. One of the A. thaliana UDP-glycosyltransferases, UGT87A2, was revealed to be involved
in the regulation of flowering in vernalization and gibberellin pathways via the flowering repressor
FLC [80]. UGT87A2 vs. OIW20134.1 protein alignment revealed 96% coverage, 31% identical sites,
and 46% positive sites.

As plants in this study were subjected to a moderate vernalization procedure, differences in gene
expression resulting from variation in vernalization responsiveness should be reduced as compared
with those expected for nonvernalized plants. This reduction might be highlighted by a relatively
low LOD value (as compared with other eQTLs from this region) of the major L. angustifolius gene
underlying vernalization responsiveness, a homolog of A. thaliana FLOWERING LOCUS T (FT),
LanFTc1 (Lup015264, OIW03334.1, LOD 7.0) [49,81]. As expected, LanFTc1 revealed negative association
with late flowering phenotype. Similar LOD values were also revealed for Lup018024 (OIV92673.1),
Lup020573 (OIW03269.1), and Lup018485 (OIW19675.1) genes. Lup018024 encodes a homolog of bZIP
transcription factor, FD, which mediates signals from the FT gene at the shoot apex and promotes
plant flowering in general [82]. However, in this study, FD expression revealed a positive association
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with late flowering phenotype. In Arabidopsis, the FT-FD complex induces the transcription of several
floral-promoting genes, such as SOC1 and FRUITFULL (FUL), which accelerate flowering, as well as
APETALA1 (AP1) and LEAFY (LFY), which control floral meristem identity [83]. Indeed, Lup018485
revealed similarity to AGAMOUS-LIKE 8 (AGL8)/ FUL and AP1 MADS-box transcription factors and
was found to be negatively associated with late flowering phenotype. Lup020573 was annotated as
MYB60 transcription factor. MYB transcription factors perform various regulatory functions in plants
in responses to biotic and abiotic stresses, development, differentiation, metabolism, defense, etc. [84].

Table 4. Genes showing the highest gene expression association and eQTL peak LOD co-localization
(≤2 cM) with vernalization independence Ku locus.

Protein Group
Peak
cM

Peak
LOD

PVE 1

%

Association
Based on

t-Student Test
Protein Annotation

OIW03171.1 NLL-10 50.8 41.0 92.1 0.85 calcium/calmodulin-regulated receptor-like kinase 1, CRLK1
OIW20567.1 NLL-10 49.7 38.9 65.1 −0.89 uncharacterized protein
OIV96743.1 NLL-10 51.4 18.4 53.5 −0.71 galacturonosyltransferase 10-like, GAUT10
OIW03144.1 NLL-10 51.3 16.7 45.2 0.62 MHM17-10, AT5G56980
OIW03199.1 NLL-10 48.4 16.4 50.5 0.69 general transcription factor IIH subunit 2, GTF2H2
OIW03193.1 NLL-10 50.3 10.6 31.5 −0.53 pentatricopeptide repeat-containing protein
OIW20134.1 NLL-10 49.7 9.7 28.9 0.52 UDP-Glycosyltransferase 85A2, UGT85A2
OIV89838.1 NLL-10 51.4 9.6 30.6 0.51 reticulon family protein
OIW19675.1 NLL-10 50.3 8.9 22.6 −0.56 MADS-box transcription factor AGAMOUS-LIKE 8, AGL8
OIW03269.1 NLL-10 52.0 8.5 24.6 0.51 MYB transcription factor 60, MYB60
OIV92673.1 NLL-10 50.3 7.4 22.2 0.53 protein FD-like, FD
OIW03334.1 NLL-10 49.1 7.0 26.7 −0.51 flowering locus protein T, LanFTc1

1 PVE, proportion of explained variance.

To summarize, analysis of Ku eQTLs shed light on vernalization pathway in L. angustifolius,
providing transcriptomic evidence for the contribution of several genes acting upstream of FLC in
CBF and UDP-glycosyltransferases pathways. The study also revealed transcriptomic contribution
of conserved mechanism of FT-FD regulon on transition from vegetative to generative development
phase in L. angustifolius.

2.6. Genes Profiled for Lentus and Tardus Pod Shattering Loci

The recessive lentus (le) allele changes the orientation of the sclerified endocarp in the pod,
substantially reducing torsional forces after drying [12]. In this study, the following three genes highly
associated with lentus were identified to have major eQTL peaks localized in the proximity of this locus:
Lup018336 (OIW06948.1, LOD 43.0), Lup018348 (OIW06960.1, LOD 17.4), and Lup018228 (OIW06846.1,
LOD 13.0) (Table 5, Figure 2c). All these genes originated from the same region at chromosome
NLL-08, carrying lentus. Lup018336 encoded a homolog of A. thaliana fiber protein carrying DUF1218
domain. The genome of A. thaliana contained 15 members of DUF1218 genes. Members of the
DEAL subfamily of the DUF1218 confer bilateral symmetry of Arabidopsis leaves by controlling proper
coordination of cell proliferation between different domains of the leaf lamina margin [85]. Another
group of DUF1218 genes has been related to secondary cell wall biosynthesis and includes AtUNKA
(At4g27435), MODIFYING WALL LIGNIN-1, and MODIFYING WALL LIGNIN-2 (At1g31720/MWL-1
and At4g19370/MWL-2) [86–88]. Lup018348 encodes a homolog of DETOXIFICATION14, a member of
the multidrug and toxic compound extrusion (MATE efflux) family [89]. MATE transporters perform
various functions including phytohormone transport, secondary metabolite transport, xenobiotic
detoxification, aluminium tolerance, disease resistance, tip growth processes, and senescence [90].
Some MATE proteins have been involved in the transport of anthocyanins or proanthocyanidins to
vacuoles and in the flavonoid metabolism pathways [91,92]. Anthocyanins are accumulated in cell
vacuoles and are responsible for diverse pigmentation from orange to red, purple, and blue [93].
Interestingly, Lup018336 revealed positive gene expression association with pod shattering phenotype,
whereas Lup018348 was positively associated with nonshattering pods. These results are in line with
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the general observation that le allele affects a pod pigmentation, resulting in a purplish hue of young
pods and a bright yellowish-brown color on the internal surface of mature pods. Lup018348 may be
responsible for this pigmentation, whereas Lup018336 for pod shattering in L. angustifolius.

Table 5. Genes showing the highest gene expression association and eQTL peak LOD co-localization
(≤2 cM) with anthracnose resistance Lanr1, white flower color leucospermus, soft seededness mollis, and
pod shattering tardus and lentus loci.

Trait Protein Group
Peak
cM

Peak
LOD

PVE 1

%

Association
Based on

t-Student Test
Protein Annotation

Lanr1 OIW02433.1 NLL-11 41.7 13.5 38.0 0.57 adenine nucleotide alpha hydrolases-like
Lanr1 OIW02411.1 NLL-11 41.6 9.0 29.0 −0.51 galactosyltransferase family protein

le OIW06948.1 NLL-08 75.2 43.0 75.8 0.76 fiber protein Fb34, DUF1218

le OIW06960.1 NLL-08 73.3 17.4 45.8 −0.66 MATE efflux family protein DETOXIFICATION14,
DTX14

le OIW06846.1 NLL-08 75.2 13.0 38.6 0.56 CDP-diacylglycerol–glycerol-3-phosphate
3-phosphatidyltransferase 2, PGPS2

leuc OIW21684.1 NLL-03 59.1 35.3 75.1 −0.86 ubiquitin-60S ribosomal protein L40A, RPL40A

leuc OIW15321.1 NLL-03 59.6 20.8 53.4 0.76 nascent polypeptide-associated complex subunit
alpha 2, NACA2

leuc OIW15287.1 NLL-03 59.1 14.7 40.4 0.59 F-box/WD repeat-containing protein
leuc OIV97389.1 NLL-03 56.1 13.1 36.6 −0.54 protein NRT1/ PTR FAMILY 3.1-like, NPF3.1
leuc OIV89020.1 NLL-03 59.1 10.4 28.6 0.57 GATA type zinc finger transcription factor, WLIM2a

mol OIW15058.1 NLL-17 79.0 9.6 34.6 −0.50 FAM32A, 7-dehydrocholesterol reductase, DWARF5

ta OIW17837.1 NLL-01 34.3 31.8 70.9 −0.79 BolA-like family protein 2, BolA2
ta OIW17820.1 NLL-01 33.1 18.3 44.6 0.66 G-family ATP-binding ABC transporter 5, ABCG5

1 PVE, proportion of explained variance.

The recessive tardus (ta) allele affects the sclerenchyma strips of the dorsal and ventral pod
seams, greatly increasing the fusion of two pod halves and moderately hampering their separation
when drying [12]. Two genes revealed high association and eQTL peak co-localization with tardus,
namely Lup002465 (OIW17837.1) and Lup002448 (OIW17820.1) (Table 5, Figure 2d). Lup002465
encodes BolA-like family protein with unknown function. Lup002448 is a G family ATP-binding ABC
transporter. Such a transporter in rice (RCN1) is required for hypodermal suberization of roots [94].
Similarly, ABCG1 confers suberin formation in potato tuber periderm [95]. Some ABCG transporters
are involved in sclerenchyma fiber development via monolignol transport in lignin biosynthesis
pathway [96,97]. Moreover, one of ABCG transporters has been revealed to be involved in the
silicon-induced formation of Casparian bands in the exodermis of rice [98]. ABCG transporters also
perform other diverse functions, including abiotic and biotic stress responses, however, these examples
provide non-negligible support to select Lup002448 as a candidate gene involved in tardus trait.

2.7. Gene Related to the Soft Seededness Mollis Allele

Recessive allele mollis provides water permeable testa at maturity [14,99]. Seed dormancy in legumes
is related to the deposition of phenolics and, hypothetically, development of suberin-impregnated layers
of palisade cells as observed in pea and soybean [100,101]. Only one highly associated gene was revealed
by eQTL analysis, Lup013985 (OIW15058.1), annotated as a protein FAM32A/7-dehydrocholesterol
reductase (homolog of A. thaliana DWARF5 gene) (Table 5, Figure 2e). Because the sequence homology
of these genes between L. angustifolius and Arabidopsis is quite low, it is difficult to elucidate a particular
function by comparative analysis. It can be concluded that it is putatively a gene involved in plant sterol
metabolism. Plant sterols are essential structural components that influence biophysical properties of
membranes such as permeability and fluidity [102]. Mutation in one of enzymes contributing to steryl
glycoside biosynthesis pathway, UDP-Glc:sterol glycosyltransferase, alters embryonic development,
seed suberin accumulation, and cutin formation in the seed coat, resulting in abnormal permeability [103].
Recently, it has been evidenced that a maternally deposited endosperm cuticle underlies this seed coat
permeability in A. thaliana [104]. Mollis is also maternally determined and as such is considered to be
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the most difficult L. angustifolius domestication gene for selection by phenotype observation. Lup013985
cannot be considered to be a candidate gene conferring mollis allele, because it is located in different
chromosome than mollis locus, however, it might be considered to be a hypothetical trans-regulated
component eventually contributing to mollis phenotype.

2.8. Genes with eQTL Loci Matching White Flower Color Leucospermus Allele

Recessive leucospermus allele confers white flower and bright seed pigmentation in L. angustifolius.
A similar trait in pea was conferred by a basic-helix-loop-helix (bHLH) transcription factor [105] but
eQTL analysis did not highlight any bHLH transcription factor with LOD peak close to leucospermus
locus. Two genes with expression positively associated with recessive allele revealed eQTL peaks close
to leucospermus, namely Lup008087 (OIW21684.1) and (Lup017573) OIV97389.1 (Table 5, Figure 2f).
Lup008087 encodes ubiquitin-60S ribosomal protein L40 (RPL40A) isoform and is localized in
Scaffold_168_4 mapped in this study in linkage group NLL-03 close to leucospermus, however, a particular
biological function of RPL40 gene is unknown. Lup017573, from the chromosome NLL-15, revealed
similarity to the NRT1 and PTR family proteins. Three eQTLs revealed a negative association with
recessive allele, including Lup008084 (OIW15287.1) annotated as F-BOX/WD repeat-containing protein.
Interestingly, a single mutation in an F-BOX domain-containing protein, OsFBX310, confers brown hull
phenotype in rice resulting from a high content of total flavonoids and anthocyanins [106], however,
putatively due to the large evolutionary distance between monocots and dicots, sequence alignment
reveled very limited similarity between the OsFBX310 and OIW15287.1 protein sequences.

2.9. Applicability of MACE for Gene-Based Studies

This study is the first report on exploitation of the MACE for L. angustifolius genome and
transcriptome analysis. As a method for gene expression analysis, the MACE was first used in chronic
kidney disease survey [35] and in de novo transcriptome analysis of Calliphora vicina pupae [37].
The MACE was also exploited for stem rust transcriptomic response in perennial ryegrass (Lolium
perenne), highlighting a candidate LpPg1 resistance gene and yielding numerous SNPs which were
further transformed into PCR-based molecular markers [36]. The MACE protocol was also applied
in pea (Pisum sativum) providing single nucleotide variants subsequently converted into CAPS
markers [38]. Furthermore, MACE-based studies in pea resulted in the identification of a new mutant
allele of the key nodulation gene Sym33 [107]. The MACE was also used for transcriptomic profiling of
Phaseolus vulgaris seeds and Solanum lycopersicum pollen [39,40]. The MACE was also exploited for
GWAS, tagging several candidate genes for salt stress tolerance in Triticum aestivum [41].

Several previous L. angustifolius genotyping approaches were based on diversity arrays technology
(DArT) profiling. DArT studies have highlighted low genetic diversity in narrow-leafed lupin breeding
material as compared with primitive and wild germplasm [108]. This domestication bottleneck resulted
from narrow genetic variability of exploited resources and significantly limited adaptation range in
this crop [109,110]. The DArT-seq has also been exploited for genome-wide association studies (GWAS)
targeting several narrow-leafed lupin phenology and yield traits, but it did not provide any candidate
gene with significant associations between a marker and a quantitative trait [111,112].

In this study, the MACE was revealed to be an advantageous technique for marker development
and gene expression profiling. The eQTL mapping highlighted numerous genes involved in the
vernalization response and alkaloid biosynthesis, providing a valuable contribution for further
advancement of knowledge on the complexity of molecular networks controlling these two biological
processes. Taking into consideration the recent improvements in deciphering the molecular basis
underlying early flowering and low-alkaloid phenotypes, as well as addressing results reported here,
L. angustifolius can serve as a reference model for such studies across the whole genus. Moreover,
information about candidate genes identified in L. angustifolius can be translated to other legume
species as these processes are generally conserved.
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2.10. Recommendations for Improving Narrow-Leafed Lupin As a Crop

During the process of L. angustifolius domestication several agronomic traits were identified and
transferred into improved germplasm by classical selection approaches. Current breeding materials and
cultivars usually carry desired alleles of all major domestication traits in homozygous state (Ku, iucundus,
lentus, tardus, mollis, leucospermus and Lanr1). However, domestication process was highly focused
on these traits and resulted in approximately threefold reduction in genome-wide diversity across
domesticated accessions as compared with their wild relatives [112]. Further improvement of this
species as a crop will require harnessing of primitive germplasm and subsequent reselection of
domesticated alleles in the progenies. One of the most challenging issue is related to the influence
of global warming on temperature and rainfall patterns in all major areas where lupins are currently
cultivated. This issue could be partially resolved by SNP-based selection of wild accessions of
narrow-leafed lupin with well-established local adaptation to warm and dry climate of the eastern
Mediterranean basin [111]. Novel opportunities for reducing the time required for transition between
phenological phases could also be uncovered by exploitation of natural variability in genes from
vernalization and cold pathways highlighted in this study, particularly LanFTc1, CRLK1, FD, UGT85A2,
GAUT10, and MYB60. Moreover, a common issue related to dry and warm weather patterns, which
are expected to occur more frequently due to changing climate, is pod dehiscence. Identified candidate
genes for lentus (a homolog carrying DUF1218 domain) and tardus (an ABCG5 transporter) await further
genotypic and phenotypic exploration in wide genetic background because mapping population
represents only a small fraction of diversity existing in L. angustifolius germplasm.

3. Materials and Methods

3.1. Plant Material

The reference 83A:476 × P27255 recombinant inbred line (RIL) population (n = 89, F8) of
L. angustifolius [27] delivered by the Department of Agriculture and Food Western Australia was used
in the study. This population was developed from a cross between a domesticated Australian breeding
line (83A:476) and a wild accession from Morocco (P27255). The line P27255 is late flowering and
vernalization-responsive (recessive allele ku), pod shattering (dominant alleles Tardus and Lentus),
hard seeded (Mollis), blue flower and dark seed color Leucospermus), high alkaloid (Iucundus) and
anthracnose susceptible (lanr1). 83A:476 has an opposite allele combination (Ku, tardus, lentus, mollis,
leucospermus, iucundus, Lanr1). Both parental lines are homozygous in relation to these alleles.

3.2. Controlled Environment Experiment

Seeds of mapping population and parental lines (83A:476 × P27255) were vernalized for 16 days at
4 ◦C in darkness on Petri dishes with moist filter paper. Filter paper (Chemland, Stargard, Poland) was
changed every four days to maintain phytosanitary conditions. Following vernalization, plants were
transferred to pots (2 plants per 11 cm × 11 cm pot, about 8 cm between plants) and grown in controlled
conditions (photoperiod 16 h, temperature +25 ◦C day and +18 ◦C night) at the Wielkopolska Center
of Advanced Technologies in Poznań, Poland. Tissue was sampled from young leaves two times a day,
4 h after beginning of photoperiod and 1 h before the end of photoperiod on the 28th, 36th, and 44th
day from sowing. Five biological replicates were collected.

3.3. Massive Analysis of cDNA Ends

Frozen plant tissue (50 mg, −80 ◦C) was homogenized using TissueLyser II (Qiagen, Hilden,
Germany) and two stainless steel beads (ø 5 mm) placed in a 2 mL tube (Eppendorf, Hamburg,
Germany). RNA isolation was performed using SV Total RNA Isolation System (Promega, Madison,
WI, USA) according to the protocol. The concentration of RNA was measured using NanoDrop 2000
(ThermoFisher Scientific, Waltham, MA, USA) and A260/A280 ratio. RNA quality was visualized
by 1% agarose gel electrophoresis (1X TAE) of denaturated samples. RNA concentration was
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equalized to 400 ng/μL in nuclease-free water. Samples from particular line (representing 5 terms and
5 biological replicates) were bulked together in equal aliquots. 10 μL of mixture (4 μg of RNA) was
subjected to the MACE protocol. The MACE profiling and SNP calling was outsourced (GenXPro,
Frankfurt, Germany). The MACE reads were aligned to the L. angustifolius genome assembly [34]
(http://www.lupinexpress.org). Normalization procedure was as follows [113]: The average raw count
of each gene within a library was divided by the geometric mean of all counts in all samples and
the median of the quotients was calculated per library. Each raw count was then divided by the
library-specific median value.

3.4. Molecular Markers and Linkage Mapping

The 83A:476-like scores were assigned as “a”, the P27255-like scores as “b”, and the heterozygotes
as “h”. If several cosegregating MACE markers in particular gene were identified, the marker with the
lowest percentage of missing data was chosen to infer consensus segregation representing each cluster.
To provide a mapping file, heterozygote scores were removed. Accepted missing data threshold was
11%. Chi-square (χ2) values for Mendelian segregation were estimated using the expected 1:1 ratio.
The calculation of probability was based on χ2 and 2 degrees of freedom. Based on the segregation
distortion observed in recently published L. angustifolius linkage map versions [29,30,34], χ2 p-value
threshold of 1 × 10−7 was applied.

Segregation data for domestication traits and tightly linked SSR-derived markers were included
in the study [13,21–23,25,52,53]. Moreover, to provide landmarks for chromosome map integration,
recently published BAC-derived markers were incorporated [43–47,49,51]. Additionally, novel markers
were developed using BAC-end sequences. PCR primers were designed using Primer3′lus [114].
Amplification was performed using DNA isolated from the parental lines of the L. angustifolius mapping
population, 83A:476 and P27255. Amplicons were extracted directly from the post-reaction mixtures
(QIAquick PCR Purification Kit; Qiagen) and sequenced using ABI PRISM 3130 Genetic Analyzer
XL (Applied Biosystems, Hitachi, Tokyo, Japan). Allele-specific PCR (AS-PCR) polymorphisms were
visualized by 1% agarose gel electrophoresis, whereas nucleotide substitution polymorphisms were
revealed by the cleaved amplified polymorphic sequence (CAPS) and dCAPS approaches [115,116].
Restriction sites were identified using dCAPS Finder 2.0 and SNP2dCAPS [117,118]. Digestion
products were separated by 2% agarose gel electrophoresis. Multipoint mapping (JoinMap 5, Kyazma,
Wageningen, Netherlands) was performed after grouping under independence LOD of 9.5. Some
inconsistency in segregation patterns were observed between previously published and newly
developed marker sets. In such cases, marker segregation was tested using current DNA isolates
(if possible) or questionable data was deleted from segregation file. Linkage group optimization was
performed according to the procedure previously applied for white lupin by [54].

3.5. Expression Quantitative Trait Loci Mapping

Normalized gene expression values (continuous traits) obtained for RILs and mapping population
parental lines were associated with Ku, tardus, lentus, mollis, leucospermus, iucundus, and Lanr1
segregation data (binary trait) by t-Student test in two classes of polymorphism. Obtained p-values
were false discovery rate (FDR) corrected [119]. Genes with corrected p-value ≤ 0.01 were subjected
to composite interval mapping performed in Windows QTL Cartographer V2.5 (North Carolina
State University, Raleigh, NC, USA) using 5 background control markers, window size 10 cM, walk
speed 0.5 cM, and backward regression method. LOD threshold for QTL calling was established by
permutation test (N = 1000) using the same parameters. Linkage groups and LOD graphs were drawn
in MapChart [120]. Moreover, sets of genes with corrected p-value ≤ 0.01 were analyzed for gene
ontology (GO) term enrichment by hypergeometric test with FDR correction in Bingo [121] using GO
annotation of L. angustifolius genes obtained from Ensembl Plants Genes database (rel. 45, genome
assembly LupAngTanjil v1.0). Whole-genome annotation was used as reference set. Results were
provided as −log10 (corrected p-value).
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4. Conclusions

1. The massive analysis of cDNA ends was revealed to be applicable for molecular marker
development and linkage map construction, as well as for gene expression evaluation and
expression quantitative trait loci mapping.

2. The analysis of vernalization independence Ku locus shed light on vernalization response via
FLOWERING LOCUS T and FD regulon, providing transcriptomic evidence for contribution
of several genes acting in C-repeat binding factor (CBF) cold responsiveness and in
UDP-glycosyltransferases pathways. This information can be relevant to decipher vernalization
pathway in legumes, because legume genomes do not contain a major vernalization-responsive
gene FLOWERING LOCUS C (FLC) but other genes from this pathway, including activators and
repressors of FLC, are present.

3. The study of low-alkaloid iucundus locus highlighted a high number of cis- and trans-regulated
alkaloid biosynthesis genes with gene expression orchestrated by a regulatory agent localized at
iucundus locus, supporting the concept that the ETHYLENE RESPONSIVE TRANSCRIPTION
FACTOR RAP2-7 gene may control low-alkaloid phenotype in narrow-leafed lupin.

4. Research on reduced pod shattering lentus locus selected a DUF1218 domain homolog as a
candidate gene controlling the orientation of the sclerified endocarp and a DETOXIFICATION14
homolog for purplish hue of young pods.

5. An ABCG transporter gene was identified as a hypothetical contributor to sclerenchyma
fortification underlying reduced pod shattering tardus locus.
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Abbreviations

2OG DMR6-like OXYGENASE 2
AAP Amino acid permease
ABCG5 G-family ATP-binding ABC transporter 5
AGL8 AGAMOUS-LIKE 8
AK1 Aspartate kinase 1
AP1 APETALA1
ASDH Aspartate-semialdehyde dehydrogenase
BAC Bacterial artificial chromosome
BAN Anthocyanidin reductase
BolA2 BolA-like family protein 2
CBF C-repeat binding factor
CCR1 Cinnamoyl-CoA reductase 1
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CRLK1 CALCIUM/CALMODULIN-REGULATED RECEPTOR-LIKE KINASE 1
CXE1 Carboxylesterase 1
DAPDC1 Diaminopimelate decarboxylase 1
DapL LL-diaminopimelate aminotransferase
DArT Diversity Arrays Technology
DFR Dihydroflavonol 4-reductase
DHDPS 4-Hydroxy-tetrahydrodipicolinate synthase
DTX14 MATE efflux family protein DETOXIFICATION14
DUF1218 Fiber protein Fb34, domain of unknown function 1218
eQTL Expression quantitative trait locus
FKF1 FLAVIN-BINDING KELCH REPEAT, F-BOX 1
FLC FLOWERING LOCUS C
FSD2 Fe superoxide dismutase 2
FT FLOWERING LOCUS T
FUL FRUITFULL
GAUT10 Galacturonosyltransferase 10-like
GLT1 Glutamate synthase 1
GO GENE Gene ontology
GTF2H2 General transcription factor IIH subunit 2
GWAS Genome-wide association study
ICE1 INDUCER OF CBF EXPRESSION 1
KAB1 Voltage-gated potassium channel subunit beta 1
KNAT1 Homeobox protein knotted-1-like
LaAT HXXXD-type ACYL-TRANSFERASE
LanFTc1 L. angustifolius FLOWERING LOCUS T c1
LDC Lysine/ornithine decarboxylase
LFY LEAFY
MACE Massive analysis of cDNA ends
MATE Multidrug and toxic compound extrusion
MFLP Molecular fragment length polymorphism
MHK10.21 Copper amine oxidase
MLP31 MAJOR LATEX PROTEIN 31
MLP423 MAJOR LATEX PROTEIN 423
MWL-1 MODIFYING WALL LIGNIN-1
MWL-2 MODIFYING WALL LIGNIN-2
MYB60 MYB transcription factor 60
NACA2 Nascent polypeptide-associated complex subunit alpha 2
NPF3.1 Protein NRT1/ PTR FAMILY 3.1-like
PGPS2 CDP-diacylglycerol–glycerol-3-phosphate 3-phosphatidyltransferase 2
PUP Purine permease transporter
RAP2-7 ETHYLENE RESPONSIVE TRANSCRIPTION FACTOR RAP2-7
RIL Recombinant inbred line
RPL40A Ubiquitin-60S ribosomal protein L40A
SDR Short-chain dehydrogenase reductase
SNP Single nucleotide polymorphism
SOC1 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
UGT85A2 UDP-Glycosyltransferase 85A2
UGT87A2 UDP-Glycosyltransferase 87A2
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Abstract: The quality and amount of yellow lupine yield depend on water availability. Water scarcity
negatively affects germination, flowering, and pod formation, and thus introduction of an artificial
irrigation system is needed. The aim of this study was to evaluate the influence of irrigation on
the quality of yellow lupine seeds. Raining was applied with a semi-solid device with sprinklers
during periods of greatest water demand. It was shown that watered plants produced seeds of
lesser quality, having smaller size and weight. To find out why seeds of irrigated plants were of
poor quality, interdisciplinary research at the cellular level was carried out. DNA cytophotometry
evidenced the presence of nuclei with lower polyploidy in the apical zone of mature seeds. This may
lead to formation of smaller cells and reduce depositing of storage materials. The electrophoretic and
Fourier transform infrared spectroscopic analyses revealed differences in protein and cuticular wax
profiles, while scanning electron microscopy and energy dispersive spectroscopy revealed, among
various chemical elements, decreased calcium content in one of seed zones (near plumule). Seeds
from irrigated plants showed slightly higher germination dynamics but growth rate of seedlings was
slightly lower. The studies showed that irrigation of lupine affected seed features and their chemical
composition, an ability to germination and seedlings growth.

Keywords: endoreplication; FTIR; germination; mitotic activity; SEM-EDS; storage proteins

1. Introduction

Yellow lupine (Lupinus luteus L.) is a legume crop which has tremendous economic potential and is
of great importance both in sustainable agriculture, particularly in reclamation of marginal lands, and as
a natural source of nitrogen thus it could be one of the main species cultivated for green fertilizer, seeds,
food and feed. As a rotation crop, it reconstructs the soil after cereals, thus it plays a phytosanitary role.
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Perfectly developed pile root systems of lupine meliorate the soil, making its aeration and watering
easier. In this way, it improves the water-air ratio and makes the damaged soil structure (resulting e.g.,
from cereal monoculture) more crumbly. As a result of symbiosis with papillary bacteria, lupine has the
ability to bind indirectly free atmospheric nitrogen and, thus, to improve soil fertility. Its long roots
take up ions of calcium, magnesium, potassium and phosphorus from deep layers of soil, inaccessible
for other plant species. Thus, it increase the yield of follow-up crop, because the compounds stored in
the tissues (macro- and micronutrients) return to the soil from crop residues (such as roots or straw),
remaining after the harvest or when lupine plants are intended for plowing as a green fertilizer [1–5].
Yellow lupine contains a large amount of high quality proteins in its seeds and negligible amounts of
harmful, bitter alkaloids. These proteins, due to the favorable amino acid composition, are of much
higher quality than those derived from cereal grains. Therefore, the seeds are used as a protein source
in the diets of livestock, and also as a component of food, especially functional food for people [1,4–9].
The lupine proteins have pharmaceutical qualities. They influence lipid and glucose metabolism as well
as blood pressure. They may also affect inflammatory processes and changes in gut microbiome. This
has a significant influence on the metabolism, nutrient absorption, and immune functions [4,10–12].
In addition, yellow lupine seeds are abundant in the Fe-rich ferritin and may be a safe way to increase
dietary iron intake replacing traditional iron supplementation methods [13].

Yellow lupine is a species with the lowest soil requirements among other lupine plants, however,
is characterized by a relatively long growing season until the seeds are produced. The atmospheric
conditions prevailing at this time may both favor or impair the course of cultivation. During vegetation
its yielding is unstable under unfavorable weather conditions, such as drought [5,9]. Due to this, it is
not willingly grown despite its beneficial properties. Therefore, it is difficult to achieve such amounts
of this high-protein crop seeds that could be competitive with soya, which now satisfies great part of
nutritional needs, especially in Europe [4].

Thanks to the well-developed root system, plants of yellow lupine can cope with periodic water
shortages, taking it from deeper soil layers, inaccessible for other herbaceous plants. However,
long-lasting drought causes changes at the physiological and molecular level. Lack of water or its
insufficient amount prolongs the flowering period. Water shortage activates stress responses and
decreases the numbers of both flowers and developing pods, thus limiting lupine yield [5,9,14–16].
Drought inhibits the development of symbiotic bacteria from the Rhizobium group, and consequently
decreases the total plant mass. In addition, water-deficit conditions can influence seed chemical
composition, e.g., increasing alkaloid content in some sweet lupine varieties making them less attractive
for farm animals [2,14–18]. Generally, shortage of water increases the production of reactive oxygen
species in cells (which may cause damages in photosystems, especially PSII and in membranes of
thylakoids), and decreases the rate of photosynthesis, due to low CO2 uptake, a lowered activity of
photosynthetic enzymes and reduced chlorophyll content [17,19–24]. All changes in plant metabolism
which ensure survival of unfavorable conditions limit crop yield [18,21,25]. Every reduction of
agricultural productivity causes economic losses among farmers and increases food prices [26,27].

Complexity of plant response to water deficit makes genetic research that could lead to obtaining
drought-resistant crops difficult and time-consuming [4,20,21,24]. Thus, different methods of irrigation are
still the most common approach to reduce adverse effects of drought in agriculture. It was found that they
increase crop productivity and seeds quality, [18,25,28–33]. However, contradictory results concerning the
lupine are also known, and they indicate that irrigation might reduce seed vigor, germination capacity and
germination energy, but increase a share of mold, rotting, and dead seeds [34,35]. It is therefore necessary
to analyze whether irrigation is beneficial in all circumstances, even when plants are exposed only to mild
water stress. If the seeds are to be used for consumption purposes, a specially high level of quality is desired,
but if they are treated as a planting material, it is possible that mild drought will increase plant resistance to
stress and the memory of stress will help to tolerate unfavorable conditions by the next generation of plants.

The aim of the current research was to investigate cytological, chemical and biochemical traits which
may be responsible for quality of seeds from irrigated plants of yellow lupine. The obtained results
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indicate that the seeds harvested from the non-irrigated and irrigated plants differ in size and weight,
endopolyploidy level of cotyledon cells, content of storage proteins, protein composition and in cuticular
wax profiles, as well as they differ in the germination capacity and growth rate of embryonic roots.

2. Results

2.1. Seed Yield

Irrigation did not improve the seed yield of the yellow lupine. The amount of yield collected from
the main stem as well as from branches of irrigated plants was comparable to that obtained from the
control (non-irrigated) plants (Table 1). However, the seed yield was visually of inferior quality. For
clarity, in the following sections of the work the seeds collected from the plants growing under natural
conditions (without additional irrigation) are referred to as “control seeds” whereas the seeds from the
plants subjected to irrigation are referred to as “irrigated seeds”.

Table 1. Seed yield of yellow lupine [g/plant] harvested from the main stems, branches and whole
control (not irrigated) and irrigated plants.

Main Stem Branches Plant

Control 3.68 0.38 4.06
Irrigation 4.14 0.94 5.08

All differences between presented pairs of mean values of seed weights are not statistically significant (the Student’s
t-test, p < 0.01).

2.2. Seed Morphology

In both control and irrigated plants there were seeds of different morphology and quality. Therefore
the control and the irrigated seeds were divided into normal (correct) and abnormal (incorrect) groups
due to differences in their morphological state (Figure 1a–d).

 
Figure 1. Seeds of yellow lupine collected from the control (not irrigated) and irrigated plants and
sorted according to morphological features: (a) control—normal seeds, (b) control—abnormal seeds,
(c) irrigated plants—normal seeds, (d) irrigated plants—abnormal seeds. Scale bar 10 mm, (e) seed
size (diameter) measured along the long axis, (f) seed weight. Statistical significance between mean
values of seed diameters and seed weights was assessed with the Mann–Whitney U test (p < 0.01) and
Student’s t test (p < 0.01), respectively. Error bars represent standard deviation (SD). Minuses and
double minuses indicate pairs of statistically insignificant results.

The evaluation was based on seeds color, shape, estimated size and weight. Seeds from the first
group were relatively large in size and weight, smooth, oval-shaped and slightly flattened, covered
with a white seed coat with a specific regular marble pattern. The seeds from the second group
were significantly smaller or lighter, with distorted oval shape, often stained brownish or without
the clear marble pattern. The above-mentioned poor morphological features, occurred separately or
accumulated in one seed.
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The lupine seeds in each group were measured and weighed. It turned out that the yield of the
irrigated plants was of inferior quality (Figure 1e,f). Their seed size and weight were smaller by about
25% and about 30%, respectively. Because the percentage of abnormal seeds in both groups of plants was
similar, i.e., 32% and 30% for the control and irrigated plants, respectively, as well as about 35–40% of the
abnormal ones did not germinate, in subsequent studies only normal seeds were taken into account.

2.3. DNA Content

Mature seeds of lupine have large cotyledons; their cells, depending on the area in which they
are located, may be of different ploidy level and thus may occur at different sizes. Cytophotometric
measurements of DNA content in the cell nuclei of two extremely situated cotyledon zones (basal and
apical; Figure 2) in the control seeds did not reveal differences (Figure 2b,c). In both zones, besides the
2C and 4C DNA cells (nearly 70%), polyploid ones were also observed (about 30%). More than 20% of
them passed the first round of endoreplication and contained 8C DNA, while about 7% passed two
rounds of endoreplication reaching 16C DNA. A few (about 2%) contained 32C DNA.

Figure 2. DNA content in the indicated zones of yellow lupine seeds. (a) Structure of lupine seed.
(b–e) Frequency distribution [%] of nuclear DNA content in the selected zones: cotyledon zones (L)
and root meristems (M) of yellow lupine; (b) Apical zone of control seeds from not irrigated plants.
(c) Basal zone of control seeds from non-irrigated lupine plants. (d) Apical zone of seeds from irrigated
plants. (e) Basal zone of seeds from irrigated plants. Inserted bar graphs show percentages of cells after
successive rounds of endoreplication. Red arrows show a decrease in the number of polyploid cells in
the seeds from irrigated plants.
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In the irrigated seeds there was a weakly pronounced difference in the number of polyploid
cells in the basal zone of cotyledons (less by only 3%), while a significantly lower number of them
(less by 17%) was observed in apical zone (Figure 2d,e). In this zone, cells with 2–4C DNA content
characteristic of the regular cell cycle accounted for 84% and polyploid ones for only 16% (Figure 2d).
A decrease in the number of polyploid nuclei was mainly related to a significant quantitative reduction
of the cells in the first round of endoreplication (Figure 2e).

2.4. Protein Profiles

Electrophoretic distribution of the proteins in the polyacrylamide gel allowed us to assess protein
composition of the control and irrigated seeds (Figure 3a,b). The same number of distinguishable
bands in both channels indicated the presence of similar protein composition in the tested seeds. The
digital analysis of the intensity of their staining pointed to some differences in the amount of proteins
present in them (Figure 3b). Even a small difference in the height of the bars (staining intensity) in each
pair, e.g., band pairs 6 or 14 (Figure 3b) is clearly visible in the polyacrylamide gel (containing proteins
of about 62 or 17 kDa, respectively; Figure 3a).

 
Figure 3. Protein profile in yellow lupine cotyledons from the seeds collected from not irrigated—(control
C) and irrigated—(I) plants. (a) Electrophoretic separation of proteins in polyacrylamide gel (stained
with Coomassie Blue) and computer analysis of staining intensity of the detected bands. Channel 1
shows protein mass standard (S), two and three show seed proteins from non-irrigated (control C) or
irrigated (I) plants, respectively. (b) Comparison of protein contents in 17 detected bands.
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The most stained bands (4, 7, 8, 15, 16, 17; Figure 3b) contained subunits of storage proteins
(the most abundant in cotyledones of lupine): albumins, i.e., δ-conglutin, globulins, e.g., β-conglutin
(vicilin-like), and α-conglutin (legumin-like), as well as probably a non-storage protein, γ-conglutin.
In comparison with control plants, the decrease in storage protein content in some bands (seven cases),
and the increase in others (eight cases) indicated modifications of their proportions due to irrigation.

2.5. Fourier Transform–Infrared Spectroscopy (FT-IR) Analysis of Lupine Seeds

The diffuse reflectance infrared spectroscopy (DRIFTS) FT-IR spectra of dry peeled lupine seeds
from control and irrigated plants are shown in Figure 4a–c. The spectrum of the every dry lupine seed
exhibit two prominent absorption bands at 3314 and 1674 cm−1 which could be assigned to N-H and
C=O stretching bands (Figure 4a). There are also three prominent bands which appear in the 2955–2855
cm−1 range that originate from the hydrocarbon tails. For methyl (CH3) and methylene (CH2) groups,
asymmetric and symmetric C-H stretching occur at 2955, 2925 and 2855 cm−1, respectively. Triglyceride
ester group show carbonyl C=O band at 1745 cm−1. The major infrared modes due to protein give
rises to amide carbonyl modes in the 1700–1620 cm−1 range. This region consists of some overlapping
carbonyl bands which may be separated using the Fourier self-deconvolution mathematical method
(FSD) [36]. One of the examples of improvement of information content by using FSD method is the
estimation of protein secondary structure and conformations by the analysis of the resolution-enhanced
amide I profile by FSD [37].

Figure 4. Fourier transform–infrared spectroscopy (FT-IR) spectrum of the yellow lupine seeds:
(a) peeled seeds collected from the control (not irrigated) and irrigated lupine plants, (b) separation of
the overlapping bands in the spectrum of the control seed—four Gaussian lines (red line) were found at
1691, 1674, 1657 and 1638 cm−1, (c) separation of the overlapping bands in the spectrum of the irrigated
seed—three Gaussian lines (navy line) were found at 1691, 1674, and 1657cm−1. Spectra were recorded
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at room temperature using the diffuse reflectance infrared spectroscopy (DRIFTS) module. (d) attenuated
total reflection (ATR)/FT-IR spectrum of the lupine seed coat cutine from the control and irrigated
material. Spectra were recorded at room temperature using ATR module.

The spectra of proteins exhibit absorption bands associated with amide groups. The exact wave
numbers of C=O vibrations depend on the nature of hydrogen bonding interaction involving C=O
and N-H groups. The characteristic bands of the amide groups of protein chains are similar to the
absorption bands exhibited by secondary amides, and are labelled as amide I bands. It occurs between
1700 and 1600 cm−1.As a consequence of inter- and intramolecular interactions, the amide I bands
consist of a number of overlapping component bands. The FSD-IR was used to extract individual
components from a complex composite band of C=O groups. Using the deconvolution method, the
νC=O characteristic stretching bands at 1691, 1674, 1657, 1638 cm−1 were estimated in the control
material (Figure 4b). It seems most likely that changes in the composition of the seed storage proteins
are due to the irrigating process (Figure 4a, navy line). There was no absorption band at 1638 cm−1

(Figure 4C, navy line), as compared with the spectrum of the control lupine seeds (Figure 4b, red
line). We believe that the difference of wave number reflects the structural nonequivalence of carbonyl
groups. It means that various protein types are present in the lupine seeds.

Figure 4d shows attenuated total reflection (ATR)/FT-IR spectra of lupine seed coats. There are
four main absorption bands. The broad and intense band at 3328 cm−1 was assigned to the O-H
stretching modes of alcohols and fatty acids. The bands in the region of 2918–2849 cm−1 were assigned
to the stretching of aliphatic CH2 groups. The band at 1735 cm−1 was assigned to the C=O mode of
carbonyl ester group. The broad band centered at 1634 cm−1 are due to proteins. The intense band at
1005 cm−1 is assigned to C–O vibration of cellulose [38].

The spectroscopic analysis demonstrated that the cuticular wax profiles of the irrigated seeds was
different from the control ones. The absorption band assigned to the C=O mode of ester group was
more intensive for the former ones. The broad band characteristic of proteins centered at 1634 cm−1

from non-irrigated seeds and at 1604 cm−1 from irrigated ones, as well as the broad band (characteristic
of cellulose) centered at 1005 cm−1 also showed some differences.

2.6. Analysis of Chemical Elements by the SEM/Energy Dispersive Spectroscopy (EDS) Technique

In the seeds of yellow lupine three chemical elements, C, O and N, were dominant. Their contents
in each analyzed zone were similar in the control and irrigated seeds (Figure 5). Other elements (Mg,
Al, P, S, K, Ca), whose contents (expressed in weight %) oscillated on average around 0.5% showed no
statistically significant changes after irrigation treatments (Figure 5c). Among these various studied
elements only the calcium content decreased statistically significantly in one seed zone (in the cotyledon
near plumule), probably as a result of plant irrigation.
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Figure 5. Scanning electron microscope (SEM) micrographs of yellow lupine half seeds: (a) Seed of
a control plant. (b) Seed of an irrigated plant. The spots: 1-embryo axis, 2-cotyledon near plumule,
3-cotyledon center, 4-cotyledon near radicle, five-seed coat, six-plumule. (c) Corresponding content
(weight %) of chemical elements (C, N, O, Mg, Al, P, S, K, Ca) in the indicated zones of seeds (C-control,
I-irrigated plants, respectively). Statistical significance between mean values was assessed with
the Student’s t-test (p = 0.008). Error bars represent standard deviation (SD). An asterisk indicates
statistically significant results.
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2.7. Germination and Seedlings’ Growth

Substances stored in a storage tissues (for example in the cotyledons) are used during germination
and growth of young seedlings. The dynamics of germination and growth are the parameters that
allow to evaluate seed quality. The seeds collected from control and irrigated plants (only correct,
as described in the Section 2.1., Figure 1) were germinated for three days (Figure 6). The seeds that
did not sprout after three days did not sprout at all; they constituted 13% and 20% in the control and
irrigated seed lots, respectively. After the first day of germination as much as 23% of the irrigated seeds
sprouted out, while in the control there was almost half as much, only 13% (Figure 6a). In both groups
of seeds the vast majority sprouted after two days. However, the overall percentage of germinated
seeds was higher in the control (72%) than those in the irrigated material (49%).

 
Figure 6. The dynamics of yellow lupine seed germination and growth of embryo roots. (a) Percentage
of germinated seeds during three days. The seeds collected from not irrigated plants (control C).
The seeds collected from irrigated plants (I). The seeds which remained non-germinated (NG) after
four days. Black figures (circle, triangle, square) above bars indicate populations of germinated seeds
whose root length is presented on the graphs marked with an adequate figure in part (B). (b) Dynamics
of embryo roots growth during following days of germination. Statistical significance between mean
values in diagram marked with black circle and triangle was assessed with the Mann–Whitney U test
(p < 0.01) and the two-way ANOVA with the post-hoc unequal N HSD (honest significant difference)
Tukey test (p < 0.01), respectively. Error bars represent standard deviation (SD). Minuses and double
minuses indicate pairs of statistically insignificant results.

Among the seeds that germinated after the first day, the control seedlings grew faster, whereas
among those that germinated later (after two days) both control and irrigated seedlings grew similarly
and finally reached larger sizes than the first ones (Figure 6b).

2.8. Mitotic Activity

Cell proliferation in meristems is one of the main causes of seed germination and growth of the
embryonic roots. Both after the first and the second day of germination, the differences between
the mitotic indexes evaluated for root meristems in seeds of the control and irrigated plants were
statistically not significant (Figure 7a). However, after the first day of germination in roots growing
from the control seeds, cell divisions started with greater synchronization, as evidenced by the high
prophase index (more than 45%; Figure 7b).
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Figure 7. Mitotic activity in yellow lupine root meristems after one and two days of seed germination.
The seeds collected from not irrigated (control—C) and irrigated—I plants. (a) Mitotic index, (b) phase
index, P—prophase, PM—prometaphase, M—metaphase, A—anaphase, T—telophase. Statistical
significance between mean values was assessed with the two-way ANOVA and post-hoc unequal N
HSD Tukey test (p < 0.01). Error bars represent standard deviation (SD). Pairs of symbols (∧, ∗, #) over
the bars indicate pairs of statistically significant results.

2.9. Detection of Hydrogen Peroxide

During germination of seeds, reactive oxygen species (e.g., hydrogen peroxide—H2O2) are
produced in the embryo roots of young seedlings. Their appropriate level is necessary to promote
changes in the structure of a cell wall and to facilitate elongation of cells. On the other hand, H2O2

is also a dangerous compound which adversely affects the cells. Too high a level of H2O2 causes
double-strand DNA breaks and destroys the structure of chromosomes. Analyses of the H2O2 content
(based on the 3,3-diaminobenzidine (DAB) polymerization method) revealed that its level was similar
in the roots grown from the control and irrigated seeds (Figure 8).
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Figure 8. Identification of H2O2 in the form of dark 3,3-diaminobenzidine (DAB) polymers and the
level of H2O2 in the cells of embryonic roots deriving from lupine seeds. (a) Not irrigated—control
plants. (b) Irrigated plants. Scale bar 20 μm; (c) stain intensity (arbitrary units) in these cells. Statistical
significance between median values was assessed with the Mann–Whitney U test (p < 0.01). Median
values are statistically insignificant.

253



Int. J. Mol. Sci. 2019, 20, 5521

3. Discussion

Due to the advantages of yellow lupine cultivation, treatments aimed at counteracting adverse
natural conditions as well as research studies that monitor plant reactions to the prevailing and
modified growing conditions are justified. In the future they will allow to increase the yield or keep it
at a predictable level for years characterized by changing weather, and thus will encourage farmers
to grow this species. One of the commonly used agrotechnical methods that could prevent water
shortages, ensure the correct rhythm of plant development and intensify yields, is crop irrigation [5,39].
It causes an increase in the yield of cereals (up to 27%) and also improves the amount and quality
of some legume seeds like chickpea beans [31,39]. However, this common agronomic operation
has not been optimized for lupine seed harvest yet. Generally, lupine plants are sensitive to water
deficit and intolerant of waterlogging but stress response depend on the species and plant condition.
It was found that plants belonging to one genus—Lupinus react differently to new conditions caused
by unfavorable weather occurring over the growing season [5,18,40–42]. Therefore, it is extremely
important to optimize the growing conditions for an individual species. Surprisingly, current studies
showed that irrigation of yellow lupine (L. luteus L. cultivar Mister) did not significantly increase
yields, while it weakened the quality of seeds. Seed size was smaller by about 25% and the weight—by
about 30%. However, the yield of narrow-leaved lupine cultivated at the same time and under the
same irrigation conditions was even 2.5 times higher than of the non-irrigated plants, although the
quality of irrigated seeds was also worse in terms of size and weight [43]. Thus, yellow lupine seems to
grow better under water shortage than under the conditions limiting this stress. In turn narrow-leaved
lupine showed greater tolerance of the new created cultivation conditions, as the decreases in size
and weight of seeds were smaller than in the case of yellow lupine. This could be the result of the
anatomical structure of narrow-leaved lupine leaves, which allowed more efficient drying of the lupine
field, and thus created better conditions for seed maturation.

Seed size and weight are important physical indicators of seed quality that affects vegetative
growth of the next generation of plants (e.g., seedlings’ vigour); both parameters are frequently related
to the size of yield, market grade factors and harvest efficiency [44]. Generally, large seeds (e.g.,
of wheat, rice, oat, safflower, chickpea, sugar beet and many others species of plants) have better field
performance than small seeds [44]. However, some researchers showed that cultivars of pea with lower
seed mass displayed better germination than those with larger seeds [45]. Furthermore, small seeds
of soybean had better germination and storage reserves utilization, as well as seedlings uniformity,
which grown much faster than those from larger seeds [46]. Additionally, small seeds of safflower
germinated faster and plants thereof grew higher under saline conditions [47].

To find out why yellow lupine seeds were of poor quality (mostly regarding their size and weight),
the interdisciplinary research at the cellular level was carried out. To the best of our knowledge research
involving microscopic, cytological, biochemical, and chemical analyses of seeds collected from the
irrigated and non-irrigated yellow lupine plants has never been conducted so far.

Cytophotometric analyses of nuclei from cotyledon cells of seeds collected from the irrigated
yellow lupine plants revealed lower ploidy level than those from the control plants. As demonstrated
in numerous studies, polyploidization plays a key role during plant tissue and organ growth and
development, both in favorable conditions and during environmental stress. A positive correlation
between ploidy level and cell size, was observed in many plants, and was defined as the karyoplasmic
ratio theory, which suggests that an increase in nuclear DNA content can be a driving force for cell
expansion [48–50]. This mechanism seems to be advantageous especially when energy is limited,
when rapid growth is necessary, or when terminal differentiation of some cells and their specialized
functions are needed [51]. Cotyledons of lupine seeds are a reservoir of storage materials (mainly
proteins) for developing embryos and growing young seedlings and should grow quickly during seed
development to create space for the synthesized substances [51–53]. Endoreduplication associated
with the production of storage materials is very common, although in some studies the correlation
between endoreduplication and accumulation of storage proteins was not observed [54]. Different
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environmental factors can also have strong impact on the genome size [50,55–58]. Our research revealed
that plant irrigation may be an inhibitory factor against switching of the classical cell cycle to the
endocycles. Hence low level of ploidy in the cotyledon cell nuclei may be responsible for small seed
sizes. The mechanism of this process is unknown, however it was suggested that only the ccs52 protein
and protein inhibitors of cyclin-dependent kinases are of crucial importance in this case, as they inhibit
cell entry into mitosis and promote endocycles [59,60]. The ploidy reduction in seeds of irrigated plants
is not accidental because it was observed not only in yellow lupine but also in narrow-leaved lupine.
Moreover, limitation of endoreplication, mainly in the apical zone of the seeds of both plant species, is
of particular interest. This indicates the existence of a characteristic response mechanism which may
be associated with the sequence of deposition of the storage compounds in specific seed areas.

Yellow lupine seeds are characterized by high protein content (44%), even higher than that in
soybean (35%), white lupine (40%), and narrow-leaved lupine (34%), and thus, may be considered as a
source of high quality storage proteins because of their nutritional, functional and chemical properties.
Therefore preservation of the proper composition of proteins in lupine seeds during agro-technical
treatments is of great importance. The lupine storage proteins are mainly globulins, which include α-,
β- and γ-conglutin and their composition may differ in individual species of lupine [1,61–64]. Changes
in DNA content in cotyledon cells caused by plant irrigation also encouraged us to make comparative
analysis of protein profiles, because environmental stress factors may change gene expression, protein
composition and their chemical structure [65–67]. The electrophoretic and spectroscopic (FTIR) analyses
demonstrated that the seeds (cotyledons) of the non-irrigated and irrigated yellow lupine plants
significantly differed with respect to their chemical composition. We believe that various protein types
are present in the control and irrigated lupine seeds. However, at this stage of research, it is difficult to
determine which of the observed changes are favorable or unfavorable for subsequent germination
and seedling development, as well as for nutraceutical and taste properties of the seeds. This is an
extremely interesting and important problem to be addressed in subsequent studies, all the more so,
because the differences in the chemical composition of the seeds of irrigated and non-irrigated plants
are species-specific [43].

Plant seeds are covered by seed coat and impregnated by cuticle and epicuticular waxes which
protect them from environmental conditions, pathogens and insect attack [38,68,69]. This layer is also
of great importance during the first stage of seed germination (imbibition). Our research revealed that
irrigation of lupine plants during their cultivation affected the chemical composition of developing
seeds coat. This modification influenced the subsequent germination of seeds. Similarly, as it was
shown in the case of narrow-leaved lupine [43], the seeds produced by the irrigated yellow lupine
plants also began to germinate faster. Due to the chemically changed coat of the seeds developed in
the irrigated plants (revealed by spectroscopic analyses), the process of water absorption and seed
imbibition may speed up, leading to quicker seed coat cracking and germination, similarly as it was
observed in other seeds [69–71].

Imbibition of water causes the resumption of metabolic activity in the rehydrated seeds. During
the next steps of germination catabolic enzymes (amylases, proteases) cause the breakdown of the
stored substances (starch and proteins). After translocation of the hydrolyzed nutrients to the embryo
proper and their subsequent assimilation, the cells of the embryo in the growing regions become
metabolically very active, grow in size, begin proliferative activity and expansion to form the embryonic
root and then young seedlings [72]. In order to mobilize storage substances and to make them available
to the embryo axis, efficient functioning of a signaling network and activation of many genes associated
with germination are necessary [73,74]. Different compounds are involved in the plant signaling
network, among them sugars, hormones, nitric oxide, calcium ions (Ca2+), hydrogen peroxide (H2O2),
and others [75–78].

Our studies demonstrated that in seeds produced by the irrigated yellow lupine plants, which
began to germinate faster (like narrow-leaved lupine seeds, just after the first day), the growth of
embryonic root was weaker. Probably, these seeds were not fully ready for the next phases (catabolic
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and/or anabolic) of germination yet, which requires adequate resources of enzymes, regulatory and
signal molecules. This may also be concluded from different contents of chemical elements in the
seeds, i.e., nitrogen (in the embryo axis of narrow-leaved lupine) and calcium (in the cotyledon near
plumule of the yellow lupine). The appropriate level of nitrogen and suitable carbon/nitrogen balance
is crucial for the gene expression during germination and young seedling growth [74], while calcium
signaling is, for example, involved in the regulation of cell cycle progression and gene expression in
response to abiotic stresses [75]. Since calcium content was limited in the cotyledon near plumule of the
irrigated yellow lupine seeds, their embryonic roots may have grown more slowly. However, analysis
of mitotic activity in the meristems of the yellow lupine embryonic roots did not show statistically
significant differences between the seeds of irrigated and non-irrigated plants (which were pronounced
in narrow-leafed lupine), while changes between them were observed mainly in the proportions at
the first stage of mitosis. Also, no statistically significant changes in H2O2 content (clearly visible
in narrow-leafed lupine) were observed. H2O2 as one of the constitutive attributes of plant root
physiology together with peroxidases (Clas III, E.C.1.11.1.7.), which catalyze the reduction of H2O2 or
its formation (in the peroxidative or hydroxylic cycle, respectively). These processes are connected with
cell wall loosening and root elongation during seed germination [79–82]. Such a result may suggest
that irrigation during the growth and development of both species of plants (in an attempt to reduce
drought stress) caused modifications in slightly different branches of signaling or metabolic networks
and were reflected in different responses at the cell and tissue level.

4. Materials and Methods

4.1. Plant Cultivation

The research consisted in a field experiment carried out for three consecutive years at the Złotniki
Research Station (52◦29′ N, 16◦49′ E,Poznań University of Life Sciences, Poland). The study was
conducted as a stationary experiment (in a randomized complete block design with 4 replications) on
grey-brown podzolic soil (pH = 4.8 measured in 1 M KCL; 1.3% organic matter: 50–110 mg kg−1 P,
115–195 mg kg−1 K) in 4-crop rotation. The yellow lupine (L. luteus L., cultivar Mister, certified seeds
from PHR breeder, Poznań, Poland) was sown (150 kg ha−1) in early April. Sowing depth was 4 cm and
the row distance was 18 cm. The main plot treatments were natural rainfall (non-irrigated), and natural
rainfall plus irrigations (irrigated). There was a gap of 6m in width between non-irrigated and irrigated
parts of plots. Irrigations were applied during flowering, pod and seed ripening (May, June, July) when
consumption of 30% of the readily available soil moisture (measured by the gravimetric method) was
observed in the 0.30 m root zone. The irrigation water (of good quality, containing 114 Ca2+, 7.4 Mg2+,
0 Na+, 0 K+, <1 Fe3+, 356 CaCO3 mg·L−1; pH 7.3) was taken from a small reservoir near the experimental
site. Irrigation was performed using a water pump with aluminium outlet pipes (110 mm in diameter)
and a rotary sprinkler. The diameters of the nozzles were 7 mm (NAAN 233/91) and the discharge rate
was 5 L·h−1 (with the operating pressure of 0.35–0.4 MPa). The main pipes with the rotary sprinkler were
placed in the middle of irrigated parts of plots. The mean dose of water and time of irrigation during
vegetation period were 30–35 mm and 6–7 h, respectively, while the mean daily air temperatures and
total precipitation in the vegetation periods in May, June and July were 15.3, 18.4, 17.5 ◦C and 17.5, 62.4,
214.8 mm, respectively (data from the Agrometeorological Observatory in Złotniki).

4.2. Yield Assessment

Ten plants of yellow lupine were collected randomly two days before harvest and were used to
measure seed yield (expressed as g per plant).

4.3. Seed Germination for Cytological Study

Seeds of lupine were sown on wet filter paper in Petri dishes (10 seeds/∅ 15 cm) and germinated
at room temperature for maximum 4 days in the dark.
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4.4. Cytophotometry

Apical fragments of embryo roots and cotyledons were fixed in cold Carnoy’s mixture (glacial
acetic acid and absolute ethanol; 1:3; v/v) for 1 h. Following rehydration (70% ethanol, 30% ethanol,
distilled water), the roots were hydrolyzed in 4 M HCl for 1 h and stained with Schiff’s reagent
(pararosaniline; Sigma-Aldrich, St. Louis, MO, USA) according to the standard methods [83]. After
rinsing in SO2-water and then in distilled water, fragments of cotyledons from the selected zones and
1.5-mm-long apical segments of the roots were cut off and squashed onto Super-Frost (Menzel-Gläser,
Braunschweig, Germany) microscope slides. Following freezing with dry ice, cover slips were removed,
and the dehydrated dry slides were embedded in Canada balsam. Nuclear DNA content was evaluated
by means of microdensitometry using a Jenamed 2 microscope (Carl Zeiss, Jena, Germany) with the
computer-aided Cytophotometer v1.2 (Forel, Lodz, Poland). The Feulgen-stained cell nuclei were
measured at 565 nm. Microscopic slides were used also to analyze the mitotic and phase indexes.

4.5. Electrophoretic Separation of Proteins

P-PER Plant Protein Extraction Kit (Pierce) supplemented with Protease Inhibitor Cocktail
(Sigma) was used for total protein extraction. The Lowry procedure was used to determine the total
level of proteins in the solution [84]. Whole-cell protein extracts were fractionated on NuPAGE®®

Novex®® 4–12% Bis-Tris gel, in NuPAGE®-MES SDS (50 mM MES, 50 mMTris, 0.1% SDS, 1 mM
EDTA) buffer (pH 7.3; 200 V; 110–125 mA). Analysis of staining intensity (Coomassie™) of the bands
obtained by the electrophoretic separation of proteins was carried out using the Gel Analyzer 2010a
(http://www.gelanalyzer.com).

4.6. FTIR Analysis of Lupine Seeds

The Fourier transform infrared spectroscopy technique (FT-IR;, an analytical technique offering a
possibility of chemical identification of samples) is based on the fact that chemical substances show
selective absorption in infrared regions. The molecules vibrate, after absorption of IR radiations,
giving rise to the spectrum of absorption [85]. The FTIR spectra were recorded in the range between
4000 and 500 cm−1 with a Nicolet™ 6700 spectrometer (Thermo Scientific, Waltham, MA, USA);
a spectral resolution was 4 cm−1. The spectra were obtained using ATR and DRIFTS techniques.
Room temperature reflectance spectra were recorded using a Spectra-Tech DRIFTS and ATR accessory
(Spectra-Tech Inc., Hanover Park, IL, USA). Eachsample was analyzed directly on the sample cup after
roughing it with silicon carbide (SiC) paper. A small disc of SiC paper was used to rub off a small
amount of sample. Pieces of clean SiC paper was used as the background. For the FT-IR/horizontal
attenuated total reflectance (HATR) technique, a diamond crystal was used. HATR technique provides
a simple means of direct handling of plant material. The lupine samples were placed in a HATR crystal
and a beam of infrared radiation is directed onto a diamond crystal. The wave of radiation extends
beyond the surface of the crystal and comes into the sample. The resultant radiation was measured
and plotted as a function of the wave number.

4.7. SEM/EDS Microanalysis

Scanning electron microscope (SEM) which produces images of samples by scanning them with
a focused beam of electrons (various characteristics of the sample e.g., size and shape) was used
for morphological analysis of seed samples. The EDS technique (Energy Dispersive Spectroscopy),
was used to identify different chemical elements present in lupine seeds as described by He and
coworkers [86] and Psaras and Manetas [87], with modifications. Mature, dry seeds of yellow lupine
from control and irrigated plants (five seeds of each kind) were cut on half and without sputter coating
with gold were observed with a SEM, model FEI INSPECT S50 (FEI, Hillsboro, OR, USA). X-ray
microanalyses were made with the EDS system (Ametek, Weiterstadt, Germany) connected to the SEM,
in six selected points of each seed (embryo axis, cotyledon near plumule, cotyledon center, cotyledon
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near radicle, seed coat and plumule, Figure 7a,b). In all cases the voltage was 20 kV (for micrograhs 10
kV), the pressure 60 Pa, spod size 3 and live time 30s. EDS spectra were analyzed and elements whose
presence was recorded in the form of peaks summarized in tables (eZAF Smart Quant Results). The
content of chemical elements (weight %) were estimated statistically.

4.8. Histochemical Localization of H2O2

The generation of H2O2 was observed using peroxidase-catalyzed 3,3-diaminobenzidine (DAB;
Sigma) polymerization test, according to Thordal–Christensen and cowerkers [88] with some
modifications [89]. Seedlings of lupine were incubated for 12 h in a solution containing 1 mg·mL−1

DAB dissolved in Tris buffer (100 mM Tris, 10 mM EDTA-2Na, 100mM NaCl, pH 7.6). Additional
“negative control” series comprised of lupine seedlings incubated with 1 mM ascorbic acid (AA; Sigma).
Then the roots were fixed in PBS-buffered 3.7% paraformaldehyde solution for 40 min (4 ◦C), washed
with PBS (three times) and incubated in a citric acid buffered digestion solution (pH 5.0) containing
2.5% pectinase, 2.5% cellulose and 2.5% pectolyase, at 37 ◦C for 30 min. Afterwards the roots were
washed with PBS and squashed onto microscope glass slides in a mixture of glycerol and PBS (9:1; v/v).
H2O2 was visualized under the SMZ-2T microscope (equipped with DXM 1200 CCD camera Nikon,
Tokyo, Japan) as a reddish-brown coloration.

4.9. Statistical Analysis

The differences between values obtained in the particular experiments were assessed with
the analysis of variance (ANOVA) and following post-hoc Tukey’s test, the Student’s t-test or the
Mann–Whitney U test. The choice of the test to the individual experiment was indicated in the
description of the graphs.

5. Conclusions

In conclusion, our research clearly indicates that irrigation of crops in drought conditions may
prevent them from drying out, but due to the lack of appropriate parameters of this agrotechnical
practice, it does not always lead to higher yields. Irrigation can affect seed formation, changes the
level of ploidy of cotyledon cells. Furthermore, it may interfere with the quality of storage substances
and influence seed germination. In connection with the above, we believe that the studies on the
modifications of stressful environmental conditions on the arable crops are necessary and justified and
that the agrotechnical procedure of plant irrigation (a subject of our current work) must be carefully
selected and developed for the individual plant species.
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Abstract: Plant–rhizobia symbiosis can activate key genes involved in regulating nodulation associated
with biological nitrogen fixation (BNF). Although the general molecular basis of the BNF process is
frequently studied, little is known about its intraspecific variability and the characteristics of its allelic
variants. This study’s main goals were to describe phenotypic and genotypic variation in the context
of nitrogen fixation in red clover (Trifolium pretense L.) and identify variants in BNF candidate genes
associated with BNF efficiency. Acetylene reduction assay validation was the criterion for selecting
individual plants with particular BNF rates. Sequences in 86 key candidate genes were obtained by
hybridization-based sequence capture target enrichment of plants with alternative phenotypes for
nitrogen fixation. Two genes associated with BNF were identified: ethylene response factor required
for nodule differentiation (EFD) and molybdate transporter 1 (MOT1). In addition, whole-genome
population genotyping by double-digest restriction-site-associated sequencing (ddRADseq) was
performed, and BNF was evaluated by the natural 15N abundance method. Polymorphisms associated
with BNF and reflecting phenotype variability were identified. The genetic structure of plant accessions
was not linked to BNF rate of measured plants. Knowledge of the genetic variation within BNF
candidate genes and the characteristics of genetic variants will be beneficial in molecular diagnostics
and breeding of red clover.

Keywords: associated genes; associated polymorphisms; genome-wide association; biological
nitrogen fixation; red clover

1. Introduction

The family Fabaceae, consisting of more than 750 genera and 19,000 species, is the third largest
family of flowering plants and, in terms of agricultural importance, the second most important family,
after Poaceae. Several species from this family serve as genetic model organisms (e.g., Medicago
truncatula Gaertn., Pisum sativum L., and Lotus corniculatus L.). One of the largest genera of the
Fabaceae family is the clover genus, Trifolium L., with more than 250 species [1,2]. This herbaceous
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genus, which acquired its name as a reference to the characteristic form of the leaf usually consisting
of three leaflets (trifoliolate), includes both annual and perennial species and occurs natively in
temperate and subtropical regions of the northern and southern hemispheres [3]. The importance of
the genus Trifolium lies in its agricultural utilization. In addition to several species being cultivated
extensively as fodder plants (such as T. pratense L., T. repens L., T. hybridum L., and T. resupinatum L.),
fast-growing clovers are sown as green manure crops or mixed intercrops to enhance soil fertility and
sustainability [4]. As typical for the majority of leguminous plants, Trifolium species can establish a
mutualistic relationship with the root-nodulating bacteria Rhizobium leguminosarum bv. trifolii. This
initiates a complex process of biological (atmospheric) nitrogen fixation (BNF). In this relationship,
the plant provides the bacteria a source of carbon and energy, in addition to phosphorus and other
mineral nutrients and also anoxic shelter, and the bacteria supply the plant with nitrogen acquired
from the atmosphere, converted into organic compounds utilizable in plant metabolism [5]. BNF in
legumes constitutes an irreplaceable nitrogen source for both ecosystems and circulation in nature. Soil
N enrichment due to effective BNF is environmentally more sustainable than application of synthetic
N fertilizers depending on utilization of nonrenewable sources of energy.

Interactions between nodulating bacteria and root plant systems are highly specific. In many
cases, some variant of bacterial strain, or biovar, is able to create functional nodules with only one
or several plant species [6] and, to a considerable extent, this determines the efficiency of nodulation
and nitrogen fixation [7]. In addition to complexities due to this high specificity, plant breeding
directed to the enhancement of nitrogen fixing ability is further complicated by the complexity of
the phenotypic trait, as it involves an estimated several hundred genes in nodulation and nitrogen
fixation [8]. Red clover (T. pratense), with a reported BNF level in aboveground plant tissues as great
as 373 kg N·ha−1·year−1 [9], and other Trifolium species having high rates of BNF heritability [10] are
promising for purposes of plant breeding directed to enhancing nitrogen fixing rates.

Cloned and characterized genes responsible for symbioses are involved in recognition of rhizobial
nodulation signals, early symbiotic signaling cascades, infection and nodulation processes, and
regulation of nitrogen fixation [8]. Plant–bacteria interaction is initiated by phenolic compounds
exuded by the plant rhizosphere and which attract rhizobacteria present in soil. Moreover, these
phenolic compounds bind to bacterial transcriptional regulator nodD and induce activation of nod
genes [11]. Products of nod genes, termed nodulation (Nod) factors, are lipochitooligosaccharide
signaling molecules. Nod factors are specifically bound to receptors on the root surface inducing
morphological alteration and activation of root-specific cascades that enable initiation of nodulation,
whereby specific kinases and transcription factors participate [12–14]. The systemic signals enable
plants to control the number of nodules they form depending upon the number of existing nodules
and availability of soil nitrogen [15,16].

Morphological alteration of the root surfaces includes both induction of cell division and curling
of root hair to enable bacterial infection of the plant. Infection continues with the creation of an
infection thread, which enables bacterial invasion into the cells of the inner cortex. The invasion
is followed by activation of gene expression in inner cortex cells, promoting nodule formation and
development [17]. The process of nitrogen fixation is performed by a nitrogenase enzyme complex
encoded by bacterial nif genes [5]. Because reduction of atmospheric nitrogen to ammonia is associated
with high energy consumption, it is limited by the availability in soil of phosphorus, a critical component
of adenosine triphosphate (ATP). Nitrogenase is extremely sensitive to oxygen exposure, with even low
concentrations resulting in irreversible denaturation. To supply bacteria with oxygen for the respiration
process while at the same time keeping nitrogenase protected from denaturation, a hemoprotein
called leghemoglobin carries oxygen to the peribacteroid membrane while allowing a nearly anaerobic
environment to be maintained inside bacteroids [18,19].

Using both forward (mostly chemical mutagenesis) and reverse genetics approaches (such as
insertional mutagenesis or gene silencing), some of these genes were already identified. Mostly, this
was in model organisms M. truncatula and L. japonicus [8,20–25], thus enabling scientists to search for
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orthologous genes in other legumes, including T. pratense. Using DNA markers and genetic mapping,
candidate legume genes likely participating in different signaling pathways were gradually identified
by Cregan et al. [26], Santos et al. [27,28], and Nicolás et al. [29] in the model crop soybean. Recently,
key regulating genes conferring nodulation and nitrogen fixation were revealed using comparative
genomic and transcriptomic analyses, mainly in Pisum sativum L., Glycine max (L.) Merr., and Phaseolus
vulgaris L. [30–32].

Searching for genes involved in symbiotic nitrogen fixation in red clover is facilitated by its small
genome size (estimated 418 Mb [33]). Genomic data are available for two varieties, tetraploid Tatra
(∼314.6 Mbp [34]) and diploid Milvus (∼309 Mbp [35]). Both were recently de novo sequenced using
next-generation sequencing (NGS). The acquired genome sequences were subsequently annotated,
resulting in annotation of 47,398 protein-coding genes from 64,761 predicted genes in variety Tatra [34].
Moreover, several gene families characteristic for red clover were revealed, including 11 leghemoglobin
genes and 542 nodule-specific cysteine-rich peptides [34]. For the variety Milvus, 22,042 of a total 40,868
annotated genes were located on seven pseudomolecules (chromosomes) and, using M. truncatula as a
reference sequence [36], a physical map was constructed.

NGS methods enable genome-wide mining of DNA polymorphisms associated with the traits
analyzed. Genome-wide association studies with high-throughput genotyping by sequencing to identify
loci associated with nitrogen fixation efficiency were applied in legumes such as M. truncatula [37,38]
and soybean [39].

Reduced-representation NGS-based genotyping methods, such as double-digest
restriction-site-associated sequencing (ddRADseq) [40], were also proven to be beneficial for
detecting genome-wide allele frequency fingerprints [41] of populations. Allelic variants such as
single-nucleotide polymorphisms (SNPs) and insertion/deletion variations (InDels) make it possible
to reveal genetic structure, identify population-specific variants, and find genotype–phenotype
associations. Not only do NGS methods allow for genome-wide study, they also look into
sequences within every particular candidate gene using bulk target sequencing approaches, such as
hybridization-based sequence capture (SeqCap) target enrichment [42].

Here, we describe within- and between-population variability in nitrogen fixation capacity in
red clover and demonstrate the utility of several NGS methods for the purpose of key genes and
population genotyping. Our present study was based on two sequencing methods, SeqCap using
a hybridization-based strategy and ddRADseq. Our goals were to (i) characterize variability that
appears in nitrogen fixation candidate genes in red clover populations, (ii) assess this variability in
the context of nitrogen fixation efficiency in various red clover accessions, (iii) analyze how level of
variance in host candidate genes explains efficiency of biological nitrogen fixation, and (iv) identify
allelic variants present in red clover populations and associated with nitrogen fixation level.

2. Results

2.1. Nitrogen Fixation Assays

In total, 1426 individual plants of 12 diploid and 16 tetraploid accessions were measured in three
sets using an acetylene reduction assay (ARA). The characteristics of the intrapopulation distribution
of nitrogen fixation level depended on the genotypes of the population (Figure 1).

267



Int. J. Mol. Sci. 2019, 20, 5470

Figure 1. Distribution of Z-score for nitrogen fixation rate evaluated in red clover plants using acetylene
reduction assay. On the x-axis, genotypes are ordered by mean values of nitrogen fixation. Diploid
(brown) and tetraploid (yellow) red clover plants were measured in three sets: Set 1 (blue labels with
suffix 17), Set 2 (orange labels, suffix 18), and Set 3 (green labels, suffix 17.xx—progeny of selected
contrasting plants from Set 1).

There were significant differences in BNF rates among accessions within all three plant sets
(Table 1). In Set 1, approximately 80 plants per accession were without extreme values of fixation.
The Columbia17 accession with the highest nitrogen activity differed significantly (p < 0.01) from
accessions HJRH17 and Kvarta17 (Table 1). In Set 2, approximately 100 plants per accession were
evaluated. From Sets 1 and 2 together, accession Nodula18 was the best fixator according to the mean
value of BNF rate, which was among the four highest mean values across all accessions (Figure 1).
Remaining accessions only showed nitrogen fixation values near the mean. Progeny of eight high- and
eight low-BNF plants from Set 1 were retested in Set 3 (Figure 1; Suffix 17.xx). There were significant
differences in BNF level among the offspring both of high and low fixators. Examining more closely
the progeny of high fixators, multiple comparison revealed significant differences (p < 0.01) between
Start17.58 and nine accessions and between Tempus17.5 and four accessions. Among progeny of
low fixators, significant differences were confirmed between Start17.50 and six accessions (Table 1).
As visible in the Figure 1 violin plot, there exist individual plants in most populations that are highly
effective BNF rate outliers with several times greater fixation efficiency relative to others.

Table 1. Statistically significant differences of nitrogen fixation capacity within three evaluated sets of
red clover plants using acetylene reduction assay.

Plant Set p-Value 1 Different Pairs of Accessions 2

1 3.413 × 10−6 Columbia17-HJRH17, Columbia17-Kvarta17
2 1.151 × 10−6 Nodula18-Gregale18, Nodula18-Tempus18

3 2.2 × 10−16

Kvarta17.73-Start17.58, Kvarta17.81-Start17.58, Start17.25-Start17.58,
Start17.39-Start17.50, Start17.46-Start17.58, Start17.46-Tempus17.5,
Start17.50-Start17.55, Start17.50-Start17.58, Start17.50-Tempus17.4,
Start17.50-Tempus17.5, Start17.50-Tempus17.57, Start17.52-Start17.58,
Start17.58-Tatra17.16, Start17.58-Tempus17.27, Start17.58-Tempus17.40,
Tatra17.16-Tempus17.5, Tempus17.40-Tempus17.5

1 Kruskal–Wallis test; 2 statistical significance for p < 0.01.

For ARA validation, we included measuring of an ethylene standard and measuring the same
accession in two consecutive years. The regularly measured ethylene control varied little. Coefficients
of variation of standardized ethylene control (97.5 ppm) measurement were 12.5%, 5.6%, and 5.2% in
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sets 1, 2, and 3, respectively. Tempus plants were planted in both Set 1 (79 plants) and Set 2 (95 plants)
as a control variety for nitrogen fixation measurement. In both years of analysis, the results for Tempus
accession were similar; comparison of the two plant collections showed no statistically significant
differences (Table 1), and both mean values of nitrogen fixation (Tempus17 and Tempus18) were in the
middle part of the distribution plot (Figure 1).

2.2. Candidate Gene Target Sequencing

Two panels of selected BNF candidate genes were compiled, and DNAs from plants with
contrasting BNF level were sequenced. Panel 1 contained 17 genes with key roles in BNF studied
on a model organism (Supplementary Table S1). In this panel, 24 high-BNF and 24 low-BNF plants
(Supplementary Table S2) were selected according to ARA and then sequenced. The number of
polymorphisms per candidate gene varied between 220 and 887. Polymorphisms were associated with
BNF phenotypes while correcting for genetic structure and plant kinship.

The gene ethylene response factor required for nodule differentiation (EFD) from the ethylene
response factor (ERF) family that was found in targeted sequence Tp_3333 had the most closely
associated polymorphisms (Supplementary Table S3) with BNF phenotypes in Panel 1 (Figure 2).

Figure 2. Boxplot of −logP association values for Panel 1 of nitrogen fixation candidate gene
polymorphisms based on mixed linear model incorporating both population structure and relationships
among accessions. Red dots show mean values for the 10 highest −logP values of each associated
polymorphism. The highest mean value was that of Tp_3333, which is the sequence with the ethylene
response factor required for nodule differentiation (EFD) gene [35].

Panel 2 consisted of 69 candidate genes, which were predominantly selected according to literature
specifications with prevalent expression in M. truncatula nodules [43]. DNA samples from 25 high-BNF
and 25 low-BNF tetraploid plants were sequenced (Supplementary Table S2). Coverage along capture
sequences varied among samples (Supplementary Figure S1). Gene polymorphisms were called with
high quality and homogenously along the sequences due to the sufficient coverage.

The number of polymorphisms ranged from 18 to 696 per candidate gene sequence. The gene
coding molybdate transporter type 1 (MOT1) on targeted sequence Tp_34389 was evaluated as
having strong effect on the BNF phenotype. This was proven by the highest mean p-value among 10
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polymorphisms (Supplementary Table S3) with the highest association levels (Figure 3). MOT1 [35]
plays a key role in the BNF process, and its main function is to provide molybdenum for synthesis of
the iron–molybdenum cofactor of nitrogenase [44].

Figure 3. Boxplot of −logP association values for Panel 2 of nitrogen fixation candidate gene
polymorphisms based upon a mixed linear model incorporating both population structure and
relationship between accessions. Red dots show mean values for the 10 highest −logP values of each
associated polymorphism. The highest mean value was for Tp_34389, which is the sequence carrying
the molybdate transporter type 1 (MOT1) gene [35].

Expected heterozygosity (Hs) was used as a criterion for assessing diversity levels of candidate
genes alleles. In the candidate genes of Panel 1, the sequences with the three highest mean Hs values
were Tp_2269 with the gene nod factor perception (NFP), Tp_21876 with the gene partner of NOB1-like
(PNO1-like), and Tp_1418 with the gene cytokinin response 1 (CRE) cytokinin receptor kinase/nodule
organogenesis (Figure 4). In any of the candidate genes of Panel 1, there was no obvious difference
between the expected and observed heterozygosity found. In the candidate genes of Panel 2, the two
targeted sequences with the highest level of diversity (Hs = 0.23) were Tp_16787, which encodes the
gene for nuclear transcription factor Y subunit C2 (NF-YC2), and Tp_20162, encoding flotillin (FLOT)
protein. The means of both genes were shown to be close to their medians, indicating symmetrical
distribution of their Hs values (Figure 5). In comparison with other genes of Panel 2, there was an
obvious difference found between the expected and observed heterozygosity in two of the sequences
with candidate genes (Tp_33338 and Tp_84). We found significantly higher values of the expected
heterozygosity than values of the observed heterozygosity (p < 0.01) in both of the genes using a
Mann–Whitney U test. The gene coding MOT1 on targeted sequence Tp_34389, which manifested the
strongest association with the BNF rate phenotype, had a modest diversity level (Hs = 0.164). Among
targeted sequences with small diversity were Tp_127250 with the gene non-symbiotic hemoglobin 2
and Tp_2989 with the gene rac-like GTP-binding protein (ARAC10). These targeted sequences had low
numbers of polymorphisms with low mean Hs, thus implying conserved region and importance of
the genes (Figure 5). From seven targeted sequences for leghemoglobins, we could distinguish three
groups. Sequences Tp_119765 and Tp_127250, with leghemoglobins genes, were in the first group
having low polymorphism counts with low diversity. Sequence Tp_93523, with a leghemoglobin
gene, had a low polymorphism count but the highest diversity level among leghemoglobin genes.
Leghemoglobin sequences from the third group (Tp_1132, Tp_13466, Tp_14713, Tp_3441) had high
polymorphism counts per sequence with medium genetic diversity levels.
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Figure 4. Boxplot of observed (Ho; blue boxes) and expected (Hs; orange boxes) heterozygosity of
Panel 1 nitrogen fixation candidate genes. Hs expresses the level of genetic variability. Crosses indicate
mean values. Horizontal lines in boxes indicate medians. Bottoms and tops of boxes indicate the first
and third quartiles of the dataset. Whiskers indicate range of data but the maximum length of each is
1.5 times greater than the height of its box. Remaining points are outliers. The boxes are drawn with
widths proportional to the square roots of the numbers of polymorphisms in targeted sequences.
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Figure 5. Boxplot of observed (Ho; blue boxes) and expected (Hs; orange boxes) heterozygosity of
Panel 2 nitrogen fixation candidate genes. Hs expresses the level of genetic variability. Crosses indicate
mean values. Horizontal lines in boxes indicate medians. Bottoms and tops of boxes indicate first
and third quartiles of the dataset. Whiskers indicate range of data but the maximum length of each is
1.5 times greater than the height of its box. Remaining points are outliers. The boxes are drawn with
widths proportional to the square roots of the numbers of polymorphisms in targeted sequences.

2.3. ddRADseq and N Isotopic Composition

In addition to the targeted sequencing approach that assesses variability of BNF key genes,
we harnessed the power of high-throughput sequencing to assess complex whole-genome genotype.
Ninety-one T. pratense diploid accessions were genotyped at population level using the ddRADseq
approach and were phenotypically analyzed for N isotopic composition (indicative of BNF) using
the natural 15N abundance method, using isotope ratio mass spectrometry (Figure 6). The first three
accessions with the highest BNF level were the variety Start and two wild accessions, TROU 33/96
and CZETROU 15/93. N concentration was measured together with isotope composition. No obvious
correlation between isotope composition and N concentration in the leaves was found.
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Figure 6. Interpopulation diversity of biological nitrogen fixation as revealed by natural 15N abundance
measurement of red clover leaves (δ15N values are shown in blue). Alongside, N concentrations in the
leaves are displayed in green (weight %). The control non-nitrogen symbiotic plant (Malva verticillata)
and leguminous plant Galega orientalis uninoculated by symbiotic partner are located on the right side.

Altogether, 91,589 polymorphisms (Supplementary Table S4 were identified with a maximum
of 50% missing information, and the minor allele occurred for more than 5% of samples. Sixty-one
percent of polymorphisms were mapped to seven linkage groups on the red clover reference genome
and 39% of them were mapped to the remaining contigs. The mean coverage of polymorphism was
39.7 × per accession. The mean Hs of polymorphisms was 0.23, which points to a high level of diversity
in T. pratense populations and corresponds to red clover’s cross-pollination system.

In order to assess genetic diversity and its comparison to BNF level, principal component analysis
(PCA) was performed. The first two principal components (PCs) of the PCA (Figure 7) explained
just 5.6% (3.0% and 2.6% for PC1 and PC2, respectively) of genotypic variance. Despite the weak
determination of variance by the first and second PCs, they did distinguish a basic pattern of genetic
diversity among the accessions. While the first PC separated in particular wild-type accessions, the
second separated varieties. The rest of the accessions formed the main group. Evidently, BNF level did
not correspond with this main diversity pattern in the first two PCs, although accession TROU 33/96,
which had the second highest BNF rate, was genetically the most different from the others according to
the first PC. Moreover, correlation analysis of other PCs up to PC30 revealed no strong correlation
level between any genetic structure pattern and phenotype (Supplementary Figure S3), although some
PC correlations did show closer relationships with phenotype in comparison with those of other PCs.
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Figure 7. Principal component analysis (PCA) plot of genetic structure of genotype data using 91
samples from red clover populations. PC1 and PC2 indicate principal components. Color scale shows
delta 15N value that corresponds to biological nitrogen fixation (BNF) level (red color indicates low
BNF level, blue indicates high BNF level).

In order to find associations between genotype and phenotypes, an association study was
conducted using the FarmCPU algorithm [45]. We identified three SNPs and one InDel variant that
were significantly associated with BNF phenotype (Figure 8) (false discovery rate-adjusted p-value <
0.05). Two SNPs lay on linkage group 4 (LG4), one InDel lay on LG1, and one SNP lay on an unmapped
contig. Some of the variants were located near genes with functions in the BNF process (Supplementary
Table S3). The first mapped significant associated SNP was identified in LG4 position 6,307,333 bp
within an intergenic region between genes annotated as mitochondrial rho GTPase 1-like protein and
auxin response factor and near the gene for sulfotransferase. The second associated mapped SNP, in
LG4 position 12,136,158 bp, lay in an exon of an uncharacterized protein in the neighborhood of two
ethylene-responsive transcription factor 3-like genes. The InDel positioned on LG1 at 6,268,253 bp was
located in an intron of the gene for lipid phosphate phosphatase 2-like protein and near to several
genes for amino-acid permease BAT1-like protein. The third associated SNP had an association level
very close to the threshold of association and lay on unmapped contig FKJA01001578.1 at 124 bp, near
to the gene for transcription factor DIVARICATA-like protein.
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In order to assess the proportion of the total variance explained by the genetic variance, we
estimated marker-based narrow-sense heritability from genotype polymorphisms and 15N BNF rate
phenotype data. The 15N BNF rate-estimated heritability was 84.7%.

Figure 8. Manhattan plot of genome-wide association of allele frequency and 15N nitrogen fixation
phenotypes using the FarmCPU algorithm. The different colors (LG1–LG7) indicate different linkage
groups [35]. The segment to the far right shows the polymorphisms unmapped to the linkage groups.
The green line indicates the false discovery rate-adjusted p-value of 0.05 using the Benjamini–Hochberg
correction [46].

2.4. Polymorphism Annotations

Annotation of variants in candidate genes for BNF (Figure 9a,b) and whole-genome population
genotyping (Figure 9c,d) were obtained. SNPs were revealed as the most frequent variants. Other
variants resulted from length differences (deletion and insertion), and the rest of the variants were based
on sequence alterations (Figure 9a,c). In target sequencing of Panels 1 and 2, we found a greater part of
sequence alterations than in ddRADseq population genotyping. From the perspective of consequences,
half of the variants from targeted sequencing belonged to genic regions (Figure 9b), while ddRADseq
population genic variants (Figure 9d) formed only one-quarter of the total variants. Variants of Panel
1 were 29% from genic regions in comparison with variants from Panel 2 that constituted 60% of
genic variants. Consequently, Panel 1 was focused on the sequencing of 17 candidate genes and their
broad surroundings, but Panel 2 was focused on a higher number of genes and their near-adjacent
sequences. Missense variants formed a similar part of variants, as did synonymous variants under both
genotyping approaches. For targeted sequencing and ddRADseq population genotyping, we identified
a minority of genic variants, such as frameshifts (2% and 1%, i.e., 491 and 431, respectively; Figure 9b,d),
stop gained (122 and 160), stop lost (27 and 17), and start lost variants (13 and 16), with severe impact
on gene expression.
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Figure 9. Polymorphism annotation of candidate genes for nitrogen fixation in red clover evaluated
by hybridization-based sequence capture (SeqCap) (a,b) and whole-genome population genotyping
double-digest restriction-site-associated sequencing (ddRADseq) (c,d). Distribution of polymorphism
classes (a,c) and polymorphism consequences (b,d).

2.5. Validation of Selected InDel Polymorphisms

Length of validated InDels obtained by targeted sequencing ranged from 9 to 289 bp. From 10
designed primer pairs (Supplementary Table S5), nine gave specific products. The primer for InDel
in position 5325 within the NSP2 gene (targeted sequence Tp_7442) generated no product, but its
existence was demonstrated by another primer pair. Analysis of the targeted sequence Tp_19450 with
the defective in nitrogen fixation (DNF2) gene confirmed the existence of an InDel, but its length
was about 200 bp longer than the expected length. Analysis of the remaining InDels confirmed their
existence and validated the sequencing data. The lengths of the amplified products were in line with
those of the expected products (Supplementary Figure S2).

3. Discussion

BNF is a complex process wherein many genes participate along with the context of environmental
conditions [47]. The potential amounts of nitrogen that can be fixed are several times greater than the
amounts of nitrogen usually fixed in the fields. The amount of nitrogen fixed by legume–rhizobia
symbioses may be increased by as much as 300% through plant breeding and crop management [48].
The potential that plant selection for symbiotic activity may be highly effective is also supported by
the data on high heritability. In a relatively stable field environment, the broad-sense heritability
of nodulation traits in soybean may exceed 0.8 [47,49], suggesting that nodulation traits are mainly
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controlled by genetic loci and are useful for breeding varieties with high BNF capacity. In Trifolium
incarnatum inbred lines, broad-sense heritability was estimated to be similarly high (up to 0.91) [50].

Although the genic nature of BNF efficiency is undeniable, it is the complexity and difficulty of
phenotyping that prevented the breeding of red clover for BNF efficiency from being accomplished
successfully [51]. With the availability of high-throughput target and genome-wide genotyping
approaches, however, new ways were opened for dealing with complex polygenic traits. Recent omics
studies revealed deep complexity of the nitrogen fixation process.

Various legume species perform differently in fixing nitrogen, and interspecies variability is
well known [10,52]. A study comparing fixation efficiency between model plant M. truncatula and
fodder crop M. sativa showed several-fold lower efficiency in M. truncatula than in M. sativa [53].
Significant intraspecific variability in BNF efficiency in red clover was frequently observed and
evaluated, and phenotypic variability does not appear to be related to ploidy level [54,55]. Here,
we evaluated intraspecific variability in symbiotic activity and BNF capacity in red clover, and two
methods were applied, indirect (acetylene reduction; ARA) and (isotopic; 15N) estimation of nitrogenase
activity [56,57]. ARA was an effective criterion for red clover populations and selection of individual
plants with high rates of fixation. Based on ARA of nearly 1500 red clover plants, we observed
differences among varieties and among individuals within a variety. The distribution of actual fixation
level had a specific characteristic. The largest proportion of plants had low fixation efficiency up to
the mean level, while a smaller proportion of plants had higher efficiency, but nearly all of the plants
were outperformed by a couple of plants having fixation efficiency several times greater than the mean
value of the measured population. This was seen mainly in default populations from Sets 1 and 2.
Populations from Set 3 were influenced by selection and, therefore, interpopulation variability in Set 3
was also the highest.

Our research highlights that the breeding value of a plant should be based on progeny performance,
and especially so in self-sterile species such as red clover when breeding for a trait as complex as BNF
efficiency. Three populations—Start17.58, Tempus17.5, and Tempus17.57 (Figure 1)—were evaluated
as being the best fixators among progeny of the selected best BNF plants from Set 1. Even though
Start17.58 and Tempus17.5 were the offspring from high-BNF rate plants from Set 1, population
Tempus 17.57 was the offspring from low-BNF rate selected plants from Set 1. This confirms the
need to select plants based on progeny performance, which is feasible due to the perennial character
of red clover. All other red clover population studies showed mostly plants with low fixation rate
and rarely plants with high fixation rate. Outlier plants that outperformed the others contributed
greatly to the population mean BNF level, but it is probably not achievable to select a population
consisting solely of superior plants on the highest performance level. Superior plants occurred in most
populations, and, in addition to the additive effect of many genes, their superiority can be derived also
from non-additive effects such as a heterotic effect [51]. A high nitrogen fixation rate was confirmed for
the Nodula accession, a variety bred for high BNF efficiency. In accord with our previous experience
with the Columbia accession, it stood among the most BNF-efficient genotypes. This study’s results in
Columbia17 confirmed this disposition. The idea of breeding for nitrogen fixation efficiency is limited
by the cost of BNF for plants. Leguminous plants have an effective mechanism for holding BNF at the
right level [58].

Different types of BNF evaluation methods with many variations were designed [52], but the ARA
and natural 15N-abundance methods are commonly used. Each method has its own advantages and
difficulties that must be considered. ARA was the subject of much discussion because many factors
influence BNF rate, such as temperature [59] and light [60], but uniform measurement conditions allow
the relative assessment of BNF rate [61]. ARA is focused on instantaneous measurement, and it is
suitable for the comparison of actual BNF levels in specific time. The natural 15N-abundance method
is time-integrated, and it inherently assesses the total amount of N fixed for the sample growth period.
The natural 15N-abundance method is, therefore, appropriate when we assess interpopulation BNF
rate, because we can filter out the influence of actual environment–genotype interaction (such as
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phenological stages). It assesses a total growth period, whereas ARA is suitable for high-throughput
selection in populations where genetic differences among plants are smaller and we can perform
selection based on relative comparison. The difference between these two methods is one of the
factors why the results of genome-wide associations do not correspond with the results of association
of candidate genes. Another reason for non-corresponding results could be that target sequencing
analysis was focused on individual samples within the population, while the genome-wide association
sample set consisted of bulked population samples where the genotype was expressed as the allelic
frequency in a population.

The natural 15N-abundance method was applied for a collection of diverse populations.
The populations with the second and third highest fixation rate (Figure 6) were wild accessions.
This was in agreement with Provorov and Tikhonovich [10], who concluded that symbiotic potential in
the wild-growing (local) varieties is usually greater than that in commercial varieties. Not all of the
wild accessions belong to the best nitrogen fixators, however, because there is BNF rate variation within
wild accessions, as well as within cultivated accessions. The same conclusion arose from assessment of
the 15N BNF rate and genetic structure. The 15N BNF rates were not clearly distributed according to
the first two PCs of the PCA that corresponded to the main genetic pattern of collection (Figure 7);
however, the unequal correlation level between other PCs and the BNF rate (Supplementary Figure S3)
suggests low but possible influence of genetic structure on BNF rate. The best nitrogen fixator was the
variety Start, which was also a progenitor of the highest BNF level populations in Set 3. Both natural
15N-abundance and ARA methods confirmed the Start variety to be appropriate default material for
BNF rate selection.

The complexity of genetic control over BNF corresponds to the complexity of the symbiotic BNF
process. The contact among plants and bacteria precedes the establishment of a successful symbiosis.
The host plant must discern the right partner within the soil biome. It must distinguish and select the
rhizobia partner from pathogens and also from among distinct rhizobia species and inappropriate
strains. Successful infection is followed by nodule organogenesis. Both processes are driven and
regulated by orchestration of gene expression. More than 4000 differentially expressed transcripts were
identified in nodules and roots, and more than 500 transcripts were exclusively detected in nodules of
the model organism M. truncatula [43]. Red clover, a non-model organism, is a significant fodder crop
whose breeding for high nitrogen fixation capacity would be valuable, without molecular approaches,
albeit difficult and slow. BNF seems to be a polygenic trait [51] that is based on a couple of essential
genes [58] that are themselves modulated by many genes with a potential effect on BNF rate [43].
We took the first steps to identifying red clover key genes playing central roles in the formation of root
nodules and nitrogen fixation variability. We used an association study based on hybridization-based
sequence capture target enrichment and a genome-wide approach, focused on finding variants and
genome locations where genetic variance meets phenotype variance and they influence one another.

One of the genes having strong polymorphism association with BNF that arose from the analysis
of candidate genes Panel 1 was ethylene response factor required for nodule differentiation (EFD).
This gene belongs to the ethylene response factor (ERF) family that is a part of the AP2/ERF superfamily
(containing the APETALA2 DNA binding domain) [62,63]. The ERF gene family includes plant-specific
transcription factors that play roles in response to biotic and abiotic stress, control of organ development,
and cell division and differentiation [62,64]. EFD is located in the nucleus. It is most expressed in
nodule primordia and at the border of infection zones I and II. EFD activity is probably not induced by
ethylene. The EFD role in nodule development and differentiation is dual. EFD negatively regulates
the nodulation process, affecting the number of infections, but EFD also positively influences bacterial
and plant cell differentiation in the late stages of nodule development. It was detected in mutant
efd-1 plants, for example, where it causes a later onset of nodule senescence. EFD also plays a role in
regulation of the pathway of cytokines that influence nodule meristem activity [64].

The analysis of candidate genes in Panel 2 revealed another gene strongly associated with
BNF, the molybdate transporter 1 [35]. Molybdenum is an essential plant micronutrient involved in
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nitrogen fixation and in some other plant enzymatic processes like nitrate assimilation, phytohormone
biosynthesis, purine metabolism, sulfite detoxification, and amidoxime reduction [65]. Molybdenum
is present in soil in the form of oxyanion molybdate, and the intake of this nutrient is managed by
molybdate transporters. The molybdate transporter type 1 family is involved in molybdate transport to
the cytoplasm of nodule cells. These transporters are located in the plasma membrane of infected and
uninfected cells within the interzone and early fixation zone of the nodule. From the cell cytoplasm,
molybdate must be transported across the symbiosome membrane. This transport is presumed
to be performed by the symbiotic sulfate transporter SST1 [66], after which ATP-binding cassette
transporter (ModABC) transfers molybdate into the bacteroid [67,68]. The molybdenum in a plant cell
is a component of the iron–molybdenum cofactor (FeMoco) of nitrogenase. In knockout M. truncatula
line mot1.3-1, lower nitrogenase activity and reduced plant growth as a result of a lack of nitrogen
were observed. Under non-symbiotic conditions, M. truncatula plants showed no physiological or
phenotypical difference from a control group, and this result was consistent with a hypothesis that
the MOT1 transporter is evolutionarily specialized to provide molybdenum for symbiotic nitrogen
fixation [44].

A part of the analysis of candidate genes in Panel 2 was an analysis of leghemoglobin
genes. Leghemoglobin proteins play an important role in the activity of the oxygen labile enzyme
nitrogenase [69]. Leghemoglobins maintain the low free oxygen level in the nodule-infected zone [70],
and they also transport oxygen to sites of respiration, thus enabling ATP production in a low-oxygen
environment [71]. In M. truncatula, genes for leghemoglobin are among the most strongly expressed
genes in nodule tissue [72]. Ištvánek et al. [34] identified in red clover a similar number of leghemoglobin
genes as found in M. truncatula. The number of nine leghemoglobin genes in red clover coincides
with the number in M. sativa. The family of non-symbiotic hemoglobin genes shows only limited
amino-acid sequence similarity to the symbiotic hemoglobins. Genes encoding this type of hemoglobin
were cloned from the nitrogen-fixing species [73] and from plants that do not fix nitrogen, including
monocots [74] and Arabidopsis thaliana [75]. These non-symbiotic hemoglobins are typically expressed
at low levels in roots and leaves [76,77]. Functions of non-symbiotic hemoglobins are not yet clearly
understood [78], although they may play a role in plant survival by increasing the energy status of the
cells under hypoxic conditions [79,80]. Seven genes for leghemoglobins were analyzed as a part of
candidate gene Panel 2. They can be distinguished into three groups according to the levels of their
genetic diversity.

Target sequencing of BNF candidate genes of plants with alternative phenotypes for nitrogen
fixation and whole-genome population genotyping using ddRADseq demonstrated two complementary
methods for using knowledge about known key genes from related model organisms and simultaneously
assessing whole-genome genotype information to exploit complex genetic information from species of
interest. Polymorphism annotation (Figure 9) and diversity assessment (Figure 4; Figure 5) revealed
that the allelic diversity in genic regions of BNF key genes and potential BNF key genes in populations
of red clover is sufficient, satisfying that prerequisite for high phenotype variability and, ultimately,
BNF selection. For the candidate genes in Panel 1 and 2, expected and observed heterozygosity was
calculated. In the candidate genes in Panel 1, no obvious differences between expected and observed
heterozygosity were found. We assume that the analyzed plants do not deviate from Hardy–Weinberg
equilibrium in the studied genes in Panel 1. In Panel 2, the difference between the expected and
observed heterozygosity was found in two of the candidate genes sequences (Tp_33338, Tp_84). We can
conclude that these genes do not meet the assumptions of Hardy–Weinberg equilibrium, especially
the assumption that the genes are not under selection. These two genes may be subject to selection;
however, this selection does not correspond to BNF rate because variants in these genes are not
associated with BNF rate. Nevertheless, the specific function of this genes should be checked by
gene function analysis. In addition, these genes have a low level of diversity and a low number
of polymorphisms.
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The discovery-driven approach of the genome-wide association study complemented the results
gained by the hypothesis-driven approach of target sequencing of candidate genes. This exploratory
analysis of tens of the populations using genome-wide association studies was not robust enough to
clearly identify causal genes, but the results could be valuable for a breeding purpose. Although our
dataset was not capable of comparing the genome-wide association studies with hundreds of samples,
it was sufficient to reveal potentially associated alleles with a large effect on complex traits. Rather
than finding new genes in the BNF process, our study focused on highlighting loci in the red clover
genome that are potentially beneficial for BNF, and which should be selected as fixed in starting plant
material for breeding new high-BNF rate varieties. On the other hand, the associated alleles of the
candidate genes should be used for fine-tuning of the BNF rate red clover phenotype. Moreover, the
relevance of an association signal is supported by the location of some variants in the vicinity of a gene
that potentially has a role in the BNF process. In our case, we detected two significantly associated
SNPs and one InDel mapped on linkage groups (Supplementary Table S3). The first associated SNP on
LG4 is linked with the gene for auxin response factor and sulfotransferase. Auxin response factors are
among the regulators of auxin response genes, and they play roles in various processes of plant growth
and development [81]. According to Breakspear et al. [82], auxin is involved through its regulation of
cell-wall remodeling in the initiation of rhizobial infection and growth of infection thread. The role of
sulfotransferases is potentially connected to nitrogen fixation. Sulfotransferases enable the transfer of a
sulfuryl group from a donor to an acceptor. The nitrogenase consists of two proteins, dinitrogenase
reductase (Fe protein) and dinitrogenase (MoFe protein), whose structures are rich in sulfur, thus
indicating that this element could be limiting in rhizobial symbiosis. Sulfur is also a part of the amino
acids cysteine and methionine, and nodules contain a cysteine-rich protein, ferredoxin, which operates
as an electron transporter and donates electrons to nitrogenase. Sulfur deficiency in nodulated legumes
negatively affects nodulation, causing reduction in nodule number and in nodule mass per unit root
length. This directly inhibits N fixation and alters the nodule metabolism. A sufficient sulfur supply
contributes to increased nodulation and symbiotic nitrogen fixation [67,83]. Sulfate intake is provided
by symbiotic sulfate transporters (SST), and the sulfate is reduced to organic sulfide. The symbiotic
function of sulfur in the bacteroid is the sulfation of Nod factors and of cell-surface polysaccharides.
The process is catalyzed by the sulfotransferase activity of NodH [83,84].

The second associated SNP on LG4 is placed near genes for ethylene-responsive transcription
factor 3 (ERF3). The ERF3 gene belongs to the AP2/ERF superfamily of transcription factors [62,63],
and it plays a key role in crown root development and elongation. Through its interaction with
cytokinin-responsive gene RR2 from type-A RR genes, ERF3 acts as a repressor of cytokinin signaling
that results in crown root initiation. In the crown root meristem, a WUSCHEL-related homeobox gene
(WOX11) is expressed and it binds to the complex RR2/ERF3. This process leads to inhibition of ERF3
and RR2 and results in increased cytokinin signaling and crown root elongation [85].

The associated InDel on LG1 is near several genes for bidirectional amino-acid transporter 1
(BAT1). BAT1 serves as a transmembrane protein that transports amino acids in both directions
through the plasma membrane. This process is necessary for amino-acid transport between xylem
and phloem [86]. In the process of BNF, the nitrogen is reduced to ammonia and, using glutamate
synthetase, it is incorporated into glutamate [87]. According to Dündar and Bush [86], glutamate,
together with amino acids such as alanine, arginine, and lysine, is transported by BAT1.

In order to estimate the strength of the connection between genetic polymorphism variance and 15N
BNF rate phenotype variance, we estimated marker-based narrow-sense heritability. We estimated that
84.7% of phenotypic variance is due to additive genetic effects expressed in genotypic polymorphism
data. The high level of BNF rate heritability corresponds to the high levels of heritability mentioned in
earlier results [10,50], and it predetermines associated polymorphisms to be good genetic markers for
the prospective genomic selection of a new variety with high BNF rate that is based on the assessed
collection of populations.
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In conclusion, knowledge of genotype–phenotype associations led to a deeper understanding of
how genotype leads to phenotype, and DNA markers could be developed based on characterized gene
polymorphisms. Due to the statistical approach of association studies, functional validation of candidate
polymorphisms will be essential for their implementation. SNP microarrays and InDel-specific markers
will be designed for genotyping and co-segregation studies in red clover. Both provide an important
resource in the form of beneficial alleles for efficient marker-assisted selection and application in red
clover breeding for improved nitrogen fixation capacity. To link theory with practice, the results of this
study will be used as input molecular markers for a high-throughput genotyping platform using a
DNA microarray. The DNA microarray platform will be used as a tool in BNF rate breeding program of
red clover. In particular, the associated polymorphisms from the population genome-wide association
study could be used as markers for the pre-selection of appropriate input red clover populations for
breeding on BNF efficiency. On the other hand, the associated variants from the candidate genes
panels will be used to fix the beneficial alleles of BNF candidate genes in breeding populations. Finally,
the association level of selected polymorphisms will have to be validated in practice using the first
generation of the mentioned DNA microarray before it can be implemented in a real red clover BNF
breeding program.

4. Materials and Methods

4.1. Plant Materials

Three plant sets and one plant population for BNF rate evaluation were prepared, the former for
ARA and the latter for the natural 15N-abundance method. Sets 1, 2, and 3 of plants were grown in
2017, 2018, and 2019, respectively: in 2017, 647 plants of four diploid (Start, Vltavín, Columbia, Global)
and four tetraploid (Tatra, Tempus, Kvarta, HJRH) accessions; in 2018, 401 plants of four tetraploid
accessions (Nodula, Gregale, Atlantis, Tempus); and, in 2019, 378 plants as offspring of 16 parents
selected in Set 1. In total, 1426 plants were grown and the number of plants per accession varied between
years. In Sets 1 and 2, higher numbers of plants per accession were grown to assess intrapopulation
BNF diversity and to find high- and low-BNF rate plants among broad input populations. In Set 3, we
used a smaller number of plants per accession to assess how real selection works.

In order to the BNF evaluation by natural 15N-abundance approach, population samples consisted
of 91 diploid accessions and originated from the Czech core collection of T. pratense within the Czech
national seed bank, which is maintained by the Crop Research Institute (Prague, Czech Republic).
The list contained varieties and wild accessions. Galega orientalis Lam. uninoculated by Neorhizobium
galegae and non-nitrogen symbiotic plants Malva verticillata L. were used as controls. Red clover
accessions and their characteristics are summarized in Supplementary Table S2.

4.2. Growth Conditions and Evaluation of Nitrogen Fixation by Acetylene Reduction Assay

The red clover seeds were scarified and germinated on wet perlite. Sprouted seeds were planted
in individual pots filled with perlite and inoculated with rhizobia by adding 1 mL of Rhizobium
leguminosarum bv. trifolii inoculum, which was provided by the Crop Research Institute (Prague, Czech
Republic). Different rhizobia strains were applied for diploid and tetraploid varieties as recommended
by the collection’s curator. Plants were grown hydroponically in a greenhouse within individual pots
filled with perlite. They were watered with a nutrient solution containing 870 mg/L K2HPO4, 135 mg/L
FeCl3·6H2O, 735 mg/L CaCl2·2H2O, 246 mg/L MgSO4·7H2O, 0.123 mg/L Na2MoO4·H2O, 0.486 mg/L
H3BO3, 0.055 mg/L CuSO4·5H2O, 0.25 mg/L MnCl2·4H2O, and 0.06 mg/L ZnSO4·7H2O. No nitrogen
was supplied exogenously, and the pH was 6.5–6.8. The solution was replenished as necessary and
exchanged once a week. ARA was used for evaluating the efficiency of nitrogen fixation in individual
plants through analyzing nitrogenase activity [56]. ARA was carried out approximately 100 days after
sowing. The results were expressed as concentration of ethylene CE (μmol/mL) in a jar after 0.5 h
of incubation.
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4.3. Evaluation of Nitrogen Fixation by Natural 15N-Abundance Method

The 15 bulked plants per accession were grown in pots with soil from local field with red clover.
The plants were sampled at the beginning of flowering of early accessions. The nitrogen (N) and carbon
(C) concentrations and their isotopic compositions in red clover shoots (ground to a fine powder using
a Retsch MM200 ball mill, sample weights 3–4 mg, packed in tin capsules) were measured using a
Flash EA 2000 elemental analyzer coupled with a Delta V Advantage isotope ratio mass spectrometer
(both Thermo Scientific, Waltham MA, USA). Elemental composition was calibrated using certified
standards from Elemental Microanalysis (Okehampton, UK). Isotopic composition was assessed by
comparison with certified standards from the International Atomic Energy Agency (Vienna, Austria).

4.4. Selection of Candidate Genes and Procedure of Targeted Sequencing

Selection of candidate genes was carried out based on the annotated genome of the model
legume M. truncatula. The genes essential for the nodulation process and nitrogen fixation were
chosen for sequencing. Overall, 17 and 69 chosen candidate genes from Panels 1 and 2, respectively,
included genes for transcription factors, receptor-like kinases (RLK), leghemoglobins, and cytokinin
receptors (Supplementary Table S1). Many of these genes were functionally characterized for their
roles in the nitrogen fixation process. Sequences of these genes extracted from the GeneBank database
(https://www.ncbi.nlm.nih.gov) were aligned to the genome sequence of T. pratense variety Tatra [34]
using BLAST+ (ver. 2.8.1, [88]). Sequences with highest similarity (>90%) were chosen for further
analysis. The Panel 1 span was 95,000 bp and that of Panel 2 was 98,464 bp of the red clover genome.

Forty-eight and 50 plants from Sets 1 and 2, respectively, with the most contrasting BNF
values were used for SeqCap. One hundred milligrams of fresh leaves were collected, and
flash-frozen in liquid nitrogen. DNA was isolated using a DNeasy Plant Mini Kit (Qiagen, Germany)
according to the manufacturer’s protocol and following the cetyl trimethylammonium bromide (CTAB)
method [89]. DNA quality was checked on a 3% agarose gel, and DNA concentration was quantified
by NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, USA) and by a Qubit fluorometer
(Invitrogen/Thermo Fisher Scientific, USA).

Probe design was performed with Roche NimbleGen’s custom probe design pipeline (Roche
Diagnostic, USA; http://www.nimblegen.com/products/seqcap/ez/designs/). Two gene panels were
designed (Supplementary Table S1). Gene Panel 1 spanned 95 kbp of the selected genomic sequences,
including the 17 candidate genes. Gene Panel 2 spanned 99.5 kbp and the 69 genes. Forty-eight
and 50 DNA samples were sequenced for Panels 1 and 2, respectively. Libraries of both panels
were prepared using the SeqCap EZ HyperCap procedure (Roche Diagnostic, USA) while following
the manufacturer’s instructions, and the libraries were sequenced for 150-bp reads with paired-end
sequencing on a NextSeq 500 sequencer (Illumina, San Diego, CA, USA). Library preparation and
sequencing were performed at Core Facility Genomics CEITEC MU (Brno, Czech Republic).

4.5. ddRADseq Library Preparation and Sequence Processing of T. pratense Population Set

Ninety-six batch samples of 15 plants per sample (Supplementary Table S2) were processed
together into one final ddRADseq library. Library preparation followed a slightly modified protocol by
Peterson et al. [40]. Three hundred nanograms of genomic DNA from each population was digested
with two restriction enzymes, SphI and MluCI, in one 30-μL reaction. P1 and P2 “flex” adapters were
ligated in a 40-μL reaction with 100 ng of the digestion product. The total volume of 48 ligation products
differing in adapter barcode were pooled together into a “sublibrary”, and two sublibraries in total
were prepared. The order of samples was randomized between and within sublibraries. Automated
size selection of a fraction of 220–320 bp separately from each sublibrary was performed on the
Pippin Prep laboratory platform using a Pippin Prep 2010 kit (Sage Science, Beverly, MA, USA). PCR
amplification with primers bearing the multiplexing indices and Illumina flow cell annealing regions
was done in several 50-μL reactions (separately for each sublibrary). PCR products were purified on
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AMPure XP beads and combined in equimolar ratios to compose the final library. Sequencing was
performed using 125-bp paired-end reads on a HiSeq 2500 (Illumina) at the EMBL Genomic Core
Facility, Heidelberg, Germany.

4.6. Bioinformatic Analysis

Basic characteristics of the reads obtained were reviewed in FastQC v0.10.1 [90]. Barcode sorting
was performed in process_radtags, a pipeline component of Stacks v2.3 [91]. A reference-based strategy
was used for assembling the targeted sequences and ddRADseq sequences obtained. Reads were
firstly qualitatively filtered and trimmed using Trimmomatic v0.38 [92], and then aligned onto the
genomes of T. pratense [34,35] reference genomes with Milvus and Tatra varieties using the BWA-MEM
algorithm from BWA v0.7.17 assembler [93]. Sequence data from target sequencing were randomly
downsampled to 150× coverage. GATK (Genome Analysis Toolkit) v4.1.0.0 [94] was used for base
quality score recalibration and performing SNP and InDel variant calling across samples of target
sequencing and ddRADseq population genotyping as well. Variants were filtered using standard hard
filtering parameters according to GATK Best Practices recommendations [95,96].

In order to express genotypes information of bulked samples in ddRADseq population genotyping,
continuous numerical genotypes were computed as frequencies of allelic depth counted from allelic
depths and read depth in variant positions. The polymorphisms that were identified with a maximum
of 50% missing information and polymorphisms that were polymorphic in more than 5% of called
population numeric genotypes were used for the analysis. Missing population genotypes were imputed
before association analysis as means of continuous numerical genotypes of the variants.

For target sequencing, Panel 1 and 2 genotypes were called in diploid and tetraploid states.
All variants from candidate gene panels sequencing and also from ddRADseq genotyping were
annotated using Variant Effect Predictor (VEP) [97]. Called final variants of Panel 1, Panel 2, and the
population ddRADseq genotype are stored and presented in Supplementary Table S4.

4.7. Statistical Analysis

Results of ARA were expressed as ethylene molar concentration (CE) values that were computed
from ethylene peak area in accordance with Unkovich et al. [52]. The CE value was standardized
to Z-score within measuring sets in order to compare BNF rate among different sets. Differences
in nitrogen fixation rate measured using ARA among different populations were tested with the
nonparametric Kruskal–Wallis test and subsequent nonparametric post hoc comparisons.

Polymorphism diversity level was expressed as expected heterozygosity (Hs). This was computed
as if the species were diploid, because it is also appropriate for diversity comparison for polyploid
cases [98]. In order to assess if the genes meet the assumptions of Hardy–Weinberg equilibrium,
observed heterozygosity for candidate genes was calculated as well. To test differences between
expected heterozygosity and observed heterozygosity, we used a Mann–Whitney U test in R. Genetic
diversity pattern was assessed by principal component analysis using the pcaMethods R package [99].

The association analyses of variants from candidate genes in Panels 1 and 2 were conducted using
the mixed linear model algorithm [100] in GAPIT in R.

The genome-wide association study for variants from population genotyping were conducted
using the statistical method FarmCPU [45], and estimation of marker-based heritability was performed
in GAPIT in R [101]. The significance threshold was set to the false discovery rate-adjusted p-value of
0.05 using the Benjamini–Hochberg correction [46].

4.8. Validation of Selected InDel Polymorphisms

For validation, 10 InDels for six different candidate genes (Supplementary Table S6) from Panel
1 were chosen. Genotypes used for validation are given in Supplementary Table S6. Validation was
performed by means of allele-specific PCR and 3% agarose gel electrophoresis; surrounding primers
were designed for InDels longer than 50 bp, and the products were clearly distinguished according to
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the length of the PCR products. For InDels shorter than 50 bp, one of the primers hybridized to the
sequence of the InDels and the other one matched the sequence adjacent to the InDel. In this case, PCR
products were only visible if the genotypes contained the desired InDels. Specificity of the designed
primers was verified using BLAST+ (ver. 2.8.1, [88]) with T. pratense var. Tatra [34] as a database.

5. Conclusions

Red clover plants with high BNF rate contribute more to the accumulation of biogenic nitrogen in
the soil to improve sustainability in agriculture. We performed genome-wide and targeted association
studies and described phenotypic and genotypic variation of BNF in red clover, which allowed finding
key candidate genes responsible for this complex polygenic trait. We identified polymorphisms in key
genes strongly associated with BNF rate: EFD, which negatively regulates the nodulation process and
positively influences cell differentiation in the late stages of nodulation, and MOT1, which is responsible
for molybdate intake of nodule cells. Our population genotyping data confirmed polymorphisms
strongly associated with BNF and located near the genes for auxin response factor, which regulates
the cell-wall remodeling, and sulfotransferase involved in the process of sulfur metabolism, and also
near ERF3 regulating the crown root development and BAT1 ensuring bidirectional transport of amino
acids between xylem and phloem.

In comparison with conventional breeding of red clover, breeding based on genomic data can be
effective in dealing with complex polygenic traits like BNF. It can help to identify and select additive
genes or beneficial recessive alleles even at tetraploid varieties of cross-pollinating species. Because of
the statistical approach of association studies, functional validation of those candidate polymorphisms
found will be essential for confirming the biological importance of the alleles identified to be beneficial
for efficient red clover selection and breeding for improved nitrogen fixation capacity. The practical
outcome of this study will provide input molecular markers for the high-throughput DNA microarray
genotyping platform that will be used for breeding of new red clover varieties with higher BNF rate.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/
5470/s1. Supplementary Figure S1. targeted sequences coverage. Supplementary Figure S2. InDel validation.
Supplementary Figure S3. correlation of phenotype and diversity pattern. Supplementary Table S1. Targeted
sequence. Supplementary Table S2. Plant material. Supplementary Table S3. Associated polymorphisms.
Supplementary Table S4. Genotypic tables. Supplementary Table S5. Polymorphisms indel validation.
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Abbreviations

AP2 APETALA2
ARA Acetylene reduction assay
ATP Adenosine triphosphate
BNF Biological fixation of atmospheric nitrogen
CE Ethylene molar concentration
CRE Cytokinin response 1
CTAB Cetyl trimethylammonium bromide
ddRADseq Double-digest RAD sequencing
DNF2 Defective in nitrogen fixation 2
EFD Ethylene response factor required for nodule differentiation
ERF Ethylene response factor
ERF3 Ethylene-responsive transcription factor 3
FLOT Flotillin
GATK Genome Analysis Toolkit
Hs Expected heterozygosity
InDel Insertion/deletions
LG Linkage group
MOT1 Molybdate transporter 1
ModABC ATP-binding cassette transporter involved in molybdate transport
Mt Medicago truncatula
NFP Nod factor perception
NF-YC2 Nuclear transcription factor Y subunit C2
NGS Next-generation sequencing
Nod factors Nodulation factors
PC Principal component
PCA Principal component analysis
PNO1 partner of NOB1-like
RLK Receptor-like kinases
RR2 Cytokinin responsive gene
SeqCap Hybridization-based sequence capture
SNP Single-nucleotide polymorphism
SST Symbiotic sulfate transporter
Tp Trifolium pratense
VEP Variant effect predictor
WOX11 WUSCHEL-related homeobox gene
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1 Department of Plant Physiology and Biotechnology, Faculty of Biological and Veterinary Sciences, Nicolaus
Copernicus University in Torun, 87-100 Torun, Poland; milena.kulasek@gmail.com (M.K.);
w_glinkowski@o2.pl (W.G.); wwojc@umk.pl (W.W.)

2 Centre for Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Torun, 87-100 Torun,
Poland

3 Department of Computational Biology, Institute of Molecular Biology and Biotechnology, Faculty of Biology,
Adam Mickiewicz University, 61-712 Poznan, Poland; kosinski@ideas4biology.com

* Correspondence: paulina.glazinska@umk.pl

Received: 29 August 2019; Accepted: 14 October 2019; Published: 16 October 2019

Abstract: The floral development in an important legume crop yellow lupine (Lupinus luteus L.,
Taper cv.) is often affected by the abscission of flowers leading to significant economic losses.
Small non-coding RNAs (sncRNAs), which have a proven effect on almost all developmental
processes in other plants, might be of key players in a complex net of molecular interactions
regulating flower development and abscission. This study represents the first comprehensive sncRNA
identification and analysis of small RNA, transcriptome and degradome sequencing data in lupine
flowers to elucidate their role in the regulation of lupine generative development. As shedding in
lupine primarily concerns flowers formed at the upper part of the inflorescence, we analyzed samples
from extreme parts of raceme separately and conducted an additional analysis of pedicels from
abscising and non-abscising flowers where abscission zone forms. A total of 394 known and 28 novel
miRNAs and 316 phased siRNAs were identified. In flowers at different stages of development 59
miRNAs displayed differential expression (DE) and 46 DE miRNAs were found while comparing
the upper and lower flowers. Identified tasiR-ARFs were DE in developing flowers and were
strongly expressed in flower pedicels. The DEmiR-targeted genes were preferentially enriched in the
functional categories related to carbohydrate metabolism and plant hormone transduction pathways.
This study not only contributes to the current understanding of how lupine flowers develop or
undergo abscission but also holds potential for research aimed at crop improvement.

Keywords: yellow lupine; miRNA; phased siRNA; RNA-seq; degradome; flower
development; abscission

1. Introduction

Yellow lupine is a crop plant with remarkable economic potential. Because of the symbiotic bond
with nitrogen-fixing Rhizobium bacteria it does not need fertilizers, and its protein-rich seeds may be an
excellent source of protein for both human consumption and animal feed [1–3]. Lupinus luteus flowers
are stacked in whorls along the common stem forming a raceme. Pods are formed at the lowest whorls,
while the flowers above them fall off [4]. The estimated percentage of dropped flowers is 60% at the 1st
(and lowest) whorl, 90% at the 2nd whorl, and ~100% at the whorls above them. Thus, the problem of
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flower abscission generates large economic losses in agriculture [1]. Precise control of flower emergence
and development is crucial for plant’s reproductive cycle. This is especially true for crop plants, as it
is directly tied to potential yield. Molecular basis for flower formation has been extensively studied
for many years across different plant species, and described collectively by ABCDE model (reviewed
in [5]), with slight modifications depending on either species or flower shape [6]. Mutations that occur
in genes governing flower formation cause various morphogenetic aberrations, including changes in
the identity, number, and positioning of floral organs [7]. Proper development of already established
flower elements is equally important. Numerous factors are involved in flower development, such
as plant hormones (for example GA, IAA, JA [8]), numerous genes [9] and microRNAs, [10]. All of
these components create a complex regulatory network, malfunction of which can cause a variety of
abnormalities with the loss of fertility being the most detrimental [11,12].

Plant organ abscission is an element of the developmental strategy related to reproduction, defense
mechanisms or disposal of unused organs [13,14]. In most species, the key components involved in
the activation of the abscission zone (AZ) are plant hormones, in particular, auxin (IAA) and ethylene
(ET) [15,16].

Our previous transcriptome-wide study [17] proved that the abscission of yellow lupine flowers
and pods is associated, inter alia, with intensive changing of auxin catabolism and signaling. Genes
encoding auxin response factors ARF4 and ARF2 were objectively more expressed in generative
organs that were maintained on the plant, in contrast to the mRNA encoding auxin receptor TIR1
(TRANSPORT INHIBITOR RESPONSE 1), which is accumulated in larger quantities in shed organs [17].
Since (i) some micro RNAs (miRNAs) and small interfering RNAs (siRNAs) restrict the activity of
certain ARFs [18,19] and members of the TAAR (TIR1/AFB AUXIN RECEPTOR) family encoding auxin
receptors [20], and since (ii) we proved that the precursor of miR169 is accumulated in increased
quantities in yellow lupine’s generative organs undergoing abscission [17], we predict that sRNAs
play significant roles in orchestrating organ abscission in L. luteus.

MiRNAs are 21-22-nt-long regulatory RNAs formed as a result of the activity of MIR genes in
certain tissues and at certain developmental stages [21–23] and also in response to environmental
stimuli [24–26]. MIR genes encode two consecutively formed precursor RNAs, first pri-miRNAs and
then pre-miRNAs, which are subsequently processed by DCL1 (Dicer-like) into mature miRNAs [27,28].
MIR genes are often divided into small families encoding nearly or completely identical mature
miRNAs [29]. miRNA sequences of 19–21 nucleotides are long enough to enable binding particular
mRNAs by complementary base pairing, and allow either for cutting within a recognized sequence
or for translational repression [30]. Plant miRNAs are involved in, for instance, regulating leaf
morphogenesis, the establishment of flower identity, and stress response [10,24–26,31,32]. Some of
them also form a negative feedback loop by influencing their own biogenesis, as well as the biogenesis
of some 21-nt-long siRNAs called trans-acting siRNAs (ta-siRNAs). Ta-siRNAs are processed from
non-coding TAS mRNAs, which contain a sequence complementary to specific miRNAs [33,34].
There is also a large group of plant sRNAs that are referred to as phased siRNA, which are formed
from long, perfectly double-stranded transcripts of various origins, mainly processed by DCL4 [35,36].

Studies on sRNA in legumes (e.g., Glycine max, G. soja [37], Medicago truncatula [38], M. sativa [39],
Arachis hypogaea [40], Lotus japonicus [41] and Phaseolus vulgaris [42]) have primarily focused on stress
response or nodulation. Only three studies on miRNAs have been conducted so far using only two
species of Lupinus genus: Lupinus albus (white lupine) and Lupinus angustifolius (narrow-leafed lupine).
These studies were focused on small RNA sequences isolated from phloem exudate [43], global
expression of miRNAs during phosphate deficiency [44], and gene regulatory networks during seed
development [45]. Unfortunately, the knowledge on the roles of mi- and siRNAs function during flower
development in leguminous plants is still incomplete [43]. Moreover, the involvement of regulatory
sRNAs in mechanisms responsible for the maintenance/abscission of generative organs in the Fabaceae
family has never been explored before.
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Our observations of L. luteus generative development suggest that the fate of flowers (pod set
or shedding) is determined on a molecular level during flower development. This study aims to
characterize and investigate the role of these important molecules and their target genes during flower
development and abscission.

In order to achieve this goal, an integrated analysis of small non-coding RNAs (sncRNA),
transcriptome and degradome sequencing data was performed. We identified both known and
presumably new miRNAs and siRNAs from flowers at different developmental stages, specifically
the lower flowers (usually maintained and developed into pods) and the upper flowers (usually shed
before fruit setting). Moreover, in our comparisons of libraries from the upper and lower flowers,
differentially expressed miRNAs were found. In order to identify the miRNAs involved exclusively in
flower abscission, we compared sRNA libraries from the pedicels of flowers that were maintained on
the plant and those that were shed. A transcriptome- and a degradome-wide analysis was carried
out to identify the target genes for the conserved or new L. luteus sRNAs. The targeted transcripts
were then functionally annotated to outline the putative regulatory network in which these sRNAs
might have a role to play. Our results of next-generation sequencing (NGS) analysis indicate that the
identified miRNA-targeted modules may be vital in regulating yellow lupine flower development,
both generally and depending on the flower location on the inflorescence. Furthermore, these scnRNA
also display differential accumulation during flower abscission in this plant.

2. Results

2.1. Sequencing and Annotation of Yellow Lupine sRNAs from Flowers and Flower Pedicels

Flowers collected from the top and bottom parts of the inflorescence were separated into four
categories based on the progression of their development, and thus: Stage 1—closed green buds,
parts of which were still elongating. Stage 2—closed yellow buds, around the time of anther opening.
Stage 3—flowers in full anthesis. Stage 4—flowers with enlarged gynoecia from the lower parts of the
inflorescence, or aging flowers from the upper parts of the inflorescence. Based on their position on the
inflorescence, flowers in each of the stages were additionally tagged as either upper (UF) or lower
flowers (LF), resulting in eight different variants: UF1, UF2, UF3, UF4, LF1, LF2, LF3 and LF4 (Figure 1,
Table S1). Flower pedicels from flowers undergoing abscission (FPAB) or maintained on the plant
(FPNAB) were also collected, as they had been in our previous study [17]. This division resulted in ten
variants of small RNA libraries, which were subjected to single-end deep sequencing performed on the
Illumina HiSeq4000 platform (Illumina, Great Abington Cambridge, United Kingdom). After removing
low-quality reads, a total of 303,267,263 reads (from 14,186,278 to 15,504,860 reads per library) and
128,060,403 unique reads (from 5,677,701 to 6,990,061 per library) were obtained (Table S2).The length
distribution of the small RNAs (15–30 nt) revealed that a length of 24 nt was the most frequent and
that of 21 nt was the second most abundant class of the clean and redundant reads (Figure 2), which
was compliant with many other RNA-Seq experiments [46–48] and correlated with the abundance of
siRNAs and miRNAs, respectively.
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Figure 1. Development of Lupinus luteus flowers from the upper and lower part of the raceme. An
isolated pistil from a given developmental stage is shown under each flower. LF—lower flower,
UF—upper flower. Bar 5 mm.

Figure 2. Nucleotide length distribution of small RNAs from all ten libraries: Y-axis represents the
percentage frequency of the sRNA sequences identified in this study, the X-axis represents sRNA length.

The unique reads were annotated against Rfam [49,50] and miRBase [51] databases, and from the
latter both mature (named in tables as ‘miRBase’) and precursor sequences (named as ‘Hairpin’) were
taken into account. However, many of them remained unassigned (Table 1).
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Table 1. Summary of reads and general annotation of small RNA-seq data.

FPAB FPNAB LF1 LF2 LF3 LF4 UF1 UF2 UF3 UF4

All reads

unique 5,915,879.5 6,387,744.5 6,755,903 6,725,750 6,401,622.5 6,434,224.5 6,633,250 6,525,844.5 6,061,243.5 6,188,739.5
redundant 15,042,451 14,794,948 15,357,830 15,397,345 15,132,153 15,067,593 15,368,697 15,249,713 14,996,762 15,226,142

Annotation

Unique
miRBase 424 388 449 399 346 412 467 336 360 410
hairpin 2001 1832 1713 1610 1738 1801 1815 1699 1750 1995
Rfam 45,858 31,044 25,877 29,300 34,998 33,577 31,265 33,221 36,206 43,875

unknown 5,867,598 6,354,480.5 6,727,865 6,694,441.5 6,364,541.5 6,398,435 6,599,704 6,490,589.5 6,022,928 6,142,461

All
miRBase 580,674 562,932 364,583 351,641 394,114 410,044 368,739 448,377 571,963 471,398
hairpin 298,173 319,855 208,266 234,335 286,889 274,200 192,098 236,605 298,894 301,915
Rfam 731,119 493,959 299,502 386,808 581,709 528,515 522,096 499,417 555,178 727,483

unknown 13,432,486 13,418,203 14,485,480 14,424,562 13,869,443 13,854,835 14,285,765 14,065,314 13,570,728 13,725,347

The unique sequences were annotated into different RNA classes against the Rfam database
using BLAST [52] such as known miRNAs, rRNA, tRNA, sn/snoRNA and others (Table 2). A total
of 690,436 sRNAs were annotated into all libraries, with the highest number observed in the upper
flowers and abscising pedicles. Between these libraries, the most abundant classes were rRNAs and
tRNAs, with average values of 26,390 and 3,726 sequences, respectively, followed by snoRNAs and
different subtypes of snRNAs with average values ranging from 863 to 876 sequences (Table 2).

Table 2. Rfam annotation summary.

FPAB FPNAB LF1 LF2 LF3 LF4 UF1 UF2 UF3 UF4

tRNA 4742 3467 2537 3245 3771 4209 2914 3617 4115 4645
rRNA 33,810 23,320 19,921 22,331 27,302 25,453 24,092 25,477 27,557 34,641
snoRNA 2164 893 496 561 540 591 1125 683 827 748
Intro 1480 1238 1094 1201 1403 1340 1166 1339 1407 1546
Retro 829 800 681 707 792 742 803 766 751 852

U1 415 100 64 103 83 66 62 84 124 124
U2 620 323 263 261 286 294 275 308 312 346
U3 433 244 150 172 169 163 189 184 245 215
U4 248 61 51 63 54 54 58 67 91 82
U5 69 10 12 15 16 16 13 9 13 21
U6 349 81 52 81 64 58 102 76 90 108

Total 45,858 31,044 25,877 29,300 34,998 33,577 31,265 33,221 36,206 43,875

2.2. Identification of Known, Conserved miRNAs

After analyzing the results of the alignment against miRBase [51], 394 unique miRNAs containing
366 conserved miRNAs were identified (Table S2). The number of identified miRNAs in each library
is shown in Table S1. The identified miRNAs belonged to more than 67 families (Table S2), while
most of them belonged to the MIR156, MIR159, and MIR166 families, with more than 35 members in
each (Figure 3a). Each discovered miRNA received an identification number in the following format:
Ll-miR(number). In case of miRNAs displaying identity to sequences from miRBase, annotation
Ll-miR(number)/miRBase annotation is used, for example, Ll-miR224/miR393.
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Figure 3. Identification and evolutionary conservation of known miRNA families in Lupinus luteus.
(A) The distribution of known miRNA family sizes in L. luteus. (B) Comparison of known miRNA
families in L. luteus and their 52 homologs in Eudicotyledons species present in miRBase (upper panel)
and 9 Fabaceae species (lower panel). Known miRNA families of L. luteus identified from small RNA-seq
are listed in the top row. The colors represent relative miRNA families classified into different groups
with similar conservation. Blue, yellow, magenta, green and orange represent relative miRNA families
with homologs across more than 20, 10–19, 5–9, 2–4 species and in 1 species, respectively.
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2.3. Evolutionary Conservation of microRNAs Identified in Lupinus luteus

Since this study is the first wide-scale analysis of yellow lupine miRNAs, we decided to explore
the evolutionary characteristics of these sequences when compared to the data of almost all [52]
Eudicotyledons species present in miRBase [51]. The same analysis was performed exclusively against
nine Fabaceae species. As shown in Figure 3b, the 67 known miRNA families exhibited different numbers
of homologous sequences in both of the comparisons. Twenty of them were the most conserved ones,
i.e., had homologues in over 20 species (Figure 3b, shaded in blue). Our comparison across legumes
revealed that 8 miRNA families were highly conserved in this taxon, i.e., had homologues in 5–9 species
out of 9 (Figure 3b, lower panel, shaded in magenta), 18 had homologues in 2–4 legumes (Figure 3b,
shaded in green), and 2 had homologues only in one plant, Glycine max (Figure 3b, shaded in orange).

A surprisingly high number (39) of miRNA families identified in yellow lupine flowers were not
conserved across Fabaceae, probably due to a still incomplete list of miRNAs in these taxa.

2.4. Identification of Novel miRNAs

With the use of the ShortStack software (https://github.com/MikeAxtell/ShortStack/) [53], 28
candidates for novel miRNAs were identified (Table 3). This tool identifies miRNAs based on their
mapping against a reference genome. Since there was no genome available for the studied species, we
used a transcriptome instead (statistical data on de novo assembly is shown in Table S3). The results
obtained were filtered against mature miRNAs from miRBase, and unique sequences received names
in the following format: “Ll-miRn(number)”, (for example, Ll-miRn1). All of these 28 sequences were
21–24 nt in length, with 68% of them being 21 nt long (Table 3).

The expression of novel miRNAs was also highly diversified across all the libraries. Ll-miRn26
was present only in the LF1 sample, while Ll-miRn21 was present in all the sRNA libraries and had an
expression ranging from 3,982.82 to 11,421.55 RPM (Table S4).
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2.5. Analysis of the Expression Abundance of Known miRNA Families

Since miRNA expression across all libraries displayed high variation, we put the data into five
categories based on the maximum value (Figure 4). Two miRNAs, namely Ll-miR341/miR319 and
Ll-miRn21, showed expression maxima of over 10,000 RPM. The maximum expression of another
two, Ll-miR260/miR166 and Ll-miR384/miR396, ranged from 2000 to 10,000 RPM. Thirteen miRNAs
showed expression maxima ranging from 100 to 2000 RPM. The most numerous category, with 33
elements was the one for miRNAs with expression maxima ranging from 10 to 100 RPM. Another 24
miRNAs were expressed with the maximal RPM values between 1 and 10. The expression value of the
five least abundant miRNAs did not exceed 1 RPM (Figure 4, Table S5).

 
Figure 4. Diversity of miRNA expression (reads per million, RPM) in yellow lupine flowers. Complete
data concerning differential miRNA expression in the experiment described herein, divided into six
groups, depending on their expression maxima listed in order of appearance from left to right, and
top to bottom: over 10,000 RPM, 2000–10,000 RPM, 100–2000 RPM, up to 1 RPM, 1–10 RPM, 10–100
RPM.2.6. Identification of phased siRNA in Yellow Lupine.

Numerous reports and studies indicate the importance of phased siRNA not only in stress
response mechanisms but also in growth regulation [54]. Therefore, we decided to investigate
the role of siRNAs during yellow lupine inflorescence development. To achieve this, ShortStack
(https://github.com/MikeAxtell/ShortStack/) [53] was used to identify small RNAs that were being cut
in phase from longer precursors. We identified 316 siRNA ranging from 21 to 25 nt in length, of which
71% were 24 nt long (Table S6, Figure S1). The identified siRNAs received names in the following
format: “Ll-siR(number)”, (for example Ll-siR1) and displayed a highly differential expression pattern
(Table S7). Some of the sequences showed organ-specific expression, for example, Ll-siR4, -13, -173
were present only in the pedicels of abscising flowers (FPAB), while Ll-siR308 showed an elevated
expression in the pedicels (FPAB and FPNAB). On the other hand, Ll-siR246, -291 and -56 were present
almost exclusively in the youngest flowers in the lower part of inflorescence (LF1) (Table S7).

2.6. Analysis of the Expression Profile of the Identified sRNAs During Yellow Lupine Flower Development

To gain better insight into the dynamics expression of the identified sRNAs during floral
development in yellow lupine, we established a wide scope comparison of the following growth stages
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of flowers from the upper (UF2 vs UF1, UF3 vs UF2 and UF4 vs UF3) and lower (LF2 vs LF1, LF3 vs
LF2 and LF4 vs LF3) parts of the inflorescence (Table 4, Figure 5).

The analyses resulted in the identification of 30 differentially expressed miRNAs (DEmiRs) in
the lower and 29 in the upper flowers (Table 4), as well as 14 and 7 DE siRNAs, respectively (Table
S8). Between UF2 and UF1, there was a change in the expression of 8 miRNAs, 2 sequences belonging
to MIR359 and MIR166 families each, as well as one representative of each of the MIR159, MIR167,
MIR396 families and novel Ll-miRn10. Ten DE miRNAs were identified in a comparison of UF3 vs UF2,
of which only one Ll-miR258/miR166 was up-regulated. The remaining miRNAs were downregulated
and consisted of 3 sequences belonging to the MIR390 and MIR396 families each, and single miRNAs
from the MIR168, MIR408, and MIR396 families. A comparison of the UF4 vs UF3 libraries revealed 12
DEmiRs. The most numerous group were members of the MIR390 family, followed by 2 members of
MIR167 and MIR319, and singular representatives of MIR398, MIR164, and MIR858, with one novel
Ll-miRn11 (Table 4).

During the development of flowers from the lower part of the inflorescence, the miRNAs
accumulation dynamics were different. The highest number of the identified DEmiRs was found
comparing the youngest flowers (LF2 vs LF1), while, interestingly, a complete lack of DE miRNAs
was found when comparing the oldest flowers: LF4 vs LF3 (Table 4). In our comparison of LF2 vs
LF1, among the 18 DEmiRs, the most numerous group were novel miRNAs, followed by members
of the MIR396 family. Between the LF2 and LF3 stages we confirmed that there was a change in the
accumulation of 11 miRNAs, and this pertained to two members of the MIR166 and MIR399 families
each, Ll-miRn1 and Ll-miRn22, which were followed by single representatives of the MIR390, MIR395,
MIR858, MIR398, MIR408 families (Table 4).

In order to identify miRNAs the presence of which is either common or unique depending on
the developmental stage of the upper and lower flowers in lupine, Venn diagrams were constructed
(Figure 6a and Table S9) using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) [55]. The results
of these analyses revealed that approximately 70% of the identified miRNAs were common in all
developmental stages of both the upper (Figure 6a) and lower flowers (Figure 5b). However, miRNAs
unique to certain developmental stages were also found (Figure 6 and Table S9).

In regard to siRNAs during flower development in yellow lupine, almost every differentially
expressed siRNA was up-regulated. In the lower part of the inflorescence, similarly to miRNAs, there
were no differences between the LF4 and LF3 stages. During the upper flower development, most
DEsiRs were identified in a comparison of UF2 vs UF1, and the least (only one) when comparing UF3
vs UF2. One noteworthy observation was the presence of the same siRNAs in the comparisons of
UF2 vs UF1 and LF2 vs LF1, namely Ll-siR281, -308. and -249, which suggests that an increase in
their accumulation is important during phase 1 to phase 2 transition in the development of yellow
lupine flowers, regardless of their position on the inflorescence. The complete dataset can be found in
(Table S8).
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Figure 6. Diagrams showing distribution of yellow lupine miRNAs in (A) upper flowers, (B) lower
flowers, (C) both upper and lower flowers at particular stages of their development, (D) pedicels of
abscising flowers or flowers maintained on the plant.

2.7. Comparison of Differentially Expressed sRNAs Between Developing Flowers From the Lower and Upper
Whorls of the Raceme

In order to determine the differences in sRNA expression in developing yellow lupine flowers,
comparative analyses of both the upper and lower flowers were performed for each developmental
stage of the inflorescence (LF1 vs UF1, LF2 vs UF2, LF3 vs UF3 and LF4 vs UF4) (Table 5, Figure 5).
In general, 46 DEmiRs were identified (Table 5). In the first stage of development, the most numerous
group of DEmiRs was that of the novel sequences (Ll-miRn3, -25, -29 and -30), followed by sequences
annotated as miR396 (3 miRNAs). In the second stage of flower development, miRNAs belonging to
the MIR319 family were identified as the largest group (5 sequences), followed by two DE miRNAs
annotated as miR160 (Ll-miR329/miR160-5p, Ll-miR332/miR160f) and miR396 (Ll-miR199/miR396e-3p,
Ll-miR200/miR396a-3p), respectively. The third stage turned out to be the most diverse, with 2
representatives of the MIR160 (Ll-miR333/miR160a-5p and Ll-miR332/bdi-miR160f) family, followed
by single sequences annotated as Ll-miR433/miRr394, Ll-miR224/miR393a-5p, Ll-miR115/miR858,
Ll-miR453/miR19b-3p, Ll-miR229/miR396a-5p, Ll-miR432/miR490 and Ll-miR92/miR5168-3p.

Regarding the phased siRNAs, only 4 of them displayed differential expression, namely Ll-siR119 at
stage 1 and Ll-siR224, -100 and -146 at stage 4. These results might suggest that, firstly, miRNAs display
differential expression in each and every stage of flower development, regardless of flower position on
the inflorescence, and secondly, that miRNAs seem to be much more impactful in comparison with
phased siRNA in regards to yellow lupine flower differentiation.
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Analyses of the Venn diagrams we created (Figure 6c), displaying the presence profiles for the
library miRNAs, revealed that in each comparison between the upper and lower flowers (UF1 vs LF1,
etc.) around 80% of the identified sequences were common for both the upper and lower flowers
(Figure 6c). However, in each comparison, we were able to identify miRNAs unique to each stage of
the development and each flower position. For example, 20 miRNAs were exclusively present in LF1,
while 12 miRNAs were unique to UF1. The detailed information on these comparisons can be found in
Table S9.

Based on the data received, we suggest that differences in miRNA expression between lower
and upper flowers may be related to the fate of these organs (pod formation/flower abscission). To
further confirm this function, we performed an experiment in which flowers were removed from the
lower whorls, leaving only flower buds from the last, top whorl (Figure S2). Removing the lower
flowers causes maintenance of flowers on the plant and their development into pods, unlike flowers
from this whorl in control plants. Thus, their fate seems to be associated with the location in the
inflorescence changes. Then, the expression of selected lupine DEmiRs and their target genes were
compared during the development of upper flowers after removal of the lower flowers (UFR) in the
development stages of S1-S4, with control upper (UF S1–S4) and lower (LF S1–S4) flowers, respectively
(Figure S3). The obtained results show that the removal of lower flowers caused a change in the
levels of chosen sRNAs in upper flowers and it similar in this respect to flowers from the lower part of
raceme. This indicates a link between these genes and the fate of the flowers.

2.8. Comparison of Differentially Expressed sRNAs Between Flower Pedicels with Active And Inactive
Abscission Zones

To identify sRNAs possibly involved in yellow lupine flower abscission, mi- and siRNA expression
patterns for flower pedicels with an active abscission zone (AZ) (FPAB) and inactive AZ (FPNAB)
were compared. As a result, 34 DE miRNAs (including 5 novel ones) (Table 6) and 20 DE phased
siRNAs (Table S8) were identified. 14 miRNAs and 9 siRNAs were up-regulated, while the rest
remained down-regulated in FPNAB. Among the up-regulated miRNAs, the most numerous family
was MIR167 (5 members), followed by MIR398 (3 members). Among the down-regulated miRNAs, the
most abundant were MIR390, MIR396 and MIR395 families with 3 members each (Table 6, Figure 5b).
With regard to siRNAs, the most up-regulated in FPANB were Ll-siR173, -4 and -13, and the most
down-regulated was Ll-siR208 (Table S8).

306



Int. J. Mol. Sci. 2019, 20, 5122

T
a

b
le

6
.

D
iff

er
en

ti
al

ly
ex

p
re

ss
ed

m
iR

N
A

s
id

en
ti

fi
ed

in
co

m
p

ar
is

on
s

be
tw

ee
n

p
ed

ic
el

s
co

lle
ct

ed
fr

om
ab

sc
is

ed
or

no
n-

ab
sc

is
ed

fl
ow

er
s

(F
PA

B
vs

FP
N

A
B

)w
it

h
pa

dj
<

0.
05

.

F
lo

w
e
r

P
e
d

ic
e
ls

ID
m

iR
N

A
se

q
u

e
n

ce
m

iR
B

a
se

a
n

n
o

ta
ti

o
n

lo
g

2
F

C
p-

v
a
lu

e
p

a
d

j
T

a
rg

e
t

d
e
sc

ri
p

ti
o

n
(p

sR
N

A
ta

rg
e
t/

d
e
g

ra
d

o
m

e
)

FP
A

B
vs

FP
N

A
B

Ll
-m

iR
28

1
TG

A
A

G
C

TG
C

C
A

G
C

A
TG

A
TC

TG
A

at
a-

m
iR

16
7b

-5
p

4.
77

0.
00

00
0.

00
00

A
ux

in
re

sp
on

se
fa

ct
or

6
an

d
A

R
F8

Ll
-m

iR
39

A
G

A
TC

A
TG

TG
G

C
A

G
TT

TC
A

C
C

ah
y-

m
iR

16
7-

3p
4.

65
0.

00
00

0.
00

00
Tr

an
sc

ri
pt

io
n

re
pr

es
so

r
O

FP
14

Ll
-m

iR
28

0
TG

A
A

G
C

TG
C

C
A

G
C

A
TG

A
TC

TG
at

r-
m

iR
16

7
3.

73
0.

00
00

0.
00

00
A

ux
in

re
sp

on
se

fa
ct

or
6

an
d

A
R

F8
Ll

-m
iR

28
3

TG
A

A
G

C
TG

C
C

A
G

C
A

TG
A

TC
TG

G
al

y-
m

iR
16

7d
-5

p
3.

19
0.

00
00

0.
00

00
A

ux
in

re
sp

on
se

fa
ct

or
6

an
d

A
R

F8
Ll

-m
iR

27
6

TG
A

A
G

C
TG

C
C

A
G

C
A

TG
A

TC
T

bn
a-

m
iR

16
7d

2.
74

0.
00

00
0.

00
05

A
ux

in
re

sp
on

se
fa

ct
or

6
an

d
A

R
F8

Ll
-m

iR
n1

8
A

A
TA

G
G

G
C

A
C

A
TC

TC
TC

A
TG

G
ne

w
2.

26
0.

00
01

0.
00

06
E3

ub
iq

ui
ti

n-
pr

ot
ei

n
lig

as
e

H
O

S1
Ll

-m
iR

19
3

G
TC

G
TT

G
TA

G
TA

TA
G

TG
G

gm
a-

m
iR

63
00

2.
18

0.
00

01
0.

00
06

-
Ll

-m
iR

43
8

TT
G

TG
TT

C
TC

A
G

G
TC

A
C

C
C

C
T

st
u-

m
iR

39
8b

-3
p

2.
09

0.
00

00
0.

00
00

P
ro

b
a
b

le
n

u
cl

e
o

re
d

o
x
in

1

Ll
-m

iR
32

5
T

G
C

C
A

A
A

G
G

A
G

A
G

TT
G

C
C

C
TG

al
y-

m
iR

39
9b

-3
p

1.
95

0.
00

00
0.

00
00

In
or

ga
ni

c
ph

os
ph

at
e

tr
an

sp
or

te
r

1–
4

Ll
-m

iR
36

4
TG

TG
TT

C
TC

A
G

G
TC

A
C

C
C

C
TT

al
y-

m
iR

39
8a

-3
p

1.
94

0.
00

10
0.

00
71

S
u

p
e
ro

x
id

e
d

is
m

u
ta

se
[C

u
-Z

n
]

Ll
-m

iR
41

5
TT

G
A

G
C

C
G

TG
C

C
A

A
TA

TC
A

C
G

al
y-

m
iR

17
1b

-3
p

1.
80

0.
00

17
0.

01
17

S
ca

re
cr

o
w

-l
ik

e
p

ro
te

in
6

Ll
-m

iR
36

6
TG

TG
TT

C
TC

A
G

G
TC

G
C

C
C

C
TG

aq
c-

m
iR

39
8b

1.
66

0.
00

05
0.

00
42

Su
pe

ro
xi

de
di

sm
ut

as
e

[C
u-

Z
n]

Ll
-m

iR
26

0
TC

G
G

A
C

C
A

G
G

C
TT

C
A

TT
C

C
C

T
cs

i-
m

iR
16

6d
1.

07
0.

00
78

0.
04

50
H

o
m

e
o

b
o

x
-l

e
u

ci
n

e
z
ip

p
e
r

p
ro

te
in

A
T

H
B

-1
4

Ll
-m

iR
27

3
TC

TC
G

TT
G

TC
TG

TT
C

G
A

C
C

TT
cm

e-
m

iR
85

8
1.

02
0.

00
37

0.
02

23
T

ra
n

sc
ri

p
ti

o
n

fa
ct

o
r

M
Y

B
7
8

Ll
-m

iR
40

2
T

TG
A

C
A

G
A

A
G

A
TA

G
A

G
A

G
C

hb
r-

m
iR

15
6

−0
.8

9
0.

00
08

0.
00

60
Sq

ua
m

os
a

pr
om

ot
er

-b
in

di
ng

pr
ot

ei
n

1
Ll

-m
iR

n2
1

TG
A

G
C

A
TG

A
G

G
A

TA
A

G
G

A
C

G
G

ne
w

−1
.1

8
0.

00
00

0.
00

00
T

e
tr

a
tr

ic
o

p
e
p

ti
d

e
re

p
e
a
t

p
ro

te
in

1

Ll
-m

iR
19

8
G

TT
C

A
A

TA
A

A
G

C
TG

TG
G

G
A

A
os

a-
m

iR
39

6a
-3

p
−1

.2
4

0.
00

24
0.

01
59

EC
ER

IF
ER

U
M

1
Ll

-m
iR

n5
TG

G
A

A
TA

G
TG

A
A

TG
A

G
A

C
A

TC
ne

w
−1

.2
5

0.
00

03
0.

00
24

Pr
ob

ab
le

ci
nn

am
yl

al
co

ho
ld

eh
yd

ro
ge

na
se

9
Ll

-m
iR

10
2

C
G

C
TG

TC
C

A
TC

C
TG

A
G

TT
TC

A
br

a-
m

iR
39

0-
3p

−1
.2

7
0.

00
03

0.
00

27
TA

S3
Ll

-m
iR

19
9

G
TT

C
A

A
TA

A
A

G
C

TG
TG

G
G

A
A

A
at

a-
m

iR
39

6e
-3

p
−1

.4
9

0.
00

05
0.

00
39

EC
ER

IF
ER

U
M

1
Ll

-m
iR

20
0

G
TT

C
A

A
TA

A
A

G
C

TG
TG

G
G

A
A

G
al

y-
m

iR
39

6a
-3

p
−1

.6
1

0.
00

01
0.

00
09

EC
ER

IF
ER

U
M

1
Ll

-m
iR

44
A

G
C

TG
C

TG
A

C
TC

G
TT

G
G

TT
C

A
m

tr
-m

iR
44

14
a-

5p
−1

.7
6

0.
00

12
0.

00
84

N
on

-s
pe

ci
fic

ph
os

ph
ol

ip
as

e
C

1
Ll

-m
iR

15
1

G
C

G
TA

TG
A

G
G

A
G

C
C

A
A

G
C

A
TA

gm
a-

m
iR

16
0a

-3
p

−1
.9

0
0.

00
07

0.
00

55
E3

ub
iq

ui
ti

n-
pr

ot
ei

n
lig

as
e

R
FW

D
3

Ll
-m

iR
57

T
G

A
A

G
TG

TT
TG

G
G

G
G

A
A

C
TC

gm
a-

m
iR

39
5i

−2
.0

1
0.

00
00

0.
00

00
A

T
P

su
lf

u
ry

la
se

1
,
ch

lo
ro

p
la

st
ic

Ll
-m

iR
17

0
G

G
A

A
C

G
TT

G
G

C
TG

G
C

TC
G

A
G

G
at

a-
m

iR
16

6c
-5

p
−2

.0
2

0.
00

72
0.

04
25

Pr
ob

ab
le

m
et

hy
lt

ra
ns

fe
ra

se
PM

T2
1

Ll
-m

iR
11

9
T

G
A

A
G

TG
TT

TG
G

G
G

G
A

A
C

TC
C

sl
y-

m
iR

39
5a

−2
.2

3
0.

00
00

0.
00

00
A

T
P

su
lf

u
ry

la
se

1
,
ch

lo
ro

p
la

st
ic

Ll
-m

iR
n3

TG
A

A
G

A
G

G
G

A
G

G
G

A
G

A
C

TG
A

TG
ne

w
−2

.2
6

0.
00

27
0.

01
71

S
R

C
2

h
o

m
o

lo
g

Ll
-m

iR
11

8
C

TG
A

A
G

TG
TT

TG
G

G
G

G
A

A
C

TC
al

y-
m

iR
39

5d
-3

p
−2

.4
7

0.
00

00
0.

00
00

A
T

P
su

lf
u

ry
la

se
1
,
ch

lo
ro

p
la

st
ic

Ll
-m

iR
99

C
G

C
TA

TC
C

A
TC

C
TG

A
G

TT
TC

gm
a-

m
iR

39
0a

-3
p

−2
.6

5
0.

00
01

0.
00

06
TA

S3
Ll

-m
iR

10
0

C
G

C
TA

TC
C

A
TC

C
TG

A
G

TT
TC

A
al

y-
m

iR
39

0a
-3

p
−2

.7
5

0.
00

00
0.

00
00

TA
S3

Ll
-m

iR
16

2
G

C
TC

TC
TA

A
G

C
TT

C
TG

TC
A

TC
A

al
y-

m
iR

15
7b

-3
p

−2
.9

0
0.

00
00

0.
00

03
D

r1
ho

m
ol

og
Ll

-m
iR

94
C

G
A

TG
TT

G
G

TG
A

G
G

TT
C

A
A

TC
gm

a-
m

iR
17

1k
-5

p
−3

.0
1

0.
00

00
0.

00
00

Tr
an

sc
ri

pt
io

n
fa

ct
or

M
Y

B4
Ll

-m
iR

n3
2

A
A

G
G

G
TT

G
TT

TA
C

A
G

A
G

TT
TA

ne
w

−3
.1

8
0.

00
00

0.
00

00
26

S
pr

ot
ea

so
m

e
re

gu
la

to
ry

su
bu

ni
t7

Ll
-m

iR
17

4
G

G
A

A
TG

TT
G

G
C

TG
G

C
TC

G
A

G
G

m
tr

-m
iR

16
6e

-5
p

−3
.4

6
0.

00
00

0.
00

00
N

u
cl

e
o

la
r

G
T

P
-b

in
d

in
g

p
ro

te
in

1

307



Int. J. Mol. Sci. 2019, 20, 5122

An analysis of the Venn diagrams based on the presence of the identified miRNAs revealed
that approx. 80% of the miRNAs were present in both abscising and non-abscising flower pedicles
(Figure 6d). However, 23 miRNAs remained unique to FPAB and 17 to FPNAB (Figure 6d, Table S9).

2.9. Validation of the Identified sRNAs in RNA-seq

Stem-loop RT-qPCR technique [56,57] was employed in order to validate the data generated using
deep sequencing technology and to confirm the expression patterns of the identified sRNA. Eight
identified sRNAs (six conserved miRNAs, one novel miRNA, and one siRNA) were used for this task
(Table S10). The qPCR results were similar to sRNA-seq data (Figure 7). For example, in the RT-qPCR
analysis, the Ll-siR254 expression increased as the flower developed, showing a positive correlation
with the deep sequencing results. Ll-siR249 was preferentially accumulated in yellow lupine pedicels,
both in qPCR and RNA-seq. The results of the expression analysis of these sRNAs supported the
validity of our sRNA-Seq.

 
Figure 7. SL RT-qPCR validation of selected sRNAs in L. lupinus. Grey indicates the miRNA
expression levels determined by qPCR. Black indicates the miRNA expression levels determined by
deep sequencing. Vertical bars indicate standard errors.
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2.10. Identification of sRNA Target Genes using Degradome and psRNATarget Analysis

In order to estimate accurately the biological function and impact of certain miRNAs, their target
genes needed to be identified. To achieve this, we constructed degradome libraries from pooled
samples of stage 3 upper and lower parts of the inflorescence. Through total degradome library
sequencing, 19,353,278 raw reads were obtained (Table S11). After quality filtering, the degradome data
were aligned to the reference transcriptome with CleaveLand 4 [58] to find sliced miRNA and siRNA
targets. After processing and analysis, a total of 14,077 targets were identified, and after filtering with a
p-value < 0.05, 538 targets emerged (501 targets for 178 known miRNAs and 37 targets for 13 novel
miRNAs) (Table S12). For the phased siRNAs, 3,340 targets were initially identified, and after similar
filtering, their number dropped to 89 targets for 46 siRNAs (Table S13). Exemplary target t-plots and
sequences of the miRNAs and target mRNAs are shown in Figure 8.

Figure 8. Cont.
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Figure 8. Examples of post-transcriptional regulation of miRNA targets in yellow lupine. (A) Ll-miRn1
and SGS3 mRNA, (B) Ll-miR102 and 2-methylacyl-CoA dehydrogenese mRNA, (C) Ll-miR392 and ARF18
mRNA, (D) Ll-miR415 and SCL6 mRNA. The T-plots show the distribution of the degradome tags
along the full length of the target gene sequence. The cleavage site of each transcript is indicated by
a red dot. Comparison of the expression levels of miRNAs and their targets in flowers from upper
and lower whorls of yellow lupine racemes, and flower pedicels, as determined by deep sequencing.
In miRNA-mRNA alignments, the red arrows indicate the cleavage site of the target gene transcript.

As expected, many of the targets for evolutionarily conserved miRNAs were compliant with literature
data. For example, Ll-miR329/miR160-5p targeted ARF16 and ARF18, the Ll-miR415/miR171b targeted
SCL6, Ll-miR341/miR319q targeted TCP2, Ll-miR224/miR393a-5p targeted TIR1, etc. (Table S12).

A comparison of the expression of four exemplary miRNAs and their target genes (Figure 8)
confirmed the reverse-correlation in the accumulation of miRNAs and an abundance of mRNA target
genes, especially in flower pedicels. In the flowers, this correlation was not so obvious, presumably
because of the organ’s more complex nature (with its various elements, such as the stamen and the
pistil), where regulation could be tissue specific.
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In the case of some of the identified mi- and siRNAs, we were unable to determine the targets with
a degradome analysis, which might have been caused by the lack of a sufficient amount of cleavage
products ensuing from using only stage 3 flowers to construct the library. In order to find the putative
missing target genes, the psRNATarget tool [59] was employed, which rendered plausible target genes
through a comparison of the sRNAs with the reference transcriptome containing data from all of the
samples. Using this method, we managed to establish putative target genes for most of the mi- and
siRNAs, obtaining 66,102 miRNA and 32,725 siRNA targeted transcripts. A full list of the targets
identified using the psRNATarget or degradome analysis for DE miRNAs, siRNAs, and novel miRNAs
is contained in Table 3, Table 4, Table 5, Table 6 and Table S13. Targets for all of them are shown in
Tables S14, S15, S16, S17 and S18.

2.11. Function of the miRNAs Potential Targets

Gene Ontology (GO) analysis was performed in order to investigate the functions of the miRNAs
targets identified in yellow lupine flowers. Among the 27,547 targets of known and novel miRNAs
identified with psRNATarget 26,230 targets exhibited GO terms (Table S17). 23,092 genes were
categorized into ‘Cellular component’, 23,501 into ‘Molecular function’, and 22,939 into ’Biological
process’. Figure 9 shows target gene percentages for each GO category. The largest number of targets
classified as ‘Cellular component’ was attributable to ‘cell’, ‘cell part’ and ‘organelle’. The majority
of targets of the ‘Molecular function’ category were classified as ‘binding’ and ‘catalytic activity’.
Within the ‘Biological process’, most of the targets were categorized as ‘cellular’ and ‘metabolic process’
(Figure 9, Table S17). Within the ‘Flower development’ category, the targets of 37 miRNAs fit within
GO terms related to phytohormones (Figure S4a), and the targets of 69 miRNAs were placed into the
category of GO terms related to the development of flower parts (Figure S4b).

 
Figure 9. Visualization of GO categories annotated to predicted target genes of known and novel
miRNAs in yellow lupine.

Our miRNAs targets analysis against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
revealed that most of the sequences in the main KEGG categories belonged to Metabolism (15,856),
followed by Genetic information processing (5,267), Environmental information processing (1,517),
Cellular processes (1,326) and Organismal Systems (800) (Figure S5). A full list of KEGG pathways
and numbers of assigned sequences is shown in (Figures S6 and S7). One of the most represented
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sub-categories was Signal transduction (1,484), with over 700 putative targets in the Plant Hormone
Signal Transduction pathway, where almost every sequence was frequently targeted with multiple
miRNAs (Figure 10). The second most notable pathway was mitogen-activated protein kinase (MAPK)
signaling, which was associated with different abiotic and biotic stress factors, with 350 putative
targets distributed across every described stress response (Figure S8). A complete dataset on the KEGG
analysis can be seen in (Table S16).

Figure 10. KEGG pathways related to plant hormone signal transduction targeted by known and novel
miRNAs. Orange indicates DE miRNAs.
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3. Discussion

Yellow lupine has great potential to become one of the leading legumes in Europe in both
animal and human nutrition. Reduction the economic drawbacks resulting from excessive flower
abscission would be the most convincing argument for lupine cultivation. However, this can only be
achieved if we gain a deeper understanding of the plant’s biology and insight into the molecular basis
for the development and maintenance of lupine flowers. Therefore, we believe that the pathways
controlling these processes deserve intensive research focus. Our previous analyses of yellow lupine
transcriptomes resulted in the identification of transcripts of many genes involved in flower and pod
abscission and suggested sRNA involvement in this process [17]. Notably, our observations of L.
lupinus floral development indicate that their fate (abscission or pod formation) is determined prior to
AZ activation. Therefore, we decided to perform comparative analyses between sRNAs from flowers
developing on the upper and lower parts of the raceme. Identifying the miRNAs and their target
genes involved in the above-mentioned processes will further our knowledge of the biology of not
only lupines but plants in general since the role played by sRNA in organ abscission is still obscure.

Our sRNA-seq analyses shed more light on the molecular mechanisms that control flower
development of L. luteus and confirmed the involvement of known miRNAs, such as miR159, miR167
or miR172, in this process [60], but we have also explored the roles of sRNAs in flower abscission and
identified species-specific miRNAs.

3.1. Known sRNAs and Their Target Genes Are Involved in Regulating Flower Development in Yellow Lupine

Among the known and conserved miRNAs a number of miRNAs commonly associated with
flower morphogenesis and development, belonging to, inter alia, the MIR156/157, MIR159, MIR165/166,
MIR167 and MIR172 families [10] were spotted.

Studies have shown that miR156 is necessary for maintaining anther fertility in Arabidopsis, by
orchestrating the development of primary tapetum cells and primary sporogenous cells [61]. In A.
thaliana, SPL13B expression is strictly limited by miR156 to anther tapetum in young buds, while
SPL2 is weakly expressed in parietal and sporogenous cells and the surrounding cell layers in young
flowers [61], where it is targeted by miR156 to regulate pollen maturation [62]. MiR159 was shown
to target the conserved GAMYB-like genes that are a part of the GA signaling pathway [63,64]. In A.
thaliana miR159 regulates the morphogenesis of the stamen, and male fertility [65]. Two transcription
factors involved in pistil and stamen development in various plant species, ARF6 and ARF8, contain
the target site for miR167 [66–68]. For Arabidopsis, it has been proven that both these genes are involved
in stamen filament elongation, anther dehiscence, stamen maturation and anthesis [69]. In tomato, a
reduction in the accumulation of the miR167-targeted ARF6 and ARF8 leads to the lack of trichomes
on the style surface, failed pollen germination and, consequently, sterility [11]. Recent research into
multiple plant species has shown that miR172 targets genes belonging to the APETALA2 (AP2, TOE1,
TOE2, TOE3) family. MiR172 is part of the photoperiodic flower induction pathway and is associated
with the functioning of the ABCDE model of floral development [70]. Overexpression of MIR172
causes formation of a phenotype characterized by the absence of perianth, transformation of sepals
into pistils and early flowering [70].

Our study showed the presence of at least one member of all these families in flowers (Figure 3,
Table S5), which indicated that in lupine how crucial the families were for generative development in
lupine, as well. MIR156 and MIR159 are the most numerous families in L. luteus, which suggests they
play fundamental roles in its flower development processes.

The differentially expressed miRNAs identified in yellow lupine flowers were clustered by the
dynamics of their expression (Figure 5). The first cluster comprised miRNAs, the accumulation of
which increased as the flowers developed, and contained miRNAs belonging to the MIR166, MIR167,
MIR319, MIR390, and MIR395 families. The first of these families include Ll-miR177, which guides
the cleavage of RADIALIS, a transcription factor from the MYB family that controls the asymmetric
flower shape in Antirrhinum majus [71,72], as well as Ll-miR258 and Ll-miR265, which probably target
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the Homeobox-leucine zipper protein ATHB-15. In Arabidopsis, both miR165 and miR166 target the
same HD-ZIP III genes: ATHB15, ATHB8, REVOLUTA (REV), PHABULOSA (PHB), and PHAVOLUTA
(PHV) to regulate gynoecium and microspore development [28,73]. In lupine the MIR167 family
members that accumulate in larger quantities during flower development are Ll-miR280, Ll-miR281,
and Ll-miR285, which probably target ARF6 and ARF8. Ll-miR445 and Ll-miR130 are members of the
MIR319 family, while their putative target genes are TCP4 and MYB33, respectively. In Arabidopsis,
the miR319a/TCP4 regulatory module is necessary for petal growth and development. Moreover, the
overexpression of MIR319 reduces male fertility, and this defect is hypothesized to be caused by the
cross-regulation of MYB33 and MYB65 by miR319 and miR159. As the miR319 target site within the
MYB33 and MYB65 transcripts exhibit a lower match with miRNA than the miR159 target site, the latter
is more efficient at regulating these genes and miR319 is their secondary regulator [74]. This regulatory
network is even more complex. In A. thaliana, cooperation of three miRNAs and their target genes,
namely miR159/MYB, miR167/ARF6/ARF8, and miR319/TCP4, is a prerequisite for proper sepal, petal
and anther development, and maturation. miR159 and miR319 influence the expression of MIR167
genes, which in turn affect each other. These miRNAs orchestrate plant development by regulating the
activity of the phytohormones GA, JA, and auxin [75]. Increased accumulation of miR167 and miR319
in the late stages of yellow lupine flower development could also be associated with regulating the
growth and development of petals and anthers. Another miRNA showing a similar expression profile
is Ll-miR9/miR390-5p. In lupine, it targets the TAS3 transcript, which in turn is a source of tasiR-ARF,
a negative regulator of ARF2, ARF3 and ARF4 activity. This regulatory cascade plays a vivid role
in development of many plant species [76]. The expression level of miR390 derived from MIR390b
reflects auxin concentration in organs, while the repression of ARF2, ARF3, and ARF4 by tasiR-ARF are
important for lateral organ development [18,77], and flower formation [78]. Ll-miR118 and Ll-miR119,
which target ATP sulfurylase (ATPS) according to our degradome data, belong to the MIR395 family. In
Arabidopsis, miR395 targets two gene families, ATP sulfurylases and sulfate transporter 2:1 (SULTR2:1),
which are elements of the sulfate metabolism pathway [79]. ATPS regulates glutathione synthesis and
is an essential enzyme in the sulfur-assimilatory pathway [80]. In cotton, the miR395-APS1 module is
engaged in drought and salt stress response [81]. Sulfate is the main source of sulfur and is taken up by
roots, transported throughout the plant and used for assimilation. Sulfate limitation forces a significant
up-regulation of miR395 expression [82]. Presumably, during yellow lupine flower development, the
demand for sulfur increases and the plant activates mechanisms for its efficient uptake.

Within the cluster of miRNAs, the expression of which decreased as the flowers developed, there
were homologues of miR390-3p, miR858, miR396-3p, miR168, miR408-3p and miR398 (Figure 5).
Ll-miR99, Ll-miR100, and Ll-miR102 are identical to miR390-3p (the so-called passenger strand, former
star strand). However, their expression showed an opposite trend to that of miR390-5p. The differential
expression and functioning of passenger miRNAs have already been described. The research carried
out by Xie and Zhang in 2015 on cotton showed that the formation of some miRNA*s, such as miR172*
and miR390*, was associated with the phases of the plant’s growth [83]. Therefore, miRNA*s can be
specifically expressed in various tissues to maintain the steady state of the organism. Our degradome
analysis for yellow lupine showed that Ll-miR9/miR390-5p was able to guide the cleavage of the TAS3
transcript. There is no certainty as to the status of its passenger strand, which suggests its locally
limited activity or its involvement in regulation of other targets and further research is required to
identify its accumulation and function in the organs concerned. Another miRNA from the cluster
is Ll-miR155/miR396-3p (passenger strand), which guides cleavage of JMJ25 demetyhylase mRNA
(confirmed in degradomes), involved in preserving the active chromatin state [84]. ECERIFERUM1
(CER1), the target gene in lupine for another two homologues of miR396-3p, Ll-miR199 and Ll-miR200,
is a homologue encoding an enzyme involved in alkane biosynthesis, and in cucumber is engaged both
in wax synthesis and ensuring pollen viability [85]. This cluster also included a miRNA that negatively
regulates elements involved in miRNA and ta-siRNA functioning, namely Ll-miR247/miR168 targeting
AGO1 mRNA [86]. Another miRNA clustered here was the highly conserved Ll-miR60/miR408-3p,
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which guides the processing of the mRNA of the copper-binding Basic Blue protein homologue
(plantacyanin, PC). In Arabidopsis, PC plays a role in fertility, exhibiting the highest expression in the
inflorescence, especially in the transmitting tract. [87]. Transgenic Arabidopsis plants over-expressing
MIR408 displayed altered morphology, including significantly enlarged organs, resulting in enhanced
biomass and seed yield. Plant enlargement was shown to be primarily caused by cell expansion rather
than cell proliferation, and in transgenic plants it was correlated with stronger accumulation of the
myosin-encoding transcript and gibberellic acid [88]. It seems that high expression levels of miRNAs
grouped in the cluster are correlated with intensive growth and differentiation of young floral tissues.

Among the miRNAs identified in yellow lupine several that seemed to be crucial in particular
stages of the plant’s development were spotted (Figure 4, Table 4, Table S7). For example, the largest
quantities of miR159 (Ll-miR452 and Ll-miR454) were accumulated in stages 2 and 3 of the plant’s
development. According to degradome data they targeted GGP-5 (GAMMA-GLUTAMYL PEPTIDASE
5) of an undefined function in plants, and an evolutionarily conserved target for GAMYB, respectively.
As already mentioned, this could be associated with miRNA family cooperating with miR167 and
miR319 in regulating L. luteus anther maturation. The accumulation of Ll-miR251/miR5168-3p,
Ll-miR92/miR1861b, Ll-miR229/miR369-5p, and Ll-miR311/miR5794 increased in stage 2 upper and
lower flowers, while – interestingly – in the later stages these miRNAs were only present in lower
flowers. According to degradome analysis, Ll-miR251/miR5168 guides cleavage of the mRNAs of the
genes encoding the Homeobox-leucine zipper protein ATHB-14 and the chaperone protein dnaJ 13.
The miR5168 sequence displays a great similarity to that of miR166, thanks to which they may perhaps
share the same target gene ATHB-14, the putative transcription factor engaged in the adaxial-abaxial
polarity determination in the ovule primordium in A. thaliana [89]. As confirmed by yellow lupine
degradome sequencing, Ll-miR229/miR396-5p targets GROWTH-REGULATING FACTOR 5 (GRF5) and
GRF4 transcripts. In Arabidopsis, GRF5 is expressed in anthers at early stages of flower development
and in gynoecia throughout the whole flower development, and transcripts of GRF4 accumulate later
in sepals, tapetum, and endocarpic tissues of ovary valves [90]. Transgenic rice with Os-miR396
overexpression and GRF6 knock-down suffers from open husks and sterile seeds [91]. GRF6 cooperates
with GRF10 to transactivate the JMJC gene 706 (OsJMJ706) and CRINKLY4 RECEPTOR-LIKE KINASE
(OsCR4) responding to GA, which is a prerequisite for the flower to successfully develop into a normal
seed [91]. An increased share of miRNAs involved in cell division, namely miR396, miR319, and
miR164, in NGS analyses was also observed in early grain development in wheat [92].The presence of
these miRNAs in yellow lupine flowers suggests that their regulation of cell proliferation also plays an
important role in development of generative organs.

3.2. Involvement of New miRNAs in L. luteus Flower Development

Using ShortStack [53] software we predicted 28 candidates for new miRNAs (Table 3). Interestingly,
many of these novel miRNAs showed similarity to precursor miRNAs from miRBase, which leads
to the conclusion that they might be new members of the already known families, for example
MIR167 (Ll-miRn12 and Ll-miRn27), MIR172 (Ll-miRn4), MIR393 (Ll-miRn19) or MIR169 (Ll-miRn3,
Ll-miRn11, and Ll-miRn15) (Table S6).The other 13 had no homologues among known miRNAs and
were recognized as lupine-specific miRNAs. Some of the new miRNAs displayed differential expression
during L. luteus flower development. Ll-miRn3, which shows similarity to pre-miR169, displayed
differential expression in UF1 vs LF1 and LF2 vs LF1 library comparisons, wherein it is the most
accumulated in LF1, and in flower pedicels (up-regulated in FPNAB). According to degradome data,
this miRNA targets SCARECROW2 (SCR2) homologue, a putative activator of the calcium-dependent
activation of RBOHF that enhances reactive oxygen species (ROS) production and may be involved
in cold stress response [93]. In rice SCR2 expression is relatively high in flower buds and flowers,
and after flowering rises in the leaves and roots [94]. In yellow lupine, this gene may be involved in
intense cell divisions during early flower development and is down-regulated in the pedicels with an
active AZ to stop its growth. Another frequently encountered novel DEmiR was Ll-miRn22, which
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shows sequence similarity to pre-miR1507, is up-regulated in LF3 vs LF2 and LF2 vs LF1 library
comparisons, and its expression escalates with flower development in the bottom whorl. The MiR1507
family is annotated as legume-specific [95]. Through analyses of our degradome data we have not
found its target gene, and the psRNATarget hit was the putative disease resistance RPP13-like protein
1. Unfortunately, this protein has been poorly described, therefore it is difficult to determine its
function in yellow lupine flowers. Noteworthily, the target genes of Ll-miRn1 and Ll-miRn30 identified
through degradome sequencing are SGS3 and DCL2, respectively, and the miRNAs are up-regulated in
LF3 vs LF2 comparisons and down-regulated in UF1 vs LF1 comparisons, respectively. SGS3- and
DCL2-encoded proteins are involved in sRNA biogenesis [96]. Importantly, novel miRNA identified in
soybean Soy_25 displays high sequence similarity to Ll-miRn1 and also targets SGS3, which indicates
that this regulatory feedback loop for sRNA biogenesis is common for Fabaceae [97]. These results
indicate that L. luteus miRNAs play a regulatory role in siRNA biogenesis in early flower development.

3.3. miRNA Accumulation Varies in Lower and Upper Flowers in Different Stages of Development

One of our goals was to identify the sRNAs engaged in yellow lupine flower development, with a
particular emphasis on the differences between flowers from lower and upper parts of the inflorescence,
in order to gain an insight into how early the flower fate is determined.

In our study, we spotted differences in miRNA accumulation patterns as early as the first stage of
flower development.

Flowers collected from the lower whorls displayed higher accumulations of sequences
corresponding to miR5490, miR5794, miR1861, miR396-5p, miR395, miR166, and miR159-3p (Table 5).
miR1861 and miR396 were recognized as positive cell proliferation and development regulators [98–100].
In rice, for example, miR1861 exhibited differential expression during grain filling [101], and its
expression was higher in superior grains in comparison to inferior ones [102]. This is consistent with
our hypothesis, that a higher occurrence of miR1861 and miR396 in lower flowers may be an indication
of the plant investing more supplies in this part of the inflorescence.

From the second stage until the end of their development, upper flowers accumulated more
miRNAs corresponding to miR319, miR394, miR160, and miR393 (Figure 4, Table 5). MiR393 regulates
the accumulation of transcripts encoding auxin receptors belonging to the TAAR family. Changes in
receptor abundance affect the sensitivity of the given tissue to auxin and this is how this molecule
influences plant development [102]. In A. thaliana, miR160 directly controls three ARF genes, namely:
ARF10, ARF16 and ARF17 [103]. In tomato, sly-miR160 is abundant in ovaries, and changes in its
expression affect plant fertility [12]. Down-regulation of sly-miR160 caused improper ovary patterning
and thinning of the placenta already prior to anthesis [12]. In view of these facts, higher expression of
miR160 in lupine upper flowers in their development means that a slightly different organization of the
gynoecia may be one of the crucial determinants of flower fate. Additionally, the elevated expression
levels of miR160 and miR393 in upper flowers of lupine suggest a reduction in the abundance of the
transcripts of their target genes encoding auxin receptors and auxin response factors. This, in turn, may
have led to a reduction in auxin sensitivity. Decreasing the number of transcription factors belonging
to the TCP family (targeted by miR319), probably caused different cell proliferation profiles in flowers
collected from the upper whorls.

Additional expression studies of selected miRNA (Ll-miR281/miR167, Ll-miR224/miR393,
Ll-miR333/miR160, Ll-miR329/miR160) carried out in the upper flowers of yellow lupin developing
after removal of the lower ones (UFR) (Figure S2), and consequently with a changed, when compared
to the original, fate, provide additional confirmation of the results obtained from RNA-seq analysis
(Figure S3).

3.4. sRNAs Are Involved in Flower Abscission in L. luteus

Little is known about sRNA engagement in flower abscission. Research on the involvement of
miRNAs in this process has been already carried out in cotton [104], tomato [12,105], and sugarcane [106].
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For a genome-wide investigation of miRNAs involved in the formation of the abscission layer in
cotton, two sRNA libraries were constructed using the abscission zones (AZ) of cotton pedicels treated
with ethephon or water. Among the 460 identified miRNAs, only gra-MIR530b and seven novels
showed differential expression in abscission tissues [104], and these miRNAs have no homologues in
our dataset.

Besides ovary patterning in tomato, sly–miR160 regulates other two auxin-mediated
developmental processes: floral organ abscission and lateral organ lamina outgrowth [12]. In that
study, down-regulation of sly-miR160 and the resulting higher expression of its target genes,
transcriptional repressors of auxin response ARF10 and ARF17, also resulted in the narrowing
of leaves, sepals and petals and an impeded shedding of the perianth after successful pollination [12].
This was consistent with the higher accumulation of Ll-miR329/miR160-5p, Ll-miR332/miR160-5p,
and Ll-miR333/miR160-5p in upper flowers designated to fall off in yellow lupine. As these miRNAs
showed no differential expression in flower pedicels, it probably does not play a role in the executory
module of abscission itself but is rather a part of a mechanism that determines flower fate.

Another research on tomato using sRNA and degradome sequencing libraries explored the roles
of sRNAs in AZ formation in the early and late stages of the process additionally accelerated or not by
ethylene or control treatment [107]. The study showed that in tomato pedicels, the accumulation levels
of, inter alia, miR156, miR166, miR167, miR169, miR171, and miR172 rose in late stages of abscission,
while the abundance of miR160, miR396 and miR477 dropped [107]. Although it is difficult to compare
ethylene-treated tomato pedicel results to our data, it is worth noting that in the corresponding FPAB
vs. FPNAB comparison in our study, the accumulation of some miRNAs was similar: miR396 level
was lower, and the levels of miRNAs annotated as miR167 and miR166 were higher in FPAB (Table 6).

It has been proven for sugarcane that among others both mature (5p) and passenger (3p) miRNAs
from MIR167 family were up-regulated in ‘leaf abscission sugarcane plants’ comparing to ‘leaf packaging
sugarcane plants’ (which corresponds to the FPAB vs. FPNAB comparison in our study) [106]. In our
study, both mature and passenger members of the MIR167 family were leaders among DEmiRs, too,
(Table 6) pointing to their crucial role in both vegetative and generative organ abscission. Significantly,
this applies to evolutionarily distant taxa: both monocots and dicots.

In our paper, among the up-regulated miRNAs, the most numerous family besides already
mentioned MIR167 was MIR398 with 3 members being among top-regulated ones. Among the
down-regulated miRNAs, the members of MIR390, MIR396 and MIR395 families were most abundant.
It was shown for other plant species, that these miRNAs are engaged in the regulation of auxin signal
transduction pathway (miR167 and miR390 [108]), regulation of cell division (miR396 [100]) and stress
response (miR395 [81,82]).

It is worth noting, that in comparisons of Lupinus pedicel libraries there are novel miRNAs: three
are down-regulated in FPAB and one is up-regulated. Furthermore, Ll-miRn3 is up-regulated in both,
young flowers designated to be maintained on the plant (LF1) and pedicels with inactive AZ (Table 6),
which may indicate its role in preventing flower abscission. In the future, it is worth examining the
role of its target gene, which encodes a protein that does not resemble any known protein.

With regard to siRNAs, the most up-regulated ones in FPNAB were: Ll-siR173, Ll-siR4 and
Ll-siR13, and the most down-regulated one were Ll-siR208. Unfortunately, the lack of literature data
on their targets makes it impossible for the specifics of their function in the studied process. However,
it is worth mentioning, that in pedicels high levels of accumulation are displayed by siR249/tasiR-ARF
and siR308/tasiR-ARF, which target transcripts encoding ARF2, ARF3 (confirmed in degradomes).
These results strongly suggest the involvement of siRNAs in the functioning of lupine pedicels.
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3.5. Possible miRNA-dependent Regulatory Pathways That Participate in Development and Abscission of
Yellow Lupine Flowers

Recent studies have shown that sRNA activity is associated with the hormonal regulation of
plant development through influencing the spatio-temporal localization of the hormone response
pathway [109].

The auxin signal transduction pathway mainly consists of three elements. Auxin is perceived by
members of the TAAR family. There are AUX/IAA repressor proteins and ARF transcription factors
downstream of these receptors [110–112]. The expression of TAAR receptors is regulated by miR393
and secondary ta-siRNA derived from their own transcripts [20]. miR167 and miR160 affect the ARF6,
ARF8 [67] ARF10, ARF16 and ARF17 [113] transcript accumulation, respectively. It has been proven
that the expression of ARF2, together with ARF3 and ARF4, is regulated by the ta-siRNA/miR390
module [114]. In the two-hit model, ta-siRNA-containing the TAS transcript is recognized by two
miR390 molecules, one of which guides its cleavage, and the other, in a complex with AGO7, serves as
a primer for complementary strand synthesis, with its subsequent processing ultimately resulting in
ARF-targeting siRNA biogenesis [115].

In our study, among the differentially expressed sRNAa in flowers and flower pedicels, there were
members of the MIR167, MIR160, MIR393 and MIR390 families, as well as phased siRNAs targeting
ARF2, ARF3, and ARF4. This fact suggests a vivid role of auxin-related sRNAs in flower development
and abscission in L. luteus and confirms our previously published results of transcriptome-wide
analyses, where we observed differences in expression levels of genes encoding several elements of
the auxin signal transduction pathway [17]. The relatively high number of members of the MIR167
family showing differential expression in the studied variants indicates that miR167 is one of the key
regulators of flower development and abscission in yellow lupine.

Lupinus LlARF2, LlARF3, and LlARF4 transcripts are possibly down-regulated in the processing that
is guided by Ll-siR249 and Ll-siR308 (Table 4), which are identical to tasiR-ARFs in many plant species
according to the tasiRNAdb database [116]. These tasiR-ARFs probably originate from TAS3 transcript
(TRINITY_DN55534_c4_g1) containing two binding sites for miR390 (Figure S9a). Ll-miR9/miR390and
surprisingly also Ll-siR240, guide the cleavage of another TAS3 mRNA (TRINITY_DN54998_c6_g5_i2)
(Figure S10) which contains only one target site for miR390 (Figure S9b). This is the first report on
TAS3 processing regulated by siRNA. The target site for Ll-siR240 is shifted by 10 nucleotides relative
to the target site for Ll-miR9/miR390 (Figure S10). The expression of Ll-siR249, Ll-siR308, and Ll-miR9
showed a similar profile, as it rose during flower development and was the highest in the pedicels
(Figure 7). Ll-siR240 accumulated proportionally to TAS3 with only one target site for miR390, which
means that it was least expressed in the pedicels, while in flowers its expression increased with time
(Table S18). The identified target transcripts belonging to the ARF2, ARF3, and ARF4 gene families
showed differential expression but with no clear trend (Table S18). This may indicate that these
siRNAs act locally, repressing only a pool of transcripts expressed in a given tissue, while in other
flower parts activity of these genes is regulated in other ways. The presence of all the elements of
the miR390/TAS3/tasiR-ARF module among the DE sRNAs in yellow lupine suggests that alterations
in its functioning have a great impact on L. luteus flower development. The additional element in
the form of siRNA that processes TAS3 mRNA seems to be a new species-specific adjuster of this
regulation module.

We have also performed GO enrichment analysis of the target genes for sRNAs identified in flowers
of yellow lupine (Figure 9, Figure S4a,b, Table S10). What is most interesting is that quite a considerable
number of target genes fell within the ‘response to stimulus’ and ‘signaling’ categories, which means
that miRNAs modulated the way the plant adapted to environmental stimuli (Figure 9). An in-depth
analysis of GO terms concerning plant hormones (Figure S4a) showed that most of the miRNAs
identified in yellow lupine modulated more than one hormone signaling pathway. For example,
Ll-miR181 belonging to the MIR166 family modulated processes associated with four hormones,
namely auxin, gibberellin, jasmonic acid, and salicylic acid, by targeting not only transcription factor
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AS1, a central cell division regulator [117], but also Cullin-3A, an element of the ubiquitination
complex [118]. Another two members of this family, Ll-miR173 and Ll-miR177, targeted the same gene,
26S PROTEASOME NON-ATPASE REGULATORY SUBUNIT 8 HOMOLOG A (RPN12A), involved in
the ATP-dependent degradation of ubiquitinated proteins during auxin and cytokinin response [119].
Our GO analysis for yellow lupine flowers additionally showed that miRNAs were responsible for
guiding the processing of genes simultaneously involved in multiple processes associated with flower
development (Figure S4b). For example, in many plants AP2 is involved in the specification of floral
organ identity [120], as well as ovule [121] and seed development [122,123], and in our study, it was
targeted by ten lupine miRNAs. On the other hand, seven of these miRNAs additionally targeted
a homologue of negative flower development regulator, LIKE HETEROCHROMATIN PROTEIN 1
(LHP1) [124]. This highly degenerated and ambiguous model of gene regulation by lupine miRNAs
shows that in this plant the adjustment of key biological processes related to fertility is a complex
network of interconnected factors.

We have also conducted KEGG functional analysis of the putative targets identified for miRNAs
in lupine which indicated their engagement in regulating a number of metabolic pathways—especially
‘carbohydrate metabolism’ and ‘nucleotide metabolism’ (Figure S5). ‘Carbohydrate metabolism’ was
also one of the most enriched KEGG pathways in our previous L. luteus transcriptome analysis [17],
and its activation may be an indication of cell walls being rebuilt or changes in nutrient supply. The
next most numerous group of miRNA targets was categorized into the ‘Genetic information processing’
KEGG pathways, namely, ‘spliceosome’, ‘RNA transport’, and ‘ubiquitin proteolysis’. This suggests
that in yellow lupine flowers most miRNAs regulate processes related to post-transcriptional events
and protein degradation. Three KEGG categories within the ‘Environmental information processing’
category is extremely important in terms of plant development, and they are ‘Signal transduction
pathways’ comprising the MAPK cascade, ‘phosphatidylinositol’ and ‘plant hormone’ signaling
pathways (Figure 10, Figure S6, S7, S8). The MAPK pathway is involved in regulating several processes,
such as biotic and abiotic stress response (reviewed in [125,126]), and associated with the functioning
of hormones such as ethylene [127] and abscisic acid, engaged in organ abscission and other processes
(reviewed in [128,129]). The MAPK cascade is also an element of the positive feedback loop amplifying
the abscission signal [130]. Auxin seems to be major target of sRNAs in yellow lupine. However,
KEGG enrichment analyses of the identified target genes for lupine miRNAs indicated that the signal
transduction pathways of gibberellin, cytokinin, the already mentioned ethylene, and ABA were
potentially modulated by miRNAs in L. luteus, as well, but in less extent (Figure 10).

Interestingly, like in the case of GO analysis, KEGG analysis for the MIR166 family showed that it
was involved in the auxin, cytokinin, and brassinosteroid signal transduction pathways (Figure 10).
These data show again how the fine-tuning of expression of phytohormone-related genes by sRNAs is
important for growth and development regulation.

4. Materials and Methods

4.1. Plant Material

Commercially available seeds of yellow lupine cv. Taper were obtained from the Breeding Station
Wiatrowo (Poznań Plant Breeders LTD. Tulce, Poland). Seeds were treated with 3,5ml/kg Vitavax
200FS solution (Chemtura AgroSolutions, Middlebury, United States) to prevent fungal infections and
inoculated with cultures of Bradyrhizobium lupine contained in Nitragina (BIOFOOD s.c., Walcz, Poland)
according to seed producer’s recommendations [131]. All the research material used for RNA isolation
was collected from field-grown plants cultivated in the Nicolaus Copernicus University’s experimental
field (in the area of the Centre for Astronomy, Piwnice near Torun, Poland, 53◦05’42.0”N 18◦33’24.6”E)
according to producer’s agricultural recommendations [131] until the time of flowering. Flowers were
collected 50 to 54 days after germination from the top and bottom parts of the inflorescence and were
separated into four categories based on the progression of their development. Flower pedicels from
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flowers undergoing abscission or maintained on the plant were also collected, as in our previous
study [17].

Plants with the same number of flower whorls were selected for the flower removal experiment
and control. All plants were grown as described above up to the flowering stage. When plants reached
the stage at which the top-most flowers were in the developmental stage S1, other flowers were
removed from the inflorescence (UFR samples). The samples were collected for the gene expression
analysis in the stages S1–S4. As a control, flowers from stages S1–S4 from upper (UF) and lower (LF)
part of the inflorescence were collected.

4.2. RNA isolation, Library Construction, and RNA Sequencing

Total RNA from at least 5 plants (25 flowers or pedicels) for each variant was performed using
the miRNeasy Mini Kit (Qiagen, Venlo, the Netherlands) including on-column DNA digestion with
the RNase-Free DNase Set (Qiagen, Venlo, the Netherlands). The total RNA quality and quantity
were evaluated with agarose gel electrophoresis and Nanodrop ND-1000 spectrophotometer (Thermo
Scientific Waltham, MA, USA). Both the RNA Integrity Number (RIN), and RNA concentration were
measured with the 2100 Bioanalyzer (Agilent Santa Clara, CA, USA) using the Small RNA Kit (Agilent
Santa Clara, CA, USA). All the samples had adequate concentrations of RNA and RIN ranging from
8.9 to 10.0 and were sent for library construction to Genomed S.A (Warszawa, Poland) and sequencing
BGI (Shenzhen, China).

Small RNA libraries were prepared from the total RNA using the NEBNext Multiplex Small RNA
Library Prep kit for Illumina (New England Biolabs, Ipswich, MA, USA) and subsequently sequenced
on the HiSeq4000 platform (Illumina, San Diego, CA, USA) in the 50 single-end mode. All libraries
were constructed in two biological replications resulting in a total number of 20 sRNA libraries.

The total RNA extracted from pooled material derived from three biological replicates was used
to prepare ten transcript libraries using the NEBNext Ultra Directional RNA Library Prep Kit for
Illumina (New England Biolabs, Ipswich, MA, USA) and sequenced on the HiSeq4000 platform in the
100 paired-end mode.

For degradome sequencing, total RNA from three biological samples of UF3 and LF3 was pooled to
maximize the amount of required material. The protocol for degradome library preparation comprised
the following steps: (i) mRNA isolation, where poly (A)-containing mRNA molecules are purified
from total RNA using poly(dT)oligo-attached magnetic beads, (ii) synthesis and subjugation of cDNA
to ligate 5′ adaptors, and purification of the resulting products with TAE-agarose gel electrophoresis,
(iii) PCR amplification to enrich the final products, (iv) library-quality validation on the Agilent
Technologies 2100 Bio-analyzer and using the ABI StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA), and (v) sequencing of the prepared library on the HiSeq4000
platform in the 50 single-end mode.

4.3. De Novo Transcriptome Assembly and Gene Expression Analysis

The transcriptome was assembled de novo from RNA-Seq data using Trinity v 2.4.0 (https:
//github.com/trinityrnaseq/trinityrnaseq/releases) with default settings as in our previous study [17].
The expression level was estimated at both the unigene and isoform levels and described by FPKM
(Fragments Per Kilobase Of Exon Per Million Fragments Mapped): the number of reads per unigene
normalized to the library size and transcript length using RSEM [132] as previously described [17].

4.4. Identification of Known and Potentially Novel miRNAs and Phased siRNA

Adapter-free sRNA reads were subjected to quality filtering with fastq_quality_filter from the
FASTX-Toolkit package (http://hannonlab.cshl.edu/fastx_toolkit/) using -p 95 and -q 20 parameters (http:
//hannonlab.cshl.edu/fastx_toolkit/commandline.html#fastq_quality_filter_usage). Then, redundant
and counting read occurrences (i.e., raw expression values) were identified with the fastx_collapser
from the same package.
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Short reads were compared against noncoding RNAs from Rfam [49,50] and both mature miRNAs
and their precursors from miRBase [51]. The comparison was performed with Bowtie [133] allowing
for no mismatches.

To identify phylogenetically conserved mature miRNAs with sequences and lengths identical to
known plant miRNAs we searched miRBase for similarity at the mature miRNA level.

To predict potential novel miRNAs we applied ShortStack [53] with default settings. This tool
identifies miRNAs based on their mapping against a reference genome. Since no genome was available
for the studied species, we used de novo approach for transcriptome assembly instead. The latter
method allowed for identification of miRNAs that showed no similarity to miRNAs annotated in
miRBase and these miRNAs were assigned as new.

ShortStack [53] was used to identify small RNAs that were being cut in phase from longer
precursors (phased siRNAs) with transcriptomes used as references. The top 200 candidates were
selected from each sample, based on the phased score value provided by ShortStack. Finally, lists of
such sRNAs from all samples were merged into a single dataset of non-redundant phased siRNAs
(Table S6). The expression values were calculated as in the case of miRNAs.

4.5. Small RNA Expression Quantifications and Analysis of Differentially Expressed si- and miRNAs

MiRNA counts within each sample were first normalized to RPM values (reads per million values)
and then a differential expression analysis was performed with the DESeq2 R package [134]. The
files containing raw read counts for miRNAs/siRNAs from treatment and control replicates were
used as input, and only candidates with an adjusted p-value (q-value) below 0.05 were retained for
further analysis.

4.6. Identification of sRNA Targets

For target prediction using degradome analyses after sequencing, the reads were filtered using
fastq_quality_filter from the Fastx-Toolkit package (http://hannonlab.cshl.edu/fastx_toolkit/) with at
least 95% of nucleotides in each read demonstrating quality >= 20 (Phred Quality Score) with -p 95
and -q 20. The filtered Degradome-seq data, sequences of mature miRNA/siRNA and the assembled
transcriptomes were processed with the CleaveLand4 package [58] to determine the cleavage sites for
sRNA using default program settings. The final results were filtered based on the p-value < 0.05.

To predict targets for known or novel miRNAs, and phased siRNAs, we used also the psRNATarget
tool [59] querying the assembled transcriptomes with the default Schema V2 (2017 release) and an
expectation score of up to 4.

4.7. Evolutionary Conservation of miRNAs

L. luteus miRNAs were assigned to miRNA families based on miRBase classification, and the
same was done for the sequences of all Eudicotyledons species present in miRBase, with the exclusion of
Gossypium arboretum (which has only one sequence deposited in the database that cannot be classified
as belonging to any known miRNA family). miRNAs from 52 species were compared against L.
luteus miRNAs in order to count the numbers of miRNA family members shared amongst the species.
The same analysis was performed with data narrowing to nine Fabaceae species.

4.8. Expression analysis with RT-qPCR

MiRNAs and siRNAs expression analysis was performed using the Stem Loop RT-qPCR technique,
according to [56] with some modifications. An RT primer specific for each sRNA was used for the
reverse transcription using total RNA of each sample and the SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA) in a 20 μL reaction volume. To increase the accuracy
and efficiency of the reaction, the pulse RT approach [57] was applied to the reverse transcription
which consisted of two steps: 30 min of pre-incubation at 16 ◦C, followed by 60 cycles at 30 ◦C for 30 s,
42 ◦C for 30s and 50 ◦C for 1 s. qPCR was subsequently performed using specific primers designed
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according to [57], modified so that the UPL9 hydrolysis probe (Roche, Basel, Switzerland) was used
for maximization of accuracy and background reduction. This reaction was performed using the
SensiFAST Probe No-ROX kit (Bioline meridian bioscience Cincinnati, OH, USA) and the LightCycler
480 (Roche, Basel, Switzerland). Each 20 μL reaction contained: 1 μL cDNA template (transcribed from
~100 ng of total RNA for less expressed miRNAs and 25 ng of total RNA for more expressed miRNAs),
1 μL of 10 μM qPCR specific forward primer, 1 μL of 10 μM Universal-qPCR primer, 10 μL of 2×
SensiFAST Probe No-ROX Mix, 0.2 μL of 10 μM UPL9 probe and 6.8 μL ddH2O. qPCR was executed
by pre-incubation at 95 ◦C for 10 min, followed by 45 cycles of 95 ◦C for 10 s, 59 ◦C for 30 s, and 72 ◦C
for 1 s. Target gene expression was performed as in [17]. Each experiment consisted of three biological
and technical replicates. The relative expression levels were calculated using the 2−ΔΔCt method, and
the data were normalized to the CT values for the LlActin reference gene (according to [17]). All primer
sequences are given in Table S10.

4.9. Gene Ontology (GO) and KEGG Analysis of Target Genes

In order to estimate the potential roles of L. luteus sRNAs in biological processes, GO annotations
of their target genes were downloaded from the Gene Ontology using NCBI or UniProt identifiers
The Bioconductor GOseq package [135] was used for GO enrichment analysis. KEGG annotation and
enrichment analysis were performed to determine the metabolic pathways. The GO terms and KEGG
pathways were considered to be significantly enriched with the corrected p-value of 0.05, which was
calculated using a hypergeometric test [136].

4.10. Data submission to Sequence Read Archive NCBI

The RNA-Seq and small RNA-Seq data have been uploaded to the SRA database and are available
under BioProject ID PRJNA419564 and Submission ID SUB3230840.

5. Conclusions

In this paper, we present the first case of identification and integrated analysis of small ncRNA,
transcriptome, and degradome sequencing data, which allowed us to identify known and novel
miRNAs, siRNAs and their target genes probably involved in regulating yellow lupine flower
development and abscission. These miRNAs and siRNAs, by controlling the expression of their target
genes, may have an impact on the development and fate of flowers growing in particular parts of
the inflorescence (Figure 11). There appear to be microRNAs controlling auxin signal transduction
elements and proliferation regulators in n the central node of the regulatory network controlling flower
development or abscission. In addition to the purely cognitive aspects of describing the evolutionary
conservation and the species specificity of important mechanisms regulating plant development, this
work may contribute to the optimization of field crops and to monitoring the impact of various factors
on flowering in yellow lupine. The use of the NGS technique allows for a detailed analysis of the
regulatory networks which include sRNAs and their target genes. However, the results of sRNA-seq
also contain a large number of uncharacterized sRNAs, the function of which may also have significance
for the studied processes. More experimental and bioinformatic research is needed to fully describe
the complex mechanisms of plant development regulation by low-molecular-weight regulatory RNAs.
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Figure 11. MiRNAs and siRNAs participating in yellow lupine flower development and abscission.
Scheme based on the results of the current analysis. Arrows pointing upwards and downwards
represent sRNAs that are up or downregulated in the transition between two developmental stages,
respectively. The plus sign marks significantly expressed sRNAs. Colored circles represent targets
found in the degradome, colored squares represent targets found using psRNATarget, as listed below.
Multiple markers indicate that the sequence has multiple targets. Abbreviated gene names were
acquired from UniProt database, where full target names can be found. Pictures from left to right are
as follows: 4-whorl inflorescence of yellow lupine, flower cross-sections and isolated pistils for each
stage of development, cross-sections of abscissing and non-abscissing flower pedicels stained with
phloroglucinol-HCL solution.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5122/s1.
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Abbreviations

AZ abscission zone
DE differentially expressed/differential expression
FPAB flower pedicel abscissed
FPKM fragments per kilobase of transcript per million mapped reads
FPNAB flower pedicel non abscissed
GO gene ontology
KEGG kyoto encyclopedia of genes and genomes
LF lower flower
miRNAs microRNAs
ncRNA non coding RNA
NGS next generation sequencing
Pajd adjusted p-value
RPM reads per million
siRNA small interfering RNA
sRNA small RNA
UF upper flower
UFR upper flower after removing lower flowers
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Abstract: Powdery mildew caused by Erysiphe pisi DC. severely affects pea crops worldwide. The
use of resistant cultivars containing the er1 gene is the most effective way to control this disease. The
objectives of this study were to reveal er1 alleles contained in 55 E. pisi-resistant pea germplasms
and to develop the functional markers of novel alleles. Sequences of 10 homologous PsMLO1 cDNA
clones from each germplasm accession were used to determine their er1 alleles. The frame shift
mutations and various alternative splicing patterns were observed during transcription of the er1
gene. Two novel er1 alleles, er1-8 and er1-9, were discovered in the germplasm accessions G0004839
and G0004400, respectively, and four known er1 alleles were identified in 53 other accessions. One
mutation in G0004839 was characterized by a 3-bp (GTG) deletion of the wild-type PsMLO1 cDNA,
resulting in a missing valine at position 447 of the PsMLO1 protein sequence. Another mutation in
G0004400 was caused by a 1-bp (T) deletion of the wild-type PsMLO1 cDNA sequence, resulting in a
serine to leucine change of the PsMLO1 protein sequence. The er1-8 and er1-9 alleles were verified
using resistance inheritance analysis and genetic mapping with respectively derived F2 and F2:3

populations. Finally, co-dominant functional markers specific to er1-8 and er1-9 were developed and
validated in populations and pea germplasms. These results improve our understanding of E. pisi
resistance in pea germplasms worldwide and provide powerful tools for marker-assisted selection in
pea breeding.

Keywords: Erysiphe pisi; er1-8; er1-9; KASPar marker; pea

1. Introduction

Pea (Pisum sativum L.) is a widely distributed legume crop, which frequently suffers from various
stresses, including abiotic and biotic factors in the season of growth [1,2]. Powdery mildew, induced
by Erysiphe pisi DC., severely reduces the yield and quality of pea crops worldwide [3–5]. Severe
E. pisi infections of peas can lead to yield losses of up to 80% in regions which are suitable for
disease development [5,6]. The use of resistant cultivars carrying the E. pisi-resistant gene er1 has
been considered to be the most effective and environmentally friendly way to prevent this disease to
date [6,7].

Formerly, E. pisi infection was the only known cause of pea powdery mildew. However, since
2005, two other Erysiphe species, Erysiphe trifolii and Erysiphe baeumleri, have been reported to also
infect peas and induce the same powdery mildew symptoms as E. pisi in some regions [8–10]. Previous
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studies of pea powdery mildew have primarily focused on breeding peas resistant to E. pisi. Their
results have indicated that resistance to E. pisi is controlled by two single recessive genes (er1 and er2)
and one dominant gene (Er3) [11–14]. The er1, er2, and Er3 genes have been mapped using linked
markers [15–27]. The genes er1 and er2 map to pea linkage groups (LGs) VI and III, respectively [17,28].
Er3, which was isolated from wild pea (Pisum fulvum), was initially mapped on an uncertain pea LG,
but it was more recently assigned to pea LG IV [29].

As er1 confers high resistance or complete immunity to E. pisi in most pea germplasms, it is
currently the most widely used gene in pea production [30]. In contrast, er2 is only found in a few pea
germplasms resistant to E. pisi [30]. Moreover, the efficacy of E. pisi resistance conferred by er2 varies
with leaf development stage and plant location [12,30–32]. Er3 was known from wild pea (P. fulvum),
and there have not been extensive studies conducted to date [13,33].

Gene er1 confers stable, durable, and broadly effective resistance to E. pisi. This gene inhibits
the incursion of E. pisi into pea epidermal cells [32]. Recent studies have shown that the er1-resistant
phenotype is caused by loss-of-function mutations in the pea MLO (Mildew Resistance Locus O)
homolog (PsMLO1). The MLO gene family has been identified in both dicots (e.g., Arabidopsis thaliana
and tomato: Solanum lycopersicum) and monocots (e.g., barley: Hordeum vulgare) [14,34–39].

To date, nine er1 alleles resistant to E. pisi have been identified in E. pisi-resistant pea germplasms:
er1-1 (also known as er1mut1) [14,21,25,40,41], er1-2 [14,24,25], er1-3 [14], er1-4 [14], er1-5 [38], er1-6 [27],
er1-7 [26], er1-10 (also known as er1mut2) [21,40,42], and er1-11 [42,43]. Each er1 allele corresponds
to a different PsMLO1 mutation site and pattern. Among the nine er1 alleles identified, only er1-1
and er1-2 are commonly applied in pea breeding programs [14,38]. Several studies have attempted to
design functional markers of er1 alleles to allow for the rapid selection of pea germplasms resistant to
E. pisi [24,26,27,38,42–44].

The yield and quality of the Chinese pea crop are severely damaged by powdery mildew [2],
with the disease affecting up to 100% of pea plants in some regions of China [4]. Several studies
have focused on the identification of Chinese pea germplasms resistant to E. pisi [41,44–49]. In the
Chinese pea cultivars X9002 and Xucai 1, E. pisi resistance is conferred by the er1-2 allele [24,25,47],
while in some Chinese pea landraces from Yunnan Province, E. pisi resistance is conferred by the er1-6
allele [27,48]. E. pisi resistance in the Indian pea cultivar DDR11 is conferred by the er1-7 allele [26].
Thus, natural resistance to E. pisi conferred by the er1 gene has been observed in pea germplasms
worldwide, providing a rich source of genetic material that can be used to improve the E. pisi resistance
of Chinese pea cultivars [41,46,48,50]. Allelic diversity of this locus in the cultivated pea has been well
characterized; however, relatively few studies have investigated and characterized E. pisi-resistant pea
germplasms in an international collection. Thus, this study aimed to identify and characterize the E.
pisi-resistant alleles at the er1 locus in a worldwide collection of pea germplasms resistant to E. pisi.
Additionally, any novel er1 alleles were genetically mapped, and functional markers specific to these
novel er1 alleles were developed to improve marker-assisted selection in pea breeding programs.

2. Results

2.1. Phenotypic Evaluation

Fifty-five E. pisi-immune or -resistant pea germplasm accessions from 13 countries were
re-evaluated for their resistance to the E. pisi isolate EPYN. At 10 days post-inoculation, the E.
pisi disease severity of all susceptible controls (Bawan 6 and Longwan 1) were rated as score 4. In
contrast, the 55 E. pisi-resistant germplasm accessions appeared to be either immune (symptom-free;
disease severity 0) or resistant (slight infection; disease severity 1–2) to E. pisi isolate EPYN. Of the 55
resistant germplasm accessions, 46 were classified as immune and nine as resistant to E. pisi (Table 1). To
provide comprehensive information for the resistance of a worldwide collection of 86 pea germplasms
to E. pisi, the phenotypes of 31 resistant pea germplasms carrying known er1 alleles are also shown in
Table 1.
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Table 1. Information about phenotype and the resistance gene at the er1 locus of the 86 Erysiphe
pisi-resistant and the two E. pisi-susceptible controls (two controls are bolded).

No. Accession No./Germplasm Name Origin Phenotype er1 Allele Reference

1 G0004389 Afghanistan I er1-8 This study
2 G0004382 Australia I er1-1 This study
3 G0004400 Australia I er1-9 This study
4 G0004417 Australia I er1-2 This study
5 G0004434 Australia I er1-2 This study
6 G0004448 Australia I er1-2 This study
7 G0004450 Australia I er1-2 This study
8 G0002102 Canada I er1-6 This study
9 G0006514 Canada R er1-2 This study

10 G0006515 Canada R er1-2 This study
11 G0006516 Canada I er1-2 This study
12 G0006519 Canada I er1-2 This study
13 G0003925 Canada I er1-1 [41]
14 Cooper Canada I er1-1 [41]
15 G0005576 China, Chongqing I er1-2 [27]
16 G0006273 China, Gansu I er1-2 [24]
17 20012 China, Gansu I er1-1 This study
18 Jia2 China, Gansu I er1-2 This study
19 Texuan11 China, Gansu I er1-2 This study
20 Hehuan66 China, Gansu R er1-1 This study
21 Longwan 1 China, Gansu S Er1 [51]

22 PI391630 China, Guangdong I er1-4 [14]
23 Xucai1 China, Hebei I er1-2 [25]
24 G0003694 China, Hebei R er1-6 [27]
25 Bawan 6 China, Hebei S Er1 [24]

26 L0314 China, Yunnan I er1-1 [51]
27 L1332 China, Yunnan I er1-2 [51]
28 L1335 China, Yunnan I er1-2 [51]
29 G0001747 China, Yunnan R er1-6 This study
30 G0001752 China, Yunnan I er1-6 [27]
31 G0001763 China, Yunnan I er1-6 [27]
32 G0001764 China, Yunnan I er1-6 [27]
33 G0001767 China, Yunnan I er1-6 [27]
34 G0001768 China, Yunnan I er1-6 [27]
35 G0001773 China, Yunnan I er1-6 This study
36 G0001777 China, Yunnan I er1-6 [27]
37 G0001778 China, Yunnan I er1-6 [27]
38 G0001780 China, Yunnan I er1-6 [27]
39 G0003824 China, Yunnan R er1-6 [27]
40 G0003825 China, Yunnan I er1-6 [27]
41 G0003826 China, Yunnan I er1-6 [27]
42 G0003831 China, Yunnan R er1-6 [27]
43 G0003834 China, Yunnan R er1-6 [27]
44 G0003836 China, Yunnan R er1-6 [27]
45 G0003839 China, Yunnan R er1-6 This study
46 G0005117 China, Yunnan I er1-6 This study
47 G0003974 China, Yunnan I er1-7 This study
48 G0003975 China, Yunnan I er1-7 This study
49 Yunwan4 China, Yunnan R er1-1 This study
50 Yunwan18 China, Yunnan R er1-2 This study
51 Yunwan35 China, Yunnan I er1-2 This study
52 Yunwan37 China, Yunnan I er1-6 This study
53 L2157 China, Yunnan I er1-2 This study
54 G0002848 Denmark I er1-2 This study
55 G0002971 England I er1-2 This study
56 G0002859 Germany I er1-2 This study
57 G0002860 Germany I er1-2 This study
58 G0002883 Germany I er1-2 This study
59 G0003895 ICRISAT I er1-7 [26]
60 G0003897 ICRISAT I er1-2 This study
61 G0003899 ICRISAT I er1-7 [26]
62 G0003907 ICRISAT I er1-2 This study
63 G0003911 ICRISAT I er1-2 This study
64 G0003961 India I er1-2 This study
65 G0003967 India I er1-7 [26]
66 G0003958 India I er1-7 [26]
67 G0006285 Japan R er1-2 This study
68 G0004332 Mexico R er1-1 This study
69 G0004394 Nepal R er1-7 [26]
70 G0002980 Unknown country I er1-2 This study
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Table 1. Cont.

No. Accession No./Germplasm Name Origin Phenotype er1 Allele Reference

71 G0003931 Unknown country I er1-7 [26]
72 G0003935 Unknown country I er1-2 This study
73 G0003936 Unknown country I er1-7 [26]
74 G0003942 Unknown country I er1-1 This study
75 G0003943 Unknown country I er1-1 This study
76 G0002128 USA I er1-2 This study
77 G0002129 USA I er1-2 This study
78 G0002131 USA I er1-2 This study
79 G0002132 USA I er1-2 This study
80 G0002134 USA I er1-2 This study
81 G0002137 USA I er1-2 This study
82 G0002183 USA I er1-2 This study
83 G0002235 USA I er1-6 This study
84 G0002250 USA I er1-2 This study
85 G0002602 USA I er1-2 This study
86 G0002608 USA I er1-2 This study
87 G0002847 USA I er1-2 This study
88 G0002960 USA I er1-2 This study

“R”, “I”, and “S” stand for resistant, immune, and susceptible, respectively.

2.2. PsMLO1 Sequence Analysis

The PsMLO1 cDNA sequence of Bawan 6 and Longwan 1, the susceptible controls, was consistent
with that of the wild-type PsMLO1 cDNA (Table 1). Among the 55 resistant pea germplasms with
previously unknown er1 alleles, er1-1 was identified in seven germplasm accessions, er1-2 in 37, er1-6
in seven, and er1-7 in two (Tables 1 and 2).

Table 2. The distribution and numbers of pea germplasm accessions carrying er1 alleles.

Country
No. of Pea Germplasm Accessions Contained er1 Alleles

er1-1 er1-2 er1-3 er1-4 er1-5 er1-6 er1-7 er1-8 er1-9 Total

USA - 12 - - - 1 - - - 13
Canada - 4 - - - 1 - - - 5

Germany - 3 - - - - - - - 3
ICRISAT - 3 - - - - - - - 3

India - 1 - - - - - - - 1
Australia 1 4 - - - - - - 1 6
England - 1 - - - - - - - 1
Denmark - 1 - - - - - - - 1

Nepal - - - - - - - - - 0
Japan - 1 - - - - - - - 1

Afghanistan - - - - - - - 1 - 1
Mexico 1 - - - - - - - - 1
China 3 5 - - - 5 2 - - 15

Unknown
country 2 2 - - - - - - - 4

Total 7 37 - - - 7 2 1 1 55

“-” indicates there was no pea germplasm containing this er1 allele.

Two novel er1 alleles were discovered in the two remaining germplasms: G0004389 (from
Afghanistan) and G0004400 (from Australia). A novel mutation pattern was found in the G0004389
cDNA fragment homologous to PsMLO1: a 3-bp deletion (GTG) corresponding to positions 1339–1341
in exon 15 (the final exon) of the PsMLO1 cDNA sequence. This deletion caused the loss of the amino
acid valine at position 447 of the PsMLO1 protein sequence, probably resulting in a functional change
(Figure 1A). This mutation differed from all known er1 alleles, indicating that the E. pisi resistance of
G0004389 was controlled by a novel allele of er1. This novel allele was designated er1-8, following
the accepted nomenclature [14,26,27,42,44,51]. In pea germplasm G0004400, a 1-bp deletion (T) was
identified in a previously unreported position homologous to position 928 in exon 10 of the PsMLO1
cDNA sequence. This deletion caused a substitution of the amino acid serine with leucine at position
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310 of the PsMLO1 protein sequence (Figure 1B). This change caused the early termination of protein
translation, probably also resulting in a functional change of PsMLO1 (Figure 1B). Thus, E. pisi resistance
in G0004400 was also controlled by a novel er1 allele, herein designated er1-9.

Figure 1. PsMLO1 cDNA sequences from the powdery mildew-resistant pea germplasms G0004389
and the wild-type pea cultivar Sprinter (GenBank accession number: FJ463618.1), and PsMLO1 cDNA
sequences from G0004400 and amino acid sequence difference caused by mutation. (A) There is a 3-bp
deletion (GTG) in the PsMLO1 cDNA of G0004389 at positions 1339–1341 of exon 15. (B), there is a
single base deletion (T) in the PsMLO1 cDNA sequence of G0004400 at position 928 in exon 10, the
lower figure shows the difference of amino acid sequence from G0004389 and the wild-type pea cultivar
Sprinter. The two mutation sites are indicated in the respective cDNA sequences.

Interestingly, frame shift mutations, where small fragments are deleted or inserted, were identified
in the cloned sequences of several pea germplasms. The fragments homologous to the wild-type
PsMLO1 cDNA in seven pea germplasms (G0002602, G0006515, G0002883, G0004448, G0002848,
G0003935, and G0005117) had 5-bp deletions (GTTAG) at positions 700–704 of wild-type PsMLO1
cDNA, while three pea germplasm accessions (G0002883, G0002971, and L0368) had another 5-bp
deletion (TAGGG) at positions 1235–1239 of the wild-type PsMLO1 cDNA. In accession G0006514,
there was a 4-bp deletion (GGAG) at positions 181–184 of the wild-type PsMLO1 cDNA. In four pea
accessions (G0002847, G0004434, G0003974, and Texuan 11) and two pea accessions (G0002235 and
G0002848), there were a 16-bp deletion (CTCATCTTCCTCCAGG) at positions 776–791 and a 16-bp
insertion (AATTTTTCTGTTTCAG) at position 1171 of the wild-type PsMLO1 cDNA, respectively. In
germplasm accession Jia 2, there was a 7-bp insertion (TAATAAG) at position 921 of the wild-type
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PsMLO1 cDNA. It was probable that these indels resulted from aberrant splicing events during
transcription. Each frame shift mutation was observed in only one or two of ten cloned PsMLO1 cDNA
sequences per germplasm accession.

Various alternative splicing patterns, including intron retention and exon skipping, were also
observed in multiple PsMLO1 sequences cloned from the 55 resistant pea germplasm accessions. The
eight introns retained were 1, 2, 4, 6, 7, 9, 12, and 13, and the three exons skipped were 4, 10, and 11 of
the wild-type PsMLO1. Each intron retention and exon skipping event were discovered in only one or
two of ten cloned PsMLO1 cDNA sequences.

2.3. Genetic Analysis and Mapping of er1-8 and er1-9

As expected, the two resistant pea parents, G0004389 and G0004400, were immune to E. pisi
infection (disease severity 0), while the two susceptible parents (Bawan 6 and WSU 28) were heavily
infected (disease severity 4) (Figure 2). The segregation patterns of E. pisi resistance in the F1, F2, and
F2:3 populations derived from the crosses WSU 28 × G0004389 and Bawan 6 × G0004400 are presented
in Table S1.

 

Figure 2. Phenotypic evaluation of the Erysiphe pisi-resistant pea germplasms G0004389 and G0004400,
as well as the E. pisi-susceptible cultivars WSU 28 and Bawan 6, after inoculation with E. pisi isolate
EPYN. (A) G0004389 and E. pisi-susceptible cultivar WSU 28. (B) G0004400 and E. pisi-susceptible
cultivar Bawan 6.

Six F1 plants produced from the cross WSU 28 × G0004389 were susceptible to E. pisi (Table S1).
One of the six plants generated 120 F2 and F2:3 offspring through self-pollination. Of these 120 F2 plants,
30 were resistant (R) to E. pisi, and 90 were susceptible (S) to E. pisi-. This indicates that the segregation
ratio (resistance:susceptibility) in the F2 population was exactly 1:3 (χ2 = 0.01; P = 0.92), indicating
recessive heredity of a single gene. Moreover, a segregation ratio of 30 (homozygous resistant): 63
(segregating): 27 (homozygous susceptible) in the F2:3 population fitted well with the genetic model
of 1:2:1 ratio (χ2 = 0.48, P = 0.79) (Table S1), confirming that the E. pisi resistance in G0004389 was
controlled by a single recessive gene.

The cross of Bawan 6 × G0004400 generated five F1 plants which showed E. pisi-susceptibility
(Table S1). One of five F1 plants generated 119 F2 offspring. 32 of 119 were resistant, and 87 of 119
were susceptible to E. pisi. The segregation ratio in the F2 population of resistance to susceptibility
fitted a genetic model ratio of 1:3 (χ2 = 0.14; P = 0.71), also indicating recessive heredity of a single
gene. Moreover, a segregation ratio of 32 (homozygous resistant): 64 (segregating): 23 (homozygous
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susceptible) in the F2:3 population (119 families) fitted well with the genetic model of 1:2:1 ratio (χ2 =

2.51; P = 0.29), indicating that E. pisi resistance in G0004400 was also controlled by a single recessive
gene (Table S1).

Of the 20 markers tested, five (c5DNAmet, AD160, AA200, AA224, and PSMPSA5) were
polymorphic between parents WSU 28 and G0004389, and seven (AC74, AD160, PSMPSAD51,
ScOPD10-650, ScOPX04-880, ScOPE16-1600, and AD59) were polymorphic between Bawan 6 and
G0004400, indicating that these markers were likely linked to the E. pisi resistance gene. Thus, the five
and the seven parental polymorphic markers were used to confirm the genotypes of each F2 plant
derived from WSU 28 × G0004389 and Bawan 6 × G0004400, respectively. This genetic linkage analysis
suggested that three markers (c5DNAmet, AA200, and AA224) and six markers (AD160, PSMPSAD51,
ScOPD10-650, ScOPX04-880, ScOPE16-1600, and AD59) were linked to the resistance gene er1 in
G0004389 and G0004400, respectively (Figure 3). Our results also indicated that the resistance genes in
both germplasm accessions were located in the er1 region. In G0004389, the linkage map indicated
that the markers (c5DNAmet and AA200) were mapped on both sides of the target gene with 9.6 cM
and 3.5 cM genetic distances, respectively (Figure 3A). In G0004400, two other markers (PSMPSAD51
and ScOPX04-880) were located on both sides of the target gene with 12.2 cM and 4.2 cM genetic
distances, respectively (Figure 3B). Our linkage and genetic map analyses confirmed that er1-8 and
er1-9 controlled E. pisi resistance in G0004389 and G0004400, respectively (Figure 3).

Figure 3. Genetic linkage maps constructed using the er1-linked markers and the functional markers
for er1-8 and er1-9, based on the F2 populations derived from (A) WSU 28 × G0004389 and (B) Bawan
6 × G0004400. Map distances and loci order were determined with MAPMAKER v3.0 (Lander et al.
1993). Estimated genetic distances between loci are shown to the left of the maps in centiMorgans (cM).

2.4. Development of Functional Markers for er1-8 and er1-9

The indel marker, InDel-er1-8 flanking the 3-bp deletion in er1-8, amplified 231-bp and 228-bp
fragments in the parents WSU 28 and G0004389, respectively. The amplicons were clearly polymorphic
between the contrasting parents, as visualized on an 8% polyacrylamide gel (Figure S1A). InDel-er1-8
was then used to identify the genotypes of the 120 F2 plants derived from WSU 28 × G0004389. Three
distinct electrophoretic bands corresponding to the homozygous resistant (R), homozygous susceptible
(S), and heterozygous (H) genotypes were observed (Figure S1A). Each F2 genotype corresponded
to a phenotype of the 120 F2:3 families. A chi-squared (χ2) test showed that the segregation ratio
of InDel-er1-8 in the F2:3 population derived from WSU 28 × G0004389 fit a 1:2:1 (χ2 = 0.48; P =
0.79). All results suggested that the marker InDel-er1-8 co-segregated with gene er1-8, indicating a
co-dominant marker.
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In the Kompetitive allele-specific PCR (KASPar) assay, KASPar-er1-8 and KASPar-er1-9 successfully
distinguished the contrasting parents (WSU 28 and G0004389, Bawan 6 and G0004400) into two different
clusters corresponding to the FAM-labeled and HEX-labeled groups, respectively (Figure S2). When
KASPar-er1-8 and KASPar-er1-9 were used to analyze the 120 and 119 F2 progeny derived from WSU
28 × G0004389 and Bawan 6 × G0004400, the KASPar markers clearly separated the F2 progeny into
three clusters corresponding to three genotypes: homozygous resistant, homozygous susceptible, and
heterozygous (Figure S2). In the F2 population derived from WSU 28 × G0004389, 30 plants were
identified as homozygous resistant, 63 were heterozygous, and 27 were homozygous susceptible. In
the F2 population derived from Bawan 6 × G0004400, 32 plants were homozygous resistant, 64 were
heterozygous, and 23 were homozygous susceptible. These results were completely consistent with the
phenotypes of both F2:3 populations, suggesting that KASPar-er1-8 and KASPar-er1-9 co-segregated
with er1-8 and er1-9, respectively. A chi-squared (χ2) test showed that both segregation ratios of
KASPar-er1-8 and KASPar-er1-9 in respective F2 populations fit 1:2:1 (KASPar-er1-8: χ2 = 0.48, P = 0.79;
KASPar-er1-9: χ2 = 2.51; P = 0.29), indicating co-dominant markers.

2.5. Validation and Application of Functional Markers

Of the 169 germplasm accessions selected and tested for their phenotypic resistance to E. pisi
isolate EPYN (Table S2), 19 were phenotypically immune to E. pisi, 22 were resistant, and 128 were
susceptible (Table S2).

Among the 169 germplasms genotyped with InDel-er1-8, the 228-bp fragment corresponding to
er1-8 was only amplified in G0004839 (Figure S1B). In all of the other tested germplasm accessions,
a 231-bp fragment was consistently amplified by InDel-er1-8, indicating that no accessions besides
G0004839 carried er1-8 (Figure S1B; Table S1).

When the 169 germplasm accessions were genotyped with KASPar-er1-8, two distinct clusters
were recovered, with one gene (er1-8) corresponding to G0004389 and the other (non-er1-8) to the
other germplasms, respectively. Similarly, when the germplasms were genotyped with KASPar-er1-9,
two distinct clusters were recovered, corresponding to G0004400 and all of the other germplasms,
respectively (Figure S2; Table S1). Thus, markers KASPar-er1-8 and KASPar-er1-9 effectively identified
pea germplasms carrying the er1-8 and er1-9 alleles, respectively. Our results also showed that none of
the other 169 pea germplasm accessions carried the er1-8 or er1-9 alleles.

3. Discussion

Powdery mildew induced by E. pisi DC. is a major disease on pea and causes considerable yield
losses worldwide. The resistance gene er1 is the most widely deployed gene controlling powdery
mildew in pea cultivars worldwide. Furthermore, er1 allelic diversity has been widely reported in
pea [14,21,25–27,38,40–44,51].

To date, more than 40 MLO mutant alleles have been described in the monocotyledonous plant
barley [52]. It is predicted that additional er1 alleles resulting from natural mutations would be present
among pea germplasms from around the world. As expected, we not only encountered the four
known er1 alleles (er1-1, er1-2, er1-6, and er1-7) across the 53 E. pisi-resistant pea germplasms, but we
also discovered two novel er1 alleles: er1-8 in germplasm G0004389 from Afghanistan and er1-9 in
germplasm G0004400 from Australia (Table 1).

Among the nine known er1 alleles, er1-1 and er1-2 are most commonly used in pea breeding
programs because they confer stable resistance to E. pisi [14,25,38,51]. Our results indicated that these
two alleles were common in the tested pea germplasm accessions resistance to E. pisi. The er1-1 allele
was found in seven accessions (12.73%), and er1-2 was found in 37 accessions (67.27%) (Table 2).
Among the 86 E. pisi-resistant pea accessions, er1-1 and er1-2 were identified in 10 (11.62%) and 42
(48.84%) accessions, respectively (Table 1). Previously, er1-1 has been identified in four E. pisi-resistant
pea cultivars (JI1559, Tara, and Cooper from Canada; and Yunwan 8 from China), while er1-2 has been
identified in seven E. pisi-resistant pea cultivars (Stratagem, Franklin, Dorian, Nadir, X9002, Xucai 1,

338



Int. J. Mol. Sci. 2019, 20, 5071

and G0005576) [14,24,25,27,38]. Here, more E. pisi-resistant germplasm accessions carrying the er1-1
and er1-2 alleles were identified.

At the genomic level, seven alleles (er1-1/er1mut1, er1-3, er1-4, er1-5, er1-6, er1-9, and er1-10/er1mut2)
are the result of point mutations in the exons of wild-type PsMLO1. Four alleles result from single
base substitutions in wild-type PsMLO1 cDNA: in er1-1, a C→G at position 680 (exon 6); in er1-5,
a G→A at position 570 (exon 5); in er1-6, a T→C at position 1121 (exon 11); and in er1-10, a G→A
at position 939 (exon 10) (Figure S3) [14,27,38,40]. Three alleles result from single base deletions in
wild-type PsMLO1 cDNA, including ΔG at position 862 (exon 8) in er1-3; ΔA at position 91 (exon 1)
in er1-4; and ΔT at position 928 (exon 10) in er1-9 identified in this study [14] Two alleles result from
small fragment deletions in wild-type PsMLO1 cDNA, including a 10-bp deletion of positions 111–120
(exon 1) in er1-7 [26]; and a 3-bp deletion of positions 1339–1341 (exon 15) in er1-8. To date, only the
er1-11 mutation is known to have resulted from an intron mutation in PsMLO1 (a 2-bp insertion in
intron 14) [42,43], and only er1-2 results from a large indel of unknown size in wild-type PsMLO1
cDNA [14,24,27].

Previous studies have indicated that the er1-2 allele produces three distinct PsMLO1
transcripts [14,25,27,51]. Interestingly, this study observed that the er1-2 carried by the pea germplasm
accession G0002860 produced four distinct PsMLO1 transcripts. One of these transcripts was characterized
by a 129-bp deletion, corresponding to the deletion of exon 13 (68 bp) and exon 14 (61 bp) from wild-type
PsMLO1 cDNA, indicating alternative splicing of exon skipping. Previously, two transcripts of er1-2
were observed to have large insertions (155-bp and 220-bp) based on comparisons with the transcripts
of wild-type PsMLO1 cDNA [14,24,25,27,51]. Here, we discovered that the 155-bp “insertion” in er1-2
resulted from a 192-bp insertion at position 1263 and a 37-bp deletion of positions 1263–1299 in exon 14 of
wild-type PsMLO1, while the 220-bp “insertion” resulted from a 257-bp insertion at position 1263 and a
37-bp deletion of positions 1263–1299 in exon 14 of wild-type PsMLO1. Another alternative transcript of
er1-2, an 87-bp “insertion”, was observed and resulted from a 192-bp insertion and a 37-bp deletion in exon
14 and a 68-bp deletion corresponding to exon 13 of wild-type PsMLO1. Our blast analysis indicated that
the 192- and 257-bp insertions had 95% sequence identity with a five-part repetition in the pea genomic
BAC sequence (GenBank accession number CU655882). These insertions were also highly similar (~85–87%
identity) to a portion of the giant Ogre retrotransposons in the pea genome (GenBank accession numbers
AY299395, AY299398, AY299397, and AY299394).

Based on 10 cloned sequences, several pea germplasms had frame shift mutations with small
fragment indels (4-bp, 5-bp, or 16-bp) in one or two cloned PsMLO1 cDNA sequences. Previously,
a 5-bp (GTTAG) insertion was identified in G0001763 and G0003831; 11-bp (GTAGGAATAAG)
and 13-bp (GTAATCTTATTAG) deletions were identified in G0003831 and G0001778; and a 16-bp
(CTCATCTTCCTCCAGG) deletion was detected in G0001778 [27]. These small fragment indels in the
PsMLO1 cDNAs were assumed to have resulted from aberrant splicing events during transcription [27].

Alternative splicing in eukaryotes is a pervasive molecular mechanism that significantly increases
transcriptome and proteome complexity [53]. Four main types of alternative splicing are known: exon
skipping, alternative 5′ splice sites, alternative 3′ splice sites, and intron retention [54]. Exon skipping
is common in humans, while intron retention is common in plants [55]. Alternative splicing is involved
in many physiological processes, including response to biotic and abiotic stressors [56]. In the pea
germplasms, three types of alternative splicing, intron retention, exon skipping, and alternative 5′
splice site selection, were observed in this study. Interestingly, pea germplasms carrying identical
er1 alleles varied in their resistance to E. pisi, from immune (disease severity of 0) to merely resistant
(disease severity of 1–2) (Table 1). Alternative splicing in response to biotic stress may affect the
expression of regulatory genes. Thus, it is speculated that the alternative splicing of er1 alleles might
affect the expression of the E. pisi resistance genes er1. In addition, the different levels of resistance to E.
pisi might result from other related gene regulation. It is possible that multiple molecular processes
and pathways contribute to MLo-based E. pisi resistance in peas.
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Several functional markers specific to the previously recognized er1 alleles have already been
developed to facilitate marker-assisted breeding of pea cultivars resistant to E. pisi [14,24,26,27,40,42–44].
Pavan et al. [38] developed a functional cleaved amplified polymorphic sequence (CAPS) marker for
er1-5, while Pavan et al. [44] developed functional markers for the five er1 alleles, er1-1 through er1-5.
Santo et al. [40] developed functional markers for er1mut1 and er1mut2, and Wang et al. [24] developed
a dominant marker for er1-2. Sudheesh et al. [43] developed a functional marker for er1-11, while
Sun et al. [26,27] developed co-dominant functional markers for er1-6 and er1-7. More recently, Ma
et al. [42] developed eight KASPar markers for eight known er1 alleles, excluding er1-2.

This study discovered two novel er1 alleles resulting from novel mutations of wild-type PsMLO1
cDNA: er1-8 was generated by a 3-bp deletion in exon 15, and er1-9 was generated by a 1-bp deletion
in exon 10. The co-dominant functional markers specific to er1-8 (InDel-er1-8 and KASPar-er1-8) and to
er1-9 (KASPar-er1-9) were developed. These markers were validated in genetic populations and in
pea germplasms. Our results are vital for future studies of powdery mildew resistance and for the
development of E. pisi-resistant pea cultivars. The novel er1 alleles and the corresponding co-dominant
functional markers developed herein could constitute efficient and powerful tools for the breeding of
E. pisi-resistant peas.

4. Materials and Methods

4.1. Plant Material and E. pisi Isolate

Previously, 86 pea germplasms had been found to be E. pisi-resistant in screenings of over 1000
pea accessions in a worldwide collection [27,48,50]. And, 31 of 86 resistant pea germplasms had
been previously identified the E. pisi-resistant er1 allele [24–27,48,51]. In this study, the remaining
55 of the 86 E. pisi-resistant pea germplasms from the United States of America, Canada, Germany,
India, Australia, Columbia, England, Denmark, Nepal, Japan, Afghanistan, and Mexico, as well as
data from the International Crop Research Institute for Semi-arid Tropics (ICRISAT) and conserved
in the China National Genebank (http://www.cgris.net/), were used as research materials to reveal
their E. pisi-resistant genes at er1 locus (Table 1). The Chinese pea cultivars Bawan 6 and Longwan 1,
which carry the E. pisi-susceptible gene Er1, were used as susceptible controls [24,51]. The Chinese
pea cultivars Xucai 1, carrying er1-2, and YI (JI1591), carrying er1-4, were used as E. pisi-resistant
controls [14,25].

The E. pisi isolate EPYN from Yunnan Province of China was used as the inoculum [26,27,41,48,50,51].
The EPYN isolate was maintained through continuous re-inoculation of seedlings of the pea cultivar
Longwan 1 under controlled conditions. The inoculated plants were incubated in a growth chamber to
prevent contamination with other isolates [25].

4.2. Phenotypic Evaluation

Twenty seeds were planted from each of the 55 E. pisi-resistant pea germplasm accessions, from
the susceptible controls Bawan 6 and Longwan 1, and from the resistant controls Xucai 1 and YI [27].
The seedlings were thinned to 15 per pot before the phenotypic evaluation. Three replications were
planted. Seeded pots were placed in a greenhouse maintained at 18 to 26 ◦C. At the same time, the E.
pisi inoculum was prepared by inoculating the 10-day-old seedlings of the susceptible pea cultivar
Longwan 1, which were incubated in a growth chamber at 20 ± 1 ◦C with a 12-h photoperiod. Two
weeks later, the 14-day-old seedlings of 55 germplasm accessions and controls were inoculated by
gently shaking off conidia of the Longwan 1 plants. Inoculated plants were incubated in a growth
chamber at 20 ± 1 ◦C with a 12-h photoperiod. Ten days later, disease severity was rated based on a
scale (0–4 scale) [27]. Plants with a score of 0 were considered E. pisi-immune, while those with scores
of 1 and 2, 3 and 4 were considered as E. pisi-resistant and E. pisi-susceptible, respectively. For those
identified as immune or resistant to E. pisi, repeated identification was performed.
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4.3. RNA Extraction and PsMLO1 Sequence Analysis

The extraction of total RNA and synthesis of cDNA from the 55 pea germplasms and controls
were completed according to our previous studies [25–27].

To identify the resistance alleles at the er1 loci, the full-length cDNAs of the PsMLO1 homologs
were amplified using the primers specific for PsMLO1 [14]. The PCR cycling conditions were as follows:
95 ◦C for 5 min; then 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 58 ◦C for 45 s, and extension
at 72 ◦C for 1 min; and a final extension at 72 ◦C for 10 min. The purified amplicons were cloned
with a pEasy-T5 vector (TransGen Biotech, Beijing, China). The sequencing reactions of 10 clones per
germplasm (including controls) were performed by the Shanghai Shenggong Biological Engineering
Co., Ltd. (Shanghai, China). The resulting sequences were aligned with wild-type PsMLO1 of pea
(NCBI accession number: FJ463618.1) using DNAMAN v6.0 (Lynnon Biosoft, Quebec, Canada).

4.4. Genetic Analysis of Pea Germplasms Carrying Novel Alleles

To confirm the resistance genes, er1-8 and er1-9, G0004389 and G0004400 were crossed with the
E. pisi-susceptible cultivars WSU 28 and Bawan 6, respectively, to generate genetic populations. The
derived F1, F2, and F2:3 populations from both crosses (WSU 28 × G0004389 and Bawan 6 × G0004400)
were used to evaluate the E. pisi resistance and genetic analysis of G0004389 and G0004400. The four
parents and the derived F1 and F2 populations were planted in a propagation greenhouse to generate
F2 and F2:3 family seeds, respectively.

Plants of the F2 populations at the fourth or fifth leaf stage were inoculated with the E. pisi isolate
EPYN using the detached leaf method [25–27,57]. After inoculation, the treated leaves were placed in
a growth chamber at 20 ◦C with a 14-h photoperiod. The four parents (WSU 28, G0004389, Bawan
6, and G0004400) were also inoculated as controls. Ten days after inoculation, disease severity was
rated based on a scale of 0–4 as described above. Plants with scores of 0–2 and 3–4 were classified as
resistant and susceptible, respectively [25–27,31,58]. Those plants identified as E. pisi-resistant were
tested again to confirm their resistance.

Twenty-five seeds were selected randomly from each of the 120 F2:3 families derived from WSU 28
×G0004389, and from each of the 119 F2:3 families derived from Bawan 6 ×G0004400. These seeds were
planted and cultivated together with their parents, following previously published protocols [25–27].
Disease severity was scored 10 days after inoculation using the 0–4 scale, as described above for the
phenotypic identification of the pea germplasms. The F2:3 families with scores of 0–2 and 3–4 were
classified as homozygous resistant and homozygous susceptible, respectively. Families with scores
of 0–2 and 3–4 were considered segregated to E. pisi resistance [27,31,58]. The families identified as
homozygous resistant or resistance segregated were subjected to repeated testing.

A chi-squared (χ2) analysis was used to evaluate the goodness-of-fit to Mendelian segregation
ratio of the F2 and F2:3 phenotypes derived from WSU 28 × G0004389 and Bawan 6 × G0004400.

4.5. Genetic Mapping of the Resistance Alleles er1-8 and er1-9

The Genomic DNA was isolated from the leaves of the F2 populations and of their parents using
the cetyltrimethylammonium bromide (CTAB) extraction method [59]. The DNA solution was diluted
and stored at −20 ◦C until use.

To map the novel er1 alleles er1-8 and er1-9, the 10 known er1-linked markers on the pea LG
VI, including four sequence-characterized amplified region (SCAR) markers [ScOPD10-650 [17],
ScOPE16-1600 [18], ScOPO18-1200 [18], and ScOPX04-880 [23]; five simple sequence repeat (SSR)
markers (PSMPSAD51, PSMPSA5, PSMPSAD60, i.e., AD60, PSMPSAA374e, and PSMPSAA369); a
gene marker [Cytosine-5, DNA-methyltransferase (c5DNAmet)] [20,24–27,48,60]; and 10 additional
molecular markers on the pea LG VI (AD160, AC74, AC10_1, AA224, AA200, AD159, AD59, AB71,
AA335, and AB86), were used to screen for polymorphisms between the crossed parents (i.e., WSU 28
and G0004389; Bawan 6 and G0004400) [61]. The parental polymorphic markers were then used for
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genetic linkage analysis based on the genotype of each F2 plant. PCR amplification of each marker was
conducted in a total volume of 20 μL according to the previous descriptions [25–27]. PCR reactions
were performed in a thermal cycler (Biometra, Göttingen, Germany) [25–27]. The PCR products were
separated on 6% polyacrylamide gels.

The segregation data of the polymorphic markers in the F2 populations were evaluated for
goodness-of-fit to Mendelian segregation patterns with a chi-squared (χ2) test. Genetic linkage analyses
were completed using MAPMAKER/EXP version 3.0b. A logarithm of odds (LOD) score > 3.0 and a
distance < 50 cM were used as the thresholds to determine the linkage groups [62]. Genetic distances
were determined using the Kosambi mapping function [63]. The genetic linkage map was constructed
using the Microsoft Excel macro MapDraw [64].

4.6. Development of Functional Markers for er1-8 and er1-9

Primers flanking the mutation site (GTG/—) were designed based on the PsMLO1 gene sequence
(GenBank accession number KC466597), using Primer Premier v5.0, to develop an insertion/deletion
(indel) functional marker specific to allele er1-8, InDel-er1-8 (Table 3). The marker InDel-er1-8 was used
to determine the genotypes of the 120 F2 offspring derived from WSU 28×G0004389. PCR amplification
was performed as described above on a thermal cycler with the following cycling program: 95 ◦C for
5 min; 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s; and 72 ◦C for 7 min. PCR products
were separated on 8% polyacrylamide gels.

Table 3. Sequence information for the indel and Kompetitive allele-specific PCR (KASPar) markers
specific to er1-8, and for the KASPar marker specific to er1-9.

Markers Primers Sequence Information (5′-3′) Annealing Tm

InDel-er1-8 Forward GTTTTGACTGATATGACAGATGGGA 55 ◦C
Reverse GTTTGTAGACTGTCGCTGTTTCC

KASPar-er1-8 Forward-TGG TGGCAACAGCGCTTAAGAACTGG 65–57 ◦C touchdown
Forward GAGCAACAGCGCTTAAGAACTGG

Common reverse TGGTTGGTTTCATGGTTGATCCCATC
KASPar-er1-9 Forward-T TTTTGTTATATGGGCAGGGTGGTATT 65–57 ◦C touchdown

Forward TGTTATATGGGCAGGGTGGTATC
Common reverse CAAAATGTAGATTATGCTTACAATTAGTGGA

Based on allele er1-8 indels (a 3-bp deletion) and er1-9 SNPs (1-bp deletion) in PsMLO1, the forward
primers and the common reverse primers specific to er1-8 (KASPar-er1-8) and er1-9 (KASPar-er1-9) were
designed for Kompetitive allele-specific PCR (KASPar) markers by LGC KBioscience (KBioscience,
Hoddesdon, UK), respectively. In brief, two KASPar markers (KASPar-er1-8 and KASPar-er1-9) were
used to detect parental polymorphisms (WSU 28 × G0004389, and Bawan 6 × G0004400), and then
used to analyze the genotypes of the F2 offspring (WSU 28 × G0004389: 120 F2 individuals; Bawan 6 ×
G0004400: 119 F2 individuals).

KASPar markers were amplified with a Douglas Scientific Array Tape Platform (China Golden
Marker, Beijing, Biotech Co., Ltd.) in a 0.8 μL Array Tape reaction volume with 10 ng dry DNA, 0.8 μL 2
×KASP master mix, and 0.011 μL primer mix (KBioscience, Hoddesdon, UK). A Nexar Liquid handling
instrument was used to add the PCR solution to the Array Tape (Douglas Scientific). PCRs were
performed on a Soellex PCR Thermal Cycler with the following conditions: initial denaturation at 94 ◦C
for 15 min; followed by 10 cycles of denaturation at 94 ◦C for 20 s, and 65 ◦C for 60 s at an annealing
temperature that decreased by 0.8 ◦C per cycle; and then 26 cycles of denaturation at 94 ◦C for 20 s and
57 ◦C for 60 s; and a final cooling to 4 ◦C. A fluorescent end-point reading was completed with the
Araya fluorescence detection system (part of the Douglas Scientific Array Tape Platform). Genotypes
and clusters were visualized with Kraken (http://ccb.jhu.edu/software/kraken/MANUAL.html).
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4.7. Validation and Application of Functional Markers

To test the efficacy of the novel functional markers specific to er1-8 (InDel-er1-8 and KASPar-er1-8)
and er1-9 (KASPar-er1-9), 169 pea germplasm accessions were tested for (a) their phenotypic resistance
to E. pisi isolate EPYN and (b) whether they carried the er1 alleles er1-8 or er1-9 (Table S2). The four
parent cultivars (WSU 28, G0004389, Bawan 6, and G0004400) were used as contrasting controls, and
seven cultivars, including Tara (er1-1) [41], Xucai 1 (er1-2) [25], JI210 (er1-3) [14], YI (er1-4) [14], G0001778
(er1-6) [27], DDR11 (er1-7) [26], and GI2480 (er2) [28], were used as positive controls (Table S2).

DNA was extracted from the 169 selected pea germplasm accessions and the 11 controls (four
parents and seven resistant cultivars with known er1 alleles) using the CTAB method (Shure et al.
1983). PCR amplifications of the indel and KASPar markers were performed as described above (in the
section “Development of functional er1-8 and er1-9 markers”).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5071/s1.
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Abstract: In plants, lesion mimic mutants (LMMs) reveal spontaneous disease-like lesions in
the absence of pathogen that constitutes powerful genetic material to unravel genes underlying
programmed cell death (PCD), particularly the hypersensitive response (HR). However, only a few
LMMs are reported in soybean, and no related gene has been cloned until now. In the present
study, we isolated a new LMM named spotted leaf-1 (spl-1) from NN1138-2 cultivar through ethyl
methanesulfonate (EMS) treatment. The present study revealed that lesion formation might result
from PCD and excessive reactive oxygen species (ROS) accumulation. The chlorophyll content
was significantly reduced but antioxidant activities, viz., superoxide dismutase (SOD), peroxidase
(POD) and catalase (CAT), as well as the malondialdehyde (MDA) contents, were detected higher in
spl-1 than in the wild-type. According to segregation analysis of mutant phenotype in two genetic
populations, viz., W82×spl-1 and PI378692×spl-1, the spotted leaf phenotype of spl-1 is controlled
by a single recessive gene named lm1. The lm1 locus governing mutant phenotype of spl-1 was
first identified in 3.15 Mb genomic region on chromosome 04 through MutMap analysis, which was
further verified and fine mapped by simple sequence repeat (SSR) marker-based genetic mapping.
Genetic linkage analysis narrowed the genomic region (lm1 locus) for mutant phenotype to a physical
distance of ~76.23 kb. By searching against the Phytozome database, eight annotated candidate genes
were found within the lm1 region. qRT-PCR expression analysis revealed that, among these eight
genes, only Glyma.04g242300 showed highly significant expression levels in wild-type relative to the
spl-1 mutant. However, sequencing data of the CDS region showed no nucleotide difference between
spl-1 and its wild type within the coding regions of these genes but might be in the non-coding regions
such as 5′ or 3′ UTR. Hence, the data of the present study are in favor of Glyma.04g242300 being the
possible candidate genes regulating the mutant phenotype of spl-1. However, further validation is
needed to prove this function of the gene as well as its role in PCD, which in turn would be helpful to
understand the mechanism and pathways involved in HR disease resistance of soybean.

Keywords: soybean; spotted leaf mutant; physio-chemical performance; MutMap mapping;
candidate gene

1. Introduction

Plants have evolved complicated signaling pathways and defense system for protecting themselves
against pathogen attack. Among them, hypersensitive response (HR) is the most efficient and prominent
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response characterized by the rapid death of plants cells that come in direct contact or are close to a
pathogen. Extensive efforts have been made to identify the signaling pathway as well as to identify
candidate genes involved in the control and execution of the hypersensitive cell death [1–4]. Isolation
and identification of mutants in which cell death is misregulated are one of the approaches used for
this study. These mutants are named as lesion mimic mutants (LMMs) showing either unregulated or
constitutive cell death formation that mimic the pathogen-inducible, HR cell death [5]. Previously,
LMMs have been characterized and extensively analyzed in many plant species for their responses
to different plant hormones as well as modes of inheritances including groundnut [6], maize [7],
Arabidopsis thaliana [8], rice [9,10] and barley [11,12]. However, the different pathways engaged for
initiation and developments of the lesion or molecular mechanisms involved in lesion mimic, as
well as basic function of the wild-type allele at a mutant locus are not well defined. Initiation and
propagation of lesion on leaves of LMM plants are regulated with the age of plants, i.e., developmentally
regulated [13]. Generally, the lesions first appear in the older leaves and then progress to young
upper leaves [14]. Hence, LMMs are very promising genetic materials for exploring the regulatory
mechanisms of plant growth and defense response.

The genes related to lesion mimic are reported to have diverse functions including a transcription
factor regulating membrane receptors, superoxide dismutase, salicylate and sphingolipid signaling [15].
Genes underlying lesion mimic phenotypes appear to play direct roles in the maintenance of cellular
homeostasis. Some of the lesion mimic mutant genes that have been cloned plays important role
in programmed cell death (PCD) such as Ca2+ ion influx (dnd1, dnd2/hlm1, cpr227 and cpn1/bon1),
sphingolipid metabolism (acd5 and acd11), ROS formation/sensing (lsd1), and porphyrin/chlorophyll
biosynthesis and catabolism (acd1, acd2, lin2, les22 and flu1) [16]. However, few LMMs, e.g., lsd1,
accelerate the PCD with the HR-inducing bacteria, and some show normal growth, e.g., acd5 and
cpr22 [16]. Hence, LMMs are an important tool for identifying and characterizing genes that are directly
or indirectly associated with the regulation and execution of PCD in crop plants.

In soybean, T363 was the first LMM mutant to be characterized and named as dlm (disease-lesion
mimic) [14]. The mutation in dlm results in the formation of small necrotic spots surrounded by chlorotic
halos on leaves and is controlled by single recessive gene according to segregation ratios of the LMM
trait in genetic populations [14]. Subsequently, the dlm phenotype was found to be light-dependent
and associated with chloroplast function [15]. Inheritance of dlm mutant phenotype and some leaf
morphological traits were carried out, and it was reported the dlm allele inherited independently with
that of P1, y9, f, lf2 and ti alleles controlling glabrous, chlorophyll-deficient leaf, stem trait, seven leaflet
and trypsin inhibitors traits in soybean, respectively [17,18]. Wang et al. [19] found a new LMM in
soybean with rugose leaf phenotype controlled by two duplicated genes, rf1, and rf2, which were
mapped on chromosome 18 and 08, respectively. Although few LMMs have been characterized in
soybean, the genes underlying the mutant phenotype have not been cloned yet. In addition, very little
information is available about the phenomic characteristics, molecular mechanism of LMMs in soybean
as well as how genes regulate PCD in soybean. In this regard, efforts are required to identify genes
governing the mutant phenotype of LMMs in soybean, and to understand the molecular mechanism
regulating the HR and PCD in soybean.

Map-based cloning method has been successfully implemented to identify agronomically
important QTLs/candidate genes in various crops, such as wheat [20] and rice [21,22]. However, this
approach has limitations being laborious, low-throughput and time-consuming in specific crops such
as soybean [23]. In this regard, BSA-based whole genome re-sequencing (WGRS) approaches such as
MutMap and QTL-seq methods permits rapid isolation of the genes or genomic locus responsible for
the causative mutation of the phenotypes, and have been confirmed to be promising gene mapping
approaches in crop plants [24,25]. Using this approach candidate genes has been successfully detected
for important phenotypic characters in different crops, such as chickpea [26], barley [27], maize [28],
soybean [23,29], tomato [30] and cucumber [31]. Hence, this application of WGRS in detecting the
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causative genes underlying mutant phenotype of crop traits will be of considerable significance in this
challenging time of global hunger and the alarming global population increase [25].

In the present study, we isolated an LMM named spotted leaf-1 (spl-1) from the progeny of an elite
soybean cultivar NN1138-2 treated with ethyl methanesulfonate (EMS), and investigated its detailed
morphological and physiological characters, and then used the combined strategy of MutMap and
map-based cloning mapping approaches to identify the candidate genes underlying the lesion mimic
mutant phenotype of spl-1. The lm1 locus controlling the spl-1 phenotype was mapped in a 76.23 kb
genomic regions on chromosome 04 harboring eight candidate genes, of which Glyma.04g242300 was
screened out as the possible target genes for spl-1 mutant phenotype based on the qRT-PCR analysis.
Hence, our findings provide new gene resources, and functional analysis of these genes will help to
understand the pathway mechanism of lesion mimic as well as how plants can develop an innate
immune response named hypersensitive response (HR) and programmed cell death (PCD) defense in
the whole life of plants mainly from biotic and abiotic constrained.

2. Results

2.1. Phenotypic Characterization of spl-1 Mutant

Under natural field condition and environment, the typical tiny brown spot lesions first appeared
on the lower leaves (older-leaf) of spl-1 mutant plants after 2–3 weeks of sowing, i.e., trifoliate stage,
and then progressively lesions formed on every leaf up of the plant body when the plant began to
flower. The characteristic phenotype of the mutant at maturity stage were the older leaves revealed
highly brown necrotic lesions of chlorotic leaves in the absence of pathogens, and early senescence was
apparent, whole mutant leaves became tan, and, eventually, some died at a mature stage, unlike the
wild-type. The number and size of the spots continued to increase as the leaf grew older and covered
the entire leaf surface (Figure 1A–D). These results suggest that lesions on the spl-1 mutant were
developmentally regulated. The mutant phenotype was also observed to be environmentally-sensitive;
the appearance of mutant phenotype was more prominent under summer-planting condition compared
to spring-planting condition. Similar to our findings, Kim et al. [15] also reported that phenotype
of the soybean disease-lesion mimic (dlm1) mutant is dependent on the light intensity, temperature,
relative humidity and day length for affecting the development of cell death phenotype.

 

Figure 1. Morphological characteristics of wild-type and spl-1 mutant soybean genotypes: (A,C) leaf
phenotype characteristic of wild-type; and (B,D) leaf phenotype characteristic of spl-1 mutant plants.
Scale bars: (A,B) 1.0 cm; and (C,D) 1.5 cm.

2.2. Leaf Pigment Content and Histological Analysis

Chlorophyll degradation is an integral part and indicator for the degree of leaf senescence. In
this study, contents of chlorophyll a, chlorophyll b, carotenoids, and total chlorophylls showed no
significant difference between spl-1 mutant and wild-type plants at the seedling stage (Figure 2A).
In contrast, at maturity stage spl-1 mutant plants showed a considerable reduction in the contents
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of photosynthetic pigments, with chlorophyll a, chlorophyll b and total chlorophyll decreased by
52%, 56%, and 54.6%, respectively (Figure 2B). However, no significant differences for carotenoids
were found between spl-1 mutant and wild-type at maturity stage. This result suggests that pigment
accumulation in leaves was largely influenced by lesion formation in spl-1 soybean mutant.

  
(A) (B) 

Figure 2. Comparison of leaf photosynthetic pigment contents in wild-type and spl-1 mutant plants at:
seedling stage (A); and mature stage (B). Chla, chlorophyll a; Chlb, chlorophyll b; Caro, carotenoids;
Total Chl, total chlorophyll; FW, Fresh weight. The error bars indicate the mean ± SE (n = 3). SPSS
software was used for statistical analysis. * significantly different at p < 0.05; ** significantly different at
p < 0.01.

To elucidate the leaf anatomical differences between mutant and wild-type, transverse sections
of leaves from both soybean genotypes were used for histological observation (Figure 3A–D). Leaf
photosynthetic mesophyll cells contain chloroplasts and are usually arranged in palisade and spongy
parenchyma. In wild-type soybean, the arrangement of mesophyll cells was normal and uniform, they
were well separated from each other, and both the spongy and palisade parenchyma were loosely
expanded (Figure 3A). In contrast, the arrangement of the palisade and spongy parenchyma cells was
highly disoriented and compact in mutant soybean (Figure 3B). In addition, our results reveal a poorly
developed vascular bundle in a mutant plant, compared to normal plant that was discordant with the
mesophyll expansion of mutant (Figure 3C,D). Stomata play a vital role in the gaseous exchange between
leaf and outside atmosphere due to the presence of air space among the mesophyll parenchyma, which
is essential for normal leaf photosynthesis [32]. Hence, compactly arranged leaf mesophyll restricted the
gaseous exchanges, which in turn reduced the leaf photosynthesis resulting in chlorophyll degradation
and early leaf senescence. Kura-Hotta et al. [33] reported that inactivation of photosynthesis is closely
related to loss of reaction center complexes during leaf senescence of rice seedlings because the leaf
hydraulic conductance (Kleaf) is strictly determined by leaf venation/vascular bundle that has a strong
influence on the degree to which the stomata may remain open for photosynthesis without desiccating
the leaf [34]. Within and across species, Kleaf correlates strongly with stomatal pore area per leaf area,
stomatal conductance and light-saturated photosynthetic rate per leaf area [34–37]. It suggests that
distorted leaf anatomy might lead to reduced photosynthesis, chlorophyll degradation, lesion mimic
phenotype and early leaf senescence of soybean spl-1 mutant.
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Figure 3. Leaf anatomical structure of wild-type and spl-1 mutant soybean genotypes: (A,C) leaf
anatomical structure of wild-type plant; and (B,D) leaf anatomical structure of spl-1 mutant plants. p,
palisade parenchyma; S, spongy parenchyma; VB, vascular bundle. Arrows show linear arrangement
of VB in wild-type (C) and non-linear/distorted arrangement of VB in spl-1 mutant (D).

2.3. Physiochemical Analysis for PCD, H2O2 Accumulation and Antioxidants

Necrotic lesion formation usually results from PCD and ROS accumulation [38]. To determine cell
death and ROS accumulation, we performed traditional methods of Trypan blue and Diaminobenzidine
(DAB) staining assays, respectively [5]. After staining with Trypan blue, the leaves of spl-1 mutant
showed deep blue spots at the site of lesions, whereas the surrounding normal cells of spl-1 mutant,
as well as the whole leaf of wild-type plant, exhibited negative staining. Trypan blue staining
(Figure 4A) suggested that PCD occurred during lesion formation in the spl-1 mutant. To confirm
that ROS accumulation was accompanied by PCD, we performed a DAB staining assay to assess
H2O2 accumulation. After DAB staining, the leaves of spl-1 mutant exhibited many reddish-brown
spots only at necrotic sites, and dark brownish staining appeared with increasing severity of necrosis
(Figure 4B), indicating a high level of H2O2 accumulation in the spl-1 mutant. This result indicates that
ROS accumulation in cells might be responsible for cell death and lesion formation, and the staining
assay confirmed that the spl-1 mutant suffered from a hypersensitive reaction and exhibited PCD with
a visible phenotype at necrotic sites.

For further insights, we also examined some physiological changes in wild-type and mutant
genotype, and evaluated the activities of some key enzymatic antioxidants, viz., SOD, POD and CAT,
and also estimated the lipid peroxide content (Malondialdehyde (MDA)) at different level of lesion
appearances (high lesion mimic (HLM) and low lesion mimic (LLM)) in mutant plants (Figure 5A–D).
Our results show that activities of SOD, POD, and CAT were significantly higher in the spl-1 mutant
than in wild-type plants for both HLM and LLM, except for CAT that exhibited significantly lower
activity at LLM in the spl-1 mutant (Figure 5C). Furthermore, MDA content was significantly higher in
spl-1 mutant than in wild-type for HLM but revealed no significant difference at LLM. These results
reveal the increased accumulation of ROS and lipid peroxides as well as the activities of antioxidants,
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and suggest that mutation in spl-1 plants resulted in oxidative stress that in turn led to PCD and brown
necrotic lesions on the leaf surface [39].

Figure 4. Histochemical staining analysis for leaves of wild-type and spl-1 mutant soybean genotypes:
(A) Trypan blue staining for cell death. The spots indicated the ROS accumulated area in the spl-1
mutant. (B) DAB staining for H2O2 accumulation. Scale bars: (A,B) 1 cm.
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Figure 5. Graph showing different physiological characteristics/parameters determined for both the
wild-type and spl-1 mutant plants: (A) activity of superoxide dismutase (SOD); (B) activity of peroxidase
(POD); (C) activity of Catalase (CAT); and (D) content of the malondialdehyde (MDA). The upper
second leaves (lower lesion mimic (LLM)) and upper third leaves (higher lesion mimic (HLM)) of plants
were used the estimation of these parameters at six weeks after sowing in pots. The data represent the
means ± SE of three replicates. * significantly different at p < 0.05; ** significantly different at p < 0.01.

2.4. Inheritance for Spotted Leaf Trait of spl-1 Mutant

The inheritance of mutant phenotype was determined by evaluating the presence and absence
of brown necrotic lesions on the leaves of F2 and F2:3 populations that were derived from the two
different crosses, viz., W82×spl-1 and PI 378692×spl-1 (Table 1). Genetic analysis of the segregated
populations revealed that F2 populations of W82×spl-1 (310 plants showed wild-type phenotype and
90 plants exhibited the spl-1 phenotype, χ2 = 1.20 < χ2

0.05 = 3.84, p = 0.27) and PI378692×spl-1 (609
wild-type and 184 spl-1 mutant, χ2 = 1.27 < χ2

0.05 = 3.84, p = 0.26) crosses fitted an expected 3:1
segregation ratio of wild-type to mutant. In the F2:3 populations of both crosses, viz., W82×spl-1 and
PI378692×spl-1, wild-type non-segregating and segregating lines fit 1:2 ratio (Table 1), suggesting that
mutant phenotype is controlled by a single nuclear recessive gene, which is designated as lm1.
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Table 1. Chi-square test for segregation ratio of normal and mutant plants in the F2 and F2:3 lines in
two crosses viz., W82×spl-1 and PI378692×spl-1.

Cross. Generation
No. of Plants/Lines Expected

Ratio
χ2 p

Total Wild Type Segregation Mutant

W82×spl-1 F2 400 310 - 90 3:1 1.20 0.27
F2:3 line 20 6 14 0 1:2 0.01 0.94

PI378692×spl-1 F2 793 609 - 184 3:1 1.27 0.26
F2:3 line 13 4 9 0 1:2 0.01 0.92

2.5. MutMap Analysis for Identification of lm1 Locus

For accelerating the mapping and identification of the genomic region for target traits, the combined
strategy of WGRS and traditional map-based cloning approach with BSA have been performed. Based
on mutant phenotypic data evaluation of F2 population derived from W82×spl-1 cross, 20 F2 individuals
each for wild-type and mutant were selected, and their DNA was bulked to constitute DNA Pool A
(wild-type) and Pool B (mutant) for the WGRS/sequencing. After filtering, 19.36 Gb of clean data were
obtained with average Q20 of 99.59% and Q30 of 98.0%, indicating the high quality of the sequencing
data (Table S1). A total of 94,700,266 and 93,193,018 short reads (150 bp in length) were obtained
for Pool A (96.87% coverage) and Pool B (96.96% coverage), respectively. These short reads of both
pools were aligned with references genome of Williams 82, and the match rates were 95.96 and 95.84%
respectively (Table S1).

To identify candidate genomic region associated with the mutant phenotype, SNP-index of each
SNP locus in Pool A and Pool B was calculated using high-quality SNPs, those with quality score ≥
100 and read depth ≥ 10. The average SNP-index in Pool A and Pool B and Δ (SNP-index) between
Pool A and Pool B across a 2-Mb genomic interval were measured using a 50-kb sliding window and
plotted for all 20 chromosomes of the soybean genome (Figure S1). Test of significance (Fisher’s exact
test) was also conducted at each SNP locus for Pool A and Pool B, and the average p-values were
calculated for SNPs located in each sliding window. In the SNP-index plotting of Pool A and Pool B,
many peaks were identified. The SNP index plotting for 20 chromosomes of both the wild-type and
mutant pools are provided in Figure S1, but statistical significant (p-value > 0.05) of only one major
peak was identified in Δ (SNP-index) association analysis and were assigned as the candidate region of
the gene controlling leaf lesion mimic mutant phenotype in spl-1 mutant (Figure 6A–C and Table S2).
This candidate region covers the genomic physical distance of 3.15 Mb on chromosome 04 between
45.84 and 48.95 Mb (version Glycine max, Wm82. a1.v1), and has Δ (SNP index) value significantly
different from 0. These results indicate that a major genomic region governing lesion mimic mutant
phenotype of spl-1 was at the 3.15 Mb region of chromosome 04.

2.6. Validation and Fine Mapping of the lm1 Locus

To validate and narrow the candidate genomic region, i.e., lm1 locus identified by MutMap
method, we initially conducted preliminary mapping analysis by using 90 mutant plants from the F2

population of W82×spl-1 cross. Out of the total 90 SSR markers in the target genomic region detected
by MutMap, 18 SSR markers exhibited polymorphism between W82 and spl-1. Linkage analysis of
segregation data by MapMaker 3.0 software revealed that the lm1 gene was primarily located between
the markers BARCSOYSSR_04_1385 and BARCSOYSSR_04_1435 in a physical distance of 655.8 kb
region on chromosome 04 lying correctly in the same candidate region as identified through MutMap,
and hence confirmed the results of MutMap.
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Figure 6. Identification of candidate genomic region (lm1 locus) through MutMap analysis at a genomic
interval of 45.80–48.95 Mb (Version Glyma v1.a1) on chromosome 04 of soybean: (A,B) the SNP-index
of wild-type (A-Pool) and spl-1 mutant (B-Pool) pools, respectively, for chromosome 04; and (C) the Δ
(SNP-index) plot for chromosome 04. x-axis indicates the physical position of chromosome and y-axis
indicates the average SNP-index in a 2-Mb interval with a 50-kb sliding window. The Δ (SNP-index)
graph was plotted with statistical confidence intervals under the null hypothesis of no QTL (p < 0.05).
The candidate region (lm1 locus) identified for spl-1 mutant phenotype is marked by two red dash
border lines in Δ (SNP-index) plot.
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The above genomic region detected through preliminary mapping was further fine-mapped by
using 197 F2 and F2:3 spl-1 mutant lines from the cross of PI378692×spl-1. By selecting randomly
40 pairs of SSR markers within the chromosome region identified through preliminary mapping,
seven were polymorphic between PI378692 and spl-1 and were used for further analysis (Table 2).
Using genetic linkage analysis, the lm1 gene was positioned between BARCSOYSSR_04_1429 and
BARCSOYSSR_04_1435 markers, covering the physical distance of ~76.23 kb (Figure 7). By considering
the reference genome sequence of Williams 82 [40] (Version Glyma 2.0), eight candidate genes were
present in the genomic region of the lm1 locus, which was narrowed to a 76.23 kb interval by
fine mapping (Table 3). These genes include Glyma.04g242300, Glyma.04g242400, Glyma.04g242500,
Glyma.04g242600, Glyma.04g242700, Glyma.04g242800, Glyma.04g242900, and Glyma.04g243000 (Table 3).
Among these eight genes, the functional annotation of six genes are known, whereas it is not available
for two genes, viz., Glyma.04g242400 and Glyma.04g242600, in public database (Table 3). Based on the
function, Glyma.04g242300 was considered as the probable candidate being a member of plantacyanin
gene family, which belongs to sub-family of blue copper proteins, which functions in the electron
transport chain during photosynthesis [41]. To further clarify it, we subject all eight candidate genes to
qRT-PCR expression analysis, as discussed below.

Table 2. Polymorphic simple sequence repeat (SSR) markers used to narrow down the lm1 locus.

Marker Chromosome Start * End Primer (F/R) Sequences

BARCSOYSSR_04_1390 Gm04
50549768 50549787 F CCCGGTACAGTTGAGATGGA
50550014 50549995 R TTGCACTTCAGTAGGCCCTC

BARCSOYSSR_04_1391 Gm04
50588500 50588519 F AGATGGTGGTGTTCTCAGGG
50588766 50588747 R ACCATCACCAACATGCAGAT

BARCSOYSSR_04_1418 Gm04
50942037 50942061 F TTTTTCTTCAGAAACTTGAAACATT
50942254 50942234 R TGCATTTCTGAAACAAGGCAT

BARCSOYSSR_04_1420 Gm04
50953149 50953174 F AAGTGATCAATGTTATCGATGAAGTA
50953433 50953409 R TTTGTCTCAATTAGTGTGGAATTTG

BARCSOYSSR_04_1426 Gm04
51011052 51011071 F ATCAGAGGTCTGCCACCAAT
51011271 51011252 R CGCTGACAGACACCAAGAGA

BARCSOYSSR_04_1429 Gm04
51035485 51035504 F TTTGCTACAGTGCTATCGGC
51035766 51035747 R TGCCAGCCGCTTATCTATCT

BARCSOYSSR_04_1435 Gm04
51111716 51111735 F GTCCGTGCCAGTTTTTCATT
51111960 51111941 R TGCTGCACTTTCTCCTGATG

* Location has taken from Glyma2.0; F (forward primer), R (reverse primer).

Table 3. Functional annotation of eight candidate genes located within the lm1 locus/region identified
through fine mapping.

Gene ID Position (bp) Direction Function Annotation

Glyma.04g242300 51036742-51037897 Forward Plantacyanin
Glyma.04g242400 51047485-51048880 Forward Unknown
Glyma.04g242500 51053346-51056055 Reverse Flavin-binding monooxygenase family protein
Glyma.04g242600 51061920-51064096 Forward Unknown
Glyma.04g242700 51064744-51067380 Reverse F-box/RNI-like superfamily protein
Glyma.04g242800 51082744-51092913 Reverse ACT domain repeat 3
Glyma.04g242900 51103163-51108385 Reverse Protein kinase superfamily protein

Glyma.04g243000 51109534-51115501 Reverse Thiamin diphosphate-binding fold
(THDP-binding) superfamily protein

356



Int. J. Mol. Sci. 2019, 20, 2193

Figure 7. Mapping and fine mapping of lm1 locus. (A) Location of lm1 locus identified by MutMap-based
BSA method on chromosome 04. (B) Dashes line indicated rough mapping of spl-1 locus from cross of
W82×spl-1. Vertical lines indicate polymorphic markers. Names of markers are shown above the line
and the recombinants between lm1 and each marker are shown below the line. (C) Fine mapping of
lm1 with genotyping data from newly developed polymorphic markers in the cross of PI378692×spl-1.
(D) Eight candidate genes in the fine-mapped region.

2.7. qRT-PCR Expression and Sequences Analysis of Candidate Genes

To identify the candidate gene underlying the lm1 locus of spl-1 mutant, the expression patterns of
all the eight candidate genes were tested in leaf tissues of wild-type and mutant parents at three different
growth developmental stages, viz., V1, V3 and R1 [42], using qRT-PCR analysis. The oligo-nucleotides
primers used for the qRT-PCR analysis are listed in Table S3. Out of these eight candidate genes,
Glyma.04g242300 showed significantly higher gene expression in wild-type relative to mutant genotype,
and the expression was considerably lower in the spl-1 mutant at all studied growth stages (Figure 8).
The remaining seven candidate genes within the lm1 locus revealed non-significant gene expression
differences between wild-type and spl-1 genotype at all stages. Therefore, the highly significant
differential expression of Glyma.04g242300 between wild-type and mutant genotype provided evidence
for being the possible candidate genes responsible for leaf lesion mimic mutant phenotype of spl-1 in
soybean. To further clarify the sequence differences of the eight candidate genes, we sequenced the
cDNA sequences of these genes. However, we did not find any nucleotide differences between the
CDS sequences of spl-1 and wild-type parents within the exons, and hence the difference might be in
the 5′ or 3′ UTR region or non-coding region of this gene (the portion of gene not sequenced). Finally,
depending on the above results, Glyma.04g242300 is most likely to be involved in the lesion mimic

357



Int. J. Mol. Sci. 2019, 20, 2193

phenotype of the spl-1 mutant. However, it needs further functional validation to prove this function
of Glyma.04g242300.

 
Figure 8. Relative gene expression of eight candidate genes in the leaves of wild-type and mutant (spl-1)
plants at three developmental growth stages V1, V3 and R1 using qRT-PCR. Mean values of expression
data of wild-type and spl-1 mutant plants were analyzed for statistical significance at p < 0.01 (**) level,
as indicated by asterisks on top of bars.

3. Discussion

3.1. spl-1 Is a New Soybean Leaf Lesion Mutant with Special Characteristics

To protect themselves against pathogen attack, plants have developed complicated defense
mechanisms and signaling pathways. The HR results due to different pathways, and is a component of
an effective defense system against biotrophic and hemibiotrophic pathogens. However, the molecular
mechanisms and genes controlling the HR remain largely unknown [43]. In this regard, LMMs
represent a broad group of phenotypes showing spontaneous cell death in the absence of disease
pathogen, are interesting genetic materials for elucidating the molecular mechanism, pathways, and
genes underlying HR and disease resistance. The appearance of lesions in different LMMs differs in
induction conditions, timing, the extent of lesion spreading, color and size [44]. Thus far, some genes
related to lesion mimic phenotype have been identified and cloned in different crop species, and their
functions were also found diverse [2]. The results of these studies have indicated that lesion mimic
phenotypes are regulated by different biological processes, thus hinting at the complexity of molecular
mechanisms and signaling networks involved in HR and disease resistance [8].

Although a few LMMs have been characterized in soybean, the genetic mechanisms and pathways
have not been well understood, and the genes regulating the mutant phenotype have not been
cloned [14]. In this regard, the present study used a combined strategy of MutMap and traditional
map-based cloning mapping to identify the candidate genomic region and genes underlying the LMM
phenotype of spl-1. Chlorophyll a, chlorophyll b and total chlorophyll were significantly decreased
in spl-1 mutant relative to wild-type. Tetrapyrrole biosynthesis pathway leads to the production
of chlorophyll a/b [45]. Hence, disruption of tetrapyrroles biosynthesis pathway at different stages
leads to abnormal accumulation of photo-reactive molecules, which in turn leads to lesion-mimic
phenotypes. For example, in the mutant rugosa1 (rug1) tetrapyrroles biosynthesis pathway is affected at
porphobilinogen deaminase (PGBD) that results in the accumulation of porphobilinogen [46]. Similarly,
accumulation of protochlorophyllide (Pchlide) in flu and oep16 mutants [47,48], uroporphyrinogen
III in lesion 22 (les22) mutant [49] and coproporphyrinogen III in lesion initiation 2/rice lesion initiation
1(lin2/rlin1) mutants [50,51] leads to cell death phenotypes. Interestingly, cell death also results due to
defects in chlorophyll catabolism. Indeed, disruption of two enzymes involved in the degradation of
chlorophyll generates spontaneous lesions in the accelerated cell death 1/lethal-leaf spot 1(acd1/lls1) and
accelerated cell death 2 (acd2) LMM [52–54]. Because of the known role of ROS during HR and in cells
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undergoing PCD, we further investigated the production of H2O2 as well as activities of antioxidants,
viz., SOD, POD and CAT, and the content of lipid peroxidation (MDA) at different leaf position
following the appearance of lesions in the lesion-mimic plants. Our study revealed that activities of all
antioxidants, viz., SOD, POD, and CAT, were significantly increased in spl-1 mutant in case of both
HLM and LLM leaves except for CAT whose activity is reduced in LLM leaf of spl-1 mutant compared
to wild-type. This can be explained because lesions are present throughout the HLM leaf from bottom
to top and are at final stage of development, whereas in the case of LLM leaf lesion mimic mutant
phenotype is in its initial stage, i.e., yet to be developing, and lesions are very less in number usually at
the bottom of leaf as well as small in size. Thus, it can be suggested that the CAT activity in leaves of
spl-1 depends upon the intensity and degree of lesion development.

Hence, the present study reported substantial accumulation of ROS, antioxidants and lipid
peroxide in the leaves of LMM compared to wild-type, which is similar to the findings reported by
Anand et al. [55], and thus suggested that mutation in spl-1 mutant results in oxidative stress leading
to PCD and brown necrotic lesions on the leaf surface [39].

3.2. Deploying MutMap and Traditional Mapping Methods to Accelerate Gene Identification

Conventional mapping is an important and effective strategy for identifying and isolating
candidate genomic regions and genes for many crops. However, the general strategy for conventional
mapping is time-consuming and laborious [23]. For example, D53 gene encoding a protein that acted as
a repressor of strigolactones in rice was identified by using 12,000 F2 plants [56]; Similarly, for the fine
mapping of the recessive dialytic gene, dl, in tomatoes, 2248 F2 individuals were used [57]. In soybean,
E1 a maturity locus gene involved in flowering time was delimited by using a very large number of
individuals from F2:3 to F2:5 generations of soybean [58]. However, for the case of soybean, which is a
larger crop plant requiring a huge area for sowing, it is impractical for growing so many progenies
in the field. In this context, the last few decades have witnessed many reverse-genetic approaches
that have become increasingly popular in some species, but map-based cloning is still an important
approach for identifying candidate regions; however, BSA-seq methods facilitate and accelerate the
gene identification process.

Therefore, in this study, we used an improved BSA-seq (MutMap) method that integrates the
traditional BSA method with WGRS to rapidly identify specific genomic regions for the spl-1 mutant
phenotype of soybean. Moreover, the combination of MutMap and map-based cloning could effectively
detect and fine map the QTL of interest. In the present study, major candidate genomic region
underlying spl-1 mutant phenotype was identified and mapped into a 76.23 kb genomic region on
chromosome 04 by using an F2 and F2:3 mapping population via combined approaches of whole-genome
NGS-based high-throughput MutMap and traditional mapping. MutMap analysis detected candidate
genomic region, i.e., lm1 locus based on Δ (SNP-index) that were further validated and fine mapped by
SSR traditional map-based cloning, and were mapped between the SSR markers BARCSOYSSR_04_1429
and BARCSOYSSR_04_1435, which suggests the validity and robustness of MutMap-seq as a strategy
for quick and efficient scanning of major genomic region for mutant phenotype on a genome-wide
scale in soybean. The merits of BSA-seq method relative to other traditional mapping approaches
for identifying the major genomic regions governing plant height, seed weight, seedling vigor and
flowering time in soybean, chickpea and rice have been recently reported [26,59,60]. MutMap takes
advantage of the high-throughput WGRS and BSA. In addition, the use of an SNP-index provides
accurate quantitative evaluation for the parental alleles’ frequencies, and also the genomic contribution
from the two parents to F2 individuals. Hence, the above characteristics of MutMap make it a very
efficient and faster approach for identifying genomic regions underlying mutant phenotype in soybean.

3.3. Candidate Genes for spl-1 Phenotype

In the present study, the major genomic region (lm1 locus) governing mutant phenotype were
delimited in a 76.23 kb physical interval on chromosome 04 by using the combined strategy of MutMap
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and traditional map-based cloning analysis. Eight genes were predicated within this region, and the
functional annotations of six genes are known, whereas the annotation of the remaining two genes
was not available (Table 3). Based on the functional annotation and qRT-PCR expression analysis
Glyma.04g242300 was suggested to be a possible candidate gene for governing lesion mimic phenotype
of spl-1 mutant. The Glyma.04g242300 is a family protein gene in Arabidopsis (At2G02850) that belongs
to plantacyanin (PLC), which is a plant-specific phytocyanin (PC) sub-family of blue copper proteins
functioning in the electron transport chain of photosynthesis [41,61]. It serves as an electron transfer
agent in the cytochrome complex which follows Photosystem II and the entry point to Photosystem
I of the non-cyclic electron transfer process. Defects in photosynthetic electron transport will affect
photosynthesis process as well as chlorophyll catabolism and cell death [62]. Recently, it has been
revealed that OsUCL8 (Oryza sativa Uclacyanin like protein 8), a rice plantacyanin gene could regulate
grain yield and photosynthesis [63]. OsUCL8 cleaved by miR408 affects copper homeostasis in the
plant cell, which in turn affects the abundance of plastocyanin proteins and photosynthesis [63]. In the
present study, soybean spl-1 mutant revealed a significant reduction of chlorophyll content compared
to wild-type, which indicates that the degradation of chlorophyll generates spontaneous chlorotic
leaves. Previous studies have indicated that PCs are involved in various plant activities, including cell
differentiation and reorganization [64], pollen tube germinating and anther pollination [41,65]. Hence,
these studies indicate that the PC gene family can have multiple functions during plant development.
Several researchers have indicated that salt and drought stresses can induce the expression of PC
genes, suggesting the potential response to abiotic stresses [66,67]. Microarray data also suggest that
plantacyanins may be stress-related proteins and be involved in plant defense responses [68,69]. It
is assumed that plantacyanin is one of the targets of microRNAs that regulates transcription factors
involved in different aspects of plant development [70,71], and miR408 regulates photosynthesis via
plantacyanin [63,72]. Therefore, it is reasonable to postulate that Glyma.04g242300 is the candidate
gene for lesion mimic mutant phenotype of spl-1 in soybean. However, further evidence is needed to
functionally validate this hypothesis.

Hence, the results of the present study provide new gene resources in soybean that might regulate
the leaf LMM phenotype of spl-1 mutant. This increases our current knowledge of genes involved in
PCD and HR in soybean. By analyzing the function, these genes will help to elucidate the mechanism
as well as pathways involved in the development of lesion mimic phenotype in soybean. This in turn
will provide explanation how plants regulate PCD as well as develop HR for resistance against biotic
stresses, and hence will greatly help to develop disease-resistant soybean varieties to overcome the
losses that occur due to disease constraint.

4. Materials and Methods

4.1. Plant Materials and Phenotypic Evaluation

Plant material of the present study included soybean accessions, viz., NN 1138-2, Williams 82
(W82) and PI378692, which were obtained from National Center for Soybean Improvement, Nanjing
Agricultural University, Nanjing, Jiangsu Province, China. The leaf lesion mimic mutant (LMM) called
spotted leaf-1 (spl-1) was identified from the EMS-induced mutational library of the cultivar “NN
1138-2” that was treated with 0.5% (w/v) EMS for 12 h. The M1 seeds were harvested and pooled
together. Subsequently, M2 plants were individually harvested. Furthermore, M2:3 lines showed
segregation for mutant and normal phenotype at V1 and V2 stages [42]. Seeds from 10 individual
plants that had normal leaves were harvested and sown for M4 generation. Progeny obtained from the
normal heterozygous M2:3 lines also exhibited segregation of normal and lesion mimic phenotypes.
The same selection and planting procedures were conducted through M4 to M10 generations. In each
generation, some lines showed segregation of the normal and disease-like leaf phenotypes, with a
3:1 ratio, indicating that a single recessive allele might control the disease-like leaf trait. Through
consecutive selfing and selection, we achieved M9:10 lines, and the mutant plants that have 99.8%
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homogeneity to the normal M9:10 plants were bulked together. These mutant lines were named as spl-1
(spotted leaf-1) and were obtained from heterozygous individuals.

Seeds of mutant spl-1, W82, and PI378692 were planted at Jiangpu Agricultural Experiment
Station, Nanjing Agricultural University in 2015, and two crosses were made at flowering time, viz.,
W82×spl-1 and PI378692×spl-1. Mutant parent (spl-1) was used as a male parent in both crosses. The
F1 seeds obtained from each cross were planted at Jiangpu Station in next year cropping season, i.e.,
2016, and no F1 plants showed mutant phenotype, indicating recessive nature of the mutant trait. F2

seeds derived from F1 plant were harvested separately from both crosses. The F2 population and F2:3

families of each cross along with their parents were grown in the cropping seasons of 2017 and 2018,
respectively, at the Jiangpu Station. Phenotypic data (normal and lesion mimic) of parents, F1, F2, and
F2:3 plants were recorded at V1–V5 and R1 growth stages of soybean under normal field conditions [42].
These F2 and F2:3 populations derived from W82×spl-1 and PI378692×spl-1 were used for mapping
of the mutant locus. Chi-square analysis was applied to test the goodness-of-fit of observed to the
expected ratio for independent assortment or linkage in all populations.

4.2. Leaf Pigment Quantification and Histological Analyses

Leaf photosynthetic pigments were extracted from leaves at seedling and mature stages collected
from the same position/rank of both wild-type and mutant plants [42]. Fresh leaf sample of 0.1 g
was taken and cut into small pieces, then steeped in 80% acetone at room temperature for 24 h. The
quantification of pigments was performed using a Tecan Infinite Pro Microplate Reader (Tecan Austria
GmbH, Grodig, Austria) following the method reported previously [73]. Pigments measurement was
conducted for three independent experiment repeats. All these experiment operations were carried
out in the dark to avoid degradation of photosynthetic pigments.

For histological analysis, third top leaves of both mutant and the wild-type plants were collected
from the 35-day-old plants when lesions mimic phenotypes fully appeared. The 10 μm leaf sections of
both wild-type and mutant were obtained using ultra-microtome (Leica EM UC7, Leica Microsystems
Inc., Buffalo Grove, IL, USA) with three replicates. Leaf sections were prepared for histological analysis
following the method of Carland and McHale [74] with some modification, and further leaf sections
were stained with 0.1% safranine. Images were observed with an optical microscope under different
magnification (Zeiss Axioplan, Jena, Germany), and were captured by a digital camera connected with
the microscope. Parameters, viz., central meta-xylem shape, number of xylem and phloem vessels,
spongy and palisade mesophyll parenchyma, were observed and recorded for comparative analysis.

4.3. Leaf Histochemical and Physiological Analyses

4.3.1. Trypan Blue Staining of Cell Death

Leaf samples of both the mutant and wild-type plants were collected at the same position/rank
for Trypan blue staining when mutant phenotype appeared on the leaves of mutant plants at mature
developmental stage. Leaves were stained with Trypan blue (Sigma-Aldrich, St. Louis, MO, USA)
according to the method previously described by Chen et al. [75], with some modifications. Briefly,
plant tissues were submerged in a 70 ◦C Trypan blue solution (2.5 mg of Trypan blue per mL, 25%
(wt/vol) lactic acid, 23% water-saturated phenol, 25% glycerol, and H2O) for 10 min, and then heated
over boiling water for 2 min and left to stain overnight. Stained leaves were washed several times with
absolute ethanol to remove Trypan blue solution until the leaves become colorless. Finally, ethanol
was discarded, and the leaf samples were covered with 70% glycerol for visualization of cell death
under microscopic analysis. The staining procedure was done in triplicate (three times).

4.3.2. H2O2 Detection by DAB

Hydrogen peroxide (H2O2) was detected by submerging the leaf samples of both wild-type and
spl-1 mutant in a 3,3′-diaminobenzidine (DAB) solution according to Rahman et al. [76], with some
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modifications. Briefly, leaves from wild-type and mutant plants were taken for DAB staining after
lesions appeared (30 days and 60 days after sowing), and incubated in a 0.1% (w/v) DAB (10 mM MES,
pH 7.0) solution at 25 ◦C temperature in the dark with gentle shaking for 12 h or more depending upon
visibility of spots. Leaves were thoroughly washed in ddH2O several times until DAB solutions were
completely removed. Then, the chlorophyll was cleared by treating with 95% (v/v) ethanol boiling for
10 min. The transparent leaves were observed and photographed in 70% glycerol.

4.3.3. Antioxidants Activities and Lipid Peroxidation Determination

Activities of antioxidants, viz., Superoxide dismutase (SOD), Peroxidase (POD) and Catalase
(CAT), as well as the content of lipid peroxidation (MDA), were determined for both the wild-type and
mutant plants. High-lesion mimic (HLM) and low-lesion mimic (LLM) leaves were collected at the third
and second position from the top of the same mutant plant, respectively, and were compared with the
corresponding leaves of wild-type plants from the same position. In the case of HLM leaves, the lesion
mimic mutant phenotype was well developed, and lesions were present throughout the leaf surface,
whereas for LLM leaves, lesion were yet to be developed, were much fewer in number, and were not
present throughout the leaf, usually on the bottom of leaf. The activities of SOD, POD and CAT as well
as MDA content of the leaves were determined using SOD Assay Kit (T-SOD, A001-1), POD Assay
Kit (A084-3), CAT Assay Kit (A007-1) and MDA Assay Kit (A003) by following the manufacturer’s
protocol (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and Li et al. [77]. Briefly, fresh
leaf samples (1.0 g) of six-week-old plants were sliced and homogenized in mortar and pestle with 9 mL
ice-cool 10× phosphate buffered saline (PBS) (pH 7.2–7.4) (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China). The homogenates were further centrifuged at 3500 rpm for 10 min at 4 ◦C, and
the supernatants were collected and used as crude extracts for above-cited assays by using a UV-1800
Shimadzu, spectrophotometer (SHIMADZU Corporation, Kyoto, Japan). Three independent samples
were assayed, and standard errors (SE) among them were calculated.

4.4. MutMap Analysis

4.4.1. Construction of MutMap Libraries and Illumina Sequencing

Genomic DNA was isolated from young leaves of soybean using DNAquick Plant System
(TIANGEN Biotech, Beijing, China) according to the manufacturer’s protocol. DNA samples
were quantified using Qubit® 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA). Two DNA
bulks/pools, viz., wild-type pool (Pool A), and mutant pool (Pool B), were generated for Illumina
libraries by pooling equal amounts of DNA from 20 wild-type and 20 mutant F2 genotypes of W82×spl-1
cross. About 5–10 μg of DNA from two pools were used to construct paired-end sequencing libraries,
which were sequenced with an IlluminaHiSeq® 2500 (Illumina Inc., San Diego, CA, USA) NGS platform.
FASTQ raw sequence reads with a minimum phred Q-score of 30 across >95% of nucleotide sequences
were considered as high quality. The quality of these sequences was further checked by using FASTQC
v0.10.1 (Babraham Institute, Cambridge, UK). High-quality FASTQ filtered sequences obtained from
two DNA pools were aligned and mapped to the Glycine max Wm82.a1.v1 reference genome from
Phytozome [40] using Burrows–Wheeler alignment tool (BWA v0.7.10, Cambridge, UK) with default
parameters [78]. High-quality SNPs (minimum sequence read depth: 7 with SNP base quality ≥20)
were discovered using SAM tools (Cambridge, UK) [79] by following the detailed procedure of Takagi
et al. [80] and Lu et al. [31].

4.4.2. SNP Index Analysis

SNP-index was calculated at each SNP position for both Pool A and Pool B, which represented the
parental alleles of the population [81,82]. A Δ (SNP-index) was calculated by subtraction of the Pool A
SNP index from the Pool B SNP index [26,80,83,84]. Hence, the SNP locus with high Δ (SNP-index)
value is an indicator an allele was highly common in Pool A and depleted in Pool B. If there is no major
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candidate region/locus of the target gene in a genomic region, the Δ (SNP-index) value should not be
significantly different from 0. Using a null hypothesis of no QTLs, 95% confidence intervals of the Δ
(SNP-index) for all the SNP positions were calculated with given read depths and plotted these against
the Δ (SNP-index) [80].

4.4.3. Sliding-Window Analysis

In a given genomic interval, the average distributions of the SNP-index and Δ (SNP-index) were
estimated by using sliding window approach with a 2-Mb window size and 50-kb sliding step, and
these data were used to plot SNP-index plots for all soybean chromosomes. Genomic regions that
showed average Δ (SNP-index) significantly higher than surrounding region and windows revealed
an average p-value < 0.05 were considered candidate genomic regions harboring a locus associated
with the mutant phenotype of spl-1 soybean mutant [80].

4.5. Fine Mapping of lm1 Locus

To verify the accuracy of the lm1 genomic region identified by MutMap analysis and establish
mapping reliability of this approach, a traditional map-based cloning genetic linkage method was
performed to find out the linkage of molecular markers and phenotypic loci of spl-1. The two F2

populations, viz., W82×spl-1 and PI378692×spl-1, were used for this purpose, and a total of 130 SSR
markers in the predicted region on chromosome 04 were selected to survey the polymorphism between
the wild-type and spl-1 mutant lines [85]. Polymorphic markers that may be linked with the mutated
genes were screened using the method of bulked-segregant analysis (BSA), as proposed by Michelmore
et al. [86]. Both wild-type and mutant groups contained 10 randomly selected F2 individuals, and
the protocol was according to Wang et al. [19]. Within each group, the DNA from all individuals
was pooled using an equal amount of DNA from each plant. The mapping steps involve as: the
polymorphic SSR markers between two parents of cross populations were identified; then, the pools of
wild-type and mutant plants were screened with those SSR markers that were polymorphic between
the parents to identify markers for screening the F2 populations. Mapmaker 3.0 software (Whitehead
Institute for Biomedical Research, Cambridge, MA, USA) was used to identify the linkage between SSR
markers and target genes [87]. A total of 307 recessive mutant plants from the F2 and F2:3 populations
of W82×spl-1 and PI378692×spl-1 crosses were used for preliminary and fine mapping (Table 1), and
the protocol was according to Wang et al. [19].

For the PCR amplification of marker genotyping, 10 ng DNA was used in 10 μL system under
the instruction of the Taq Master Mix (Novoprotein, Shanghai, China). PCR thermal cycler was
programmed as follows: initial denaturation at 95 ◦C for 5 min; followed by 32 cycles of denaturation
at 95 ◦C for 30 s, annealing at 55 ◦C for 40 s and extension at 72 ◦C for 50 s; with final incubation at
72 ◦C for 10 min before hold to 4 ◦C. The amplification product was separated on 8% non-denaturing
polyacrylamide gels that were stained with 1 g·L−1 AgNO3 for 15 min before visualizing with 16 g·L−1

NaOH plus 11 mL·L−1 CH3OH for 10 min.

4.6. Expression and Sequence Analysis of Candidate Genes

To analyze the candidate genes underlying the lm1 locus of spl-1 mutant, we investigated the
expression pattern of all the eight genes present within lm1 locus using real-time quantitative PCR
(qRT-PCR). Young leaf samples at three different growth stages, viz., V1, V3, and R1, were collected
from the wild-type and mutant parents. Total RNAs from the leaves were isolated by using the RNA
prepare plant kit (TIANGEN, Beijing, China). First-strand cDNA was synthesized using two-step
PrimerScriptTM RT reagent Kit gDNA Eraser (TaKaRa, Kusatsu, Shiga, Japan) according to the
manufacturer’s instructions. Real-time qRT-PCR was performed using a ChamQ SYBR qPCR Master
Mix (Vazyme, Jiangsu, Nanjing, China) on a Bio-Rad system. Primers were designed by Beacon
Designer 7.9 software (Premier Biosoft International, Palo Alto, CA, USA). GmActin11 was used as an
internal control for the qRT-PCR analysis, and three biological replicates were used for each reaction.
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Average relative expression levels for wild-type and mutant parent were calculated. One-way ANOVA
tests were performed by IBM-SPSS software to test the significance of differences in expression levels
among different samples.

For further verification, we sequenced the coding sequence (CDS) of eight candidate genes,
viz., Glyma.04g242300, Glyma.04g242400, Glyma.04g242500, Glyma.04g242600, Glyma.04g242700,
Glyma.04g242800, Glyma.04g242900 and Glyma.04g243000, in the wild-type and mutant parents for the
identification of nucleotide differences and possible candidate gene responsible for lesion mimic mutant
phenotype of spl-1. The homologous localized region and sequences of candidate genes were obtained
from the database of Phytozome (https://phytozome.jgi.doe.gov), and SoyBase (http://soybase.org/).
RNA was isolated according to the above-mentioned protocol. Transcript two-step gDNA Removal was
used for reverse transcription, and Prime Script™ RT Reagent Kit (TaKaRa, Kusatsu, Shiga, Japan) was
used for cDNA synthesis. Primers for qRT-PCR were designed by Primer Premier 5.0 software (Premier
Biosoft International). The target gene was subjected to PCR by using Phanta® Max SuperFidelity
DNA Polymerase from Vazyme, and sent to GeneScript®, China for sequencing. The alignments of the
nucleotide sequences were performed using BioXM software.

5. Conclusions

In this study, we isolated a new soybean leaf lesion mimic (spl-1) mutant, in which necrotic lesions
started to first visualize on the aged/older leaves, and, finally, the whole leaf became chlorotic yellow.
The lm1 locus controlling mutant phenotype of spl-1 was fine-mapped in a 76.23 kb genomic region
harboring eight candidate genes, and among them, Glyma.04g242300 was considered to be the possible
candidate gene for the mutant phenotype of spl-1. We speculate that mutation in this gene affected
chlorophyll degradation, resulted in oxidative stress and increased antioxidant activities, which in turn
led to necrotic lesions and PCD, and we also suggest this gene may be related for resistance to disease
and stress. However, further studies are required for detailed investigation of the actual molecular
mechanism and signaling pathways involved in the PCD. The results obtained in this study provide a
foundation for the cloning and validating the lm1 gene of spl-1 mutant.
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s1.
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Abstract: Reproductive isolation is an important component of species differentiation. The plastid
accD gene coding for the acetyl-CoA carboxylase subunit and the nuclear bccp gene coding for the
biotin carboxyl carrier protein were identified as candidate genes governing nuclear-cytoplasmic
incompatibility in peas. We examined the allelic diversity in a set of 195 geographically diverse
samples of both cultivated (Pisum sativum, P. abyssinicum) and wild (P. fulvum and P. elatius) peas.
Based on deduced protein sequences, we identified 34 accD and 31 bccp alleles that are partially
geographically and genetically structured. The accD is highly variable due to insertions of tandem
repeats. P. fulvum and P. abyssinicum have unique alleles and combinations of both genes. On the other
hand, partial overlap was observed between P. sativum and P. elatius. Mapping of protein sequence
polymorphisms to 3D structures revealed that most of the repeat and indel polymorphisms map
to sequence regions that could not be modeled, consistent with this part of the protein being less
constrained by requirements for precise folding than the enzymatically active domains. The results
of this study are important not only from an evolutionary point of view but are also relevant for pea
breeding when using more distant wild relatives.

Keywords: acetyl-CoA carboxylase; hybrid incompatibility; hybrid necrosis; nuclear-cytoplasmic
conflict; pea; reproductive isolation; speciation

1. Introduction

Reproductive isolation is an important component of species differentiation. Mechanisms
that create reproductive barriers between once-conspecific organisms have long been a focus of
evolutionary biology [1]. Although geographical separation plays a vital role in speciation [2],
ecological factors also contribute [3]. Ecological selection favoring a particular cytoplasm has been
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described from various taxa [4,5]. Hybrid incompatibility due to the genetic divergence between the
hybridizing parents has been theorized already by Bateson [6], Dobzhansky [7], and Muller [8]. Hybrid
incompatibilities are proposed to be among the first genetic barriers to arise during speciation [9].
Although interspecific hybridization seems to be relatively frequent in plants, comparatively less
is known about the reproductive barriers within species [10]. The most classical definition of the
species relies on reproductive isolation, namely the inability to produce a viable offspring from
inter-species hybridization [11,12]. Reproductive barriers might be broadly classified into prezygotic
(pre-pollination) and postzygotic (post-pollination) ones [13]. Pre-pollination isolation mechanisms,
such as habitat divergence, temporal isolation, pollinator isolation, and mating system divergence, are
usually more effective than post-pollination isolation [2].

Interactions among nuclear-encoded genes can lead to diverse forms of hybrid incompatibility
via multiple gametophytic and sporophytic mechanisms [9]. The identification of so-called ‘speciation
genes’ is of interest because their knowledge would offer clues to the ecological settings, evolutionary
forces, and molecular mechanisms that drive the divergence of populations and species [12,14].
A speciation gene can be strictly defined as a gene that contributes to the splitting of two lineages by
reducing the amount of gene flow between them [12].

Until recently, characterization of genetic incompatibility has largely focused on the differences
between species and on nuclear incompatibilities [2,12,15–17]. As a result, the importance of
cytonuclear incompatibility (i.e., incompatibility between the nuclear and organelle genomes) in
driving the early stages of speciation received less attention [10]. There has been long co-evolution
between the nuclei and organelles. Molecular data indicate a large degree of interdependence
between the cellular sub-genomes [18]. The subdivided eukaryotic genome has resulted from
a massive restructuring and intermixing of the genomes of the initially free-living symbiotic
partner cells with loss, intracellular transfer, and gain of genetic information, with resulting high
interdependence and mutual “fine tuning” of both genomes that can easily become disrupted
upon intraspecific hybridization. Cytonuclear incompatibilities are predisposed to be substantial
contributors to reproductive isolation and speciation [19,20]. Empirical studies have shown that
intrinsic postzygotic barriers to reproduction—hybrid inviability and hybrid sterility—evolve through
mechanisms consistent with the classic Bateson–Dobzhansky–Muller model [9]. As adaptive or nearly
neutral substitutions accumulate in diverging lineages, these may in a particular lineage become fixed
in a state incompatible with that in the other lineage. As a result, the hybrid dysfunction occurs when
such incompatible alleles are brought together. The genetic basis for hybrid sterility has been studied
in several plants, such as Solanum [21], Oryza [22], Mimulus [23], Oenothera [24], Arabidopsis lyrata [25],
and A. thaliana [26,27]. There are two classes of cytonuclear hybrid incompatibility: cytoplasmic
male sterility (CMS), due to mitochondrial-nuclear mismatch, and cytonuclear chlorosis, caused by
plastome–nuclear incompatibilities. Organelle genomes have a reduced population size and lack
sexual recombination [28]. These characteristics both increase genetic drift, and lead to potential
accumulation of deleterious mutations and selection for compensatory evolution in interacting nuclear
genes. Due to these factors, cytonuclear incompatibilities have been proposed to be among the first
genetic incompatibilities to arise, influencing the earliest stages of speciation [10,19,20,24,29].

Most known plant sterility loci have been found in the mitochondrial genome, causing
CMS characterized by the absence of viable pollen. The genetics of hybrid CMS are remarkably
conserved across flowering plants. Molecular genetic studies indicate that CMS typically results
from rearrangements in the mitochondrial genome [30,31]. As mitochondria are usually maternally
inherited, CMS is typically transmitted through the ovules. In contrast, nuclear genes are transmitted
through both ovules and pollen. This difference in inheritance patterns creates a genetic conflict
between nuclear and cytoplasmic genes. Hybrid nucleo-organelle dysfunction can result in post-zygotic
hybridization barriers that usually manifest as differences in the offspring of reciprocal crosses owing to
non-Mendelian inheritance of organelles. Asymmetry in reproductive isolation appears to be common
and taxonomically widespread among plant species. Plastids can also contribute to nucleo-cytoplasmic
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incompatibility. Although cytonuclear chlorosis or albinism of hybrids is not as common as CMS, these
have been widely observed, and their implications for speciation were recognized early on [32–35].
The role of plastids in speciation processes is known from species with a biparental mode of plastid
inheritance, e.g., Geranium, Pelargonium and Medicago [36], and mainly from genus Oenothera, which
became one of the models for studying plant evolution [24]. Various incompatible phenotypes have
also been reported from Rhododendron, Hypericum, Trifolium, Zantedeschia, and Pisum [24]. Cyto-nuclear
co-adaptation has been described in Arabidopsis thaliana [18] and demonstrated to affect its adaptive
traits [37]. Interestingly, crop domestication may also increase the likelihood that genes causing
incompatibility become fixed in the population through genetic hitchhiking [38].

The plastid accD gene coding for the acetyl-CoA carboxylase beta subunit and the nuclear gene
bccp coding for the biotin carboxyl carrier protein of acetyl-CoA carboxylase were nominated as
candidate genes responsible for nuclear-cytoplasmic incompatibility in peas based on data from
crosses between wild and domesticated pea forms [39]. Incompatible hybrids exhibit chlorophyll
deficiency, reduction of leaf size low pollen fertility, low seed set, and poorly developed roots [40].
The acetyl-CoA carboxylase (ACCase) complex is involved in the biosynthesis of fatty acids, which
takes place in the plastids [40]. ACCase belongs to a group of biotin dependent carboxylases, catalyzing
acetyl-coenzyme A carboxylation to malonyl coenzyme A and providing the only entry point for all
carbon atoms in the fatty acid synthesis pathway [41]. Uniquely in Eukaryota, plants have two distinct
ACCases: one eukaryotic-like homomeric multidomain ACCase in the cytosol and a bacterial-like
heteromeric ACCase within the plastids [41]. The heteromeric form of ACCase is found in prokaryotes
and the plastids of Viridiplantae. Presumably, all genes encoding ACCase subunits initially resided in
the plastid genome after the original endosymbiotic event in algae and underwent sequential transfer
to the nuclear genome [42]. Plastid ACCase participates in fatty acid synthesis, whereas the cytosolic
enzyme is engaged in the synthesis of very long chain fatty acids, phytoalexins, flavonoids, and
anthocyanins. Plastid-localized ACCD enzyme is responsible for catalyzing the initial tightly-regulated
and rate-limiting step in fatty acid biosynthesis. Nuclear encoded Biotin Carboxyl Carrier Protein
(BCCP) is a part of the enzyme Acetyl-CoA carboxylase complex and serves as a carrier protein
for biotin and carboxybiotin throughout the ATP-dependent carboxylation of acetyl-CoA to form
malonyl-CoA. The resulting Acetyl-CoA carboxylase is a heterohexamer composed of the biotin
carboxyl carrier protein, biotin carboxylase, and two subunits each of the ACCase subunit alpha and
the ACCase plastid-coded subunit beta [40].

The plastid ACCase of legumes (Papilionoideae) consists of four subunits, each coded
by a separate gene: biotin carboxylase (accC), biotin carboxyl carrier protein (accB=bccp),
alpha-carboxyltransferase (accA), and beta-carboxyltransferase (accD). The genes coding accC, accB,
and accA are localized in the nuclear genome, whereas the accD gene is localized in the plastid
genome [42]. Multiple independent lineages have experienced accelerated rates of substitution in
similar subsets of non-photosynthetic genes, including accD (in legumes [43–45] and in Oleaceae [46]).
In Silene (Caryophyllaceae) species with accelerated plastid genome evolution, the nuclear-encoded
subunits of the ACCase complexes are also evolving rapidly, indicating a strong positive selection [47].
Such patterns of molecular evolution in these plastid–nuclear complexes are unusual for ancient
conserved enzymes but resemble cases of antagonistic coevolution between pathogens and host
immune genes. Genetic characterization of hybrid necrosis in crosses between tomato species [48]
and between Arabidopsis ecotypes [49,50] has revealed that incompatibilities among complementary
disease resistance genes might play such a role in the evolution of hybrid inviability [51].

In this work, we explored the allelic diversity of accD/bccp in the geographically diverse set of
wild pea (Pisum sp.). The accD/bccp are recently identified genes underlying nuclear-cytoplasmic
incompatibility in Pisum sp. [39]. We sought to map the allelic combinations of accD/bccp occurring in
nature to determine geographic patterns in their distribution, and to identify possible relationships to
pea genetic diversity.
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2. Results

2.1. Structure and Variation of accD Gene

The accD gene is located between positions 70,882 and 72,654 in the P. sativum cv. Feltham First
(HM029370) reference chloroplast genome, resulting in a 1772 bp DNA encoding a protein of 432 amino
acid residues. The primers used in our study were designed to match the most conserved region and
were located close to the ends of the accD coding sequence. Consequently, we did not capture the very
5′ and 3′ end of the coding sequence due to quality trimming. The beginning and end of the accD
sequence, comprising 48 nt from the start codon and 58 nt from the stop codon, consequently missing
the first 16 and last 19 codons, were thus excluded from the subsequent analysis.

The length of the accD gene within our studied material ranged from 1403 bp to 1859 bp at
DNA level and from 467 to 619 amino acid residues, respectively (GenBank accession numbers
MK619486—MK619678). In the studied set of 195 accessions, there was extraordinary variation in the
gene length, due to the occurrence of 13 indels whose length varied between 3 and 167 nucleotides.
This variation is due to insertions consisting of tandem repeats of 10-150 bp units present in 1 to
37 nearly identical copies, all in the same (i.e., direct) orientation relative to each other (Figure 1).
The repetitive sequences can be divided into 6 categories. In the shortest 1403 bp allele (JI1010,
P. fulvum) there are four, three, and one repeats of 9 to 12 bp long. These expand in the longest 1859 bp
allele (JI267, P. elatius), which has 37 repeats of 10 to 33 bp, 1 repeat of 57 bp, 1 repeat of 102 bp,
and 1 repeat of 149 bp. We identified the main five longest tandem repeats blocks, which consist
of two or three individual blocks of different lengths and degrees of identity. These blocks are not
identical and contain many nucleotide changes and triplet duplications. Such repeats were identified
by the presence of small, almost identical blocks, that are part of larger tandem repeats. The first
tandem repeat block is the most complex and most degenerate, consisting of three sequential blocks
(highlighted in yellow in Figure 1, Figure S1). These blocks are of different lengths and are degenerate
to varying degrees from each other. The most similar are first two blocks (89%), which differ by 3 amino
acids and by the insertion L-I-L-I for a total of 64 amino acid residues. Characteristic for this tandem
repeat is the presence of multiple duplications of three amino acids D-T-N alone or together with
D-I-S. The complex, degenerate, and mixed tandem repeat is also the penultimate (3 and 4 grey blocks).
This tandem repeat has multiple duplications of five amino acid stretch of S-E-E-E-K. The remaining
repeats consist of two blocks separated from each other by 7 or 9 amino acids (Figure 1).
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                   10        20        30        40        50        60        70        80        90       100       110       120 
                   |         |         |         |         |         |         |         |         |         |         |         | 
Consensus DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRDTNTNSNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILILILIRSTNDTNDISDTN 
accD28    DSWKNNSENSSYSHADSLADVSNIDNLLSDKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILILILIRSTNDTNDISDTN 
accD32    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILI----RSTNDTNDISDTN 
accD33    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILI----RSTNDTN---DTN 
accD22    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIASYLRSQICEDIDFNSDICDKVQRTIIILI----RSTNDTNDISDTN 
accD36    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILI----RSTNDTNDISDTN 
accD23    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILI----RSTNDTNDISDTN 
accD1     DSWKNNSENSSYSHADSLADVSNIDNLLSHTIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD2     DSWKNNSENSSYSHADSLADVSNIDNLLSHTIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD3     DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD10    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD11    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICHKVQSTIIILI----RSTNDTNDISDTN 
accD12    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD7     DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD14    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD13    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIYYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD15    DSWKNNSENSSYSHADSLADVSNIDNLLSHKIFSIRD----SNSNIYDIDYAYDTNDTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQSTIIILI----RSTNDTNDISDTN 
accD18    DSWKNNSENSSYNHADYLADVSNIDNLLSDKFFSIRNTN--SNSNIYDIYYAYDTNDTN------------------------------------------------------------- 
accD20    DSWKNNSENSSYSHADYLADVSNIDNLLSDKFFSIRNTNTNSNSNIYDIYYAYDTNDTN------------------------------------------------------------- 
accD17    DSWKNNSENSSYKNADYLADVSNIDNLLSDKFFSIRN----SNSNIYDIYYAYDTNDTN------------------------------------------------------------- 
 
                  130       140       150       160       170       180       190       200       210       220       230       240 
                   |         |         |         |         |         |         |         |         |         |         |         | 
Consensus DISITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILIRSTNDTNDISDTNAIYDISDTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD28    DTNITKYKWTNNINRCIESYLRSQICEDIDFNSDICDKVQRTIIILIRSTNDTNDISDTN---DISDTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD32    DIS------------------------------------------------DTNDTNDTNAIYDPFDISDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD33    DIS------------------------------------------------DTNDISDTN------DTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD22    DIS------------------------------------------------------DTN------DTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD36    DIS---------------------------------------------------------------DTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD23    DIS------------------------------------------------------------DTNDTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN------DTNDTNDIYGIY 
accD1     ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD2     ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD3     ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD10    ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD11    ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD12    ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD7     ---------------------------------------------------------------DISDTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD14    ---------------------------------------------------------------DISDTNDTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD13    ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDINDTNDISDTNDTNDIYGIY 
accD15    ---------------------------------------------------------------------DTNDTNAIYDPFDISDTNDTNEIYDPFFILDIN---------DTNDIYGIY 
accD18    ------------------------------------------------------------------------DTNAIYDPFDILDINDTN---------------DISDTNDTNDIYGIY 
accD20    ------------------------------------------------------------------------DTNAIYDPFDILDINDTN---------------DISDTNDTNDIYGIY 
accD17    ------------------------------------------------------------------------DTNAIYDPFDILDINDTN---------------DISDTNDTNDIYGIY 
 
                  250       260       270       280       290       300       310       320       330       340       350       360 
                   |         |         |         |         |         |         |         |         |         |         |         | 
Consensus DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDSGIKELGSEE 
accD28    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD32    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD33    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD22    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVECETCYGLNFKPFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD36    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD23    DPDDIYETNIKDICERYSEIYPRNREKSTFVPIDYSDPNCMEKLARLWVECETCYGLNFKPFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD1     DPDDIYE--------RYSEIYRRNR-KSTFVPIDYIHPNCMEKLARLWVQCRTCYGLNFKPFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD2     DPDDIYE--------RYSEIYRRNR-KSTFVPIDYIHPNCMEKLARLWVQCRTCYGLNFKPFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD3     DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD10    DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNSMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD11    DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNSMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD12    DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNSMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD7     DPDDIYETNIKDICERYSEIYRRNREKSTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD14    DPDDIYETNIKDICERYNEIYRRNREKSTFVSIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD13    DPDDIYETNIKDICERYNEIYRRNREKSTFVSIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSVDPIKFDS-IKELGSEE 
accD15    DRDDIYETNIKDICERYSEIYPRNREKRTFVPIDYSDPNCMEKLARLWVQCETCYGLNFKQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPIDEDMVSVDPIKFDS-IKELGSEE 
accD18    DRDDIYETNIKHIWERYSEIYRRNREKSTFVTIDYSDPNCMEKLARLWVQCKTCYGLNFQQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSLDPIQFDS-IKELSSED 
accD20    DRDDIYETNIKHIWERYSEIYRRNREKSTFVTIDYSDPNCMEKLARLWVQCKTCYGLNFQQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSLDPIQFDS-IKELSSED 
accD17    DRDDIYETNIKHIWERYSEIYRRNREKSTFVTIDYSDPNCMEKLARLWVQCKTCYGLNFQQFFRPKMNICEHCGEHLKMSSSDRIDLSIDRDTWNPMDEDMVSLDPIQFDS-IKELSSED 
 
                  370       380       390       400       410       420       430       440       450       460       470       480 
                   |         |         |         |         |         |         |         |         |         |         |         | 
Consensus ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFEDIMNQLDLYLYLQTAKNRVDSEEEEEEKDQSYIDRLDSYQEKTGLPEA 
accD28    ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD32    ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD33    ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD22    ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD36    ESSKDRLDEDMLSPDPIELDSEEESSKDRVDSEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD23    ESSKDRLD-----------------------SEEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEIHPLFEDIMNQLDLYL--QTATNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD1     E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFQDIMKKLDLYLYLQTAKNRVDSEEEEEEKDPSYIDRLDSYQEKTGLPEA 
accD2     E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFQDIMKKLDLYL--QTAKNRVDSEEEE--KDPSYIDRLDSYQEKTGLPEA 
accD3     E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFQDIMKKLDLYLYLQTAKNRVDSEEEEEEKDPSYIDRLDSYQEKTGLPEA 
accD10    E----------------------------------KDQSYIDRLDSYQEKTGLPQTVQTGTDQREEINRLFEDIMNKLDLYL--QTAKNRVDSEEEEEEKDQSYIDRLDSYQEKTGLPEA 
accD11    E-------------------------------EEAKDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFEDIMNKLDLYL--QTAKNRVDSEEEEEAKDQSYIDRLDSYQEKTGLPEA 
accD12    E-------------------------------EEEKDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFEDIMNKLDLYL--QTAKNRVDSEEEE--KDQSYIDRLDSYQEKTGLPEA 
accD7     E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFEDIMNKLDLYL--QTAKNRVDSEEEEEEKDPSYIDRLDSYQEKTGLPEA 
accD14    E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTAQREESNRLFEDIMNKLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD13    E----------------------------------KDQSYIDRLDSYQEKTGLPETVQTGTAQREESNRLFEDIMNKLDLYL--QTAKNRVDSEEE---KDQSYIDRLDSYQEKTGLPEA 
accD15    E----------------------------------KDKSYIDRLDSYQEKTGLPETVQTGTDQREEINRLFEDIMNKLDLYL--QTAKNRVDSEEE---KDQSYMDRLDSYQEKTGLPEA 
accD18    ESSKDRVDS-------------EEKKEKKKLSYMDRLDRYIERLDSYQKKKGLPETVQTGTDQRKEINRLFEDIMNQLDLSL--QTAKNRVYSEEE---KDASYMDRLDSYQEITGLPEA 
accD20    ESSKDRVDS-------------EEKKEKKKLSYMDRLDRYIERLDSYQKKKGLPETVQTGTDQRKEINRLFEDIMNQLDLSL--QTAKNRVYSEEE---KDASYMDRLDSYQEITGLPEA 
accD17    ESSKDRVDS-------------EEKKEKKKLSYMDRLDRYIERLDSYQKKKGLPETVQTGTDQRKEINRLFEDIMNQLDLSL--QTAKNRVYSEEE---KDASYMDRLDSYQEITGLPEA 

Figure 1. The alignment of amino acid sequences of all identified accD alleles. The figure only shows
the region from 1 to 480 amino acid residues. The colored regions show the 5 translated repeats,
polymorphic amino acid exchanges (in magenta), Zn-finger (boxed), acetyl-CoA binding (light blue),
coA carboxylation catalytic (dark blue), and carboxybiotin binding (in green) sites. Residues in purple
are point mutations in at least one haplotype. There are no indels after position 480 (for full see
Figure S1).
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2.2. Variation in Nuclear bccp Gene

The predicted ORF of the bccp gene encoding the biotin carboxyl carrier protein of P. sativum
cv. Cameor from the pea RNA atlas is 873 bp long and encodes a protein of 290 amino acids. In the
pea RNA atlas, this is represented by the ubiquitously expressed PsCam051640 transcript, which
corresponds to Tayeh et al. (2015) map PsCam051640 at LGIII. The genomic DNA extracted from the
shotgun genome sequence is 5906 bp, with 9 exons interspersed by 8 introns (Exon 1 is 234 bp, exon
2 is 206 bp, exon 3 is 76 bp, exon 4 is 54 bp, exon 5 is 262 bp, exon 6 is 62 bp, exon 7 is 69 bp, exon 8
is 46, and exon 9 is 265 bp). The respective introns are 1170, 541, 263, 874, 111, 856, 84, and 733 bp.
The following analysis was conducted on cDNA, avoiding introns. The detected polymorphism,
thus, only concerns the coding sequence, and is correspondingly lower than that expected for the
complete locus. Notably, to obtain sufficient PCR product we had to perform out two consecutive
nested PCR amplifications. This likely reflects the relatively low expression level of the gene in young
leaf tissue. There were altogether 39 variable positions and no indels in a total of 195 studied accessions
(NCBI accession numbers MK644626—MK644819). These identified 31 protein bccp variants (Table S1).
Sixteen analyzed P. fulvum accessions had three bccp alleles (bccp1/2/3) separated by 4 to 10 amino
acid changes from the nearest P. elatius alleles. From domesticated P. sativum landraces (60 acc.), 16 had
the bccp_22, and six had the bccp_18 allele. From the independently domesticated Ethiopian pea
P. abyssinicum (24 acc.), 19 had the specific bccp_26 allele, shared with two P. elatius accessions (PI343978,
PI343979 from Turkey), four had the bccp_20 allele, separated by one or two amino acid exchanges
from nearest P. elatius. Ninety-five analyzed P. elatius accessions had the largest diversity (all together
28 distinct bccp alleles, Table S1).

2.3. Network and Maximum Parsimony Analyses

Various approaches in the visualization of the data through networks and maximum parsimony
(MP) analysis produced a very similar view, with only minimal differences. For further interpretation
of clustering of identified alleles into larger groups, the consensus maximum parsimony tree method
was used. This produced a very similar clustering of alleles as inspected networks (Median
network, NeighborNet, SplitDecomposition networks; not shown). The MP analysis found 18 equally
parsimonious trees for the accD gene (length 73 steps) and 19 for the bccp (42 steps) (Figure 2, Figure 3).
The resulting trees contained several polytomies. This is because of a large part of the total sequence
variability being due to indels in the case of accD, and this information was not included into the MP
analysis. In addition, a number of homoplasious mutations were also excluded, with the resulting
trees contained several polytomies. However, as we were not interested in the assessment of the
gene phylogeny, we did not try to interpret these polytomies. Produced clades (with a rather high
bootstrap support) were very similar to groups inferred from the network analyses. Based on the
similarity in the grouping of alleles between inspected networks and the MP analysis, the groups
of alleles were inferred from the consensus MP tree for both investigated genes. For the accD gene
10 groups (A–J) were inferred; 15 groups were inferred for the bccp gene (A–O) were inferred (Figure 2,
Figure 3, Table S1). The accD gene group D (comprising alleles accD_13 and accD_14) was specific for
P. abyssinicum, except for one sample of P. sativum from Montenegro (accession n◦ PI357292), which
also possessed the accD_14 allele. Group F (comprising alleles accD_17/18/19/20/21) was specific
for P. fulvum. Accessions of P. elatius and landraces of P. sativum were represented by multiple alleles
belonging to different groups.

In the case of the bccp gene, P. abyssinicum was represented by groups J (allele bccp_26) and G
(alleles bccp_20/22). However, in contrast to the accD gene, inferred alleles were not specific for
P. abyssinicum, but were also found within P. elatius and samples of P. sativum (Figure 3, Table S1).
The three identified alleles observed for P. fulvum (bccp_1/2/3) clustered together and represented
group A. Two of these alleles were specific (bccp_1/2) for P. fulvum and one (bccp_3) was shared with
two samples of P. sativum from Greece (JI1525 and JI2573). The identified alleles for the investigated
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accessions of P. elatius fall within 12 groups and for P. sativum within six groups, which were shared
between these two species (Table S1).

Figure 2. Midpoint-rooted consensus tree for the accD gene presenting the most parsimonious
relationships among the identified 34 alleles within the studied world-wide pea collection.
The consensus tree is build up from the 18 equally parsimonious trees (length 73, consistency index
0.900; retention index 0.972; composite index 0.892). Branch coloring follows the species presence of
particular alleles: olive green = alleles observed only within P. fulvum; grey = alleles shared among
P. fulvum and P. elatius; orange = alleles shared among P. sativum and P. elatius; red = alleles observed
only for P. sativum; turquoise = alleles shared among P. abyssinicum and P. sativum; yellow = alleles
observed only within P. abyssinicum; blue = alleles observed only within P. elatius. Bootstrap support
≥ 50 is shown above branches.

Figure 3. Midpoint-rooted consensus tree for the bccp gene presenting parsimonious relationships
among the identified 31 alleles within the studied world-wide pea collection. The consensus tree
built from the 19 equally parsimonious trees (length 42, consistency index 0.762; retention index
0.900; composite index 0.793). Branch coloring follows species presence of particular alleles: olive
green = alleles observed only within P. fulvum; magenta = alleles shared among P. fulvum and P. sativum;
orange = alleles shared among P. sativum and P. elatius; red = alleles observed only for P. sativum;
green = alleles shared among P. abyssinicum, P. sativum and P. elatius; blue = alleles observed only within
P. elatius. Bootstrap support ≥ 50 is shown above branches.
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2.4. Frequency of Amino Acid Substitutions and Their Distribution

Analysis of the nuclear encoded bccp gene in a panel of 179 samples of 809 sites resulting in
269 analyzed codons revealed 196 synonymous sites (Pi(s): 0,00616 Pi(s), Jukes & Cantor: 0,00620) and
610 non-synonymous sites (Pi(a): 0,00553, Pi(a), Jukes & Cantor: 0,00556). This resulted in a Ka/Ks
ratio of 0.895. Despite the presence of frequent insertions and deletions, the accD sequence could
be translated into protein. The analysis covered 1306 sites (e.g., 425 codons). Nucleotide diversity
analysis of accD showed 278 synonymous sites (Pi(s): 0,00390, Pi(s), Jukes & Cantor: 0,00391) and 997
non-synonymous sites (Pi(a): 0,01048, Pi(a), Jukes & Cantor: 0,01064). This resulted in a high Ka/Ks
ratio of 2.726, which indicates positive selections and accelerated evolutions.

Analysis of protein sequence revealed that the ACCD protein has a ClpP protease/crotonase
domain (IPRO 29045; region of 251 to 296 and 384 to 584 amino acids), coiled coil domain (region of
380 to 407 amino acids), an acetyl-CoA-carboxyltransferase N terminal domain (IPRO 11762; in region
of 226 to 590 amino acids), and a zinc finger (230–252 amino acids) domain (Figure 1). The BCCP
protein has a biotin/lipoyl attachment (IPRO 000089) domain (region of 207 to 280 amino acids) and
a carboxytransferase (CT) interaction site (239G-284F-249G-250A-257D), where 249G is a conserved
biotinylation site.

We next attempted to investigate the location of the individual amino acid substitutions, and the
conspicuous indels found in accD. This was performed with respect to the 3D folding of both ACCD
and BCCP proteins, to the extent that we were able to predict their spatial structure by threading
on experimentally characterized related templates. We could produce only partial models for both
proteins (File S1, S2 For ACCD, the model covered approximately 43% of the sequence, corresponding
to the C-terminal portion of the protein). The N-terminal region and an additional loop within the
modelled segment were disordered in the prediction. For the BCCP protein, approximately 45% of the
sequence was covered by the best templates but only two short separate fragments from this domain
could be reliably modeled; the rest of the molecule was disordered in the prediction (Figure 4, Table 1).

Table 1. Distribution of protein sequence polymorphisms in structurally modelled versus non-modelled
parts of the ACCD and BCCP protein sequences.

Protein
Substitutions/Alignment Length Indels/Alignment Length

Modelled Not Modelled Modelled Not Modelled

accD 36/299 50/256* 2/299 17/256**

bccp 17/134 19/138 0/134 1/138

Asterisks denote significant differences in the frequency of the given category of mutations in non-modelled
(disordered) parts of the protein compared to the modelled ones (*—p < 0.05, **—p < 0.01).

Remarkably, mapping of the identified protein sequence polymorphisms revealed that most
of the above-described repeat and indel polymorphisms in the ACCD sequence map to sequence
regions could not be modelled due to the lack of suitable templates and intrinsic disorder. This is
consistent with this part of the protein being less constrained by requirements for precise folding than
the enzymatically active domain. Point mutations were also somewhat enriched in the part of the
ACCD protein that was not modeled. However, no such bias was detected for BCCP (Figure 4, Table 1).
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ACCD 
  1 MINEDPSSLT DMDNNIDSWK NNSENSSYSH ADSLADVSNI DNLLSDKIFS IRDSNSNIYD 

 61 IYYAYDTNDT NITKYKWTNN INRCIESYLR SQICEDIDFN SDICDKVQRT IIILIRSTND 

121 TNDISDTNDI SDTNDTNDTN AIYDPFDISD TNDTNEIYDP FFILDINDTN DTNDIYGIYD 

181 PDDIYETNIK DICERYSEIY PRNREKSTFV PIDYSDPNCM EKLARLWVQC ETCYGLNFKQ 

241 FFRPKMNICE HCGEHLKMSS SDRIDLSIDR DTWNPMDEDM VSVDPIKFDS IKELGSEEES 

301 SKDRLDEDML SPDPIELDSE EESSKDRVDS EEEKDQSYID RLDSYQEKTG LPETVQTGTD 

361 QREEIHPLFE DIMNQLDLYL QTAKNRVDSE EEKDQSYIDR LDSYQEKTGL PEAVQTGTGQ 

421 LNGIPLALAV MDSEFIAGSM GCVVGEKITR LIEYATNLLL PLIIVCASGG ARMQEGSLSL 

481 MQMAKISSAL YNYQINQKLF YVAILTSPTT GGVTASFGML GDIIIAEPNA TIAFAGKRVI 

541 EQLLNKEVPE GSQSADLLFD RGLLDAVVPR HLLKEFLTEL FQFHGFVPLT  

 
BCCP 
 
  1 MESTAAIRSF HHPIGIISHV RSSIDRAAVV SCHKVRRNSS NGLFQHLTNG EKRVYSHSRG 

 61 KKTLVSCAKT VEPINTTKSD ASSDSTLQNS LEKKSLQTAT FPNGFEALVL EVCDETEIAE 

121 LKLKVGEFEM HLKRSIGATN APSSNISQTI PPPIPSKPMD ETAPATPQSL PPTSSPEKAN 

181 PFANVSLQKS SKLTALEASG INTYVLISAP MVGLFQRGRI IKGRMLPPNC KEGDVIREGQ 

241 VIGYLNQFGA AHPVKSDVAG EVLKLLVDEG DPVGYGDHMV AVLPSFHDIK  

Figure 4. Parts of the ACCD (A) and BCCP (B) protein sequences covered by the molecular model
are marked in bold. Residues on gray background were not covered by the population sequence
alignment. Residues exhibiting one, two, or more allelic variants are shown on a colored background.
Residues shown in red are deleted only in some alleles. Black arrows indicate the location of insertions
in some alleles.

2.5. Allelic accD/bccp Combinations

We found 34 accD and 31 bccp alleles yielding altogether 1054 possible combinations. Within the
wild pea (P. elatius) we detected 61 combinations (Table S2). Most of these combinations (45) were
found only once. Cultivated P. sativum landraces had 20 combinations; the most frequent were
accD_29/bccp_22 (30), followed by accD_29/bccp_18 (8). P. abyssinicum accessions had 4 distinct
combinations, with accD_14/bccp_26 being predominant (17). P. fulvum had 9 combinations,
accD_21/bccp_1 (4), accD_20/bccp_1 (3), and accD_17/bccp_3 (2). The only exception in our P. fulvum
set was JI2539 from Israel, which had accD_22 (accD_G lineage) shared with P. elatius. There were two
bccp alleles (bccp_22 and bccp_31) that formed the highest number of combinations with 18 and 10 accD
alleles, respectively. Conversely, two accD alleles, accD_29, accD_25, and bccp_22, bccp_31 formed 8,
9, and 19, 10 combinations, respectively. Notably, the most frequent combination found in P. sativum
landraces accD_29/bccp_22 was found in these high occurrence alleles (Figure 5).
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Figure 5. Heatmap of identified pairwise ACCD/BCCP allelic combinations.

2.6. Relationship to Pisum Genetic Diversity

Having previously analyzed genetic diversity based on genome-wide sampled polymorphism [52,53],
we examined the distribution of both accD and bccp alleles within respective genetic groups. Cultivated
Pisum sativum accessions can be divided into two (nr. 3 and 6) equally abundant (24 and, 27 accessions,
respectively) groups. The independently domesticated Ethiopian pea (P. abyssinicum) forms a separate
(nr. 7) group (Table S1). With respect to accD/bccp alleles, accD_29 and bccp_22 alleles predominate in
60 analyzed P. sativum accessions (41, 38 accessions respectively) (Supplementary Table S1), while all 24
P. abyssinicum accessions had single unique accD_14 and bccp_26 (17 acc.), bccp_20 (5 acc.) and bccp_22
(JI1974) alleles corresponding to its separate domestication history and associated bottleneck. P. fulvum
as a separate species forms a separate genetic group (nr. 2) and has also distinct and the most distant
accD (accD_17-21) and bccp (bccp_1-3) alleles, separated by 39 to 40, and 7 to 8 amino acids, respectively,
from the closest P. elatius alleles. On the contrary, wild P. elatius is genetically the most diverse and has
seven genetic groups (Trněný et al. 2018), one of which (nr. 3) overlaps with P. sativum. This diversity
is also reflected with 22 different accD and 25 bccp alleles, respectively. The most abundant are accD_25
(13 acc.), accD_29 (9 acc.), accD_2 (11 acc.), and bccp_22 (28 acc.), and bccp_31 (16 acc.) (Table S1).
There is only a partial relationship between the genome wide DARTseq and accD/bccp based diversity.
Genetic group nr. 10 of P. elatius accessions from the Caucasus region has the most distinct accD_30, 31,
34, but not bccp alleles. Similarly, genetic groups nr. 4 and 5 have a high proportion of accD_2 (8 acc.)
and accD_15/16 (5 acc.) alleles in samples from Israel or eastern Turkey and Georgia, respectively. No
clear genetic group assignment was found for bccp alleles within P. elatius accessions.

2.7. Geographic Distribution of accD/bccp Alleles

Pisum fulvum (16 acc.) is geographically restricted to Israel (7 acc.), Syria (7 acc.), Jordan
(1 acc.), and southeastern Turkey (1 acc.), and displays distinct accD/bccp alleles. Genetically and
geographically the most diverse set is from P. elatius (96 acc.). Of these, there were 34 accessions from
Turkey, which had the highest genetic diversity (Figure 6, Table S1). These accessions have various
accD/bccp alleles, although the combination accD_25 and bccp_20 is the most frequent (10). The next
large group is P. elatius from Israel, which had 25 accessions that belong to various genetic groups.
These also have different accD_2 and bccp_5 (22 alleles occurring in 13 accessions). European samples
cover a large region of Western (Spain, Portugal, France), Central (Italy), and Eastern (Greece, Hungary,
Serbia) Europe (Table S1). The later samples are distinct by both by genome wide analyses and by
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accD/bccp alleles analysis. Finally, the most separate group of P. elatius is from Armenia, with unique
accD_34 and bccp_21/22 alleles (Figure 6).

Figure 6. Geographic distribution of ACCD/BCCP allelic combinations assigned to large groups (for
details see Table S1) within the Middle East.

The cultivated pea is geographically less precisely localized, except for P. abyssinicum, which is
found only in Ethiopia and Yemen. All P. abyssinicum accessions have accD_14/bccp_20/26 alleles.
Landraces of P. sativum originate from 24 countries and span a large geographical area from the Western
Mediterranean to Central and Southern Asia. They predominantly have accD_29 (41 acc.) and bccp_22
(36 acc.) alleles typical for cultivated pea. There are few distinct accessions that have different alleles.
Two were from Algeria (accD_32/bccp_11/12), and two accessions were from Greece (specific bccp_3
allele). Two accessions from China (ATC6925, ATC6937) have a accD_6 allele shared with P. elatius,
while PI560969 from Nepal has distinct accD_2/bccp_5 alleles (Table S1).

3. Discussion

Here we report the allelic composition and geographical distribution of two genes involved
in postzygotic reproductive isolation in the pea [39]. Taking advantage of the available germplasm
resources [52,53], we analyzed the allelic composition of chloroplast localized accD and nuclear
encoded bccp genes. Our results extend the experimental data of Bogdanova et al. [39]. We analyzed
the allelic composition of accessions collected from the wild (including all recognized Pisum species)
and domesticated peas of various geographical origins.

Postzygotic reproductive isolation, expressed as hybrid sterility or inviability, hybrid weakness or
necrosis, and hybrid breakdown, is considered one of the two major fundamental processes leading to
speciation [2,9]. The plastome–genome dysfunctions concern various kinds of albinism. Generally,
incompatible hybrid materials suffer from reduced pigment content, lower rates of photosynthesis,
and an impaired thylakoid structure. We detected the occurrence of albinotic plants in crosses of wild
Pisum fulvum or P. elatius with the cultivated pea P. sativum, which upon identification of the respective
genes [39] prompted this study.

3.1. Hypervariability of the Chloroplast accD Gene

The region of the chloroplast genome around the accD gene has been found to be prone to
accumulation of repeats, resulting in high interspecific variability in numerous species (Pisum and
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Lathyrus [45], Capsicum [54], Glycine [43], Silene [47], Oenothera [55,56], Cupressophytes [57]) but much
less variability at the intraspecific level (Medicago truncatula [44], tea, Camellia sinensis [58], and pea,
Pisum sp. [39,40]). Our present study substantially expands the previous reports [39,40] by analyzing
195 pea samples covering the entire geographical and species range [52,59]. Our results on the ratios
of nonsynonymous to synonymous substitutions (Ka/Ks) in the pea accD gene agree with data from
Oenothera, Silene, and Cupressophytes [47,55,57]. This indicates positive selection, since Ka/Ks values
significantly above 1 are unlikely to occur without at least some of the mutations being advantageous.
The large variation in plastid-encoded accD gene sequences, both between and within the Pisum species,
is consistent with findings in Silene, where positive selection in the phylogenetic context has been
detected [47]. In many cases of plastid genome evolution, mutations have disproportionately affected
nonsynonymous sites, resulting in elevated ratios of nonsynonymous to synonymous substitution
rates. Notably, plastid genome comparison between Lathyrus sativus and Pisum sativum resulted in
identification of a region spanning the accD gene with increased mutation rate [45]. Analysis of publicly
available accD sequences for Lathyrus and Vicia species supported these findings (unpublished).

Variation detected in the Pisum sp. accD sequence is mainly caused by the insertion of multiple
tandem repeated sequences, as found in Cupressophytes [57] and Medicago [44]. In particular, the
later study corresponds well to our pea accD data, since each of the 24 studied Medicago truncatula
genotypes appears to have a different accD sequence, yet with maintained reading frames despite
the high variability. Mapping of the insertion sites onto the predicted protein structure indicated
their clustering within the N-terminal part of the ACCD protein that could not be reliably modelled
due to intrinsic disorder. Such disordered protein regions are known to be extremely flexible and
dynamic, alleviating some structural constraints [60], and were reported to be prone to insertions
and deletions [61]. It has been suggested that regions surrounding tandem repeats evolve faster than
other non-repeat-containing regions, which results in increased frequency of substitutions near the
flanking sequences [62]. As shown in tobacco, a functional accD is essential for development [63].
Interestingly, the relationship to biparental inheritance of plastids was proposed to be related to the
plastid competition [56]. Since about 20% of all angiosperms contain plastid DNA in the sperm cell, it
is likely that this mechanism of cytonuclear conflict is also present in other systems [64–67].

3.2. Allelic accD/bccp Combinations Found in Wild and Domesticated Peas

One of our major aims was to detect allelic combinations of both genes occurring in wild peas,
as well as in cultivated pea crop. Altogether we found 36 accD and 35 bccp alleles in the set of 195
accessions. Within the wild pea (P. elatius) these occurred in 60 out of 671 possible combinations,
indicating a high diversity, while both domesticated P. sativum and P. abyssinicum had only a reduced
subset. There was no overlap between P. fulvum and P. elatius, except for one P. fulvum JI2539 accession
from Israel, which had accD_22 (G lineage) allele shared with three P. elatius samples from Turkey.
Notably, in our previous study [52], we have found in this accession a typical P. elatius trnSG_E6 allele,
suggesting some past hybridization event between P. fulvum and P. elatius. Interestingly, in another two
P. fulvum accessions (JI2510, JI2521) that also have the trnSG_E6 allele [52], the accD allele was canonical
to P. fulvum (accD_20, 21, e.g., F lineage). P. abyssinicum had accD alleles and combinations distinct from
P. sativum, supporting its independent domestication [53]. The accD_14 allele of P. abyssinicum was
not found in any of P. elatius or P. sativum samples. Notably, two of the most frequent alleles of each
gene, accD_29 and bccp_22, contributed to the most frequent combination of accD_30/bccp_25 found in
domesticated P. sativum.

It remains to be experimentally tested by crosses if the allelic combinations detected in the
natural conditions create barriers against gene flow in natural pea populations. Some experimental
crosses between cultivated pea and selected P. fulvum and P. elatius accessions were conducted by
Bogdanova et al. [68]. These crosses revealed hybrid sterility, ultimately leading to identification
of the respective genes [39]. In our work, we made reciprocal crosses between P. elatius L100
(accD_2/bccp_5) and P. sativum cv. Cameor (accD_29/bccp_22), which resulted in the appearance
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of albinotic plants (Smýkal, unpublished), while a cross between P. elatius JI64 (accD_30/bccp_5)
and P. sativum JI92 (accD_29/bccp_22) was fully viable and fertile [69,70]. This corresponds to the
findings of Bogdanova et al. (2015) [39] of a incompatible cross between P. elatius L100 (accD_2/bccp_5)
and P. sativum WL12238 (accD_29/bccp_22); a cross between P. elatius JI1794 (accD_25/bccp_27), 721
(accD_5/bccp_22), and P. abyssinicum VIR 2759 (accD_14/bccp_26) were compatible with the cultivated
pea P. sativum WL12238 (accD_29/bccp_22) [68]. Moreover, the existence of a second, unlinked, and yet
unidentified nuclear scs2 locus also involved in nuclear-cytoplasmic conflict has been proposed [39].
In this study, the authors proposed a model of determinants, based on seven substitutions and
three deletions in ACCD and four amino acid substitutions in the biotinyl domain of BCCP protein.
The results of our study add to this complexity, as there are far more possible combinations.

3.3. Domestication and Hybrid Incompatibility

In crops, artificial selection and hybridization accelerate the evolutionary process [71].
The majority of economically important crops were isolated from their progenitors through the
existence of prezygotic or postzygotic reproductive barriers (or both), even though geographic isolation
was absent during the domestication [38]. The reproductive barriers between wild crop progenitors
and domesticated crops might be attributed to several mechanisms, including differences in karyotype
or chromosomal rearrangements. Such karyotype differences are reported between P. fulvum and
P. elatius, P. sativum, and between P. sativum and P. abyssinicum [72,73], and contribute to the partial
fertility of the respective hybrids. Much less is known about the interactions between nuclear and
cytoplasmic genomes. To date, only a few genes implicated in hybrid incompatibility have been
isolated in crops. In maize, Tcb1, Ga1, and Ga2 alleles influence interaction of pollen tubes with silk
tissue and confer prezygotic barriers in crosses between cultivated Zea mays and the wild teosinte
Z. m. mexicana [74]. About 50 loci controlling postzygotic reproductive barriers between rice subspecies
have been identified and molecular products of some genes have been characterized [22]. For example,
the S5 locus, a determinant of japonica-indica sterility, is located in proximity to the domestication
OsC1 gene [75]. Similarly, the Gn1a gene involved in rice yield formation is linked with S35, which
determines pollen sterility of japonica-indica hybrids [76]. Another example was shown in the tomato,
where the Cf-2 gene from wild Lycopersicon pimpinellifolium confers resistance to the fungus Cladosporium
fulvum in an Rcr3 dependent manner [48]; these two genes interact with each other to induce hybrid
necrosis syndrome in the hybrids. Although the occurrence of albino plants in many interspecific
crosses in crops is widely documented [77,78], its causes have not been studied in most cases. Notably,
crosses between cultivated chickpea (Cicer arietinum) and its progenitor (C. reticulatum) yielded yellow
and albino plants and a biparental plastid inheritance [77,78]. We speculate that this was caused by a
similar mechanism as in the pea.

The results of this study might be relevant for breeding, particularly using more distant crop wild
relatives, as well as hybrid crop breeding [79,80], but it remains to be tested by experimental crosses to
identify causal effectors.

4. Material and Methods

4.1. Plant Material

We analyzed 195 previously described pea accessions (Smýkal et al. 2017, 2018, Trněný et al.
2018) [52,53,59], consisting of wild P. elatius (95) and P. fulvum (16) accessions (Table S1). Sixty
domesticated P. sativum landraces and 24 domesticated P. abyssinicum accessions were selected to
maximize the genetic diversity and to cover the entire range of the wild and landrace pea habitats.
This span is approximately 5000 km in longitude from Morocco to Iran, and in latitude from Tunisia to
Hungary; altitude ranged from sea level to about 2000 m. This material was previously morphologically
described and assessed for its genetic diversity structure [52,53]. Plants were grown in 5 L pots with
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peat-sand (90:10) substrate mix (Florcom Profi, BB Com Ltd. Letohrad, Czech Republic), in glasshouse
conditions (UP campus, Olomouc, Czech Republic).

4.2. DNA and RNA Analysis

Genomic DNA was isolated from a single plant per accession from approximately
100 mg of dry leaf material using the Invisorb Plant Genomic DNA Isolation kit (Invisorb,
Berlin, Germany) and standard protocol [52,59]. Total RNA was isolated from young leaves
using plant RNA kit (Macherey-Nagel, Düren, Germany). Isolated RNA was treated with
DNaseI to remove genomic DNA. The accD gene was amplified directly from genomic DNA
using primers (F1—GCATTAGTTTTCATTTTCAGTCC located 27 bp upstream of stop codon,
R4—CTTTAATAGGGGTTTAGAATACA, located 94 bp upstream of ATG codon) [39]. We used
cDNA as a template to avoid large intron sequences present in the bccp3 gene. One microgram of a
total RNA was reversely transcribed with Oligo(dT) primer and AMV reverse transcriptase (Promega,
Madison, USA) according to manufacturer´s protocol (Hradilová et al. 2017) [71]. Two step nested
PCR amplification was used. After the first PCR (with primers F—CTAATGAAAGTGGCGGAAATC,
R—CCTTATTACGCGTCTTAGTGAATG), the product was diluted (1:100) and the second PCR was
performed (F33—CCATTCTCTGCACTCCCTTTCGCG, R1113—CAATTATTTCTCAATCTATTCAAA
ACG), using the conditions as described in Hradilová et al. [71]. PCR products were verified on a 1.5%
agarose gel, treated with Exonuclease-Alkaline Phosphatase (Thermo Scientific, Brno, Czech Republic)
and sequenced at Macrogene.

4.3. Sequence Analysis

For initial analysis, Geneious 7.1.7 (Biomatters Ltd., Auckland, New Zealand ) was used to edit
and align sequences. Due to the presence of large gaps in the accD gene, sequences were translated
into protein sequences, which reduced the overall length of the accD nucleotide alignment and
partially helped to eliminate large gaps. This procedure reduced the complexity of the accD sequences.
Sequences of the bccp gene were treated in the same manner, although these sequences were largely
devoid of large indels. The translated protein sequences were aligned in Geneious using the MAFFT
algorithm and the final alignment was manually adjusted. From the final alignment, different alleles
and their frequencies were identified using the online tool FABOX [81].

To explore possible connections or relationships among the identified alleles, the reduced dataset
(including each allele defined only once) was used for the network analysis. Several approaches of
network construction were used (based on characters, Median network, Median-joining; based on
distances, Neighbor network, Split decomposition) and implemented in SplitsTree [82]. The results
were then compared. To compare the results of network analysis with a classically constructed
bifurcating tree, a maximum parsimony (MP) tree was built using MEGA 6 with 1000 bootstrap
replicates [83]. Because of the complex pattern of gaps within the accD gene, indels were treated
as “partially deleted” (pairwise deletion, option implemented in MEGA) during the MP analysis.
The final consensus tree was computed from all the equally parsimonious trees found during the
analysis and was midpoint rooted. The tree topology was compared against the constructed networks.
To simplify or reduce the number of identified alleles, groups of related alleles were inferred based
on the constructed networks and the final consensus MP tree for both investigated genes. DnaSP
v5.10 was used to determine nucleotide diversity and synonymous/non-synonymous sites ratios [84].
All studied accD and bccp sequences were deposited in the GenBank database under the accession
numbers MK619486 to MK619678, and MK644626 to MK644819, respectively.

4.4. Tandem Repeat Analysis

Tandem repeats within DNA and protein sequences were identified in a combination of two
algorithms (FastPCR [85] and RADAR [86]). The consensus DNA sequence of accD gene was first
scanned by FastPCR at a repeat length ≥20 bp (k-mer = 12 with a tolerance for up to one mismatch
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within k-mer) with a similarity of above 70%. Potential tandem repeats for consensus protein sequence
were further identified by RADAR software. Both methods complemented each other, since the
boundaries of some degenerate and mixed tandem repeats were difficult to identify separately.

4.5. Protein Sequence Analysis and Structure Modelling

To identify the domains we used InterPro (www.ebi.ac.uk/interpro) and SMART databases
(http://smart.embl-heidelberg.de). To generate molecular models of both proteins, standard sequences
of the pea accD (GenBank YP_003587558.1) and bccp (GenBank DR89228.1) were used as queries
to identify suitable templates and to perform molecular modelling by threading using Phyre2 in
“normal” mode [87]. Only a partial model was generated for each protein, as portions of the sequence
predicted to be disordered or lacking a suitable template (including some internal loops) could not
be reliably modeled. In the case of ACCD, the structure of Staphylococcus acetyl-CoA carboxylase
carboxyltransferase (PDB 2F9I) was identified as the best template. The second best template (PDB
2F9Y, also of bacterial origin) yielded a model of similar coverage and spatial organization. A similar
model, also based on the PDB 2F9I template, was obtained for the same part of ACCD using another
algorithm, RaptorX [88]. For BCCP, the best template identified by Phyre2 was the pyruvate carboxylase
from Methylobacillus flagellatus (PDB 5KS8). The same template was also found by RaptorX as second
best; namely, pyruvate carboxylase from Listeria monocytogenes (PDB 4QSH) yielded a spatially similar
model. The Phyre2-generated models were subjected to additional refinement in the DeepView
environment [89] to eliminate amino acid sidechain clashes. Subsequent evaluation of the resulting
models using the WHAT_CHECK tools [90] revealed no critical errors, with scores for some parameters
only slightly poorer than observed for the template for both proteins.

4.6. Mapping Protein Sequence Polymorphisms on Predicted Structure

Unique protein sequences encoded by alleles, each of the two loci were identified within aligned
protein sequence sets using the ElimDupes tool at the Los Alamos HIV database website (https:
//www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html). A map of polymorphisms
was then generated manually from the resulting unique sequence alignments. A distribution of
the polymorphisms between the modeled and non-modeled portions of the protein was statistically
evaluated using the Chi-square test.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/7/1773/
s1. Table S1: List and description of analyzed material, Table S2: Table of accD/bccp combinations, Figure S1: The
alignment of amino acid sequences of all identified accD alleles, File S1: Theoretical model of pea BCCP protein
structure, (co-ordinates in standard PDB format), File S2: Model of BCCP protein structure. Theoretical model
of pea ACCD protein structure, (co-ordinates in standard PDB format). File S3: Theoretical model of pea BCCP
protein structure, (co-ordinates in standard PDB format).
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