
Special Issue Reprint

Old Germplasm for New Needs: Managing Crop Genetic
Resources

Edited By:
Gregorio Barba-Espín
Jose Ramon Acosta-Motos
mdpi.com/books/pdfview/book/6027

ISBN 978-3-0365-5202-6 (Hbk)
ISBN 978-3-0365-5201-9 (PDF)

The impacts of climate change on crop production are already a reality in Europe and
across the rest of the world. In order to mitigate these impacts, access to unexploited
genetic crop diversity for the production of new varieties that can thrive in more extreme
environmental conditions is of prime importance. Herein, genetic diversity should
provide the raw materials for breeding and plant improvements. Despite the vast pool of
resources that exist, much of the germplasm richness found in gene banks is poorly
documented. To overcome the barriers between germplasm conservation and use, a
complete evaluation is necessary to determine the useful diversity they contain.
This Special Issue focuses on “Old Germplasm for New Needs: Managing Crop Genetic
Resources”. We gathered novel research, reviews, and opinion pieces covering all related
topics, including germplasm evaluation, crop genetics and improvements, novel crops,
phenotyping, physiological responses of inbred lines, management solutions, modeling,
case studies from the field, and policy positions.

3.93.949

Order Your Print Copy
Print copies (170x244mm, Pbk) can be ordered at:

www.mdpi.com/books/pdfview/book/6027

https://www.scopus.com/sourceid/21100447811
/journal/agronomy/stats


MDPI Books offers quality open access book publishing to promote the exchange of ideas and
knowledge in a globalized world. MDPI Books encompasses all the benefits of open access – high
availability and visibility, as well as wide and rapid dissemination. With MDPI Books, you can
complement the digital version of your work with a high quality printed counterpart.

Open Access
Your scholarly work is accessible worldwide without any restrictions. All
authors retain the copyright for their work distributed under the terms of the
Creative Commons Attribution License.

Author Focus
Authors and editors profit from MDPI’s over two decades of experience in
open access publishing, our customized personal support throughout the
entire publication process, and competitive processing charges as well as
unique contributor discounts on book purchases.

High Quality & Rapid Publication
MDPI ensures a thorough review for all published items and provides a fast
publication procedure. State-of-the-art research and time-sensitive topics
are released with a minimum amount of delay.

High Visibility
Due to our global network and well-known channel partners, we ensure
maximum visibility and broad dissemination. Title information of books is
sent to international indexing databases and archives, such as the Directory
of Open Access Books (DOAB), and the Verzeichnis lieferbarer Bücher (VLB).

Print on Demand and Multiple Formats
MDPI Books are available for purchase and to read online at any time. Our
print-on-demand service offers a sustainable, cost-effective and fast way to
publish MDPI Books printed versions.

MDPI AG
St. Alban-Anlage 66
4052 Basel, Switzerland
Tel: +41 61 683 77 34
www.mdpi.com/books
books@mdpi.com



Edited by

Old Germplasm 
for New Needs
Managing Crop Genetic 
Resources

Gregorio Barba-Espín and Jose Ramon Acosta-Motos
Printed Edition of the Special Issue Published in Agronomy

www.mdpi.com/journal/agronomy



Old Germplasm for New Needs:
Managing Crop Genetic Resources





Old Germplasm for New Needs:
Managing Crop Genetic Resources

Editors

Gregorio Barba-Espı́n
Jose Ramon Acosta-Motos

MDPI ‚ Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Manchester ‚ Tokyo ‚ Cluj ‚ Tianjin



Editors

Gregorio Barba-Espı́n

Departamento de Mejora

Vegetal

CEBAS-CSIC

Murcia

Spain

Jose Ramon Acosta-Motos

Catedra UCAM-Santander de

Emprendimiento en el
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Preface to ”Old Germplasm for New Needs:
Managing Crop Genetic Resources”

Dear Colleagues,

The impacts of climate change on crop production are already a reality in Europe and across

the rest of the world. In order to mitigate these impacts, access to unexploited genetic crop diversity

for the production of new varieties that can thrive in more extreme environmental conditions is of

prime importance. Herein, genetic diversity should provide the raw materials for breeding and plant

improvements. Despite the vast pool of resources that exist, much of the germplasm richness found

in gene banks is poorly documented. To overcome the barriers between germplasm conservation and

use, a complete evaluation is necessary to determine the useful diversity they contain.

This Special Issue focuses on “Old Germplasm for New Needs: Managing Crop Genetic

Resources”. We gathered novel research, reviews, and opinion pieces covering all related topics,

including germplasm evaluation, crop genetics and improvements, novel crops, phenotyping,

physiological responses of inbred lines, management solutions, modeling, case studies from the field,

and policy positions.

Gregorio Barba-Espı́n and Jose Ramon Acosta-Motos

Editors
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Crop Genetic Resources: An Overview
Gregorio Barba-Espin 1,* and José Ramón Acosta-Motos 1,2,*

1 Group of Fruit Biotechnology, Department of Fruit Breeding, CEBAS-CSIC, 30100 Murcia, Spain
2 Campus de Los Jerónimos, Universidad Católica San Antonio de Murcia, 30107 Guadalupe, Spain
* Correspondence: gbespin@cebas.csic.es (G.B.-E.); jracosta@ucam.edu (J.R.A.-M.)

The impacts of climate change on crop production are already a reality worldwide.
Extreme weather events such as droughts, floods and heat waves are increasingly frequent,
and this is affecting agriculture due to its high vulnerability. In order to mitigate these
impacts, the access to unexploited genetic crop diversity for the production of new varieties
which can thrive in more extreme environmental conditions is of prime importance. A mul-
titude of beneficial agronomic traits have been lost over the course of domestication, and,
in this sense, crops’ wild relatives and landraces contain many genes of potential value for
plant breeding. Among these, there are many traits that are relevant for climate change
adaptation. Despite the vast pool of resources that exists, much of the crop germplasm rich-
ness found in gene banks is underutilized. To overcome the barriers between germplasm
conservation and use, evaluation is necessary to discover the useful diversity they contain.

The number of accessions deposited in germplasm banks is continuously growing.
Germplasm evaluation refers to the observation, measurement and reporting of heritable
plant traits from a collection. The Food and Agriculture Organization of the United Nations
stressed, in a recent report, that one of the major constrains affecting the conservation, use,
monitoring and reporting of information on plant genetic resources for food and agriculture
(PGRFA) concerns data access and communication among researchers, breeders, farmers
and governments. In this sense, considering the broad range found in the germplasm
collections of cultivated plants, which varies from wild and weedy types to high-yielding
varieties, it is of major importance to ensure an accessible standardized format for data
compilation and management. Other shared problems rely on developing sampling strate-
gies for representative specimens in natural habitats or the design of technologies for
long-term maintenance.

To date, germplasm evaluation has been centered mostly on morphological descriptors,
agronomical traits and molecular marker technology. In spite of their reliability, low cost
and accessibility, morphological descriptors present some constraints, such as the influence
of environment on the genotype, making evaluation and information exchange more com-
plex, and limited polymorphism, which demands the evaluation of more descriptors. On
the other hand, evaluation based on agronomic characters is especially used in economically
relevant crops, although a complete evaluation in this respect is costly, time-consuming
and labor-intensive; as a consequence, nowadays it covers a small fraction of the accessions
of interest. However, the final aim of germplasm evaluation and plant breeding is to obtain
desirable traits in a highly efficient manner. Thus, traditional evaluation techniques are not
sufficient to fulfil demands on food security and sustainability.

Crop performance is determined by complex traits resulting from genetics and epi-
genetics interactions. Understanding the relationship between genotype and phenotype
is important for the sustainable evaluation and conservation of crop germplasm richness.
Thus, traditional evaluation techniques are nowadays giving way to germplasm charac-
terization based on molecular methods. In this sense, molecular markers, which reveal
DNA sequence polymorphism, constituted a turning point in germplasm characteriza-
tion. However, approaches based on molecular markers ultimately have the limitation
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of considering genes as independent functional entities; when traits are the result of a
multigenic regulation and have a close interaction with environmental conditions, broader
approaches are needed. Nowadays, the rapid expansion of the “-omics” techniques are
bringing high-throughput approaches to the frontline of plant breeding, accelerating crop
improvement by elucidating the interaction between genotype and phenotype. In this
sense, epigenomics, genomics, transcriptomics, proteomics, metabolomics, phenomics and
ionomics, together with bioinformatic tools, have made it possible for breeders to design
more resilient and/or more productive varieties towards biotic and abiotic stresses. More
recently, multi-omic approaches have been proposed for plant evaluation and breeding,
integrating datasets from the different -omics together with complex mathematical models.

Through this Special Issue, there are examples of such complexity and diversity of
germplasm evaluation on different cash crop species such as carrot, barley, soybean, almond,
melon, lettuce, tomato, wheat, cacao and rice [1–11]. Acosta-Motos et al. [1] conducted
agromorphological characterization on Eastern carrot landraces; these may be a source of
material for carrot breeding programs, particularly black carrot accessions due to their high
anthocyanin and flavonoid contents and, concomitantly, antioxidant capacity. In this sense,
commercial cultivars are, overall, more productive than landraces; however, landraces are
becoming significant sources of genetic variability and a crucial element for agrobiodiversity
due to their high variation and adaptability to local environments. Dziurdziak et al. [2]
conducted a genome-wide DArTseq analysis of the diversity of 116 spring barley landraces
from different countries, preserved in the collection of the Polish gene bank; this revealed
remarkable variation among landraces related to the country of origin and the grain type,
and supporting the breeding of hulless accessions for spring barley’s high quality as a food
with beneficial health values.

The interaction between genotype and environment was studied by Abdelghany et al. [3],
where the genotypic stability of 135 soybean accessions was evaluated in three Chinese
locations. This was achieved by means of mathematical models with a weighted average of
absolute scores biplot and a multi-trait stability index. The latter tool proved to be very
useful in finding genotypes suitable for both seed performance and stability, by analyzing
seven seed composition traits simultaneously. Soybean germplasm diversity was also
explored by Jo et al. [4], who analyzed 470 soybean accessions of black seed coat and
green cotyledons—rich in chlorophylls, anthocyanin and compounds with anticarcinogenic
properties—by 6K single nucleotide polymorphic loci, to determine genetic architecture. As
a result, 36 accessions were found to contain 99.5% of the diversity from the total collection
analyzed, showing potential for their use in breeding programs.

Twenty-four traditional almond cultivars clearly in decline or close to extinction were
analyzed by Pérez- Sánchez et al. [5], from agromorphological and nutritional points of
view, using a total of 40 descriptors gathered in international guidelines such as IPGRI and
UPOV for flowers, leaves, fruits and vegetative tree habits. As a result, certain cultivars
were found to have a high yield and quality of fruit, which constitutes an important step in
the conservation of genetic almond resources in the Central-Western Iberian Peninsula.

The application of molecular markers to assess the genetic variability of plant varieties
and cultivars is well represented in this Special Issue. Chikh-Rouhou et al. [6] combined
24 phenotypic traits and eight Simple Sequence Repeat (SSR) molecular markers to assess
the genetic diversity of a Tunisian melon collection. A considerable phenotypic variability
among accessions was measured for several traits of agronomical importance, whereas all
of the microsatellites were found to be polymorphic. A precise clustering for landraces
and breeding lines was obtained using combined phenotypic–molecular data, which may
allow the correct use of these accessions in future breeding programs. Similarly, Caramante
et al. [7] also utilized SSR markers to compare 15 traditional landraces with 15 widely
used current varieties of tomato, concluding from the data analysis that the landraces
conformed to a genetically different population from the commercial varieties, and serving
as a milestone for implementing in situ and ex situ conservation programs. Another
type of molecular marker, high-density single-nucleotide polymorphism (SNP), has been
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used by Ganugi et al. [8] to assess the genetic variability of a 265-accession collection of
eight tetraploid wheat subspecies. The analysis and data treatment revealed clusters in
agreement with the taxonomic classification, shedding light on the wheat’s evolutionary
history and the phylogenetic relationships among subspecies.

Around 90% of the cacao’s production worldwide is located in developing countries,
especially in small farming systems. Criollo cacao is highly demanded in Honduras due to
is quality attributes. López et al. [9] used 16 SSR molecular markers on 89 samples showing
phenotypic traits of Criollo cacao, to assay purity and belonging to that group. As a result,
although certain accessions had the genetic traits of Trinitario or other admixtures of cacao
types, the genetic purity of Criollo cacao in Honduras was confirmed, providing further
evidence of Mesoamerica as a cacao domestication center.

Cultivated lettuce is one of the main leafy vegetables worldwide. Birlanga et al. [10]
established, based on a hydroponic system, a root and shoot phenotyping of 12 lettuce
genotypes. Tipburn incidence and leaf nutrient content were analyzed, identifying nutrient
traits highly correlated with genotype-dependent tipburn, which may lead, in defined
nutrient solutions, to select for tipburn-tolerant genotypes that could be adequate for
hydroponic cultivation. Chan-in et al. [11] evaluated grain quality traits and allelic variation
of the Badh2 gene—determining fragrance attributes—in 22 Thai rice landraces. Haplotype
analysis on the Badh2 gene revealed a correlation with grain aroma by sensory evaluation.
The results indicated that genetic resources could be introduced for fragrant rice breeding
programmes to increase the income of highland farmers.

Taken together, the present Special Issue contributes to the efforts on crop germplasm
evaluation in order to ensure future food security and commercial profitability. Neverthe-
less, plant genetic biodiversity is under threat from genetic erosion, a concept introduced
by researchers to describe the gradual loss of individual genes and combinations of genes,
such as those present in domesticated landraces. The major cause of genetic erosion is the
displacement of landraces by contemporary varieties. To overcome these problems, ex situ
and in situ conservation approaches must be undertaken. Likewise, the role of indigenous
and farming peoples in such efforts should be considered for the preservation of crops’
wild relatives and landraces.

Author Contributions: Writing—original draft preparation, G.B.-E. and J.R.A.-M.; writing—review
and editing, G.B.-E. and J.R.A.-M. All authors have read and agreed to the published version of
the manuscript.
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Abstract: Background: Unevaluated open-pollinated germplasm represents a promising source
of variability to face the problems of worldwide food production under a changing environment.
In carrots, this is particularly true for black carrot accessions, which are the most relevant among
Eastern carrot germplasm due to their high anthocyanin content and, concomitantly, antioxidant
capacity. Methods: In the present work, a comparative characterization was conducted for the
first time on 11 Eastern carrot landraces and Night Bird ‘F1’ as the reference cultivar, grown under
glasshouse conditions at temperatures up to 33 ◦C. Results: Some landraces showed their potential
for ulterior evaluation in terms of plant and taproot size, plant compactness, specific leaf area and
leaf area ratio, among other traits. The highest anthocyanin and flavonoid contents were found in the
reference cultivar, whereas remarkable differences in these variables were observed for the rest of
accessions, which in turn may correlate with very distinct coloration patterns. Premature bolting and
taproot shape abnormalities were also recorded. Mineral composition analysis showed the nutritional
potential of Eastern carrot leaves, which displayed higher concentration than taproot tissue for several
macro- and micronutrients. Moreover, several accessions had higher nutrient concentrations than the
reference cultivar, which also highlights their profitability. Conclusions: This work contributes to the
knowledge on Eastern black carrot germplasm by characterizing some of its main agricultural traits,
and opens up the prospect for complementary evaluation on high-yield accessions.

Keywords: anthocyanins; black carrot; bolting; flavonoids; glasshouse cultivation; landraces; leaf;
nutrient analysis; taproot

1. Introduction

Domesticated carrot (Daucus carota L. ssp. sativus) can be separated into two genetically
distinct groups: the Eastern (Asian) and Western (European and American) carrots. The
Eastern carrot (D. carota L. ssp. sativus var. atroburens), whose color ranges from yellow
to dark purple (black carrot), accumulates anthocyanins as major pigments, whereas
Western carrot varieties appear white to orange due to the accumulation of carotenoids [1,2].
Molecular approaches have located Central Asia as the origin for the carrot, with a rapid
domestication process that spread carrots into North Africa, Anatolia, Asia and later into
Europe by the 14th century [1,3].

Carrot production, mostly based on orange cultivars, has quadrupled during the
last 45 years, reaching over 40 million tonnes worldwide, which makes carrot one of the
10 most economically important vegetable crops and the main source of pro-vitamin A
worldwide [4]. The main increase in production has been recorded in Asia, which implies
that more carrot production is now cultivated in drier and warmer climates than in the
past [4]. Therefore, crop improvement should focus efforts in developing cultivars with
improved abiotic stress resistance. Commercial cultivars are, overall, more productive than
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landraces. However, landraces are becoming significant sources of genetic variability in
the seeking for genes for tolerance to abiotic and biotic stress factors [5].

The extraordinary antioxidant activity of black carrot, four times higher on average
than that of orange carrot [5], results from its very high anthocyanin concentration in the
taproot. Easter carrot germplasm displays a wide genetic diversity in terms of anthocyanin
content and distribution along different taproot tissues. In this sense, several authors have
analyzed anthocyanin pigments in over 30 carrot accessions (accs.) including lines from
genbanks, and open-pollinated and hybrid commercial cultivars, reporting a concentration
range of 0.5–250 mg/100 g FW [6–9]. In this sense, total monomeric anthocyanin concentra-
tion measured by the pH differential method has been frequently utilized, since it provides
a robust spectrophotometric method applicable to different anthocyanins [6,8,10]. The
interest of the food industry in natural colorants replacing synthetic dyes has increased
enormously over the last years, due to both rigorous legal restrictions and consumer con-
cerns [11,12]. Black carrot anthocyanins are an excellent source of natural colorants (labelled
E163 in Europe) due to their physiochemical properties (high pH, light, and heat stability),
but also for their potential health benefits such as strong dietary antioxidants [6,13]. In
addition to anthocyanins, black carrot taproot is a rich source of non-anthocyanin phenolic
compounds, such as flavonoids [14], which in turn correlates with the strong antioxidant
activity of the taproot extract. Moreover, the onset and accumulation kinetic of antho-
cyanins and non-anthocyanin phenolic compounds seems to resemble in black carrot
taproot, both type of compounds reaching their maximum levels at plant maturity [8]. As
non-enzymatic plant antioxidants, phenolic compounds function as scavengers of reactive
oxygen species (ROS), participating in the response to environmental stress conditions [15].
In this sense, the accumulation of phenolic compounds increases under a variety of both
abiotic and biotic stresses such as heat stress, pathogen attack and UV radiation, among
many others [16,17].

Carrot is an outcrossing insect-pollinated crop typically bred for open-pollinated
cultivar production until cytoplasmic male sterility was discovered in the 1940s. From
that moment on, cultivar development shifted to hybrids, which today represents the
majority of large-scale production [18]. Nowadays, Western carrots appear better adapted
for commercial production and processing. Eastern carrots often tend to flower early, but
may be better adapted to warmer (above 30 ◦C) and drier climates. In order to improve
carrot cultivation traits in the context of a changing environment, the gene pool from
open-pollinated Eastern carrot varieties should be incorporated into breeding programs.
In the present work, eleven Eastern carrot accs. Originated from India and Middle Eastern
countries, and a black carrot commercial cultivar were cultivated under a sub-optimal
temperature range (up to 33 ◦C) and characterized in terms of germination indices, plant
performance parameters, mineral nutrient contents and anthocyanin and flavonoid contents
of the taproot, measured spectrophotometrically. The results of this work may contribute
to expand knowledge on the genetic variation of cultivated carrot and opens up prospects
for further evaluation.

2. Materials and Methods
2.1. Plant Material and Germination Indices In Vitro

Seeds of eleven Eastern carrot accs. were obtained from the USDA National Germplasm
System and the Warwick Genetic Resources Unit (Table 1). In addition, seeds of the com-
mercial hybrid ‘Night Bird’ F1, provided by Plant World Seeds (Devon, U.K.), were used as
a control.

6



Agronomy 2021, 11, 2460

Table 1. Accession number, source and geographical origin of the carrot accessions used.

Source Number Accession Origin Life Form Improvement
Status

USDA

2 179689 India Biennial Landrace
3 211024 Afghanistan n.d. Landrace
4 269486 Pakistan n.d. Landrace
5 279776 Egypt n.d. Landrace
6 279777 Egypt Annual/biennial Landrace
7 288242 Egypt n.d. Landrace

Warwick

8 006753 India n.d. Advanced cultivar
9 010156 India Annual Landrace
10 10225 India Annual/biennial Landrace
11 10217 Turkey n.d. Landrace
12 13879 n.d. n.d. Landrace

Accession n. 1 (not displayed on the list) corresponds to the commercial hybrid ‘Night Bird’ F1, cultivated as a
reference. n.d.: not described.

Twenty-five seeds of each acc. and the commercial cultivar were disinfected in 10%
bleach for 1 min, washed with abundant distilled water and placed in 15 cm diameter
plastic Petri dishes containing four layers of filter paper moistened with 6 mL water. Petri
dishes were then placed in an incubator chamber at 25 ◦C in the dark for 14 days. The
germination percentage, seedling vigour index (mean seedling length × germination
percentage/100) and speed of emergence (number of germinated seeds at the starting day
of germination/number of germinated seeds at the final day of measurements × 100) were
calculated at day 14, following the International Seed Testing Association guidelines [19].

2.2. Glasshouse Cultivation

The experiments were conducted from March to June 2019 over 12 weeks at the
glasshouse facilities of the University of Murcia (Espinardo, Region of Murcia, Spain). Two
independent repetitions of the experiment were performed with a 1-week interval. The
temperature was programmed to daily oscillate between 17 (night) and 33 ◦C (day) with a
mean daily temperature of 24.5, and relative humidity was maintained at 60%. Seeds were
sown in 27 cm-long cylindrical pots (18 cm in diameter) with 7 L of a mixture of perlite
(particle size 1–5 mm) and garden soil (1/1.5, v/v), allowing a proper carrot taproot growth
and providing an adequate balance of air and moisture content [20]. The substrate mix was
watered until reaching its maximum water holding capacity. Then, four sowing spots per
pot were distributed, and three seeds were introduced in each one at 2 cm depths.

The experimental design included 12 pots per acc. and experiment repetition, arranged
in three rows of four pots, each row being randomly distributed within the glasshouse. Pots
were put on 20 cm diameter plastic trays (Figure 1a). Ten days after sowing, two seedlings
per spot were removed, leaving one vigorous plant per place (Figure 1b). An automatic
drip irrigation system using one 4 L h−1 dripper per pot was programmed to provide water
or 1/2 Hoagland solution. Daily water supplied per pot throughout the experiment varied
from 100 mL (day 2 to day 15) to 350 mL (day 65 to harvest day). Concerning fertilization,
nutrient solution was applied on a weekly basis, from 350 mL (day 14 to day 28) to 500 mL
(day 70 to harvest day). At the day of fertilization and the subsequent day, water irrigation
was interrupted.
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Figure 1. Experimental setup of carrot accessions at the glasshouse facilities of the University of Murcia.
(a): Overview of the setup at day 0. (b): Ten-day old seedlings after thinning of less vigorous specimens.

2.3. Harvest, Sample Collection, Growth Measurements and Processing

Twelve weeks after the initiation of the experiment, plants were manually removed from
the substrate and taproots washed in abundant tap water followed by immersion in distilled
water and air drying. Bolting plants were counted and discarded for further analysis.

The fresh weight (FW) and length of the taproot and top of each plant were registered.
Top length corresponded to the length of the longest leaf. Leaf number per plant was
recorded. Total leaf area per plant was determined using a LI-3100C area meter (LI-COR
Biosciences, Lincoln, NE, USA). For further experiments, biological replicates consisted
of: (1) leaf samples, composed of the pool of leaves and stems of the four plants from a
pot; and (2) taproot samples, composed of the corresponding four taproots. Then, each
combined sample (biological replicate) was processed in liquid nitrogen using a Waring®

two-speed commercial blender (VWR-Bie & Berntsen, Herlev, Denmark) and the resulting
powder stored at −80 ◦C.

2.4. Determination of Dry Matter and Nutrient Analysis

An aliquot of 5 g of the ground powder generated above for each taproot and leaf
sample was dried in an oven at 60 ◦C for 2 days. After the samples were dried to a
constant weight at 100 ◦C for 24 h, dry matter (DM) was calculated based on the mass
difference between the fresh and dry samples. Another aliquot of 1 g of the ground
powder was utilized to measure the different macronutrients and micronutrients, by
Inductively Coupled Plasma–Optical Emission Spectrometry (ICP–OES) using a ICAP
6000SERIES spectrometer (Ionomic Services of CEBAS-CSIC; Thermo Scientific, Madrid,
Spain) according to standardized protocols.

2.5. Determination of Total Monomeric Anthocyanin Content (TMC) and Total Flavonoid Content (TFC)

A common extraction for the determination of TMC and TFC was conducted. In brief,
5 g of the ground powder was homogenized in a 1.88% sulfuric acid solution (1/4, w/w,
for a final 1.5% sulfuric acid concentration in the homogenate) using a Waring® two-speed
commercial blender (VWR-Bie & Berntsen). Then, the homogenate was centrifuged for
20 min at 3900× g and the resulting supernatant was collected [8].

TMC measurement followed the pH differential method with minor modifications [8,10,21].
In brief, the supernatant was diluted in a 0.2 M KCl–HCl (pH 1) solution (1/1, v/v),
and the absorption was determined between 350 and 700 nm using a UV/Vis V-630 Bio
spectrophotometer (Jasco, Tokyo, Japan). Finally, the TMC was calculated as cyanidin
3-glucoside equivalents.

TFC determination was based on [22] with minor modifications: in brief, a reaction
mix of 200 µL supernatant, 800 µL 50% methanol, 60 µL sodium nitrite (0.5 M) and 60 µL
aluminum chloride (0.3 M). After 5 min of incubation, 400 µL sodium hydroxide solution
(1 M) was added and the content vigorously mixed. Subsequently, the absorbance at 506 nm

8



Agronomy 2021, 11, 2460

was determined against a blank in which the supernatant was replaced by 50% methanol,
using a UV-visible spectrophotometer (Thermo Scientific Evolution™ 220, Waltham, MA,
USA). A calibration curve for rutin was calculated (from 75 to 750 mg L−1), and TFC was
calculated as µg of rutin equivalents (RE) per mL.

2.6. Statistical Analyses

Data from the two independent repetitions were grouped and statistical analysis was
carried out jointly, given the homogeneity of the variance ratios and the means tested by an
F test and a two sample t-test, respectively. Normality and homoscedasticity of variances
for all variables studied were checked by a Shapiro–Wilk and Bartlett tests, respectively.
Data related to plant length, weight, leaf area and flowering were taken on individual
specimens, which were considered as biological replicates (n = 16 to 67 for the different
accs.). The statistical analysis for DM, TMC and TFC determinations were conducted with
four biological replicates, each of them consisting of the pool of samples from one pot (four
plants). The accs. were compared using a one-way analysis of variance (ANOVA) followed
by a Tukey HSD post hoc test (p ≤ 0.05), using the StatGraphics Centurion XV software
(StatPoint Technologies, Warrenton, VA, USA).

Heatmaps were elaborated using the pheatmap package in R [23]. Neighbor joining
distance matrixes between accessions were automatically processed from mean values
to build the dendrograms and the heatmap representation. Graphs were drawn with
GraphPad Prism 9.0.0 for Windows (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

In the present study, 11 Eastern carrot accs. from different origins were cultivated and
evaluated under glasshouse conditions. The geographic origin covered an area between 10 and
40 degrees of latitude, from India to Turkey (Table 1). The commercial carrot cultivar ‘Night
Bird’ F1 was used as a reference. Characterization comprised seed germination indices and leaf
and taproot phenotypic traits of interest for ulterior breeding programs such as size, taproot
shape, bolting tendency, leaf number, leaf area and those related to taproot antioxidant capacity
and use as source of colorants (anthocyanin and flavonoid contents). Firstly, germination
indices were determined in in vitro conditions (Table 2). Germination percentage varied
61–96%; this is in the range of that observed for diverse carrot germplasm [24], in which,
overall, commercial hybrids displayed higher germination percentages than landraces and
wild accessions. Moreover, seedling vigor varied 4.40–11.32, whereas speed of emergence
varied between 1.52 and 3.45 (Table 2). In this sense, accs. 2, 3 and 5 showed values above
those recorded for the reference cultivar for the three indices measured (Table 2).

Table 2. Germination indices of the carrot accessions. Germination percentage (%), seedling vigor
index (mean seedling length × germination percentage/100) and speed of emergence (number of
germinated seeds at the starting day of germination/number of germinated seeds at the final day of
measurements × 100) were calculated at day 14 after planting.

Accession n. Germination
Percentage [%]

Seedling Vigour
Index Speed of Emergence

1 81 8.67 2.8
2 92 11.32 3.45
3 84 10.00 2.94
4 71 4.40 1.8
5 81 9.48 2.31
6 74 6.96 1.52
7 83 8.96 2.52
8 79 6.95 2.2
9 61 5.25 1.05
10 79 6.64 1.6
11 84 6.30 1.89
12 96 7.10 2.16
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Twelve-week old carrot plants showed a variable overall appearance in function of
top size (Figure 2a). On the other hand, overall, the taproot appearance consisted of the
typical long conical shape with a pointy end, the most frequent shape in both Eastern
and Western cultivars [25–27], the taproot shoulder of accs. 2 and 8 being clearly wider
than that of the other accs. (Figure 2b). Coloration pattern of periderm and cross taproot
sections was highly variable among accs. (Figure 2b,c). Purple coloration was observed
for the majority of accs. except for n. 2 and 9, ranging from a purple periderm and
non-purple xylem and phloem (for acc. 3, 4, 8 and 10) to a predominant coloration of
phloem (for acc. 5 and 7) and a solid purple coloration (for acc. 1 and 12). At the genetic
level, the pathway for anthocyanin biosynthesis showed a high overlap among carrot
varieties. However, different variants of anthocyanin-related genes result in tissue-specific
accumulations of anthocyanins [28], which in turn is manifested in very distinct coloration
patterns. Moreover, two MYB transcription factors, DcMYB6 and 7 have been proven to be
regulators of anthocyanin pigmentation in purple versus non purple carrot roots [29,30],
as well as regulators of anthocyanin glycosylation and acylation [30]. In addition, intra-
population genetic diversity of Eastern carrot accs. has been found to be higher than that
of the Western carrot, whereas higher allelic richness and variability of landraces has also
been observed with respect to F1 hybrids [31], which would explain the color variability
within specimens of a same acc. found in this study, especially for accs. 6 and 10. In turn,
this suggests that the diversity present in carrot landraces could potentially support carrot
breeding efforts in terms of coloration.

Deformed taproot shape and premature bolting are important constrains for carrot
cultivation, marketability and carrot breeding [18]. In this work, concerning taproot shape
abnormalities, excluding the commercial cultivar as it did not display any forking, the
proportion of forked taproots ranged from 3 to 18%, the accs. 7, 9 and 10 showing the
highest values (Figure 3a). Again, higher genetic diversity within Eastern carrot accs.
may explain the variability on taproot forking found in this study [31], which can rely on
differences on optimal plant spacing and nutrient requirements among accs. [32]. As a cool-
season vegetable, carrot is normally classified as a biennial species, requiring vernalisation
for flowering induction. However, cultivars and landraces adapted to warmer climates—as
is the case of the accs. of this study—may need less vernalisation time, and therefore may
behave as early flowering or annual [18]. In this work, all accs. except n. 1 (reference
cultivar), 3 and 12 showed a certain percentage of bolting specimens (Figure 3b). Accs.
4, 5 and 7 were found to bolt severely, having 80, 47 and 68%, respectively, of bolting
plants (Figure 3b). Since premature bolting is an undesirable trait, bolting plants were
discarded and not considered for further measurements and analysis. This lead to the
reduction of available specimens for accs. 4 and 7 to 16 and 24, respectively, whereas for
the rest of accs. the number of plants used for further measurements ranged from 40 to 67.
Complementarily, a heatmap dendogram was elaborated to visualize the preponderance
of both traits among the accessions (Figure 3c,d); herein, based on similarities, two main
groups were distinguished: group 1 for low and group 2 for high forking (Figure 3c) and
bolting (Figure 3d).
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Figure 2. Appearance of whole plant (a), taproot (b) and transversal taproot sections (c) of 90-day-old
carrots of twelve accessions. Accession identification (1–12) is show in Table 1.
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Figure 3. Forked taproots and bolted plants at harvest for the 12 carrot accessions evaluated.
(a,b): Percentages presented as the mean ± standard error of the two experiment repetitions (n = 2).
(c,d): Heatmap scoring values. Colored bars indicate the preponderance of both factors in the studied
accessions, from low (yellow) to high preponderance (dark orange, red). Accessions were grouped
into two groups for both traits. Accession identification (1–12) is shown in Table 1.

Taproot weight is a key factor determining productivity [18]. In the present study, the
weight of the reference cultivar (21.9 g) was considerably lower than that of black carrot
grown in field experiments [6,8], although similar to that obtained in glasshouse trials
under comparable environmental and fertirrigation conditions [9] (Figure 4a). Moreover,
temperatures registered during the growing period reached 33 ◦C and averaged 24.4 ◦C,
whereas ca. 15% of the time, temperature was above 30 ◦C. These are beyond the suitable
temperatures for conventional carrot growth [33,34], which may partially explain the
limited taproot growth observed. Compared with the reference cultivar, taproot weight
was statistically higher in two accs. (n. 2 and 9) and lower in a single acc. (n. 11), whereas
no statistical differences were observed in the rest of accs. (Figure 4a). Remarkably, the
weight of acc. 2 was over 160% superior than that of the reference (Figure 4a). Total leaf
weight was, to some extent, correlated with taproot weight, although in this case only acc.
2 displayed higher weight values (38%) than the reference cultivar (Figure 4b). Taproot dry
matter varied from 9.3% (acc. 6) to 12.6% (reference cultivar) (Figure 4c), which was in the
range of the values observed in black carrot [8] and commercial orange carrot cultivars [35].
On the other hand, leaf dry matter levels were higher than those of taproot dry matter,
ranging from 10.3% (acc. 6) to 14.5% (acc. 2) (Figure 4d). The root/leaf ratio, measured as
the ratio of the dry weight of the root to the one of the top, represents a key plant-adaptive
mechanism that reflects biomass allocation [36]. In this study, taproot/leaf ratio varied
notably among samples, accs. 2, 3 and 9 showing values higher than that of the reference
cultivar. The values registered are in the range of those observed by others authors [37]
for Western carrots for the same growth period (12 weeks). The difference among accs.
may be tightly linked to the genetic background, although it has also been found that
plants accumulate more root biomass under more stressful, low-nutrient and poor climatic
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conditions [36]. Concerning plant height, acc. 6 displayed the highest mean value (85.6 cm),
followed by the reference cultivar (75.3) and accs. 8 (75.8 cm) and 10 (72.5), whereas the rest
of accs. displayed values significantly lower than that of the reference cultivar (Figure 4f).

Figure 4. Taproot weight (a), total leaf weight (b), taproot dry matter (c), leaf dry matter (d), taproot
to leaf ratio (e), and plant height (f), at harvest for the 12 accessions evaluated. Data are presented
as the mean ± standard error, n = 20 to 67. Different letters among the columns indicate statistical
significance according to Tukey’s test (p ≤ 0.05). Accession identification (1–12) is shown in Table 1.

Leaf number and area, and leaf area-related indices have been reported as some of the
traits best indicating potential crop yield [38]. The count of leaf number (6.6 to 11.0 leaves
per plant) and total leaf area (154 to 524 cm2 per plant) provided values in the range of
that found in field-grown carrot [39,40] (Figure 5a,b). Specific leaf area (SLA) is defined
as the ratio between total leaf area and total leaf dry weight—in other words, the amount
of leaf area needed for each unit of biomass produced [41,42]. Carrot SLA varied from
94 cm2 g−1 (acc. 6) to 66 cm2 g−1 (acc. 2) and 68 cm2 g−1 (reference cultivar) (Figure 5c).
This may indicate a higher efficiency of accs. 1 and 2 in producing biomass. On the
other hand, leaf area ratio (LAR), defined as the ratio of leaf area and total plant weigh
showed a great variation (Figure 5d); the accs. with the lowest levels were n. 2, 9, 3 and
1, providing values of 34, 36, 41 and 43 cm2 g−1, respectively. These results highlight
accs. 1 and 2 as the most efficient in producing leaf biomass, while accs. 2 and 9 would
produce plant biomass most efficiently (Figure 5d). The variation among accs. of values
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for plant compactness (Figure 5e), defined as the ratio between the total leaf area and the
plant height, resembles the values for total leaf area. Moreover, overall, values for plant
compactness, SLA, total leaf area and total leaf weight showed some correlation, which
indicates that weight and length differences can be associated with leaf area as the main
variable determining productivity [38]. In this sense, a large leaf area may provide better
utilization of diminishing growth resources [37].

Figure 5. Leaf number per plant (a), total leaf area (b), specific leaf area (c), leaf area ratio (d) and
plant compactness (e) at harvest for the 12 accessions evaluated. Data are presented as the mean
± standard error, n = 16 to 67. Different letters among the columns indicate statistical significance
according to Tukey’s test (p ≤ 0.05). Accession identification (1–12) is shown in Table 1.

Anthocyanins and flavonoids are important components of the secondary metabolism
of Eastern carrot accs., found to be highly correlated with antioxidant capacity [43]. In this
sense, high ROS-scavenging capacity is a common trait of different flavonoids, attributed to
the high reactivity of their hydroxyl groups to ROS [44]. Eastern carrot germplasm displays
a wide genetic diversity in terms of anthocyanin content and distribution along different
taproot tissues [6–9]. Anthocyanin content is directly associated with the color intensity
and the extent of taproot tissue covered with purple; in this sense, in the majority of purple
genetic accs., anthocyanins are mainly located in the outer root epidermal layer [45]. In
this work, from the 12 accs. evaluated, the reference cultivar showed the highest TMC
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(2482 µg g−1 FW), at values comparable to those reported for commercial varieties [6–9],
followed at some distance by acc. 12. (807 µg g−1 FW) and then by n. 4, 7, 5, 11, 6, 8, 10
and 3, whereas levels were undetected for accs. 2 and 9 (Figure 6a). This is associated
with the coloration observed in the taproot sections (Figure 2). Concerning TFC, a certain
correlation with TMC was observed (Figure 6b). However, from the difference between
TFC and TMC, it was estimated a higher proportion of non-anthocyanin flavonoids for the
accs. displaying lower TMC. Black carrot genotypes display a high proportion of mono-
acylated anthocyanins, which confers physio-chemical stability to food color products
over their shelf-life [28]. Nevertheless, a signification variation on the ratio of acylated to
non-acylated anthocyanins can be found in the carrot germplasm, which is also modulated
in function of the environmental conditions [28]. Therefore, further characterization on the
accs. of interest in field experiments will be needed.

Figure 6. Total monomeric anthocyanin content [TMC, (a)] and total flavonoid content [TFC, (b)] at
harvest for taproots of the 12 accessions evaluated. Data are presented as the mean ± standard error,
n = 6. Different letters among the columns indicate statistical significance according to Tukey’s test
(p ≤ 0.05). Accession identification (1–12) is shown in Table 1. FW: fresh weight.

In order to provide a clearer overview of the performance of each acc., a stars and
rays graph was elaborated using the main agronomical traits and indices measured so far
(Figure 7). In summary, the further the intersection from the polygon center between each
axis (trait) and the polygon perimeter, the higher the trait magnitude, which helps visualize
the differences among accs. For example, acc. 2 is evidenced as the one fulfilling most
of the agronomic requirements, except for TMC and TFC, of which magnitudes are low.
On the contrary, the reference cultivar displays high magnitudes for TMC and TFC and
intermediate/high values for the rest of traits. On the other hand, accs. such as 4–7 show
small magnitudes for most of the traits (Figure 7b), which point the minor potential of
these accs. for breeding purposes.

Mineral composition of carrot taproot has been evaluated for Eastern cultivars [46,47],
whereas for purple cultivars the literature is scarce [48]. Among the many minerals
of the taproot, relatively high amounts of K, Mg, Ca, Na and Fe have been reported,
with potassium as the most abundant one [46,47]. On the other hand, the content of Fe,
Na and Mg was highly dependent on the carrot variety [47]. In this study, among the
macronutrients analyzed, for all the varieties studied K was the most abundant element
in the taproot followed by Na and Ca (Table 3). This is in agreement with previous
literature [46,47]. Carrot leaves are rich in several minerals such as Na, P, K, Ca, Mg, Mn,
Zn and Fe [49]. Herein, the nutrient composition of black carrot leaves was reported for the
first time; interestingly, K, Ca and Mg were much abundant in leaf than in taproot tissue
(Table 3), highlighting black carrot leaves as a potential nutrient source. Na was the element
of which levels varied the most among accs. for both taproot and leaf tissues; this would
be in line with previous studies, where Na content in carrot taproot was highly dependent
on the fertilization and growing practices [50,51]. Micronutrients are essential to the cell
function and as such are extensively involved in primary and secondary metabolisms.
Alterations in optimal micronutrients concentrations may, therefore, directly or indirectly

15



Agronomy 2021, 11, 2460

impair plant metabolism and increase susceptibility towards environmental stresses [52].
In this study, as for the macronutrients, some variation on the levels of the different
micronutrients has been found among accs. (Tables 4 and 5). Remarkably, acc. 8 displayed
statistically higher levels than the reference cultivar for most of analyzed micronutrients,
whereas acc. 11 showed an opposite trend (Tables 4 and 5). Whether this variation among
accs. may imply an improved stress tolerance or not, it is matter requiring further research.
Overall, the yield potential of each cultivar may influence nutrient demand, as reported [35],
and therefore may be reflected in mineral concentrations of both taproot and leaf tissues.
In this sense, broader trials should be conducted to know fertilization needs accurately.

Figure 7. Stars and rays graphs displaying the differences between accessions for the morphological
traits analyzed, total monomeric anthocyanin content (TMC) and total flavonoid content (TFC). Each
axis represents one variable, and its intersection with a vertex of the polygon indicates the relative
magnitude for that variable. (a): Reference polygon for variable identification. Leaf area ratio (LAR)
and specific leaf area (SLA) are shown as their inverses to visually correlate higher magnitude with a
positive trait. (b): Individual graphs for each accession. Accession identification (1–12) is shown in
Table 1. DM: dry matter (%). FW: fresh weight.

A Pearson’s correlation matrix was elaborated in order to associate variations in
macronutrient contents, DM, TMC and TFC at the taproot level (Table 6). For each variable,
data for all accs. were grouped and treated jointly. As a result, except for the interaction P/S,
the rest of macronutrient pairs provided significant and positive correlation coefficients,
which highlights the shared underlying physiological mechanisms implied in nutrient
uptake and the potential linked mechanisms in maintaining nutrient stoichiometry [53].
Since the increase in accumulation of all these five macronutrients may precede DM
accumulation, a correlation between these variables can be of interest as predictors in
growth models [54]. Furthermore, our results showed a negative correlation between DM
and Ca and Na contents. On the other hand, DM highly correlated with TMC and TFC. This
may be due to a time-dependent accumulation of DM [37] and phenolic compounds [8]
during carrot taproot growth (Table 6).
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Table 6. Pearson’s correlation matrix for macronutrients, dry matter (%), total monomeric anthocyanin content (TMC) and
total flavonoid content (TPC) in the taproot. Significant interactions are highlighted in bold.

Dry Matter TMC TFC K Ca Na Mg P

TMC 0.457 **
TFC 0.545 *** 0.953 ***

K 0.265 0.125 0.218
Ca −0.290 * −0.182 −0.154 0.135
Na −0.377 * −0.256 −0.276 −0.241 0.833 ***
Mg −0.233 0.041 0.046 0.164 0.646 *** 0.498 ***
P −0.063 −0.106 −0.115 0.140 0.490 *** 0.490 *** 0.385 *
S −0.056 −0.085 −0.098 −0.158 0.464 *** 0.556 *** 0.382 * 0.253

(*), (**) and (***) indicate significant interactions at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively.

4. Conclusions

In the present work, a comparative characterization was conducted for the first time
on 11 Eastern carrot accessions. The reference cultivar, Night Bird ‘F1’, proved to be by
far the highest anthocyanin and flavonoid-accumulating accession. Nevertheless, some
landraces showed their potential for ulterior breeding purposes. In this sense, acc. 2
displayed the highest plant and taproot size, leaf area and number, and plant compactness,
but the lowest SLA and LAR and a relatively low prevalence of premature bolting and
taproot shape abnormalities; however, TMC and TFC were very low in acc. 2. Except
for the reference cultivar, acc. 12 displayed the highest TMC and TFC and a plant size
statistically comparable to the reference cultivar. Mineral composition analysis showed the
nutritional potential of Eastern carrot leaves, which displayed a higher concentration than
taproot tissue for several macro- and micronutrients. Several accs. had higher nutrient
concentrations than the reference cultivar, which also highlights their potential profitability.
At the taproot level, a clear correlation between DM and TMC and TFC was found, whereas
macronutrient accumulation was positively correlated. Interestingly, accs. tested proved
their ability to grow under a high temperature regime. In summary, this work contributes
to the knowledge on Eastern black carrot germplasm, determining agricultural traits
of relevance on both taproot and leaf organs. Further evaluation is needed in order to
incorporate the accs. of interest to ulterior breeding programs.
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Abstract: Landraces are considered a key element of agrobiodiversity because of their high variability
and adaptation to local environmental conditions, but at the same time, they represent a breeding
potential hidden in gene banks that has not yet been fully appreciated and utilized. Here, we present
a genome-wide DArTseq analysis of the diversity of 116 spring barley landraces preserved in the
collection of the Polish gene bank. Genetic analysis revealed considerable variation in this collection
and several distinct groups related to the landraces’ country of origin and the grain type were
identified. The genetic distinctness of hulless accessions may provide a basis for pro-quality breeding
aimed at functional food production. However, the variable level of accession heterogeneity can be a
significant obstacle. A solution to this problem is the establishment of special collections composed of
pure lines that are accessible to breeders. Regions lacking genetic diversity have also been identified
on 1H and 4H chromosomes. A small region of reduced heterogeneity was also present in the hulless
forms in the vicinity of the nud gene that determines the hulless grain type. However, the SNPs
present in this area may also be important in selection for traits related to grain weight and size
because their QTLs were found there. This may support breeding of hulless forms of spring barley
which may have applications in the production of high-quality foods with health-promoting values.

Keywords: barley; genetic diversity; germplasm; Hordeum vulgare; landrace; DArTseq; population
structure

1. Introduction

The progressive genetic erosion of agricultural ecosystems and the associated irre-
versible loss of this vital part of the global biodiversity essential to sustaining humankind
is a fact that no one discusses anymore. Agrobiodiversity is recognized as a finite global
resource that is known to be eroded or lost in part because of imprudent, unsustainable
human practices [1]. Landraces are considered to be a key element of agrobiodiversity [2].
Several definitions of landrace exist in the scientific literature so far. Among them is the
one proposed by V. Negri, which combines several other definitions. “A landrace of a
seed-propagated crop can be defined as a variable population, which is identifiable and
usually has a local name. It lacks “formal” crop improvement, is characterized by a specific
adaptation to the environmental conditions of the area of cultivation (tolerant to the biotic
and abiotic stresses of that area) and is closely associated with the traditional uses, knowl-
edge, habits, dialects, and celebrations of the people who developed and continue to grow
it” [1]. The list of factors that contribute to the genetic erosion of landraces is long. Changes
in agricultural practices and land use are highlighted as the main ones. Mechanization,
crop protection chemicals, and irrigation promote the displacement of landraces by modern
cultivars. National registration and certification systems that restrict the sale of crop seeds
if a cultivar is not included in the national or regional list of registered cultivars are factors
as well. Moreover, the depopulation of rural areas and the resulting loss of traditional
knowledge and cultivation systems for landraces have a tremendous impact. Changes in
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consumer habits and food standards that limit the supply of landraces are also important.
Unfortunately, one of the factors is the lack of education and consequent awareness of the
value of plant genetic resources as a valuable local and national heritage. In addition, a
major threat that is becoming more serious every year is global warming and changing
weather patterns. This is because landraces are very often cultivated on marginal land
under conditions that are close to species limits. An irretrievable loss of landraces also
occurs due to armed conflicts and political instability [3].

Loss of diversity is common in modern crops of major species that have been de-
veloped by large, focused, “industrial” breeding programs. Overall, the ideotype is well
defined by market needs and regional adaptations [4]. In barley, as in most crops, the
current elite cultivars are less genetically diverse than their wild relatives or early do-
mesticated forms at the majority of loci [5–7]. Nearly all modern cultivars arose from the
reshuffling of selected alleles, leading to a limited number of alleles present within the gene
pool [8]. Barley breeders use almost exclusively elite lines with which they are familiar
to meet short-term breeding goals [9]. The major emphasis has been put on high yields
and tolerance to biotic stresses [10]. Elite cultivars produce high yields under optimal
conditions; however, they can fail under harsh environmental conditions [11]. Barley lan-
draces can produce up to 61% higher grain yield under unfavorable conditions compared
to improved cultivars [12]. However, it should be kept in mind that under conditions of
modern, intensive farming, landraces yield at a much lower level than commercial cultivars
and are unable to feed the world [13]. Precisely, these unique morphological, physiological,
and genetic traits of landraces that allowed them to survive and to be productive despite
the pressure of biotic and abiotic factors should be used to develop new cultivars resistant
to climatic conditions and new aggressive races of pathogens [10].

While elite lines have been widely used in breeding programs, introgression of po-
tentially new genes from landraces has received too little attention [14]. Underutilization
of landraces in breeding programs is most likely due to the time-consuming and labor-
intensive nature of pre-breeding associated with both the necessity to break linkage drag
and the potential loss of important gene complexes [10]. Nevertheless, landraces have been
used in breeding as a source of resistance to viruses, fungal pathogens, and pests [15–19].
The potential of landraces as a source of valuable traits for breeding has been widely
discussed by Dawson, et al. [20], Pietrusińska, et al. [21], Hernandez, et al. [22] and Kumar
et al. [10]. Introgression of the landrace’s gene pool into ongoing breeding programs is a
prerequisite for improving tolerance of biotic and abiotic stresses, grain nutritional value,
and ensuring future food security.

Over the years, the diversity of barley germplasm has been the subject of many
studies concerning agronomic, morphological, as well as genetic traits. A wide range of
biochemical and molecular techniques, i.e., Restriction Fragment Length Polymorphisms
(RFLP), Random Amplified Polymorphic DNA (RAPD), Amplified Fragment Length
Polymorphism (AFLP), Inter Simple Sequence Repeat (ISSR), or Simple Sequence Repeat
(SSR), has been used to characterize barley germplasm [23–37]. The portfolio of techniques
used has changed over time and followed the latest trends and availability of cutting-edge
tools. A group of tools for SNP-based genotyping has recently been put into the hands
of scientists working on barley genetic variation. Among them are those based on the
Kompetitive Allele Specific PCR (KASP) technology, microarrays, and next-generation
sequencing (NGS) [38–46].

In this study, DArTseq derived SNPs were used (a) for genetic analysis and population
structure of barley spring landraces preserved in Polish gene bank; (b) to assess the level
of within-accession heterogeneity; (c) to evaluate chromosome level diversity with an
emphasis on the region adjacent to the nud gene; and (d) to assist in the selection of
materials useful for breeding programs. By doing so, it is hoped to increase breeders’
interest in barley germplasm. A side goal of the study was a comparison of results obtained
with classical molecular markers and a modern NGS-based method to prove that a properly
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performed old-school analysis can generate valid results. This study analyzed unique
material that had never been genotyped by sequencing before.

2. Materials and Methods
2.1. Plant Material

In the study, 116 spring barley accessions were investigated. All of them were as-
signed as landrace/traditional cultivars and are preserved by the National Center for Plant
Genetic Resources (NCPGR), i.e., the Polish gene bank. The accessions originating from
Poland make up 60% of the studied accessions and their detailed biological, geographical
agro-morphological characteristics were described in detail in Dziurdziak et al. [32]. The
remaining 40% of the studied materials come from foreign field expeditions (Table S1,
Figure 1). In the 1970s and 1980s, accessions were collected in the USSR (13% of the foreign
accessions) and Czechoslovakia (4%). The remaining accessions were acquired in 2004
from Iran (15% of the remaining accessions) and Georgia (7%), and during three field
expeditions in the years 2011–2013 from Lithuania (60% of the remaining accessions). Only
12 accessions represent hulless barley, the rest were hulled. All hulless accessions originated
from Poland (Table S1). Scans of grains in the active collection of the NCPGR long-term
storage facility were made for all accessions examined. Each accession was represented by
approximately 400 grains sourced from an active collection. The grains were scattered uni-
formly on a CanoScan LiDE 700 F flatbed desktop scanner surface. Scans with a resolution
of 300 dpi were saved in jpg format and forwarded to the EGISET database [47] (Figure 2).
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Figure 1. Map of barley accessions stored at the National Center of Plant Gene Resources that have 
landrace status and were covered by DArTseq-based SNP analysis, highlighted in blue. 

 
Figure 2. Grain color variation within hulled and hulless spring barley landraces: (a) PL 41634; (b) PL 502171; (c) PL 41867; 
(d) PL 42122. 
Figure 2. Grain color variation within hulled and hulless spring barley landraces: (a) PL 41634; (b) PL 502171; (c) PL 41867;
(d) PL 42122.

27



Agronomy 2021, 11, 2330

2.2. Agro-Morphological Features

Data were obtained from EGISET, the NCPGR database [47]. Accessions were eval-
uated as described by Dziurdziak et al. [32]. Data were collected between 1978 and 2016.
The variation coefficient was defined as:

Cv =
σ

µ
(1)

where σ is the standard deviation and µ is an arithmetic mean, and was used to measure
the dispersion of traits.

2.3. DNA Isolation

Seeds obtained from long-term storage were sown and tissue was harvested from
healthy seedlings that were in the second leaf stage and the middle part of the second leaf
(about 10 mm long) was taken. Each accession was represented by eight random plantlets
that formed a bulk sample. Total genomic DNA was extracted using a modified CTAB
protocol [48,49]. The quality and quantity of DNA samples were assessed by spectropho-
tometric analysis by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Willmington, DA, USA) followed by agarose gel electrophoresis (1.5% agarose).

2.4. DArTseq Genotyping

Genotyping of 116 spring barley landraces was performed using the genome-wide pro-
filing DArTseq method as previously described [50]. Extracted genomic DNA samples were
sent to Diversity Arrays Technology Pty Ltd (http://www.diversityarrays.com accessed
on 1 September 2021). The resulting sequences were aligned against the Morex barley
genome assembly [51]. Raw data are available on the platform Center for Open Science at
https://osf.io/mh4tn/ (accessed on 23 October 2021). (doi 10.17605/OSF.IO/MH4TN).

2.5. ISSR Analysis

Previous data for some accessions studied here, obtained using the ISSR method,
were also used. The ISSR analysis and its results are described in detail by Dziurdziak
et al. [32]. Results of previous studies were used to compare different methods of genetic
diversity analysis.

2.6. Marker Data Analysis

The results of DArTseq genotyping were generated as a table listing single nucleotide
polymorphisms (codominant) markers that were detected in the sequenced fragments of
genome representations. SNP markers were then transformed into a binary matrix. To
preserve their codominant nature, each locus was represented by two consecutive lines.
The presence of a SNP relative to the reference sequence was denoted as 1, while the
absence of a SNP was denoted as 0. Thus, in the array, homozygotes were denoted as 1/1
or 0/0 and heterozygotes as 1/0. The analyzed markers were filtered by reproducibility
(RepAvg ≥ 0.95), call rate (CallRate ≥ 0.95), and the minor allele frequency (MAF > 0.01).

The percentage of polymorphic fragments and the polymorphic information content
ratios (PIC) were calculated. The PIC formula was:

PIC = 1−
n

∑
i=1

p2
i (2)

where i is the ith allele of the jth marker, n is the number of alleles of the jth marker, and p
is an allele frequency.

The expected heterozygosity (uHe) was estimated using Nei’s gene diversity coefficient
was calculated as follows:

uHe =
2N

2N − 1

(
1−

n

∑
i=1

p2
i

)
(3)
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where pi is the frequency of the ith allele, n is the number of alleles of the jth marker, and N
is the sample size.

The observed heterozygosity for the codominant data (uHo) was calculated as follows:

uHo =
2N

2N − 1

(
No._o f _Hets

N

)
(4)

where the number of heterozygotic loci was determined by direct counting and N is the
sample size. The Fixation Index for codominant data (F) was calculated as follows:

F =
uHe− uHo

uHe
(5)

where uHe is the expected heterozygous and uHo is the observed heterozygosity.
Allelic richness for groups was calculated based on rarefaction due to a different

number of accessions originating from each country [52].
PIC and Ho values along chromosomes were assessed by a sliding window approach

with 500 kb windows at 250 positions along the chromosomes.
The data for observed heterozygosity were divided into groups based on accession

origin countries. The means in these groups were compared using analysis of variance
(ANOVA) and Tukey’s post hoc test. The binary data matrix was used to calculate the
Jaccard dissimilarity coefficient. The Principal Coordinate Analysis (PCoA) was performed
to determine the relationship between the accessions.

The genetic structure of the germplasm was analyzed by clustering based on the
Bayesian model implemented in STRUCTURE v.2.3.4 [53]. The search for the most probable
K value was performed in the range from 1 to 10 with ten independent repetitions for
each K value. The number of burn-ins and MCMC replicates were 5 × 104 and 1.5 × 105

respectively in each run. Batch runs were carried out on a LINUX cluster hosted by
the Interdisciplinary Centre for Mathematical and Computational Modelling at the War-
saw University.

The determination of the number of true clusters was performed based on the pos-
teriori data probability for a given K and ∆K [54]. The best match for replicated cluster
analysis results was performed using the full search algorithm. The maximum probability
coefficient was used to assign landrace to clusters with a 0.8 probability limit of being
assigned to a cluster.

Correlation between the dissimilarity matrix of morphometric and genetic data was
performed using the Mantel test (104 permutations). A consensus configuration for these
two sets of data was obtained by the Generalized Procrustes Analysis (GPA) [55].

All above-mentioned analyses were performed using the Microsoft Excel 2016, XL-
STAT Ecology (Addinsoft, Inc., Brooklyn, NY, USA), GenAlEx 6.501 [56], HP-RARE 1.1 [57],
STRUCTURE v2.3.4 [53], CLUMPAK [58]. The data analysis was performed within the
framework of the Computational Grant (G72-19) of the Interdisciplinary Centre for Mathe-
matical and Computational Modelling, University of Warsaw (ICM UW).

3. Results
3.1. Agro-Morphological Diversity

All agro-morphological data were historical and sourced from field observations
between 1978 and 2016. So far, no evaluation has been conducted for five accessions. A
summary of all analyzed traits was presented in Table 1.
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Table 1. Descriptive statistics of average agro-morphological characters based on EGISET database [47]. The accession
number is in parentheses.

Trait Unit % of Evaluated
Accessions Mean Min. Max. Variation (Cv)

Ph
en

ol
og

ic
al days to heading days 95% 69.7 52.0 (PL 42389) 93.0 (2 access.) 7%

grain filling duration days 85% 35.4 22.0
(PL 505304) 44.0 (PL 40554) 13%

days to maturity days 85% 105.5 81.7 (PL 42768) 117.0
(PL 41532) 10%

M
et

ri
ca

l

plant length cm 96% 81.3 52.0
(PL 502172)

112.0
(PL 36315) 13%

ear length cm 76% 8.6 4.6 (PL 502171) 11.8
(PL 501971) 16%

number of grains per ear no. 64% 16.8 7.7 (PL 40553) 43.6
(PL 502170) 36%

thousand seed weight g 95% 47.7 30.5 (PL 36315) 58.8
(PL 502169) 11%

B
on

it
at

io
ns

lodging resistance scale 1 85% 7.7 2.0 (PL 41267) 9.0 (42 access.) 19%
powdery mildew

resistance scale 1 88% 6.9 1.0 (3 access.) 9.0 (21 access.) 28%

net blotch resistance scale 1 91% 8.5 5.0 (PL 501968.) 9.0 (71 access.) 10%
stem rust resistance scale 1 61% 8.8 7.0 (5 access.) 9.0 (65 access.) 6%

scald resistance scale 1 67% 8.7 6.0 (PL 505304) 9.0 (63 access.) 8%
1 scale (1—very low, . . . , 9—very good).

3.2. Genetic Analysis
3.2.1. Data Quality Analysis

By using the genome reduction method, 77,817 polymorphic SNP loci were generated.
To avoid errors in statistical analysis, loci with low reproducibility (RepAvg ≤ 0.95), low
call rate (CallRate ≤ 0.95), and low minor allele frequency (MAF < 0.01) were removed.
Therefore, 66,815 SNP loci were excluded from the analysis, and 11,002 SNP loci met all
quality parameters and were classified for further analysis.

Analysis of the distribution of SNP loci on chromosomes before and after filtering
the results was performed. Filtering of the results did not disturb their distribution,
and they were positioned almost equally across chromosomes, ranging from 10% on
chromosome 1H and 6H to a maximum of 15% on chromosome 2H (Figure S1). There was
a relatively high proportion (18% raw data, 16% filtered data) of loci with an unknown
chromosomal location.

Analysis was also performed to examine loci distribution along each chromosome
(Figure 3). For all chromosomes, there was the same pattern of distribution of the studied
loci, i.e., their proportion was higher at the ends of the chromosome arms and decreased
toward the centromeres. Moreover, on both chromosomes 1H and 4H, a negligible number
of loci among the analyzed DArTseq loci were in the centromeric and pericentromeric re-
gions. On 1H, this “empty” region was about 105 Mbp long and contained only 6 analyzed
loci and on 4H, only 24 loci were present in a fragment of about 243 Mbp surrounding
the centromere. As a result, the average PIC and Ho for these regions were very low. For
the other chromosomes, the number of loci analyzed in the centromere region was higher,
although still significantly lower than for the regions located closer to the telomeres. PIC
and Ho values were evenly distributed along chromosome 3H. In contrast, there were
two regions of low heterogeneity on 2HL, with one directly adjacent to the centromere
(~104 Mbp) and the other slightly shorter, i.e., ~89 Mbp terminating at the midpoint of the
arm length. On 5H, the region of reduced heterogeneity occurred on the short arm in the
direct vicinity of the centromere and was ~54 Mbp long.
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Figure 3. Frequency of analyzed loci and mean PIC and Ho values along chromosomes were assessed
by a sliding window approach with 500 kb windows at 250 positions along the full length of barley
chromosomes based on the genome assembly: IBSC_v2 [51] all chromosomes have been normalized
to a standard length; (a–g) chromosome 1H—7H, respectively.

3.2.2. Genetic Diversity

For all analyzed loci, the mean polymorphic information content (PIC) value was 0.22
and the median was 0.20. About 30% of loci had PIC below 0.1, while about 18% of loci
had PIC above 0.4 thus were highly informative (Figure S2).

The genetic variation parameters, such as observed heterozygosity (uHo), expected
heterozygosity (uHe), and fixation index (F) for the entire set of accessions had the values
0.114, 0.232, and 0.519 respectively. Because the analysis was performed on pooled samples,
the observed heterozygosity coefficient actually shows the heterogeneity of individuals
within the accessions. The lowest observed heterogeneity (uHo) had PL 41430 (0.010)
while the highest was found in PL 503844 (0.422) (Table S1). This indicates the presence of
significant differences in the level of heterogeneity of the accessions studied, which may
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have significant consequences for the phenotypic differentiation within the accessions. In
groups according to country of origin, accessions originating from Georgia had the highest
observed heterogeneity (0.206) and the lowest fixation index (−0.628) while accessions
originating from Iran had the lowest uHo (0.072) and the highest F (0.722). This indicates
significant internal differentiation among the accessions from Georgia. However, there is
little qualitative difference in SNPs between the accessions. The opposite situation occurred
in the case of accessions from Iran, where there were significant qualitative differences
in SNPs between accessions, while individuals within each accession were genetically
very similar. Allele richness was highest in the group of accessions from Georgia and
lowest in those from Poland. All three coefficients were also calculated considering their
chromosomal location. Observed heterogeneity for individual chromosomes ranged from
0.093 (chr 1H) to 0.124 (chr 6H) and this difference was significant (Figure 4). However,
when it was combined with a classification by country, it turned out that for Poland, Iran,
and Georgia, the greatest number of heterogenous loci occurred on chromosome 6H, for
Lithuania on chr 5H, and the USSR on chr 4H. The greatest homozygosity was observed on
chromosome 1H in the accessions from Lithuania and the USSR, on chr 4H in the accessions
from Poland, and chr 5H in those from Georgia and Iran (Figure 4). These differences were
statistically significant.

The number of unique SNPs for the studied countries was also determined. The
maximum number of unique SNPs was found in accessions originating from Iran (775)
and the minimum in those from the former Czechoslovakia (13). Their distribution on
chromosomes was as follows: the highest number of unique SNPs occurred on chr 2H (326)
and the lowest on chr 6H (162) (Figure 4)
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Figure 4. Diversity coefficients (a) unbiased coefficient of variation (uHe), unbiased observed
heterogeneity (uHo), and Fixation Index (F) for 116 spring barley landraces based on DArTseq
data calculated for groups of landrace in accordance with their origin; (b) diversity coefficients for
116 spring barley landraces based on DArTseq data, calculated for groups according to the location
of the tested loci on barley chromosomes; (c) heterogeneity on individual chromosomes according to
the country of accessions origin; (d) number of unique SNPs on barley chromosomes according to
accession country of origin.

3.2.3. Principal Coordinate Analysis

Principal Coordinate Analysis (PCoA) showed that 42.5% of the variation was ex-
plained by the first three axes (27.2%, 8.2%, and 7.2% of the variation, respectively). Graph-
ical presentation of the results in a 3D plot of the first three coordinates divided the studied
accessions into three groups (Figure 5). The first and the largest group on the left side of
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the plot comprised 85 accessions, as a conglomeration of landraces collected in Poland,
Lithuania, and former Czechoslovakia. Although the accessions from Poland and Lithua-
nia form this large group, one can see a shift of the Lithuanian accessions in relation to
the second and third coordinates. This indicates that gene pools from these neighboring
countries are similar, but not identical. Outliers from this group were PL 41633, PL 43357,
and PL 503844. The second distinct group, on the right side of the 3D chart, was formed by
11 accessions that originated from Poland. All of them were hulless and accession PL 41867
was an outlier from this group. In the space between these two main groups, a low-density
cluster of accessions was found. Its upper part consisted of 6-row landraces collected in
Poland, while the lower one was composed of accessions originating from Iran, Georgia,
and the former Soviet Union.
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Figure 5. Results of Principal Coordinate Analysis (PCoA) for 116 spring barley landraces with an
indication of the country of origin. The accession numbers according to Table S1. RotaTable 3D
figures with an indication of the country of origin, grain type, and ear type can be found in the
Supplementary Materials (Figures S3–S5).

3.2.4. Population Structure

Analysis of molecular variance AMOVA for barley landraces showed that only 15% of
genetic variation could be associated with the country of accession origin. Grain coverage
had a far greater influence on population structure. Here, 41% of the variability was related
to this trait.

The STRUCTURE analysis [53] showed that population structure is evident in the
studied spring barley landraces. According to an ad hoc statistic ∆K based on the second-
order rate of change of the likelihood function regarding K, it was assumed that in the
investigated landraces, a primary structure existed in which two gene pools took part.
The presence of a low-order structure was also detected, indicating three gene pools.
Individuals were assigned into groups based on an 80% membership threshold. At the
primary level, 82 accessions were classified into the first gene pool and 11 accessions were
classified into the second one. The remaining 23 accessions displayed a varying admixture.
Here, as in previous analyses, a group of hulless accessions was isolated (Figure 6a).
Three gene pools were partitioned at the lower level (Figure 6b). The first comprised
80 accessions. Compared to the primary structure, two accessions were mixed (PL 43357
and PL 41633). The second gene pool corresponded fully to the hulless one separated in
the primary structure. In contrast, the third gene pool was formed from 19 accessions
originally considered as admixed. Six accessions that were not assigned unambiguously
to either gene pool in the PCoA analysis were considered as outliers. The results of the
population structure and PCoA analysis were consistent.
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3.3. Joint Analysis

Combining the results of PCoA analysis and agro-morphological data enabled identi-
fying accessions exhibiting both high levels of resistance to the studied diseases and genetic
distinctiveness. Accessions showing high levels of resistance to three out of four tested
diseases were in all three groups (Figure 7). Most of them belonged to the largest group,
previously described as group one. These accessions originated from Poland and were
hulled. On the other hand, accessions originated from Lithuania showed resistance to
lodging. Among the group of hulless accessions, nine were highly resistant to the three
diseases studied, but none of them was resistant to lodging. The middle group included
seven accessions resistant to three diseases and four ones resistant to lodging. Landraces of
Iranian origin, although genetically distinct, showed a high level of resistance only to scald.
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Figure 7. Results of Principal Coordinate Analysis (PCoA) for 116 spring barley landraces with
indication of disease resistance. The accession numbers according to Table S1. The RotaTable 3D
figure can be found in the Supplementary Materials (Figure S6).

3.4. Diversity of Chromosome 7H

Due to the genetic distinctness of the hulless and hulled forms, diversity analysis
was performed within chr 7H on which the nud gene for hullessness is located. None of
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the analyzed SNPs was located adjacent to the nud gene. However, there was a group of
25 SNPs in its proximity, most of which were unique to hulless forms. At the same time,
there was a very low proportion of heterozygous loci in this region, which indicates a
significant homogeneity of accessions in this region. PCoA analysis showed that variation
occurring within chromosome 7H differentiated accessions into hulled and hulless groups
(Figure 8).

Agronomy 2021, 11, x FOR PEER REVIEW 11 of 20 
 

 

3.4. Diversity of Chromosome 7H 
Due to the genetic distinctness of the hulless and hulled forms, diversity analysis was 

performed within chr 7H on which the nud gene for hullessness is located. None of the 
analyzed SNPs was located adjacent to the nud gene. However, there was a group of 25 
SNPs in its proximity, most of which were unique to hulless forms. At the same time, there 
was a very low proportion of heterozygous loci in this region, which indicates a significant 
homogeneity of accessions in this region. PCoA analysis showed that variation occurring 
within chromosome 7H differentiated accessions into hulled and hulless groups (Figure 
8). 

 
Figure 8. Genetic variation on the 7H chromosome for 116 spring barley landraces; (a) level of het-
erogeneity and unique SNPs assessed by a sliding window approach with 500 kb windows at 250 
positions along the entire chromosome; (b) results of Principal Coordinate Analysis (PCoA) with 
indication the grain type. 

3.5. Comparison between DArTseq and ISSR Data 
In the previous study, 64 landraces from Poland were used and genetic analysis was 

performed using ISSR markers [32]. From the results obtained here, a subgroup contain-
ing the same accessions was extracted. For obtained dissimilarity matrices, the Mantel test 
was performed. It showed a moderate uphill correlation between results obtained by ISSR 
and DArTseq method (0.552, p < 0.0001). Generalized Procrustes Analysis (GPA) was car-
ried out to obtain a consensus configuration of ISSR and DArTseq data. The most effective 
transformation was scaling and followed by a rotation. Both types of data matched the 
consensus configuration at a similar level as pointed out by the equal value of residuals 
by configuration after the transformation. The results of the consensus test indicated the 
authenticity of the configuration. The first three factors contributed to 74.72% of the orig-
inal variability. A scatter plot showed that the studied accessions formed three groups 
(Figure 9). On the left side of the coordinate system, there were all the accessions with 
hulless grain type. Out of them, three outliers were identified, i.e., PL 42867, PL 41869, 
and PL 41871. 

Figure 8. Genetic variation on the 7H chromosome for 116 spring barley landraces; (a) level of
heterogeneity and unique SNPs assessed by a sliding window approach with 500 kb windows at
250 positions along the entire chromosome; (b) results of Principal Coordinate Analysis (PCoA) with
indication the grain type.

3.5. Comparison between DArTseq and ISSR Data

In the previous study, 64 landraces from Poland were used and genetic analysis was
performed using ISSR markers [32]. From the results obtained here, a subgroup containing
the same accessions was extracted. For obtained dissimilarity matrices, the Mantel test was
performed. It showed a moderate uphill correlation between results obtained by ISSR and
DArTseq method (0.552, p < 0.0001). Generalized Procrustes Analysis (GPA) was carried
out to obtain a consensus configuration of ISSR and DArTseq data. The most effective
transformation was scaling and followed by a rotation. Both types of data matched the
consensus configuration at a similar level as pointed out by the equal value of residuals
by configuration after the transformation. The results of the consensus test indicated
the authenticity of the configuration. The first three factors contributed to 74.72% of the
original variability. A scatter plot showed that the studied accessions formed three groups
(Figure 9). On the left side of the coordinate system, there were all the accessions with
hulless grain type. Out of them, three outliers were identified, i.e., PL 42867, PL 41869, and
PL 41871.
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4. Discussion

The analysis presented here is the initial step towards genome-wide high-density
genotyping of the barley collection preserved in the Polish gene bank. The results obtained
should complement the passport data, characterization, and evaluation of accessions in
the collection. Molecular and especially genome-wide studies provide extremely valuable
information that will become increasingly important to gene bank managers. Molecular
data enable identification of duplicates in a collection, assessment of loss of genetic integrity,
and an informed selection of materials for further study and breeding.

Here, 116 spring barley landraces acquired during expeditions between 1977 and
2013 were evaluated. The value of the coefficient of variation (uHe = 0.232) indicates
rather average genetic variability of the collection. Detailed analysis showed that this
value is significantly influenced by a substantial proportion of loci with low levels of
variation. In earlier studies, using ISSR markers, the diversity of landraces from Poland
was assessed [32]. The level of variation detected there was 0.185 and was a little lower than
that recorded now (0.226). These differences may be derived from the greater uniformity of
SNP distribution in the genome, their greater number, and higher resolution compared to
the ISSR technique. However, ISSR markers are considered as a group of highly informative,
multi-allelic loci that provide highly discriminating information with good reproducibility
and are relatively common [59].

Among the accessions studied here, there was a large variation in observed heterozy-
gosity values ranging from 0.01 to 0.42. In the sample, 51% of all investigated accessions
had a heterozygosity level above 0.1. The occurrence of heterozygous loci in the barley
collection, which is a self-pollinating species, directly results from the way the analysis was
performed. In the study presented here, pooled samples of eight individuals representing
the accession were used. Thus, the level of heterozygosity of an accession indicates the
heterogeneity of the comprising individuals. The use of pooled samples significantly
reduced the cost of analysis, but the heterogeneity assessed in this way is affected by
higher error than in the analysis of individuals. Furthermore, the frequency of SNPs in
the accession cannot be assessed in this way. Heterogeneity of landraces is consistent
both with their definition and with previous results of analyses conducted on a group of
individuals representing landraces of self-pollinated cereals [7,60,61]. The obtained results
provide an important indication for researchers and breeders that the seed sample obtained
from the gene bank will be a mixture of different genotypes. Keeping the accessions in
heterogeneous form is advantageous from the point of view of maintaining diversity, but it
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is a significant obstacle for breeders. Using heterogeneous accessions in breeding programs
forces an additional workload associated with the selection of pure lines. Heterozygous
loci were identified on all chromosomes. Looking at the entire collection, the proportion of
heterozygous loci on individual chromosomes was stable at about 10%.

Detailed analysis of loci distribution, their polymorphism, and heterogeneity showed
significant variation at the chromosome level. All chromosomes showed a similar pattern of
loci occurrence, i.e., a decrease in their frequency from distal parts towards the centromere.
This pattern is consistent with previous results of high-throughput SNP analyses for
barley, durum wheat, and soybean [51,62,63]. “Empty” regions adjacent to centromeres
were present for certain chromosomes. The lack of analyzed loci in these regions was
a consequence of polymorphism absence in the loci occurring there. As a result of data
filtering, these loci were removed from the analysis. Similar results were obtained by
Mascher et al. [51] who analyzed homozygous inbred elite barley lines. Within spring
forms, these authors identified segments completely lacking variation in the centromeric
and pericentromeric regions of chromosomes 1H, 2H, and 7H, while in winter lines at 5H.
In the spring landraces analyzed here, highly homogeneous regions bilaterally surrounded
the centromere on 1H and 4H. On chromosome 5H, such a region was present only on the
short arm, whereas on 2H on the long arm but not in the direct vicinity of the centromere.
For the remaining chromosomes, the level of variation remained relatively high along
their entire length. The different pattern of highly homogenous regions, landraces, and
elite lines may reflect the different selection pressures applied to elite materials during the
breeding process and landraces during their establishment on farms. Considering that the
landraces studied here came from different geographic locations, it can be assumed that the
regional reduction in variability in these regions may also be the result of domestication, as
has been demonstrated for durum wheat [64]. Moreover, both the level of heterozygosity
and unique SNPs frequency on individual chromosomes showed differentiation in groups
consistent with the country of origin. A different share of heterozygous loci and unique
SNPs on individual chromosomes may result from the adaptation of landraces to specific
eco-climatic conditions or from a targeted selection by farmers for a specific trait. It
should be kept in mind, however, that the number of accessions analyzed from different
countries showed considerable variation. Therefore, the results obtained in this study
cannot be generalized to the genetic diversity of landraces occurring in the countries
concerned, nor to the size of the native gene pools. The results obtained during this
analysis present only the diversity of accessions that were collected by the Polish gene
bank. Only the accessions from Poland can be considered representing the full preserved
genetic diversity of native landraces. This study is even more valuable because Polish
landraces have not previously been subjected to high-throughput genotyping using SNPs.
In a study by Milner et al. [43], only eight, and in Bustos-Korts et al. [65] only four landraces
from Poland were included. Unique results were also obtained for accessions originating
from Lithuania. Accessions from this country were not included in previous studies
either [43,65]. Overall, the accessions from Lithuania and Poland had a similar average
level of heterogeneity. Based on the results of the PCoA analysis, the gene pools from these
countries are similar, but not identical. Eight of the twenty-eight Lithuanian accessions
were highly homogeneous. Because expeditions took place relatively recently, in 2011–2013,
and the collected grain samples were not critically small, it can be assumed that these
accessions may not be landraces, but are cultivars, although not from the group of the most
contemporary ones. This is also supported by high genetic similarity of two of them, i.e.,
PL 503854 and PL 501965. Out of 22 K SNPs examined, these accessions differed only by
130, even though they were collected in different locations.

The group of accessions originating from Iran had the lowest level of heterozygous
loci. This may result from collecting too few seeds during the expedition or losing some
material during reproduction in the gene bank. Nevertheless, this collection is character-
ized by high diversity among the accessions. The high number of unique alleles is also
significant. Although in the studied set only seven accessions originated from Iran, as many
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as 775 unique alleles were identified for them, whereas for the collection of 70 accessions of
Polish landraces, 598 SNPs were unique, including alleles unique for hulless forms. This
indicates that landraces from Iran may contain a significant number of alleles absent in the
European gene pool. Accessions from the Middle East also showed genetic distinctness
from those originated from Europe and the former Soviet Union in earlier studies [43].
Considering the above results and the data of agro-morphological traits evaluation, it
should be assumed that the collection of Iranian landraces stored in the Polish gene bank
can be a valuable source of genetic variability. These accessions were characterized by
high resistance to scald; there were also accessions highly resistant to lodging among them,
which may relate to low plant height. Thus, they make up a reservoir of variability which
may be valuable for future breeding.

The accessions originating from Georgia were characterized by a high level of internal
heterogeneity and low differentiation between accessions. This may indicate that their
gene pools overlap significantly and that they may share a common ancestor. This will
also influence the strategy for finding useful traits in collections from these countries. In
the case of accessions from Georgia, screening should be conducted on a much larger
number of individuals representing the accession than in the case of accessions from Iran,
where more emphasis should be placed on the number of accessions analyzed. The results
of DArTseq analysis also showed some distinctness of the six-row forms from the two-
row ones. However, it was not as significant as in studies of other barley germplasm
collections [66–68]. In contrast, in our previous study of only Polish landraces using ISSRs,
the distinctiveness of these groups was not apparent [32]. Some distinctness of the six-row
forms here may be derived from both an increase in the number of accessions studied and
a change in the analysis method.

The result that integrates the previous analysis by ISSR and the current one by DArT-
seq is the distinctness of hulless and hulled accessions [32]. The correlation level of the
dissimilarity matrix of both methods was at a moderate level. It was significantly lower
compared to previous barley studies using SSRs and SNPs. However, it should be taken
into account that ISSRs are dominant markers in contrast to SNPs and SSRs [33,34]. More-
over, in the present and previous analysis, although the same accessions were analyzed,
the DNA matrices were not the same, i.e., for ISSR analysis, bulk samples comprising 24 in-
dividuals were used, whereas for DArTseq only eight individuals per accession were used.
The distinctness of hulless and hulled accessions was also indicated by grain morphometry.
The grain of the hulless forms is considerably smaller than hulled ones. It is believed
that the domestication of hulless barley followed the hulled type and this was around
6500 BC [69]. The most likely origin of hulless barley is monophyletic. It probably arose
from a single mutation of either wild barley (H. vulgare subsp. spontaneum) or domesticated
hulled barley [70,71]. The hulless grain is a very stable trait and environmental conditions
have little influence on its expression. It is determined by a single recessive gene “nud” on
the long arm of chromosome 7H [72]. At this locus, there is a gene encoding a transcription
factor of the Ethylene Response Factor (ERF) family belonging to the WIN1/SHN1 (Wax
Inducer 1/Shine 1) transcription factor group [73]. The hulless grain trait is associated with
either a 17kb deletion or amino acid conversion of T643A at the NUD locus [74]. Compared
to hulled barley, hulless barley is rich in nutrients such as limiting amino acids (lysine,
methionine, threonine, and tryptophan), starch, fiber, and β-glucan [75]. The grain of
hulless barley is not only cholesterol-free but also has cholesterol-lowering properties due
to its high β-glucan content. In addition, barley fiber is a source of niacin (vitamin B), which
decreases platelet aggregation, total cholesterol, lipoproteins, and free radicals [76,77]. It
is also a valuable source of thiamine, selenium, iron, magnesium, zinc, phosphorus, and
copper. Depending on the genotype, the content of mineral nutrients ranges from 2 to
3% [78]. All these properties make hulless barley a part of a healthy diet. All except one of
the hulless accessions analyzed here originated from Poland. They are therefore adapted
to central European climatic conditions and were characterized by high resistance to net
blotch, scald, and steam rust. Therefore, they have the potential to be used in pro-quality

38



Agronomy 2021, 11, 2330

breeding. Moreover, naked barley appears as one of the future and climate-smart crops due
to its hardiness, ability to grow under low input conditions, and potential for use in climate
change adaptation [79]. However, due to accessions heterogeneity, prior selection of pure
lines and their evaluation for agronomic traits, yield, and nutrient content will be necessary.
By mapping the DArTseq results to the barley reference genome, it was possible to identify
the exact chromosomal locations of the loci analyzed. Detailed analysis of chromosome 7H
showed that in the region of the nud gene, there were multiple SNPs unique to the hulless
form and the heterogeneity in this chromosome fragment was significantly reduced. This is
consistent with previous findings that indicated both low variability and extensive linkage
disequilibrium in the vicinity of the nud gene [70,80]. No pleiotropic effect of the nud gene
was found on agronomic traits such as grain yield and weight, plant height, or heading
date [81,82]. In this region, Wang et al. [83] localized a QTL hotspot region underlying
traits related to grain size and weight. In addition, numerous previous works indicate the
presence of QTLs of grain yield and thousand-grain weight in this region [81,84,85]. Thus,
the identified SNPs may also be associated with grain weight and size which may be useful
in breeding high-yielding cultivars of hulless barley. Currently, the yield of hulless barley is
much lower than that of hulled barley, which is mainly due to the adhering husk on hulled
barley, which accounts for about 10–13% of the weight and volume of harvested barley
grain [86]. Intensification of breeding work to improve the yield of hulless-grain barley to
that of hulled barley, therefore, seems reasonable. The Cas9 RNA-guided endonuclease
used to knockout the nud gene in hulled cultivars seems to be an interesting tool in this
context [82].

Another important aspect is the color of barley grain. The mature barley grain could
have different seed coat colors including but not limited to yellow, blue, purple, and
black [87]. The color of the seed coat is related to flavonoids and specifically to the
synthesis of anthocyanins. It is believed that proanthocyanidins synthesized in the testa
are responsible for the yellow color, and purple pigmentation is due to the synthesis of
anthocyanins in the pericarp and glumes [88–90]. Four loci of purple seed coat color (Psc)
were located on chromosome 7H [91]. One of them is in a region where an accumulation
of SNPs unique to hulless forms was identified. Its sequence is 95% homologous to
Arabidopsis F3′M (AK366933.1), which belongs to the cytochrome P450 family and is
associated with flavonoid biosynthesis [92]. In crop plants, seed coat color is an important
agronomic trait because of its association with unique biological activity and, hence,
function in health care [93]. The continuously growing market of functional food may be
a trigger for the development of breeding colored barley cultivars containing high levels
of natural antioxidants such as phenolic compounds, anthocyanins, and essential amino
acids [94]. Using barley flour, which itself has antioxidant properties, in the production
of bread, pasta, or confectionery products, is becoming increasingly popular. Thus, the
use of colored grains for flour, groats, or whole-grain flakes as a trendy health food will
become feasible as soon as more cultivars with colored grains are available in the market.
In the collection studied, there were both accessions with very light and almost black
grain color. The presence of accessions with dark grain may be the beginning of targeted
breeding programs. A detailed further analysis of barley collections in the Polish gene
bank will probably provide a larger number of accessions with colored grains, including
probably also old varieties and breeding materials. Integrating seed morphometric analysis,
genome-wide genotyping, and agronomic traits evaluation supplemented with a selection
of pure lines as a part of core activities of the gene bank may significantly contribute to
the development of pro-quality barley breeding. Parallel educational and information
campaigns will contribute to the production and consumption of healthier food and the
reduction of civilization diseases in society.

5. Conclusions

The landraces collection in the Polish gene bank displays both genetic and morpho-
logical diversity. Worth noting is the fact of varying levels of genetic diversity depending
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on both the chromosome and the accession country of origin. The gene pools of Polish
and Lithuanian landraces show considerable similarity but are not identical. Accessions
originating from Iran are characterized by significant genetic distinctiveness from most of
the collection and contain many unique loci. The preserved accessions have a variable level
of internal heterogeneity. DArTseq analysis confirmed the genetic distinctiveness of hulless
forms indicated by ISSR markers in the previous study. It also enabled the identification
of unique SNPs located on chromosome 7H within the region carrying the nud gene that
determines the hulled/hulless caryopsis phenotype. These SNPs may also be important
in the selection for traits related to grain weight and size because their QTLs were found
there. To improve landraces use in breeding, it is necessary to create special collections for
commercial use containing pure lines representing accessions and to provide them with
the most comprehensive characterization possible. Such actions are necessary to inject
new variability into modern breeding, which must cope with both global warming and
increasing consumer expectations for quality and pro-health traits.
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Abstract: In order to ensure an ongoing and long-term breeding progress of soybean, stable sources
of major quality traits across multi-environments need to be identified. Here, a panel of 135 soybean
genotypes was tested in three different Chinese environments, including Beijing, Anhui, and Hainan
during the 2017 and 2018 growing seasons to identify stable genotypes for cultivation under varying
environmental conditions. The weighted average of absolute scores biplot (WAASB) for the best
linear unbiased predictions of the genotype-environment interaction and multi-trait stability index
(MTSI) were utilized to determine the stability of the soybeans for seven seed composition traits
viz; protein content, oil content, and five fatty acids (palmitic, stearic, oleic, linoleic, and linolenic
acids). Based on the WAASB index, the following genotypes were identified as stable genotypes for
some specific traits; ZDD12828 and ZDD12832 for protein content, WDD01583 and WDD03025 for oil
content, ZDD23040 for palmitic acid, WDD00033 for stearic acid, ZDD23822 for oleic acid, ZDD11183
for linoleic acid, and ZDD08489 for linolenic acid. Furthermore, based on MTSI at a selection intensity
of 10%, 14 soybean genotypes were selected for their average performance and stability. Overall,
the MTSI was shown to be a powerful and simple tool for identifying superior genotypes in terms
of both performance and stability, hence, identifying stable soybean genotypes for future breeding
programs of quality traits.

Keywords: MTSI; multi-environment; soybean; seed compositions; WAASB

1. Introduction

Soybean is presently acknowledged as one of the leading crops due to its viable source
of vegetable protein and oil, making it an additional source of healthy food [1]. Soybean
is recognized as the food legume with the greatest protein content (40%) and is second
only to peanut regarding oil content (20%). When compared to other vegetable proteins,
soy protein has an outstanding amino acid balance [2] and is deemed complete because
it contains sufficient levels of amino acids necessary by the body for tissue growth and
repair [2]. Moreover, soybean provides 28% of the world’s oilseed production for edible
oil [3]. Soybean oil is composed of 12% palmitic (16:0), 4% stearic (18:0), 23% oleic (18:1),
53% linoleic (18:2), and 8% linolenic (18:3) acids [4].

Climate change may make it more difficult to cultivate crops in the same way and
regions as in the past. The impacts of climate change must be weighed against other chang-
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ing elements that affect agricultural productivity, such as changes in farming techniques
and technology [5,6]. Protein and oil contents in soybeans are two of the most important
seed quality factors that soybean breeders, growers, and marketers take into account. It
is thus important to investigate the stability of upcoming soybean varieties in terms of
these quality parameters under such unprecedented rates of climate change impacts [5,7].
Soybean seed characteristics such as protein and oil are influenced by environmental and
genetic variables, as well as their interactions [8]. Importantly, when selecting cultivars for
breeding programs, genotype-environment interaction (GEI) is influential and it must be
evaluated and taken into account [9]. As a result, to maintain positive trends and rebalance
dietary sources of soybean in the future, intensive research is needed to develop such
improved and highly stable soybean varieties which would appeal to matching the dietary
standards requirement around the globe [10,11].

The impact of GEI on genotypes can be described by particular trait stability. Typi-
cally, phenotypic stability of distinct traits, either yield or quality traits, is the ability of
a genotype to perform consistently in various environments [12]. It is worth noting that
determining the stability pattern of genotypes is a prerequisite for understanding their
response to different environments, identification of stable and widely adapted genotypes,
and breeding new cultivars that could adapt to the different environments [12,13]. Thus,
plant breeders’ always aim to select varieties with high performance across different en-
vironments. The differences observed in the stability of genotypes are usually a result of
GEI [14]. However, the selection of highly stable varieties can be difficult when a breeder
has to consider individual GEI of multiple traits under multiple environments. Notably,
the GEI of quality characters of soybean has been studied previously by several investi-
gators [12,15–20]. In the selection process, besides choosing the best statistical model to
predict genetic values, plant breeders usually handle multiple traits simultaneously [21–23].
However, the simultaneous selection of soybean genotypes with high performance based
on multiple traits can be a difficult task. So, the question now is how can we breed superior
genotypes quickly enough to meet the expanding world population’s food demands?

To address such a question, in the advanced stages of the breeding process, multi-
environment trial data are frequently used to make brilliant selections [24–27]. Recently,
some improvements in this area include the multi-trait stability index (MTSI) which allows
for selection based on both mean performance and stability [27–29]. Multi-environment
trials analysis is often conducted with only one single trait [30–32]. However, when several
traits are taken into account, the accuracy of genotype recommendations improves. In this
regard, a rapid and new technique for analyzing multi-environment trials has been recently
developed that integrates the simultaneous selection for the stability of multi traits into a
single and easily interpretable index [23,27–29].

The theoretical basis of MTSI [27] depends on mean performance and stability selected
simultaneously across multi environments trials. Lower MTSI scores suggest the stability
of genotypes based on many variables. This strategy was used in a set of 22 oats (Avena
sativa L.) genotypes [27] based on the weighted average of absolute scores biplot (WAASB)
from the singular value decomposition of the matrix of best linear unbiased predictions
index [29,33]. Thus, in the simultaneous selection of genotypes based on their mean
performances and stabilities of several traits, the MTSI will be beneficial since it offers
a strong and easy-to-use selection method that considers the correlation structure of the
features. Moreover, the MTSI has been successfully used in selecting high-performing and
stable soybean genotypes under two different conditions (drought and salinity), revealing
the efficiency of implementing the method [28]. Furthermore, the MTSI has been used in
the identification of stable and superior water-tolerant cassava genotypes [29]. From this
literature, it is evident that the MTSI is a valuable tool to plant breeders for the selection
of superior genotypes based on multi-traits and multi-environment data. Thus, the main
objective of this study is to identify soybean genotype(s) with superior performance based
on multiple seed composition traits and high phenotypic stability across multi-environment
in China.

46



Agronomy 2021, 11, 2200

2. Materials and Methods
2.1. Plant Materials and Field Experiments

In the present study, 135 soybean accessions from three different countries (87 ac-
cessions from China, 43 accessions from the USA, and 5 accessions from Russia) were
used. Information about accession number, origin, maturity groups, and other phenotypic
characteristics are presented in Table S1. The plant material utilized in this research was
provided by the soybean genetic resource research group of the Institute of Crop Sciences,
Chines Academy of Agricultural Sciences (CAAS).

Field experiments were conducted at Changping, Beijing (40◦13′ N, 116◦12′ E), and
Sanya, Hainan (18◦24′ N, 109◦5′ E) in 2017 and 2018, and Hefei, Anhui (33◦61′ N 117◦0′ E)
in 2017. The accessions were planted on 12 June 2017 and 14 June 2018 in Changping;
14 November 2017 and 16 November 2018 in Sanya; and 5 June 2017 in Hefei. The experi-
ment was laid out in a randomized incomplete block design with three replications in each
location. The mean monthly temperature, rainfall, and sunshine of the five environments
are presented in Table S2. Soybean seeds were sown in a 3-m single row plot at a spacing
of 0.1 m within rows and 0.5 m between rows. After emergence, the plants were thinned
and only uniform healthy plants were left. Plots were manually harvested when the plants
reached physiological maturity. The harvest date of all accessions varied due to the dif-
ferences in maturity group and location. The growing duration of soybean cultivars was
102–120 days at Changping, 101–119 days in Hefei, and 94–96 days at Sanya.

2.2. Determination of Soybean Seed Protein, Oil, and Fatty Acid Compositions

To evaluate the soybean seed protein, oil, and fatty acid contents, harvested soybean
seeds of each cultivar were bulked and around 500 g of seeds were used. Near-infrared
spectroscopy was used to determine the protein and oil contents [34]. For each sample,
absorption of about 50 g of soybean seeds were determined using the transform near-
infrared absorption spectroscopy (Bruker Fourier, Germany). The spectrum value of
each sample is the average of triplicate measurements with absorption range between
4000 and 8000 cm−1. The spectra were used to estimate protein and oil contents by the
Quant 2 method of Bruker’s OPUS 4.2 software. The soybean seeds fatty acid contents
were quantified by the derivatization into their methyl esters and determined using gas
chromatography (GC) [35]. The procedure for the extraction and determination of fatty
acids has been previously reported [36]. The area normalization method was used to
quantify the percentages of fatty acids using a GC 2010 workstation [35].

2.3. Data Analysis
2.3.1. Analysis of Variance

Individual analysis of variance (ANOVA) for each environment was conducted, fol-
lowed by an analysis of joint variance according to the statistical model described in
Equation (1):

Yijk = µ + B/Ejk + Gi + Ej + GEij + εijk (1)

where Yijk represents the ith genotype in the jth environment and the kth block; µ is the
overall mean; B/Ejk corresponds to the block within the jth environment and in the kth
block; Gi is the effect of the ith genotype; Ej is the effect of the jth environment; GEij is the
effect of the interaction of the ith genotype with the jth environment; and εijk is the effect of
experimental error.

2.3.2. Mean Performance and Stability Indices Based on Multiple Traits

The genotypic stability of each genotype was quantified by the WAASB from the
singular value decomposition of the matrix of best linear unbiased predictions for the GEI
effects generated by a linear mixed-effect model [27], estimated as indicated in Equation (2):

WAASBi =
p

∑
k=1
|IPCAik EPk|/

p

∑
k=1

EPk (2)
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where WAASBi is the weighted average of absolute scores of the ith genotype; IPCAik is
the score of the ith genotype in the kth interaction principal component axis (IPCA); and
EPk is the amount of the variance explained by the kth IPCA. The genotype with the lowest
WAASB value is considered the most stable, showing the least deviation from the average
performance across environments [27].

To estimate the multi-trait stability index (MTSI) [27], Equation (3) below was used
as follows:

MTSIi =

[
f

∑
j=1

(
Fij − Fj

)2
]0.5

(3)

where MTSI is the multi-trait stability index for the ith genotype, Fij is the jth score of the
ith genotype, and Fj is the jth score of ideotype. The genotype with the lowest MTSI is,
therefore, closer to the ideotype and hence has a high mean performance and stability
for all variables studied. The stability analyses of the multi-environment trial data using
MTSI and WAASB indexes were conducted using the metan package [37] of the R 4.0.3
software [38].

3. Results
3.1. Mean Performance of 135 Soybean Accesions for Seed Composition Traits across
Five Environments

The performance of the 135 soybean genotypes for seven seed composition traits
for individual environment is shown in Table S3. The results showed highly significant
differences (p < 0.001) among the five environments for the seed composition traits. The
highest protein content (46.2%) was observed at Hainan in 2018, whereas the lowest protein
content (40.3%) was recorded in Anhui in 2017. In contrast to protein content, the lowest oil
content (18.3%) was observed at Hainan in 2018, while the highest oil content (20.3%) was
recorded in Hainan in 2017. For fatty acid compositions, the highest contents of palmitic
acid (13.5%), stearic acid (5.2%), oleic acid (22.9%), linoleic acid (57%), and linolenic acid
(9.72%) were observed at Hainan in 2018, Beijing in 2018, Beijing in 2018, Beijing in 2017, and
Hainan in 2018, respectively. The lowest values of palmitic acid (12.4%), stearic acid (4.1%),
oleic acid (21.2%), linoleic acid (54.6%) and linolenic acid (7.7%) were recorded at Beijing in
2018, Hainan in 2017, Anhui in 2017, Beijing in 2017, and Anhui in 2017, respectively. The
heritability values for the evaluated traits ranged from the lowest (h2 = 0.859) for stearic
acid at Hainan in 2017 to the highest for protein content and oleic acid (h2 = 0.999) at
Hainan in 2017 (Table S3).

For the mean performance of the genotypes across environments, genotypes ZDD12828
and ZDD11436 had the highest (52%) and lowest (35.7%) protein content, respectively.
For oil content, WDD01583 and ZDD12828 recorded the highest and lowest content of
22% and 14.4%, respectively. For fatty acid composition, genotypes with highest value of
palmitic, stearic, oleic, linoleic, and linolenic were ZDD09581 (15.2%), ZDD23915 (4.9%),
ZDD10100 (28.6%), ZDD11183 (60.2%), and ZDD08489 (10.8%), respectively. In contrast,
the lowest levels of palmitic, stearic, oleic, linoleic, and linolenic acids were recorded by
WDD00033 (10.6%), WDD01632 (3%), ZDD09581 (13.5%), ZDD11235 (46.9), and ZDD23822
(5.9%), respectively.

3.2. Combined Analysis of Variance

The combined analysis of variance (Table 1) for seed protein and oil components
showed that the genotype, environment, and GEI effects were highly significant (p < 0.001).
The results also indicated that all the fatty acid compositions were significantly affected
(p < 0.05) by genotype, environment, and GEI, except for palmitic and stearic acids which
were not significantly influenced by the environment (Table 1).
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Table 1. Combined analysis of variance for seven seed compositions of 135 genotypes across the five environments.

Source Df
Mean Squares

Protein Content Oil Content Palmitic Acid Stearic Acid Oleic Acid Linoleic Acid Linolenic Acid

ENV 4 1970 ** 288.00 74.9 ns 66 ns 255 ** 404 ** 256 **
REP(ENV) 10 49.4 ** 49.10 44.7 ** 32.6 ** 47 ** 70.4 ** 60.4 **

GEN 134 152 ** 54.40 7.78 ** 2.16 ** 113 ** 98.8 ** 16.2 **
GEN × ENV 536 18.3 ** 4.50 1 ** 0.74 ** 25.1 ** 17 ** 2.78 **

Residuals 1340 0.05 0.09 0.09 0.09 0.08 0.08 0.09

ENV: environment; REP: replicate; GEN: genotypes; **: significant at p < 0.01 level of probability; ns: not significant.

3.3. AMMI Analysis of Variance for Studied Traits

The AMMI analysis showed highly significant effects (p < 0.001) of genotype and
GEI for the seed composition traits (Table 2). In addition, the environment showed highly
significant effects (p < 0.001) on protein, oil, oleic and linoleic acids, and a significant effect
(p < 0.05) on linoleic acid, while palmitic and stearic acids were not significantly affected.
The results further showed that the AMMI model explained the GEI and decomposed it
into four interaction principal component axes (IPCAs), accounting for 100% of the total
variation for all traits (Table 2). The four IPCAs fitted in the current study were all found to
be significant (p < 0.001) for all the seed composition traits.

Table 2. Additive main effect and multiplicative interaction (AMMI) analysis of variance for seven seed components for 135
soybean genotypes evaluated in five environments.

Source Df
Mean Squares

Protein Oil Palmitic Acid Stearic Acid Oleic Acid Linoleic Acid Linolenic Acid

ENV 4 1970 *** 282 ** 72.2 ns 64.9 ns 253 ** 415 ** 248 *
REP(ENV) 10 49.4 *** 45.9 *** 47.6 *** 31.6 *** 47 *** 68.8 *** 61.7 ***

GEN 134 152 *** 53.2 *** 7.57 *** 2.16 *** 112 *** 97.8 *** 16.5 ***
GEN × ENV 536 18.3 *** 4.36 *** 0.886 *** 0.63 *** 25.1 *** 16.9 *** 2.62 ***

IPCA1† 137 33.6 *** 7.93 *** 1.53 *** 1.16 *** 43.8 *** 27.9 *** 5.03 ***
IPCA2 135 18.8 *** 4.07 *** 0.825 *** 0.594 *** 22 *** 15.6 *** 2.7 ***
IPCA3 133 11.6 *** 3.09 *** 0.705 *** 0.461 *** 19.8 *** 12.2 *** 1.54 ***
IPCA4 131 8.39 *** 2.2 *** 0.457 *** 0.283 *** 14.1 *** 11.4 *** 1.13 ***

Residuals 1340 0.00321 0.001 0.00576 0.0022 0.00238 0.0000148 0.0092
Total 2560 18.9 5.23 1.07 0.603 16.9 13.1 2.59

ENV: environment; REP: replicate; GEN: genotypes; IPCA, interaction principal component axis. *, **, *** significant at p < 0.05, p < 0.01,
and p < 0.001 level of probability, respectively; ns: not significant.

The partitioning of total phenotypic variance due to factors of genotype, environment,
and GEI was also estimated. Collectively, the highest contribution to total phenotypic
variation (as a relative contribution to the total sum of squares) was captured by genotypes
in all measured seed compositions traits except for stearic acid. The genotype effect
explained 42.1, 53.1, 36.9, 18.8, 34.6, 39.0, and 33.3% of the total phenotypic variance
for protein, oil, palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid,
respectively. The lowest environmental effect was captured by oleic acid (2.3%), while
stearic acid was highly affected by the environment (16.9%).

3.4. Mean Performance and Stability of Selected Genotypes

The mean vs. WAASB shows the joint interpretation of the mean performance and
stability of genotypes for the seed composition traits (Figures 1 and 2). The results
showed that genotypes ZDD12828 and ZDD12832 were highly stable (low WAASB index)
with high protein contents of 51.9 and 50.6%, respectively, over the grand mean of all
genotypes (Figure 1a). As for oil content, WDD01583 (22.9%), WDD03025 (22.7%), and
WDD00573 (22.5%) with WAASB index of 0.132, 0.108, and 0.121, respectively were the
most stable (Figure 1b).
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For the stability of fatty acid composition (Figure 2a–e), ZDD23040 and ZDD12500
were the most stable genotypes with average palmitic acid contents of 14.2 and 14.1% and
WAASB values of 0.119 and 0.108, respectively (Figure 2a). The most stable genotypes
with high average stearic acid content were WDD00033 and ZDD24734 with 5.6 and 5.5%
and WAASB index values of 0.163 and 0.188, respectively (Figure 2b). Highest levels of
oleic acid were recorded by ZDD23822 (28.3%) and ZDD19107 (26.5%) with WAASB values
of 0.412 and 0.308, respectively (Figure 2c). The most stable genotypes for linoleic acid
were ZDD11183 (61%) and WDD01613 (60.1%) with WAASB values of 0.182 and 0.202,
respectively (Figure 2d). For linolenic acid, higher levels than the grand mean coupled
with high stability were recorded by ZDD08489 (11.5%), ZDD12463 (11.3%), and ZDD09581
(11.1%) with WAASB values of 0.199, 0.144, and 0.103, respectively (Figure 2e).

3.5. Multi-Trait Stability Index and Genotype Selection

The ranking of the 135 soybean genotypes based on MTSI values is presented in
Table S4. The seven seed composition traits, i.e., protein, oil, palmitic acid, stearic acid,
oleic acid, linoleic and linolenic acid were used to estimate the MTSI (Figure 3). Overall, the
mean of MTSI values across all genotypes was 7.4, where the lowest value was recorded
by ZDD12500 (5.42), while the highest value of MTSI (9.9), was recorded by WDD01583
indicating the most and least stable genotypes, respectively. According to the lowest MTSI
values at a selection intensity of 10%, 14 soybean genotypes were identified (Figure 3).
The selected genotypes with lowest MTSI values were ZDD12500 (5.42), ZDD04430 (5.62),
ZDD24734 (5.78), ZDD12463 (5.8), ZDD16617 (5.92), ZDD18657 (5.93), ZDD08812 (6.03),
ZDD12832 (6.07), WDD02292 (6.12), ZDD12828 (6.18), ZDD21171 (6.19), ZDD01412 (6.26),
WDD00530 (6.31), and ZDD23040 (6.33). These genotypes represent the best soybean
materials in terms of high stability and overall performance among the tested panel of
135 soybeans.

The mean of the selected genotypes (Xs) was higher than the original average (Xo)
which included all the 135 soybean genotypes for all the measured traits except for oil,
oleic, and linoleic components (Table 3). The selection differential (SD) was positive for all
traits, except for oil, oleic acid, and linoleic acid compositions. The heritability ranged from
0.66 for stearic acid to 0.92 for oil content (Table 3). Moreover, the selection gain (SG) was
positive for all studied traits except for oil, oleic acid, and linoleic acid compositions. The
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highest positive SG was 3.41% for protein content, whereas palmitic acid had the lowest
SG value of 0.98%, while the negative SG ranged from −4.45% for oil content to −0.18%
for linoleic acid content.
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Table 3. Estimates of selection differential, selection gain, and heritability based on MTSI for seven seed compositions
evaluated for 135 soybean genotypes across five environments.

Trait Factor Xo Xs SD SD (%) SG SG (%) h2

Protein FA 1 44.1 46 1.93 4.37 1.69 3.84 0.88
Oil FA 1 19.4 18.4 −0.941 −4.86 −0.86 −4.45 0.92

Palmitic acid FA 1 12.9 13 0.145 1.13 0.13 0.98 0.87
Linolenic acid FA 1 8.76 9.01 0.246 2.81 0.20 2.33 0.83

Stearic acid FA 2 4.69 4.85 0.156 3.33 0.10 2.19 0.66
Oleic acid FA 2 22.2 21.8 −0.386 −1.74 −0.30 −1.35 0.78

Linoleic acid FA 3 55.4 55.3 −0.12 −0.216 −0.099 −0.18 0.83

Xo: Overall mean of genotypes; Xs: Mean of the selected genotypes; SD: Selection differential; SG: Selection gain or impact; h2, heritability.

4. Discussion

Due to the narrow genetic base revealed by most soybean germplasm analyses [39,40],
it became a necessity that breeders, researchers, and producers make such genetic diversity
information available to secure genetic advance and improvement of such elite soybean
germplasms in the future. Soybean’s genetic diversity may be successfully and exten-
sively conserved by developing germplasm collections on both local and global scales as
vital genetic resources [10]. This endeavor could provide a panel of soybean accessions
characterized with not only promising high-seed yield but also high-quality characteristics.

To identify genotypes with wider adaptability and test their stability in terms of yield
and quality traits, multi-environmental trials are among major foci for soybean breeding
programs and are thus critical for such selection [28,41–47]. The current study showed
varied responses of a set of diverse soybean genotypes for seed composition traits under
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different environments in China, demonstrating the need for determining the magnitude
of genotype by environment interactions. The three Chinese agroecological regions where
the soybean genotypes were evaluated represent three distinct latitudes with varying
climatic variables such as temperature, rainfall, and sunshine duration [36,48]. These
ecoregions further demonstrate major growing sites for Chinese soybean germplasm [49].
The current study was conducted using a diverse panel of 135 soybean genotypes to
explore their overall stability coupled with high concentrations of seed protein, oil, and
five essential fatty acids including palmitic, stearic, oleic, linoleic, and linolenic acids.
Several studies have studied the stability of soybean seed compositions across several
environments [28,41–47]. Notably, a great change in the protein, oil, and fatty acids
compositions across different environments was also reported in other studies [50–53]
showing a discrepant response among studied soybean genotypes in protein, oil, saturated
and unsaturated fatty acids components for environmental factors including latitudes,
temperature, and sunshine duration.

Furthermore, different approaches have been exploited to assess the performance
of soybean genotypes across several environments such as AMMI [42,43,45,54], GGE
biplot [24,47,55–57], WAASB index [28,58], and MTSI [28]. In this study, highly statistically
significant effects were shown by AMMI analysis on G, E, and GEI for all studied traits
except for palmitic and stearic acids. The presence of significant GEI revealed a differential
performance among the soybean genotypes across the various testing environment. The
AMMI analysis has been widely used to select promising genotypes in terms of stability and
superiority across multiple environments [59–63]. The high proportion of genotype effect
to total phenotypic variance shown in this study for all measured seed compositions traits,
except for stearic acid, was also reported in previous studies [64,65]. This indicates that the
phenotypic variance of such traits was highly controlled by genotypic variation more than
environmental variation and also provides an opportunity for selection gain [65]. Most
of the variation for the majority of the seed composition traits was accounted for by the
genotype effect followed by genotype × environment interaction, while the environment
effect contributed least, which will lead to higher heritability for such traits [42]. This was
evident from the high heritability values observed in this study. In contrast, the higher
percentage of GEI effect of seed stearic acid over each of genotype and environment effects
indicates lower heritability. These findings are in accordance with the previous studies
where environmental variance was dominant [12,44,55,58], showing the importance of the
GEI effect on some soybean seed composition traits.

Although, genotype effect dominantly characterized the performance of the soybean
accessions in this study, however, the higher significant GEI effect could influence the
selection efficiency and, consequently, limits the development of adapted genotypes [66].
In this context, searching for ideal and powerful tools such as WAASB and MTSI to identify
the most stable and highly performing soybean genotypes became necessary. The WAASB
utilized in this study explains the stability based on the WAASB index which considers the
entire GEI variance in identifying the stable genotypes [27]. The WAASB which shows the
joint interpretation of mean performance and stability in a bi-dimensional plot comprising
of four quadrants was recently suggested to provide an easy and robust tool for selecting
stable genotypes with high performance [27]. Genotypes within quadrants I and II are
assumed to be unstable, while genotypes within quadrants III and IV are highly stable,
revealing lesser variation across all environments. This implies that to select for high and
stable genotypes, quadrant IV should be considered, whereas quadrant III is preferable to
select genotypes with high stability and low content of specific seed composition. Further-
more, genotypes with WAASB values close to zero are identified as the most stable [67].
Based on the WAASB index used in the current study, two genotypes, ZDD12828 and
ZDD12832, showed high stability and high seed protein content. Using the same approach,
genotypes WDD01583, WDD03025, and WDD00573 were identified as stable accessions
with high seed oil content. Similarly, genotypes with desired and stable fatty acids profile
were also identified. The superiority of the quantitative measure of the WAASB index was
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also reported as an important statistical tool for identifying high performing and broadly
adapted genotypes in previous studies on oat [27,67], strawberry [23], and cassava [29].
The WAASB shows potential in quantifying the stability in compounded GEI structures
because it uses all the estimated IPCA in the computation of WAASB. Thus, WAASB could
be successfully applied in the identification of promising genotypes with highly preferable
seed compositions and broad adaptability.

More interestingly, the MTSI has been recently used to help in selecting elite genotypes
based on the stability and mean performance of multiple traits [27]. MTSI is assumed
based on the genotype–ideotype distance (Euclidian) through the scores obtained in factor
analysis [27]. With respect to the criteria of MTSI, the genotypes with lower values of
MTSI indicate higher stability based on multiple traits measured. In the current study,
setting the selection intensity to 10% has resulted in the identification of 14 soybean geno-
types, ZDD12500, ZDD04430, ZDD24734, ZDD12463, ZDD16617, ZDD18657, ZDD08812,
ZDD12832, WDD02292, ZDD12832, ZDD21171, ZDD01412, WDD00530, and ZDD23040,
that were classified as stable or fairly stable for all the traits. Such selection was fairly
justified and precisely evaluated under contrasting environment. In term of feasibility of
such index, the selection of these genotypes would greatly help in improving the overall
mean performance as indicated by the high percentage of selection differentials. In a recent
study on soybean, stable soybean genotypes were identified under drought and salinity
conditions based on the criterion of MTSI [28]. The MTSI was further utilized to choose
the ideal treatment based on twenty-three traits of strawberry [23]. From the current study,
based on multiple traits, the MTSI index can provide a unique, robust, and powerful tool
to develop better treatment and/or genotypes helping both breeders and agronomists as
also reported previously [23,27,28].

5. Conclusions

Several recent issues have constrained the preservation of soybean genotypes with
stable seed quality parameters. Therefore, the stability index of genotype performance
has the potential to provide reliable estimates of stability in future studies. The WAASB
used in this study identified stable genotypes with a high value of seed composition traits,
indicating their potential as a source of desirable protein, oil, and fatty acid compositions.
Moreover, the MTSI, which is a novel multivariate approach, was used in the current study
to discover stable genotypes with numerous characteristics that are appropriate for wider
adaptations. The WAASB and MTSI were proven to be efficient tools in evaluating stability
and will maximize the use of resources, thereby contributing to the global sustainability of
soybean breeding programs.
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Abstract: In this study, 24 traditional almond cultivars grown in the central-western Iberian Peninsula,
all of them clearly in decline or close to extinction, were characterized from the agromorphological
and chemical points of view. A total of 40 agromorphological and chemical descriptors, mainly
defined by the IPGRI and the UPOV, were used to describe the flowers, leaves, fruits and the trees
themselves over three consecutive years (2015–2017). Some of the cultivars showed distinctive and
interesting agronomical characteristics from a commercial point of view, such as high yields and high
quality fruit. This was the case of the almond cultivars called “Gorda José” and “Marcelina”. Their
fruits were quite heavy (nuts: >9.1 g; kernels: >1.9 g), with very low percentages of double kernels
(<3%) and high nutritional value (>50% lipids; >21% proteins). The results of the PCA and cluster
analysis showed that agromorphological and chemical analysis can provide reliable information on
the variability in almond genotypes. This work constitutes an important step in the conservation of
genetic almond resources in the central-western Iberian Peninsula.

Keywords: almond descriptors; conservation; endangered cultivars; fruit quality; genetic resources;
Prunus dulcis

1. Introduction

The almond (Prunus dulcis [Miller] D.A. Webb syn. P. amygdalus (L.) Batsch, Rosaceae,
2n = 2x = 16) is one of the oldest and most important nut crops grown commercially
worldwide. It originated in the arid mountainous regions of southwestern and central
Asia [1] and spread rapidly towards the Mediterranean Basin via seeds carried by caravans
along the old Silk Route [2]. The almond is cultivated for its edible seed (the kernel), which
is used for direct consumption and for almond-based products and confections [3,4]. In
2019, world production of almonds was 3.49 million metric tons [5]. The United States,
Spain, Iran, Australia, Morocco and Syria are the most important almond-producing
countries (approximately 80% of world almond production). Concretely, the Iberian
Peninsula (the first European producer) has 717,870 ha dedicated to almond production
and produces 373,970 metric tons of fruit per year. The main almond-producing regions
in the Iberian Peninsula are close to the Mediterranean Sea, such as Andalusia, Murcia
and Valencia, but also include inland regions such as Aragón and Castilla–La Mancha. In
these regions, most of the almond orchards are not irrigated (92.2%), resulting in very low
productivity [6]. Some of the most common cultivars cultured in the Iberian Peninsula
are “Marcona”, “Desmayo Largueta”, “Tuono”, “Cristomorto”, “Ferragnés”, “Ferraduel”,
“Guara”, “Belona”, “Soleta”, “Mardía”, “Masbovera”, “Glorieta”, “Francolí”, “Constantí”,
“Marinada”, “Tarraco”, “Vayro”, “Parada”, “Bonita” and “Casanova”. Moreover, many
other named cultivars of local origin have evolved from localized ecological niches that
are found in different valleys extending inland from the Mediterranean coast [7–9]. The
conservation and characterization of these local cultivars is important to avoid the loss of
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genetic variability and as a potential source of genetic variation for future almond breeding
programs. Some of these cultivars show distinctive agronomic characteristics, such as
self-compatibility, late blooming, frost tolerance and shell hardness.

Many studies addressing the agromorphological and biochemical characterization of
almond cultivars have been undertaken in countries mainly located around the Mediter-
ranean basin [10–24]. In the Iberian Peninsula, studies have been carried out by Montero-
Riquelme et al. [25], Felipe [26], Cordeiro et al. [27], Arquero et al. [28], Kodad and Socias i
Company [29,30], Vargas et al. [31], Kodad et al. [32–34] and Ramos and Costa [35].

The objective of the present study was to survey, identify and characterize from the
agromorphological and nutritional points of view the traditional almond cultivars existing
in the central-western region of the Iberian Peninsula in order to avoid their disappearance
and so that they can be included in future almond breeding programs.

2. Materials and Methods
2.1. Plant Material

A survey was carried out in the regions known as “Arribes del Duero” (Salamanca,
Spain) and “Trás-os-Montes e Alto Douro” (Bragança, Portugal) during 2014. A total of
192 adult almond trees at least ten years old, corresponding to 24 cultivars (“Agapitina”,
“Bravía”, “Cascafina”, “Cascona”, “Cornicabra”, “De Convite”, “Desmayo Largueta”, “Des-
mayo Rojo”, “Esperanza”, “Gorda José”, “Marcelina”, “Marcona”, “Molar de Chavés”,
“Mollar de Arribes”, “Pestaneta de Bragança”, “Pestañeta de Arribes”, “Peta”, “Picuda”,
“Portuguesa”, “Recia”, “Redondilla”, “Valenciana”, “Verdeal” and “Verdinal”), were se-
lected for study at full fruit maturity. Eight trees were evaluated per cultivar.

2.2. Agromorphological Characterization

The agromorphological description of the almond cultivars was based on 19 descrip-
tors established by the UPOV [36] and IPGRI [37] and a further 14 descriptors that were
considered relevant for identification. For the determination of some of the descriptors,
samples of flowers, fruits and leaves were taken during 2015, 2016 and 2017, using UPOV
guidelines. The measurement for each parameter was performed as follows: Flowers were
collected at full bloom. Ten flowers were taken from each of the eight trees studied per culti-
var and year, and the following quantitative parameters were measured using an electronic
digital caliper (COMECTA 5900603, Barcelona, Spain): open flower diameter (cm), petal
length (cm), petal width (cm) and pistil length (cm). The numbers of petals, pistils and
stamens were also counted. Leaves were collected at the adult stage, at approximately the
end of July. Seven leaves were sampled per tree and year, and the following quantitative
parameters were measured: petiole length and leaf blade length and width. Anthocyanin
pigmentation of the nectaries was indicated by a reddish tonality observed in leaf glands.
Two ratios were calculated: the length/width of the leaf blade and the petiole length/leaf
blade length. Almond fruits were collected at maturity. The time of maturity was reached
when the mesocarp started to dry off. All observations on dry fruits and kernels were made
when the ripe fruits had a water content of less than 8%; that is, at least one month after
harvesting. A total of 20 fruits per tree and year were taken to determinate each parameter.
The three principal dimensions of the nut and kernel, namely length (L), width (W) and
thickness (T), were measured using a digital caliper with a sensibility of 0.01 mm. The
geometric mean diameter (Dg), sphericity (ø) and surface area (S) were calculated using
the following equations: Dg = (LWT)0.333, ø = [(LWT)0.333]/L and S = π Dg2 [38–41]. Also,
following Jain and Bal [42] and Özgüven and Vursavuş [43], the volume (V) was expressed
as follows: V = πB2L2/6(2L-B), where B = (WT)0.5. Shell hardness was evaluated according
to the categories established in the guidelines (extremely hard, hard, intermediate, soft and
paper). Mass was measured on an electronic balance (Mettler XPR603S, Toledo, Spain) with
a sensitivity of ±0.001 g. The percentage of doubles (number of kernels per nut) and kernel
taste were also determined. Finally, with regard to whole trees, the vegetative bearing habit
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of the different cultivars was evaluated by considering growing habits from extremely
upright to drooping.

2.3. Chemical Composition

One hundred almonds were randomly selected per cultivar and their shells were re-
moved to obtain the kernel. They were then finely ground by an electric grinder (Moulinex
MC3001, Barcelona, Spain) and analyzed, with three replicates, for the following param-
eters: dry weight, lipids, proteins, dietary fiber, carbohydrates and ash (AOAC proce-
dures [44]). Dry matter (%) was determined in a drying oven (Indelab, mod. IDL.AI 80,
Navarra, Spain) at 100 ◦C using 25 g per sample. The crude protein content (%) of the
samples was estimated with the macro-Kjeldahl method, with sulfuric acid digestion (Bloc-
Digest 12P SELECTA, Barcelona, Spain) performed prior to the distillation and titration
process, which was carried out with IDK132 VELP equipment and a conversion factor (N-
Protein) of 5.18. The crude fat/lipids content (%) was determined with a Soxhlet extractor
(VELP SER-158 Technilab, Lisses, France) by extraction from a 5 g sample of powdered
almond with petroleum ether (boiling point range = 38.2–54.3 ◦C). The ash content (%) was
determined by quantifying the residue after combustion of the dry sample in an analogical
muffle furnace (HD230PAD Hobersal, Barcelona, Spain) at 550 ± 15 ◦C for 6 hours under
incineration conditions corresponding to the gravimetric method. Total dietary fiber (%)
was measured with an enzymatic–gravimetric method, determining the fiber’s hydrolyzed
polysaccharides by HPLC and lignin gravimetrically. Total carbohydrates (%) were esti-
mated through the difference between the dry extract and the rest of the components. The
energy value (kcal/100 g) was calculated using the general Atwater coefficients: 4 * (%
protein) + 9 * (% crude fat) + 4 * (%total carbohydrates).

2.4. Statistical Analyses

Means and standard deviations were calculated for each of the quantitative parameters
studied over the 3 years for the 24 traditional almond cultivars. The unit of measurement
of each of the parameters studied was based on the individual value of each of the eight
trees sampled per cultivar. Finally, based on all the studied parameters, principal com-
ponent analysis (PCA) was carried out using the SPSS 17.0 program, and a dendrogram
of genetic similarities among cultivars was compiled using the furthest neighbor method
(Statgraphics Plus 17.0 program).

3. Results
3.1. Flowers

Flower parameters are shown in Table 1. Open flower diameter ranged from 3.48 to
5.51 cm, the cultivars with the largest flowers being “Peta”, “Marcelina”, “Gorda José” and
“Portuguesa”. All genotypes had five petals, except “Picuda” and the “Pestañetas” group.

In all cases, the petal length was highly correlated (0.91) with the flower size. Petal
width varied from 1.11 to 2.04 cm. The lowest values were observed for “Pestañeta Arribes”,
“Desmayo Rojo” and “Esperanza”. These last two cultivars, together with “Cascafina”,
“Cascona”, “De Convite”, “Desmayo Largueta” and “Peta”, showed more than one pistil.
The length of pistils ranged from 1.26 to 2.05 cm. “Portuguesa” was the cultivar with the
largest pistil. The stamen number varied between 28 and 53.
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3.2. Leaves

Leaf parameters are summarized in Table 2. Petiole length varied from 1.46 to 3.40 cm,
the cultivars with the shortest and the longest leaf peduncles being “Cornicabra” and
“Mollar de Arribes”, respectively. This last cultivar also showed the highest leaf blade
length. At the opposite end for this parameter was the “Bravía” genotype. Its leaves
were also the narrowest (2.07 cm). The length/width ratio of the leaf blades ranged from
3.76 cm to 7.91 cm. “Valenciana”, “Desmayo Rojo” and “Esperanza” were the cultivars
with the highest ratios (5.96, 6.54 and 7.91, respectively). The other ratios calculated
(petiole/leaf blade length) had values of around 0.22. The leaf glands showed green or
reddish anthocyanin colorations.

3.3. Fruits

Fruit agromorphological parameters are shown in Table 3. Regarding dry fruit, “Gorda
José” was the local cultivar that had the largest size and weight parameters, at 4.98 cm
length, 3.41 cm width, 2.49 cm thickness and 16.35 g mass. Its nuts had geometric mean
diameters close to 3.50 cm and volume and surface area values of around 15.64 cm3 and
38.02 cm2, respectively. At the other extreme was the cultivar “Bravía”, with mean dry fruit
dimensions of 2.82 cm (length), 1.82 cm (width) and 1.31 cm (thickness) and a mean mass
value of about 2.70 g. Its nuts also had the lowest values of volume (2.42 cm3) and surface
area (11.17 cm2). Nut sphericity ranged from 60.31 to 79.00%, the cultivars with the longest
and roundest fruits being “Cornicabra” and “Marcona”, respectively. It is also important to
point out the relevant differences recorded for this parameter between the two “Mollar”
cultivars. The “Molar de Arribes” genotype showed more elongated nuts than “Molar de
Chavés” (64.22 and 72.29%, respectively). With respect to shell hardness, high resistance to
cracking was observed for all the cultivars studied, except for “Desmayo Rojo”, “Mollar”
and “De Convite”. This latter cultivar has dry fruit which can easily be opened by birds. In
relation to kernels, “Marcelina” was the traditional cultivar that had the largest size and
weight parameters at 2.52 cm length, 1.94 cm width, 0.90 cm thickness and 2.11 g mass. Its
kernels recorded geometric mean diameters close to 1.63 cm and volume and surface area
values of around 1.56 cm3 and 8.41 cm2, respectively. With respect to sphericity, the kernels
of this last cultivar were, together with those of the cultivars “Marcona” and “Agapitina”,
the roundest (values close to 65%). The “Marcelina” genotype also recorded low values of
double kernels (3%). This tendency to produce only a single, well-formed kernel is a highly
desirable cultivar trait. On the other hand, “Desmayo Largueta”, “De Convite”, “Cascona”,
“Cascafina”, “Peta”, “Esperanza” and “Desmayo Rojo” registered double kernel values
higher than 14%. With respect to the kernel/dry fruit mass ratio, “Cascafina” and “De
Convite” were the cultivars with the highest yield values (0.34). It could be interesting
to use these cultivars in future almond breeding programs. With respect to taste, all the
cultivars were sweet except for the “Bravía” and “Recia” genotypes.
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Fruit chemical parameters are summarized in Table 4. The kernel dry weight value was
quite similar in all the cases (95.54–96.56%). “Mollar de Arribes” was the cultivar with the
lowest water level in kernels. Greater differences were recorded for the rest of the chemical
parameters. Lipid content varied from 48.82% to 56.80%, “Mollar de Arribes”, “Cascafina”
and “Peta” being the cultivars with the most oleaginous kernels. Lipids content is highly
correlated with energy levels (r = 0.95). On the other hand, it is also important to note that
the “Molar de Chavés” cultivar, the other genotype called “Mollar” by the local growers,
recorded a very low lipids level, close to 49%. Protein content ranged between 15.54% and
23.39%, “Peta” and “Esperanza” being the cultivars with the lowest and the highest values,
respectively. It can be observed that protein content is inversely correlated with the lipid
fraction (r = −0.87). Dietary fiber content varied from 14.03 to 17.99%. “Picuda”, “Gorda
José” and “Peta” were the cultivars that had the highest values. Carbohydrates content
varied from 2.86% to 4.82%, “Recia”, “Desmayo Rojo” and “Esperanza” being the cultivars
with the highest levels. Finally, ash content ranged from 3.02% to 4.17%. It can be observed
that the results were very similar for all the almond cultivars.

3.4. Vegetative Tree Habits

Very different vegetative habits were observed, ranging from very upright or upright
to completely drooping. The habit of the “Agapitina” cultivar was between upright and
very upright. On the opposite side, “Desmayo Largueta’, “Verdeal” and “Verdinal” were
the only almond genotypes that had drooping growth habits. The rest of the cultivars
showed vegetative habits between medium and spreading. This was the case for “Mollar
de Arribes”, “Pestaneta de Bragança”, “Pestañeta de Arribes” and “Valenciana” (medium-
upright); “Cascafina”, “Desmayo Rojo”, “Esperanza”, “Mollar de Arribes” and “Peta”
(medium); “Bravía” (medium-spreading); “Cascona”, “De Convite”, “Gorda José” and
“Portuguesa” (spreading); and “Cornicabra”, “Marcelina”, “Marcona”, “Picuda”, “Recia”
and “Redondilla” (spreading-drooping). Finally, it is also important to note that the
two genotypes called “Mollar” by the local growers, “Molar de Chavés” and “Mollar de
Arribes”, showed medium-upright and medium growth habits, respectively.

3.5. Statistical Analyses

Principal component analysis (PCA) was used to identify the traits with the highest
variation between cultivars and the greatest impact on separation of them in the dataset [45].
PCA results based on flower, leaf, fruit and tree traits showed that more than 54% of the
variability observed was explained by the first three components (PC1–PC3). The first
component (PC1), accounting for 27.65% of the total variance, was influenced by nut
weight and size parameters such as thickness, volume, geometric mean diameter and
surface area. The second component (PC2) accounted for 15.27% of total variation and was
mainly explained by leaf petiole length and nut and kernel sphericity. Finally, the third
principal component (PC3), explaining 11.72% of total variation, was integrated by the
kernel thickness and the lipid content. Figure 1 shows a scatterplot of the first two principal
components (PCs) for the 24 traditional almond cultivars based on agromorphological
and chemical characteristics. It can be observed that there was high variation between
genotypes, indicating that the studied germplasm is a good gene pool candidate for
breeding programs.
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Figure 1. Scatterplot of the first two principal components (PCs) for the 24 traditional almond cultivars based on agromor-
phological and chemical characteristics.

Figure 2 shows a dendrogram of the relationships among the almond cultivars from
the analysis of all the agromorphological and chemical parameters studied. It can be
observed that the “Gorda José” cultivar showed the greatest differences compared to the
rest of cultivars included in the study. Its nuts showed a large size in comparison with
the others.
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4. Discussion
4.1. Agromorphological and Chemical Characterization

The traditional almond cultivars from the central-western Iberian Peninsula showed
great variability from an agromorphological point of view. Many of them, despite being
practically unknown in the scientific literature, presented very interesting productive
characters. Some previous researchers have provided information about some of the
cultivars included in the study (“Marcona” and “Desmayo Largueta”).

With respect to the flowers, Socias i Company et al. [46] also observed that there
are important variations among almond cultivars. They indicated that the flower size is
frequently related to the nut size and that the numbers of petals and pistils can range in
relation to the type flower. With regard to the stamens, they established that their number
can oscillate between 20 and 30, but may reach 40. In our study, a reduced number of
cultivars showed six petals or two/three pistils and the number of stamens varied between
28.09 and 53.64. Arquero et al. [28] defined the “Marcona” flowers as small and elongated.
In our case, the flowers of this last cultivar had a medium size in relation to the rest of
cultivars included in the study.

According to Felipe [26], despite there being important differences among cultivars,
almond leaves are generally narrow, long and pointed. Leaf characteristics are also affected
by environmental conditions and the general health and vigor of the plant [47]. Moreover,
leaf size also varies with position, with shoot leaves tending to be large and spur leaves
small [48]. Moreover, Grasselly [49] have pointed out that wild cultivars generally have
very small leaves, a probable adaptation to the xerophytic conditions under which these
cultivars evolved. This was probably the case for the “Bravía” cultivar. Its leaves had the
lowest leaf blade length/width ratio (3.76).

Regarding fruit parameters, Socias i Company et al. [46] also observed that the almond
parameters are highly variable depending on the cultivar. Moreover, they indicated that
traditional cultivars may produce dry fruits of only 2–3 g. This was the case with the
cultivars “Bravía” (2.72 g), “Cascafina” (3.17 g) and “De Convite” (3.86 g). It is important
to note that the first cultivar showed small nuts (geometric mean diameter = 18.86 mm,
surface area = 11.17 cm2 and volume = 2.42 cm3) and the other two had thin and soft shells,
respectively. Sorkheh et al. [50] considered small fruit size as one of the most common
obstacles to the use of the bitter cultivars for breeding. The weight registered by the
almonds of the “Gorda José” cultivar was much higher (16.35 g). It might be said that
the nuts of this traditional cultivar are among the heaviest (usual maximum weight of
20 g [46]). Other researchers who have also characterized “Marcona” almonds include
Melhaoui et al. [24]. Their productive results were slightly lower than those recorded in this
work (almond weight = 3.58 g, geometric diameter = 21.54 mm, volume = 5.28 cm3). These
results could have been due to the arid conditions of the cultivation area. With respect to
the sphericity, all the nuts were more or less elongated (mean value = 71.24%). Aydin [51]
also reported mean sphericity values of almond nuts close to 70%. The “Marcona” cultivar
showed the roundest nuts (79%). This result agrees with that obtained by Melhaoui
et al. [24] (79.24%). Muncharaz [52] also identified “Desmayo Largueta” nuts as elongated.
Finally, an important number of cultivars showed hard or very hard stony shells. This is due
to the fact that hard shells are preferred in the Mediterranean region since the cultivars then
seem to be more adapted to non-irrigated conditions, and more resistant to depredation
by birds and penetration by insect larvae damaging the kernel. Furthermore, the nuts can
be stored for a long time, with reduced problems of becoming rancid or excessively dry,
thus allowing their sale throughout the year [46]. Moreover, Aydin [51] also stated that the
rupture strength of almond nuts decreased with increasing moisture content. Felipe [26],
Mañas et al. [53], Muncharaz [52], Arquero et al. [28] and Batlle et al. [47] also reported that
the dry fruits of “Marcona”, “Desmayo Largueta” and “Pestañeta” were very hard.

With regard to the kernel, its size and weight are cultivar traits. In general, it can be
said that the average weight and size of the almond kernels were quite high (1.36 g and
0.97 cm3). “Marcelina” and “Gorda José” were the cultivars that registered the largest
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(>1.10 cm3) and heaviest (>1.94 g) kernels. Socias i Compañy et al. [46] indicated that
the range of kernel weight varies between 0.5 to 1.5 g, those that exceed 1.2 g being
preferred for most uses. They also commented that the general trend in the industry is the
preference for large kernels in order to facilitate and cheapen the processes of cracking and
blanching. Nonetheless, for some special confectioneries very small sizes are chosen, as
well as those with definite shapes. For sugared almonds (“peladillas” or dragées) and for
chocolate almonds, large kernels are selected, preferably round to reduce the layer of sugar
or chocolate covering the kernel. For chocolate bars, small and particularly flat kernels
are preferred to ensure that they are covered by the chocolate and that the thickness of
the bar is maintained. In addition, there is a strong environmental and seasonal effect on
size, including crop load, tree vigor, soil moisture and weather patterns [47]. With respect
to kernel yield, the average value was around to 23%. Concretely, “Marcona” almonds
had a shelling percentage of 22%. Identical results for nuts of this cultivar were recorded
by Melhaoui et al. [24]. Muncharaz [52] also indicated that the shelling percentages
for “Marcona” and “Desmayo Largueta” almonds ranged between 22–28% and 24–28%,
respectively. With regard to the sphericity, the kernel values (average data = 59.10%) were
lower than those recorded for the nuts. In this sense, Gradziel and Lampinen [54] indicated
that very large-sized kernels often bring increased market prices but appear to be associated
with lower final tree yields. Felipe [26], Muncharaz [52], Arquero et al. [28] and Melhaoui
et al. [24] also defined the “Marcona” kernel as globular and rounded. In addition, a
significant number of the almond cultivars showed low percentages of double kernels,
among them, the “Marcona” nuts, with a double kernels ratio of 4%. Similar results (0–5%)
were obtained for the fruits of this cultivar by Melhaoui et al. [24] and Arquero et al. [28].
However, there is a slight difference between the value recorded in this study and that
reported by Muncharaz [52] for “Desmayo Largueta” almonds (14% and 2%, respectively).
In this regard, Batlle et al. [47] have noted that, although double kernels are considered
to be a negative trait, lowering crop value, organoleptic quality does not appear to be
affected. In this sense, Grasselly and Crossa-Reynaud [55] have pointed out a possible
dominance effect with strong seasonal differences. Low temperatures before blooming [56]
or at flowering time [57,58] have been mentioned as promoting higher percentages of
double kernels. In relation to taste, an important number of cultivars had sweet kernels.
According to Batlle et al. [47], the main trend under almond domestication was selection of
types with sweet, non-poisonous seeds. Most cultivated almonds produce sweet kernels,
but some have a slightly bitter flavor. This was probably the case with the “Recia” cultivar.
A mild bitter flavor can be detected in some cultivars and can be considered pleasing in
some special confectioneries. It is also important to point out that the sweet or bitter taste
depends on the cultivar, so all the fruits of each cultivar will be sweet or bitter, regardless
of the genotype of the pollen parent. Finally, regarding all these agromorphological fruit
parameters, Socias i Company et al. [59] have pointed out that, although the physical traits
of the almond do not affect the sensory characteristics of the almond kernel, they are very
important for the processing industry and must be taken into account in the ensemble of
requirements for any cultivar, together with the production and consumer sectors.

With respect to chemical characterization of the almonds, there were important dif-
ferences among cultivars. In general, almond kernels are a rich lipid source, essentially
composed of mono- and polyunsaturated fatty acids. Concretely, the average value of
lipid fractions for the almonds analyzed was 52.42%. This result is in agreement with that
reported by Kodad [60] for Spanish almond cultivars (40–67% oil content of the kernel dry
weight). As previously mentioned, “Peta”, “Cascafina” and “Mollar de Arribes” were the
cultivars that presented the highest levels of lipids in the kernels (>56%). This lipid content
is a very important factor in the confectionery industry because higher oil contents result in
less water absorption by the almond paste [61]. Kernels with a high percentage of oil can be
used to produce nougat or to extract oil, which is used in the cosmetic and pharmaceutical
industries. However, kernels with a low percentage of oil are required to produce almond
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milk [62], almond flour and several kinds of food because of their correlated high protein
content [63].

Protein was the second major chemical component of the almond kernels after the lipid
fraction. Its average content was 21.13%, with values above 23% in the cultivars “Bravía”,
“Molar de Chavés”, “Portuguesa”, “Picuda” and “Esperanza”. This average result is in
agreement with that reported by Kodad [60] for Spanish almond cultivars (15.7–21.1%
protein content of the kernel dry weight). According to Alessandroni [61], protein content
is inversely correlated with the lipid fraction and the ratio between these two components
(R1: % lipids/% protein) is important in the preparation of some processed products
because the absorption of water by almond paste is dependent on the balance between
these two components. For marzipan production, a low index would be desired, whereas
for nougat production, a high index would be preferred.

Dietary fiber was the third major chemical component of the almond kernels. Its
average content was 15.10%. Ruggeri et al. [64] reported slightly lower dietary fiber
contents than those registered in this study for Italian almond cultivars (11–14% dietary
fiber content of the kernel dry weight). These contents have positively effects on colonic
health and cholesterol levels [65].

The average content of carbohydrates was 3.89%. It can be observed that these results
for kernel carbohydrates composition again agree with those reported by Kodad [60] for
Spanish almond cultivars (1.8–7.6% carbohydrates content of the kernel fresh weight). In
this sense, it is also important to point out that sugars, starch and some sugar alcohols are
the only carbohydrate forms present in the almond kernels that can be digested, absorbed
and metabolized by humans to provide a source of energy [60]. Moreover, soluble sugars,
while present in relatively low amounts, are sufficient to make kernels sweet-tasting [66].

In addition, the average content of ash was 3.60%. The almond kernel is considered a
good source of mineral elements, playing an important role in human health [60]. Regard-
ing this, Romojaro et al. [67] and Saura-Calixto et al. [65] also reported low variability for
this parameter in Spanish almond cultivars (3.05–3.45%).

In relation to energy, the high nutritive value of almond kernels arises mainly from
their high lipid content, which constitutes an important source of calories [68]. The average
caloric content of the kernels analyzed was 571.70 kcal per 100 g fresh weight of edible
portion. A similar result (578 kcal/100 g FW) was reported by Gradziel [69].

Finally, the growth habits were highly variable among cultivars, ranging from very up-
right or upright (the “Agapitina” cultivar) to completely drooping (the “Desmayo Largueta”
cultivar, among others). Socias i Company et al. [46], Mañas et al. [53], Felipe [26] and
Muncharaz [52] have also observed that “Desmayo Largueta” has a fairly common droop-
ing growth habit. Arquero et al. [28] classified the vegetative habits of “Marcona” and
“Desmayo Largueta” cultivars as spreading. In this regard, Espada and Connell [70] have
indicated that upright trees have better shaking efficiency than trees with roundish or
hanging canopies. However, when the habit is very erect, the tree may have a canopy with
insufficient spread. This makes orchard management difficult but may be useful in new
developments of high density plantings. Generally an upright to spreading habit is prefer-
able, as it facilitates formation of the tree and mechanization of the different operations [46].
Thus, the tree habit of modern European cultivars is generally spreading [47].

4.2. Statistical Analyses

Principal component analysis (PCA) results showed that more than 54% of the variabil-
ity observed was explained by the first three components. These results agree with those
obtained by Gouta et al. [71], Čolić et al. [72] and Khadivi-Khub and Etemadi-Khah [73] for
almond cultivars of the Mediterranean area. PCA revealed that the first three components
explained comparable values (from 34% to 57%) of the total variation, based on morpho-
logical and biochemical traits. Furthermore, Lansari et al. [74], Talhouk et al. [11], and
Sorkheh et al. [50], who used a similar analysis to compare kernel, nut and leaf characters
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in different almond collections, found that the variables contributing to nut and kernel size
were more important than leaf traits.

By analyzing the dendrogram, and taking into account all the results shown above,
a series of synonymies among the almond cultivars can also be detected. Such is the
case with “Pestaneta de Bragança” and “Pestañeta de Arribes”, and with “Verdeal” and
“Verdinal”. Significant similarities were observed between the cultivars for these two cases
of synonymies for all agromorphological and chemical traits. By contrast, a homonym
was also detected: “Molar de Chavés” and “Mollar de Arribes”. Despite their major
agromorphological and chemical differences, both names are often used interchangeably
by some growers.

The results of the PCA and cluster analysis showed that agromorphological and
chemical analysis can provide reliable information on the variability in almond genotypes.
In correspondence with our findings, Ledbetter and Shonnard [75], Talhouk et al. [11],
Sorkheh et al. [76], Zeinalabedini et al. [77] and Khadivi-Khub and Etemadi-Khah [73] have
also shown that morphological evaluation is an efficient tool for characterization of almond
germplasm and for species distinction. The overall analysis of all traits illustrates a wide
diversity that may have important implications for management of genetic resources.

5. Conclusions

Twenty-four traditional almond cultivars grown in the central-western Iberian Penin-
sula, all of them clearly in decline or close to extinction, were characterized from the
agromorphological and chemical points of view. Some of the cultivars showed distinctive
and interesting agronomical characteristics from a commercial point of view, such as high
yields and high quality fruit. This was the case for the almond cultivars called “Gorda
José” and “Marcelina”. Their fruits were quite heavy (nuts: >9.1 g; kernels: >1.9 g), with
very low percentages of double kernels (<3%) and high nutritional value (>50% lipids;
>21% proteins). The results of PCA and cluster analysis showed that agromorphological
and chemical analysis can provide reliable information on the variability in almond geno-
types. Two synonymies (“Pestaneta de Bragança” and “Pestañeta de Arribes”; “Verdeal”
and “Verdinal”) and one homonym (“Molar de Chavés” and “Mollar de Arribes”) were also
detected. This work constitutes an important step in the conservation of genetic almond
resources in the central-western Iberian Peninsula.
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72. Čolić, S.; Rakonjac, V.; Zec, G.; Nicolić, D.; Fotirić, M. Morphological and biochemical evaluation of selected almond [Prunus
dulcis (Mill.) D.A.Webb] genotypes in northern Serbia. Turk. J. Agric. For. 2012, 36, 429–438.

73. Khadivi-Khub, A.; Etemadi-Kah, A. Phenotypic diversity and relationships between morphological traits in selected almond
(Prunus amygdalus) germplasm. Agrofor. Syst. 2015, 89, 205–216. [CrossRef]

74. Lansari, A.; Iezzoni, A.F.; Kester, D.E. Morphological variation within collection of Moroccan almond clones and Mediterranean
and North American cultivars. Euphytica 1994, 78, 27–41.

75. Ledbetter, C.A.; Shonnard, C.B. Evaluation of selected almond (Prunus dulcis (Miller) D.A. Webb) germplasm for several shell and
kernel characteristics. Fruit Var. J. 1992, 46, 79–82.

76. Sorkheh, K.; Shiran, B.; Khodambashi, M.; Moradi, H.; Gradziel, T.M.; Martinez-Gómez, P. Correlations between quantitative tree
and fruit almond traits and their implications for breeding. Sci. Hortic. 2010, 125, 323–331. [CrossRef]

77. Zeinalabedini, M.; Sohrabi, S.; Nikoumanesh, K.; Imani, A.; Mardi, M. Phenotypic and molecular variability and genetic structure
of Iranian almond cultivars. Plant Syst. Evol. 2012, 298, 1917–1929. [CrossRef]

77





agronomy

Article

Assessing the Genetic Diversity and Population Structure of a
Tunisian Melon (Cucumis melo L.) Collection Using Phenotypic
Traits and SSR Molecular Markers

Hela Chikh-Rouhou 1,*,† , Najla Mezghani 2,3,† , Sameh Mnasri 2, Neila Mezghani 4 and Ana Garcés-Claver 5

Citation: Chikh-Rouhou, H.;

Mezghani, N.; Mnasri, S.; Mezghani,

N.; Garcés-Claver, A. Assessing the

Genetic Diversity and Population

Structure of a Tunisian Melon

(Cucumis melo L.) Collection Using

Phenotypic Traits and SSR Molecular

Markers. Agronomy 2021, 11, 1121.

https://doi.org/10.3390/

agronomy11061121

Academic Editors: Gregorio

Barba-Espín and Jose Ramon

Acosta-Motos

Received: 23 April 2021

Accepted: 28 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Regional Research Centre on Horticulture and Organic Agriculture (CRRHAB/IRESA), LR21AGR03,
University of Sousse, 4042 Sousse, Tunisia

2 National Gene Bank of Tunisia, Boulevard Leader Yasser Arafat, 1080 Tunis, Tunisia;
najla_mezghani@yahoo.fr (N.M.); mnasrisameh@yahoo.fr (S.M.)

3 Research Unit of Organic and Conventional Vegetable Crops UR13AGR03, High Institute of Agronomy
of Chott Mariem, University of Sousse, 4042 Sousse, Tunisia

4 LICEF Research Center, TELUQ University, 5800 Rue Saint-Denis, Quebec, QC H2S3L5, Canada;
neila.mezghani@teluq.ca

5 Centro de Investigación y Tecnología Agroalimentaria de Aragón, Instituto Agroalimentario de
Aragón-IA2 (CITA-Universidad de Zaragoza), 50059 Zaragoza, Spain; agarces@cita-aragon.es

* Correspondence: hela.chikh.rouhou@gmail.com
† These authors contributed equally to this work.

Abstract: The assessment of genetic diversity and structure of a gene pool is a prerequisite for
efficient organization, conservation, and utilization for crop improvement. This study evaluated
the genetic diversity and population structure of 24 Tunisian melon accessions, by using 24 phe-
notypic traits and eight microsatellite (SSR) markers. A considerable phenotypic diversity among
accessions was observed for many characters including those related to agronomical performance.
All the microsatellites were polymorphic and detected 30 distinct alleles with a moderate (0.43)
polymorphic information content. Shannon’s diversity index (0.82) showed a high degree of poly-
morphism between melon genotypes. The observed heterozygosity (0.10) was less than the expected
heterozygosity (0.12), displaying a deficit in heterozygosity because of selection pressure. Molec-
ular clustering and structure analyses based on SSRs separated melon accessions into five groups
and showed an intermixed genetic structure between landraces and breeding lines belonging to
the different botanical groups. Phenotypic clustering separated the accessions into two main clus-
ters belonging to sweet and non-sweet melon; however, a more precise clustering among inodorus,
cantalupensis, and reticulatus subgroups was obtained using combined phenotypic–molecular data.
The discordance between phenotypic and molecular data was confirmed by a negative correlation
(r = −0.16, p = 0.06) as revealed by the Mantel test. Despite these differences, both markers provided
important information about the diversity of the melon germplasm, allowing the correct use of these
accessions in future breeding programs. Together they provide a powerful tool for future agricultural
and conservation tasks.

Keywords: genetic diversity; breeding lines; landraces; phenotypic traits; molecular markers

1. Introduction

Melon (Cucumis melo L., 2n = 24) is a morphologically diverse and outcrossing hor-
ticultural crop of economic importance that belongs to the Cucurbitaceae family. The
species is subdivided into two subspecies, namely, subsp. agrestis (Naud.) and subsp. melo,
on the basis of vegetative morphological characteristics and fruit variation, length, and
distribution of hairs on the ovary and young fruit [1]. Melons have been grouped into
several horticultural groups [2], with the cantalupensis, inodorus, and reticulatus market
types being the most economically important ones in American, Asian, and Mediterranean
countries [3].
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Melon diversity is spread across primary and secondary centers. Whereas the primary
centers are located in central and southern Asia, the Far East Asian and Mediterranean
regions comprise the secondary centers [2]. Because of its strategic position and the
diversity of ecosystems and climatic conditions, Tunisia has been a crossroad of several
civilizations, and itis considered one of the richest Mediterranean countries in terms of plant
genetic resources including landraces and wild relatives. Being genetically diverse and
well adapted to local environmental conditions, landraces are considered as an important
reservoir of useful genes that could be exploited in crop breeding programs.

Tunisian melon landraces have been identified as highly tolerant to many biotic
stresses such as Powdery mildew [4], Fusarium wilt [5], aphids [6], and viruses [7]. Al-
though some Tunisian landraces are still cultivated in rural areas through traditional farm-
ing systems, the adoption of modern varieties at the expense of autochthonous germplasm
has reduced the genetic diversity. This has contributed to genetic erosion resulting in
significant loss of valuable genetic diversity for technological quality, adaptation to low
inputs, and tolerance to stress conditions [8,9]. Moreover, little attention has been paid to
the conservation of this germplasm. The extensive collection, preservation, and genetic
diversity assessment of Tunisian melon landraces are vital in order to prevent genetic
erosion, increase genetic variability for melon breeding, and introduce new traits into
modern melon cultivars.

Several studies have been carried out to estimate the genetic variation within the
melon germplasm through different approaches such as morphological descriptors [10,11]
and molecular markers [12]. The evaluation of morphological traits has been frequently
combined with agronomical [8,13], physiological, and biochemical data such as pH, total
soluble solids, polysaccharide content, organic acids, and vitamins [14,15]. However, the
expressions of most of these morphological traits are generally influenced by environ-
mental factors and cultivation practices. Molecular markers that reveal polymorphism at
the DNA level have been considered a powerful tool for the estimation of plant genetic
diversity characterization and for the discrimination of different morphological individuals
from different sources [16]. Various molecular markers have been successfully used to
characterize the melon germplasm including restriction fragment length polymorphisms
(RFLPs) [17], random amplified polymorphic DNA (RAPDs) [18], amplified fragment
length polymorphisms (AFLPs) [19], and simple sequence repeats, also called microsatel-
lites (SSRs) [12]. Specifically, SSRs have proven to be useful marker systems in recent melon
genetic diversity and population structure studies [14,20,21] due to their abundance in the
genome, high polymorphism, reliability, and codominant nature [20,21].

To the best of our knowledge, few studies have addressed the genetic diversity of
Tunisian melon landraces using either morphological [8,22] or molecular markers [23,24].
This investigation is the first report on the assessment of the genetic diversity and structure
of the Tunisian melon germplasm by combining both morphological descriptors and SSR
markers. Landraces and local breeding lines belonging to different botanical groups were
included to evaluate the intra and inter variation among accessions and among botanical
groups and to examine the level of untapped genetic variation in the local germplasm that
could be exploited in future melon improvement programs.

2. Materials and Methods
2.1. Plant Material and Experimental Design

A melon collection including 14 landraces and 10 breeding lines was considered in
this study (Table 1). Native landraces adapted to their growing conditions represent an
opportunity to explore their variability and identify promising traits. The landraces, named
as indicated by the farmers, were open-pollinated landraces collected during 2016 and 2017
from different geographic regions of Tunisia. The breeding lines, derived from landrace
individuals, were selected at the CRRHAB Tunisia research center for their resistance to
fungal diseases (Fusarium wilt or Powdery mildew) and maintained by self-pollination for
4 years. Characterization of both landraces and breeding lines is necessary for an efficient
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breeding program and to release new elite cultivars. The accessions were previously
morphologically classified into five botanical groups of C. melo subsp. melo (inodorus,
reticulatus, cantalupensis, flexuosus, and chate; 16, 3, 2, 2, and 1 accessions, respectively)
according to Pitrat [2].

Table 1. Description of 24 melon accessions used in the study.

Code Local Name Locality Origin Horticultural
Group Type Description

Maaz1 Maazoun Chott Mariem-Sousse inodorus Landrace Sweet fruit without aroma; yellow skin
Maaz2 Maazoun Menzel Chaker-Sfax inodorus Landrace Sweet fruit without aroma, yellow-green skin
Maaz3 Maazoun Wardanine-Monastir inodorus Landrace Sweet fruit without aroma; yellow-green skin
Maaz4 Maazoun Sidi Bouzid inodorus Landrace Sweet fruit without aroma; yellow-green skin
Arbi1 Arbi Jammel-Monastir inodorus Landrace Sweet fruit without aroma, yellow skin
Arbi2 Arbi Jendouba inodorus Landrace Fruit without aroma; creamy-white skin
Arbi3 Arbi Jammel-Monastir inodorus Landrace Sweet fruit without aroma; orange skin
Arbi4 Arbi Jammel-Monastir inodorus Landrace Sweet fruit without aroma; yellow skin
Arbi5 Arbi Kairouan reticulatus Landrace Fruit with aroma, netted skin
Arbi6 Arbi El Jem-Mahdia inodorus Landrace Sweet fruit without aroma, yellow skin
Dz1 Dziri Manzel

Kamel-Monastir inodorus Landrace Sweet fruit without aroma; light-green skin
Dz2 Dziri-arbi Sidi Banour-Mahdia inodorus Landrace Sweet fruit without aroma of light-green color
FL Fakous Salem Wardanine- Monastir flexuosus Landrace Elongated fruit, nonsweet, eaten raw before

ripeness
Horch Harchay Wardanine- Monastir chate Landrace Fruit small-sized, nonsweet, eaten raw before

ripeness

L1-Maaz Maazoun - inodorus Breeding
line

Sweet fruit without aroma, skin of
yellow-green color

L2-FL Fakous - flexuosus Breeding
line

Elongated fruit, nonsweet, eaten raw before
ripeness

L3-Trab Trabelsi - inodorus Breeding
line Sweet fruit without aroma of orange color

L4-Gal Galaoui - reticulatus Breeding
line Sweet fruit with aroma, netted/corked skin

L5-Dz Dziri - inodorus Breeding
line Sweet fruit without aroma; light-green skin

L7-Sarac Sarachika - inodorus Breeding
line Sweet Fruit without aroma; yellow skin

L8-Ru RD - cantalupensis Breeding
line Sweet fruit with aroma and grooves

L9-Ra Rupa - cantalupensis Breeding
line Sweet fruit with aroma and grooves

L10-Anan Ananas - reticulatus Breeding
line Sweet fruit with aroma, netted skin

L13-Raf V4 - inodorus Breeding
line Sweet fruit without aroma; orange skin

The experiment was carried out from February to July during two seasons, 2018 and
2019, at the experimental station of Sahline-CRRHAB located in the Central East Region
of Tunisia (35◦45′02′′ N, 10◦42′44′′ E). Accessions were initially sown in compost, and
seedlings at the three-leaf stage were transplanted into a greenhouse. Three replications
containing 10 plants of each accession were arranged in a randomized complete block
design with a row spacing of 80 cm and a within-row spacing of 40 cm. During cul-
ture, agronomic practices including irrigation, weeding, and fertilization were conducted
uniformly as required in all plots.

2.2. Phenotypic Characterization

Melon accessions were scored for 12 quantitative and 12 qualitative traits related to
leaf, stem, flower, fruit, and seed. Five central plants of each accession in each replication
were selected for sampling. The traits were selected following the descriptor lists of the
International Union for the Protection of New Varieties of Plants (UPOV). Quantitative
data were recorded on (1) days to maturity, from sowing to harvest, (2) stem diameter
and length, (3) number of fruits per vine, (4) fruit weight, length, diameter, and thickness,
(5) cavity diameter, (6) total soluble solids, and (7) 100-seed weight. Qualitative data
concerned (1) sex expression (andromonoecious or monoecious), (2) leaf color and blade
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size, (3) separation of peduncle from fruit, (4) fruit grooves and netting, (4) fruit shape,
(5) fruit skin and flesh color, (6) fruit firmness andshelf life, and (7) seed color.

The quantitative traits (length, width, and diameter) were measured with a ruler
or caliper, fruit weight was measured with an electronic balance, and fruit firmness was
measured with a penetrometer, while qualitative traits were evaluated by attributing a
code to each character states mentioned in UPOV guidelines. Total soluble sugars (TSS),
expressed as degree Brix (◦Brix) in fruit juice, were determined using a digital refractometer
(Atago, Tokyo, Japan). Skin and flesh colors of marketable fruits were assessed using the
Royal Horticultural Society Color Chart.Observations on leaf blade were made on fully
developed but not old leaves, and those related to fruits were made on fully ripe ones.
Fruit skin and flesh colors were assessed using the Royal Horticultural Society Color Chart.

Analysis of variance (ANOVA) followed by the Duncan test was performed for quan-
titative traits to test the significance of variation between the accessions (p < 0.05) using the
statistical procedures in SAS software version 9.1 [25].

Pearson correlation analysis was also carried out to estimate the relationship between
all quantitative traits and two qualitative traits (fruit firmness and fruit shelf life) using R
Studio software version 1.1.456 [26].

To evaluate the levels of phenotypic variation among accessions, Euclidean similarity
coefficients were calculated using the Simlnt procedure implemented in NTSYSpc software
version 2.1 [27] and served for dendrogram construction using the unweighted pair-group
method of averages (UPGMA).

2.3. DNA Extraction and Microsatellite Analysis

Six to seven plants per accession were randomly selected for molecular characteriza-
tion. Genomic DNA was extracted from young leaves of individual plants using a modified
CTAB method [28]. The quality and quantity of DNA were determined using a NanoDrop
ND-10000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and the
diluted DNA (10 ng/µL) was stored at −20 ◦C until PCR analysis.

A set of eight SSRs, previously proven to be highly performant for genetic melon
characterization, were used to assess the genetic diversity between and among accessions
in our collection [29,30]. These SSRs were selected for their high polymorphism, for their
equitable distribution throughout the genome, for their similar annealing temperature
(55 ◦C) to facilitate the multiplexing of several loci into one capillary electrophoresis run,
and because they were mapped on the consensus genetic map in melon published by
Diaz et al. [31].

PCR amplification reactions were carried out according to Mallor et al. [32]. Am-
plifications were performed in a total volume of 20µL containing 12.5 ng of genomic
DNA, 1 × PCR buffer (20 mM Tris–HCl pH 8.4 + 50 mM KCl), 2 mM MgCl2, 65 µM
of each dNTP (Invitrogen, Carlsbad, CA, USA), 0.0625 µM of forward primer extended
by 18 nt M13 tail at its 5′ end, 0.25 µM of each reverse and M13-forward primer (5′-
CACGACGTTGTAAAACGAC-3′) labeled with one of the four fluorescent dyes (6-FAM,
VIC, PET, or NED; Applied Biosystems, Foster City, CA, USA), and 0.2 U of Taq DNA
polymerase (Invitrogen). Amplification reactions were performed in a Perkin-Elmer 9700
thermocycler (Norwalk, CT, USA) with the following program: 5 min denaturation at
94 ◦C followed by 35 cycles at 94 ◦C for 15 s, 55 ◦C for 15 s, and 72 ◦C for 15 s, with
a final extension at 72 ◦C for 10 min. Amplified fragments were separated by capillary
electrophoresis on an ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). The raw data produced and the size of the SSR alleles were analyzed using Peak
Scanner software (Applied Biosystems).

The polymorphism of each locus was scored as presence (1) versus absence (0) of
a specific allele, and data were transformed into a biallelic matrix using allele size. Ge-
netic parameters (number of alleles per locus (N), number of genotypes per locus (G),
observed heterozygosity (Ho), expected heterozygosity (He), Shannon’s information index
(I), fixation index (Fis), or inbreeding coefficient) were determined using GenAlEx software
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version 6.5 [33]. The polymorphism information content (PIC) value was calculated using
the formula described by Botstein et al. [34].

The genetic distance between accessions based on the simple matching (SM) coefficient
was estimated using the software NTSYSpc 2.1 [27]. The resulting matrix served as input
data for the cluster analysis using the UPGMA to generate a dendrogram.

Moreover, analysis of the molecular variance (AMOVA) among and within popula-
tions was performed using GenAlEx 6.5 program.

A joint analysis based on a combination of phenotypic and genotypic similarity matrix
was also conducted. Quantitative traits were converted into three discrete classes as
reported in Yildiz et al. [35].

To measure the goodness of fit for the phenotypic and molecular cluster analysis,
cophenetic correlation values between the original similarity matrices and the cophenetic
matrices given by the UPGMA clustering process were calculated by a Mantel test proce-
dure [36]. Correlation between morphological characters and molecular markers was also
tested using the same procedure.

2.4. Population Structure

The software package STRUCTURE version 2.3.1 [37] was used to provide the most
reliable grouping of the 24 melon accessions, which was analyzed using a Bayesian method
(100,000 burn-ins, 100,000 Markov Chain Monte Carlo) under the admixture model. To
determine the proper number of clusters (K), criteria set by Evanno et al. [38] were followed.

Several population numbers (from K = 1 to 10) were tested, and the logarithm posterior
probability for each K was recorded. The total number of populations was set when the
probability reached a plateau for higher K. Genotypes were assigned to defined populations
if the value of the corresponding membership probability was higher than 0.8; otherwise,
they were considered to be admixed.

3. Results
3.1. Phenotypic Characterization

The melon accessions under study showed a wide range of variability for almost
all the phenotypic traits studied. The frequency distribution for 12 qualitative characters
(discontinuous variables) is shown in Figure 1, in which fruit characters showed the highest
level of polymorphism. Six fruit shapes were observed in the studied accessions, whereby
ovate (33.3%) and elliptical (29.2%) shapes were the most abundant followed by round
shape (20.8%); elongated fruits were observed at 8.4% for the accessions of flexuosus group,
while flattened and obovate fruits were observed at 4.2%.

Fruit skin color was also distributed into six classes including yellow (37.5%), yellow-
green (20.8%), light green, green, and orange with the same frequency (12.5%), and creamy
(4.2%). Flesh color was distributed into four classes; the majority had orange flesh (37.5%).
The majority of accessions were found to be non-sutured (75%), without netting (75%), and
presented a strong attachment of the peduncle to the fruit (58.3%).

For improving the shelf life of melon fruits, firmness is an important trait for maintain-
ing the quality of fruits; 54.2% of the accessions were firm, 20.8% were moderately firm, and
25% were soft. A short (15 days) to medium (25–30 days) shelf life was observed in 66.6%
of accessions; 12.5% of accessions had a very short (approximately 1 week) or long shelf life
(55 days), and 8.3% of the accessions showed a very long shelf life (approximately 3 months)
for some accessions of inodorus group. Melon accessions were andromonoecious (87.5%) for
those belonging to inodorus, cantalupensis, and reticulatus groups, and monoecious (12.5%)
for those belonging to flexuosus and chate groups (Figure 1).

Analysis of variance applied to quantitative characteristics (Table 2) showed signif-
icant (p < 0.05) to highly significant (p < 0.0001) differences between accessions for all
recorded traits. The coefficient of variation ranged from 5.5% (lowest) to 46.5% (high-
est) for the date to maturity (DM) and fruit length (FL), respectively. Accessions of the
non-sweet group (FL, L2-FL (flexuosus), and Horch (chate)) presented the lowest values for
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date to maturity (103–105 days), fruit weight (84–204.9 g), fruit diameter (3–4.4 cm), fruit
thickness (0.5–2 cm), and total soluble solids (4.7–7.4 ◦Brix), whereas accessions L10-Anan
and Arbi5 belonging to the reticulatus group had the highest fruit weight (1765.2 g and
1489.6 g, respectively) followed by L13-Raf (1373 g, inodorus). This accession was also
distinguished by its latest maturity (DM = 159 days), as well as its largest and thickest
fruits (FD and FT = 13.9 cm and 3.8 cm, respectively), whereas the accession Arbi2 of the
inodorous group showed the lowest TSS (8.4 ◦Brix) among the sweet group (reticulatus,
cantalupensis, and inodorus).

Figure 1. Frequency distribution of phenotypic qualitative traits in melon accessions. Values on each bar represent the
number of accessions.
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Pearson correlation coefficients (r) were calculated to determine the relationships
between all quantitative parameters and two qualitative parameters (fruit firmness and
fruit shelf life). A total of 20 features were correlated at a p < 0.05 significance level
(Figure 2). Date to maturity (DM) was significantly and positively correlated with fruit
diameter (FD; r = 0.87), fruit thickness (FT; r = 0.75), cavity diameter (CD; r = 0.68), and total
soluble solids (TSS; r = 0.68) but negatively correlated with fruit number (FN; r = −0.75).
Fruit diameter was positively and significantly correlated with fruit weight (FW; r = 0.86),
fruit thickness (FT; r = 0.83), and cavity diameter (CD; r = 0.83) but negatively correlated
with fruit number (FN, r = −0.75). Significant and positive correlations were also observed
between fruit weight (FW) and cavity diameter (CD; r = 0.81) and between CD and 100-seed
weight (100-SW; r = 0.66), whereas TSS had a significant and negative correlation with fruit
number FN (r = −0.83) and stem length (SL; r = −0.54).

Figure 2. Pearson correlation coefficients between quantitative phenotypic traits and two qualitative
traits (fruit firmness and fruit shelf life). DM: days to maturity, SD: stem diameter, SL: stem length;
FN: fruit number, FW: fruit weight, FL: fruit length, FD: fruit diameter, CD: cavity diameter, FT:
fruit thickness, FF: fruit firmness, FSL: fruit shelf life, TSS: total soluble solids, SN: seed number,
100-SW: 100-seed weight. Only the statistically significant correlation coefficients (p < 0.05) are
colored. Among the significant coefficients, the color type and intensity indicate the direction and
the strength of the association.

A dendrogram combining quantitative and qualitative traits was generated to evaluate
the general pattern of variance and to establish the relationship among melon accessions
(Figure 3). Accessions were discriminated into two main clusters. The first cluster CL1
included three accessions of flexuosus and chate botanical groups characterized by a monoe-
cious sex expression, the lowest fresh weights, and a non-sweet taste. The second cluster
CL2 was formed by the remaining 21 accessions belonging to three groups (cantalupensis,
reticulatus, and inodorus) characterized by an andromonoecious sex expression, an interme-
diate to high fresh weight, and a sweet taste. CL2 was subdivided into two subclusters,
the first one (CL2-1) containing four accessions characterized by the highest fresh weights
and the second one (CL2-2) containing 17 accessions characterized by intermediate fresh
weights.
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Figure 3. Dendrogram of the Tunisian melon accessions based on UPGMA analysis using Euclidean similarity coefficient
for quantitative and qualitative phenotypic traits.

3.2. Molecular Characterization

All SSR markers were polymorphic, and there were no duplicates in the collection.
An example of a capillary SSR profile using CM38- and ECM58- labeled primers is shown
in Figure 4. A total of 30 alleles were identified in 166 plants representing 24 accessions.
The number of identified alleles ranged from two for ECM204, ECM132, and CMCT160 to
seven for MU7194, with an average of 3.75 alleles per locus. The length of the amplified
fragments ranged from 117 to 346 bp. A total of 53 genotypes were generated (Table 3).
Allele frequencies ranged from 0.003 for locus CSWCT10 allele 206 to 0.96 for locus ECM204
allele 330 (Figure 5). Allele 206 (CSWCT10; 0.003) and allele 153 (MU7194; 0.024) were
specific to the Arbi4 and Horchay accessions, respectively.

Table 3. Genetic features of eight microsatellite markers used for the assessment of genetic diversity in 24 melon accessions.
Ch: chromosome, N: number of alleles, G: number of genotypes, Ho and He: observed and expected heterozygosity,
respectively, I: Shannon’s diversity index, Fis: inbreeding coefficient, PIC: polymorphic information content.

SSR Locus Ch Primer Sequences N Size Range
(bp) G Ho He I Fis PIC

CM38 10 F:TAGCATCTGATCGGAAAACC
R:CAACTTCATCCGCCAAGAAT 3 134–144 6 0.17 0.19 0.96 0.06 0.57

ECM58 1 F:TTGAAGCTTCTTCACCTTCTCTTT
R:CACCCCACAAGGGTTCAATA 5 132–157 11 0.19 0.23 1.50 0.18 0.76

CSWCT10 3 F:AGATCGGAATTGAAAAAG
R:AAAGGGGCTTCCTCTCTA 3 197–206 4 0.05 0.03 0.26 −0.68 0.13

ECM204 7 F:CTCTCTTCATTTCCCCTCGTT
R:TGGCCTGGAAAGTAAGGGTAT 2 330–346 3 0.01 0.02 0.14 0.21 0.06

MU7194 4 F:TACTCCTCGCTGATCTTCCC
R:AAAGGAAGAAGCGCACAAAA 7 117–153 12 0.13 0.22 1.48 0.42 0.71

ECM132 6 F:CCATTCGTCAAGCAAAGCTAC
R:CAAAGGGTCCCTCAATTTCTC 2 292–295 3 0.10 0.09 0.48 −0.06 0.30

CMN04_19 9 F:TTCTTCCCACCAAACCTACG
R:AAATGGCAGAGAGCGAGAAA 6 238–262 11 0.08 0.14 1.31 0.48 0.66

CMCT160a 11 F:GTCTCTCTCCCTTATCTTCCA
R:ACGGTGTTTGGTGTGAGAAG 2 231–233 3 0.04 0.04 0.43 −0.27 0.26

Total 30 —— 53 —– —– —— —– ——
Mean 3.75 —— —

— 0.10 0.12 0.82 0.04 0.43
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Figure 4. Phenogram image of molecular polymorphism for five melon accessions (L2-FL, L8-Ru,
L9-Ra, L10-Anan, and L13-Raf) detected by CM38 and ECM58 SSR markers labeled with the NED
and FAM fluorescence dyes, respectively.

Figure 5. Distribution of allele frequencies for the eight SSR loci studied in melon accessions.

The PIC value, estimating the discriminatory power of loci, ranged from 0.06 (ECM204)
to 0.76 (ECM58) with an average of 0.43 (Table 3). Shannon’s information index (I) was
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between 0.14 (ECM204) and 1.5 (ECM58) with an average of 0.82. The observed heterozy-
gosity (Ho) ranged between 0.01 for ECM204 and 0.19 for ECM58 with an average of 0.1,
being lower than expected (He = 0.12). He was lower for the loci with a low number of
alleles and higher for the loci with a high number of alleles. The low level of heterozygosity
within accessions wasconfirmed by a positive inbreeding coefficient (Fis = 0.04).

The pattern of relationships among the 24 accessions is depicted in the UPGMA
dendrogram based on simple matching (SM) coefficient (Figure 6). There was no clear
clustering between the accessions in relation to the collection site and botanical group.
However, two major clusters could be defined by cutting the dendrogram at the lowest
range of similarity value (0.57). The first cluster (CL1) included two landraces FL and
Arbi2. The second one (CL2) contained the remaining 12 landraces intermixed with the
10 breeding lines. At about a 0.70 similarity level, CL2 was subdivided into four groups; the
first group (G1) consisted of 13 accessions (Maaz1, Maaz2, L1-Maaz, L3-Trab, Dz1, L9-Ra,
L10-Anan, L4-Gal, Arbi5, L2-FL, L5-Dz, L7-Sara, and L8-Ru), with most of them (nine)
being breeding lines. The remaining nine accessions (Maaz3, Maaz4, Horch, Arbi6, L13-Raf,
Dz2, Arbi1, Arbi3, and Arbi4) were spread by pairs or triplets into the three other groups
(G2–G4). Intermixing of landrace and breeding line accessions belonging to different taxa
indicated a genetic resemblance with each other.

Figure 6. Dendrogram of the Tunisian melon accessions based on UPGMA analysis using the simple matching coefficient
after amplification with SSR primers.

According to the genetic distance matrix (data not shown), the most similar accessions
were Arbi6 and L13-Ra (SM = 0.99) followed by L7-Sarac and L8-Ru (0.96) and L9-Ra and
L3-Trab or Dz1 (0.90); the most dissimilar ones were FL and Maaz3 (0.38) followed by FL
and Dz1 or Dz2, Horch, and Dz2 with asimilar coefficient of 0.48.

Analysis of molecular variance (AMOVA) was used to estimate the partitioning of
genetic variance among and within populations (Table 4). AMOVA results based on SSR
data revealed that the largest proportion (75%) of the total genetic variance occurred among
accessions, and only 25% occurred within accessions.

Table 4. Analysis of molecular variance (AMOVA) of 24 melon accessions based on eight microsatel-
lite markers. SV: source of variation, df: degrees of freedom, SS: sum of squares, MS: mean squares,
Est.var: estimated variance component, PV: proportion of variance.

SV df SS MS Est.var PV (%) p-Value

Among populations 23 794.763 34.555 4.763 75 0.01
Within populations 142 229.333 1.615 1.615 25 0.01

Total 165 1024.096 6.378 100
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3.3. Combined Analysis of Phenotypic and Genotypic Data

At the lowest range of similarty 0.62, the combined phenotypic–molecular dendrogram
(Figure 7) separated melon accessions into two main clusters, CL1 (non sweet melon) and
CL2 (sweet melon), as shown by the phenotypic dendrogram, but with a more precise
grouping of accessions in CL2, according to the botanical group. Thus, this cluster was
formed by four groups (G1–G4) with G1 containing most (12) of the inodorus accessions
except for Arbi1 (G2), L7-Sarac (G2), Dz2 (G3), and Arbi2 (G4), whereas cantalupensis
accessions (L8-Ru and L9-Ra) and reticulatus accessions (L4-Gal, L10-Anan, and Arbi5)
were clustered together in G2 with L10-Anan and Arbi5 and L8-Ru and L9-Ra being located
close to each other.

Figure 7. Dendrogram of the Tunisian melon accessions based on UPGMA analysis using combined phenotypic and
molecular SM similarity coefficient.

3.4. Relationships and Concordance between Phenotypic and Molecular Markers

The cophenetic correlation coefficient value between the dendrogram and the original
distance matrix estimated from the phenotypic and SSR markers was rmorph = 0.71 and
rSSR = 0.75, respectively (data not shown), indicating a good fit for both data. A negative
and non significant correlation between morphological characters and molecular markers
(r = −0.16, p = 0.06) was found, confirming the disparity between morphological variation
and genetic polymorphism of the studied accessions.

3.5. Population Structure

Genetic structure analysis of the individual samples using STRUCTURE was used
to provide the most reliable discrimination of the melon accessions. The analysis indi-
cated an intermixed genetic structure between landraces and breeding lines, as well as
among botanical groups. Evanno’s test indicated that the most informative number of
subpopulations (K) was 5 (Figure 8) suggesting the existence of five major groups in the
collection, as previously revealed by the molecular cluster analysis. The different groups
were defined by five colors (Figure 9). The yellow color predominated the genetic profile
of the tested accessions, followed by the red, pink, green, and blue colors. The first group,
with a genetic profile dominated by a yellow color, included accessions Maaz2, L1-Maaz,
L2-FL, Dz1, L3-Trab, L9-Ra, L10-Ana, and Arbi5 grouped in the UPGMA tree (G1). The
second group, with a red color, contained breeding lines L5-Dz, L7-Sarac, and L8-Ru (G1).
The third group, dominated by blue color, included landraces Arbi6 and L13-Raf (G3 with
SM coefficient = 0.99). The fourth group, with a pink color, included landraces FL, Arbi2
(cluster 1), and Arbi3. Lastly, the fifth group, dominated by a green color, was formed by
Arbi4, Dz2, and Maaz4. Accessions belonging to these groups had all individuals with a
membership higher than 0.8, indicating that they were strongly assigned to subpopulations,
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except for Arbi 4, Arbi 3, L9-Ra, and Dz2, each displaying one to three individuals with an
admixture allelic form (membership < 0.8). The remaining accessions, with membership
probabilities lower than 0.8 for almost all individuals, were classified into an admixture
group. This group included five accessions: Maaz1, Maaz3, L4-Gal, Horch, and Arbi1
(Figure 9).

Figure 8. Estimation of the optimum number of clusters for melon accession according to Evanno’s method. (a) The graph
displays the log likelihood (LnP(D)) for each K value. (b) The graph displays the ∆K for each K value. The sharp peak of
∆K at K = 5 suggests five subpopulations.

Figure 9. Model-based cluster membership of 24 melon accessions into five subpopulations identified with STRUCTURE
analysis using SSR primers. The corresponding membership probability is presented in the vertical axis. Vertical bars
represent each individual analyzed in this study, and bars are divided into several colors when there is evidence of admixture.
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4. Discussion

Landraces are a valuable repository of gene pool for breeding in a changing envi-
ronment. They often harbor rich genetic diversity, important for traditional agriculture
sustainability under climatic change conditions [39]. The Tunisian melon germplasm is
a reservoir of genes for unique traits related to biotic stress resistance [4–6,40] and fruit
quality [15] which can be transferred to modern cultivars through hybridization. The
assessment of genetic diversity and structure of such a unique gene pool is a prerequisite
for its efficient organization, conservation, and utilization for melon improvement, new
cultivar deployment, and hybrid seed production.

In the present study, we investigated the genetic diversity and population structure
for 24 Tunisian melon accessions including landraces and local breeding lines. Phenotypic
characterization showed a wide range of variability among accessions of different botanical
groups for almost all the phenotypic traits studied, and each group presented specific traits
consistent with the horticultural taxonomy proposed by Pitrat [2]. High morphological
variability among botanical groups and among melon landraces was previously reported
in many countries [18,35,41].

In the UPGMA dendrogram combining quantitative and qualitative phenotypic traits,
the accessions of the non-sweet group (flexuosus and chate) were separated from the other
ones on the basis of fruit shape, weight, and sweetness, in addition to their monoecious sex
expression, whereas accessions of the sweet group (cantalupensis, reticulatus, and inodorus)
were intermixed. The lack of consistency in the clustering of accessions from the same
botanical groups was also observed by Soltani et al. [42] and Aragão et al. [43]. However,
Yildiz et al. [35] showed that the accessions of the flexuosus group were clustered with the
sweet ones. One of the reasons for this variation is the inevitable out-crossing among melon
genotypes. Intermediate forms might have been formed among the different groups due to
the old farming practices employed by local small-scale melon producers in the different
countries.

Compared with morphological traits, molecular analysis is independent of environ-
mental effects and can provide additional and precise information for the assessment of
genetic diversity [13,44]. In this study, all SSR markers were polymorphic and displayed
a moderate polymorphic information content (PIC = 0.43). The number of alleles ranged
from 2–7 with an average of 3.75 alleles per locus, being higher than the 2.54 alleles re-
ported by Henane et al. [23] but lower than the 9.3 alleles reported by Trimech et al. [24].
Aragão et al. [43] and Malik et al. [41] considered that these differences were due to differ-
ent genetic material and molecular markers used in each experiment.

Despite the allogamous reproductive system of melon and the significant phenotypic
variation observed in our collection, the observed heterozygosity was lower (H0 = 0.1) than
the expected heterozygosity (He = 0.12), which revealed an excess in homozygosis further
confirmed by the positive value of fixation index or inbreeding coefficient (Fis = 0.04). It is
likely that selection, practiced by farmers or CRRHAB’s breeders for traits of agronomic
interest such as good growth and disease resistance, acted simultaneously upon many
loci, controlling a variety of traits under selection. This would greatly reduce diversity
throughout the genome and lead to inbreeding depression and higher homozygosity [45].

Two private alleles were detected in the screening collection, allele 206 (in Arbi4,
inodorus group) and allele 153 (in Horchay, chate group). Private alleles were also observed
in the inodorus ‘Yellow Canary’ commercial variety and in the dudaim ‘Chemoum’ landrace
in Tunisia [24], in a wild and cultivated melon germplasm in China [46], and in heirloom
and open-pollinated watermelon commercial cultivars in USA [47]. These alleles may be of
interest to conservationists and breeders aiming to preserve and exploit diversity, as they
are present only in a single population among a broader collection of populations [48,49].

Both STRUCTURE and SM tree analyses based on SSR markers displayed that lan-
draces and breeding lines were intermixed into five clusters independent of the botanical
groups. Insignificant distinctions among sweet and non-sweet genotypes and among
inodorus and cantalupensis genotypes were previously reported by Yildiz et al. [50] and
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Sensoy et al. [51]. Intermixed clustering was also observed in accessions from different
geographic regions. Malik et al. [41] showed an affinity between Indian and USA melons,
and Singh et al. [14] indicated a significant genetic resemblance between Indian modern
cultivars/newly derived inbred lines and exotic accessions; this was attributed to a human-
mediated transportation of the melon germplasm across geographic locations and/or a
great extent of outcrossing among melon genotypes because of the allogamy of the species.

Comparison of the morphological and molecular data in our study demonstrated
discordance of grouping the accessions between the two data sets. This was confirmed
by the negative correlation (r = −0.16) exhibited by the Mantel test, despite being weak
and not significant (p = 0.06). The reasons might be that (i) the morphogenesis of melon
accessions has been shaped not only by genes but also by environmental conditions, with
some quantitative traits being especially greatly influenced by the environment [52], or
(ii) the polymorphic loci amplified by SSR markers were not linked to the scored agro-
morphological traits, such that the basis of classification was different [53]. Moreover, the
number of SSR markers used might be one factor for this disparity, as an increased number
of SSRs may lead to a greater similarity. Inconsistencies between phenotypic and genotypic
data were reported in melon and in other vegetable species [18,35,52–54], and the use of a
joint matrix derived from combined phenotypic and molecular matrices was performed in
our study in order to increase precision. Indeed, a total discrimination of sweet and non-
sweet accessions, as well as a more precise clustering among inodorus, cantalupensis, and
reticulatus subgroups, was obtained compared to the separate morphological and molecular
data analyses. Both markers are complementary and essential for the efficient conservation
of genetic resources and selection of potentially valuable parent lines in breeding programs.

5. Conclusions

This study added further information about the intra and inter variation among local
melon genetic resources. Both molecular and morphological features are useful and will
facilitate the selection process; the results obtained in the present study can be used for the
sustainable conservation and management of melon genetic resources. Landraces with
agronomical performance and private alleles can potentially constitute a valuable gene pool
for melon breeding, especially in a scenario of rapid climate change. Further phenotypic
and molecular studies on national collections, including local varieties, landraces, hybrids,
introduced accessions, breeding lines, and wild species, might be necessary for a better
understanding of the Tunisian melon gene pool.
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Abstract: Cultivated lettuce (Lactuca sativa L.) is one of the most important leafy vegetables in the
world, and most of the production is concentrated in the Mediterranean Basin. Hydroponics has
been successfully utilized for lettuce cultivation, which could contribute to the diversification of
production methods and the reduction of water consumption and excessive fertilization. We devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and shoot
attributes of lettuce. We studied 12 lettuce genotypes of the crisphead and oak-leaf subtypes, which
differed on their tipburn resistance, for three growing seasons (Fall, Winter, and Spring). We found
interesting genotype × environment (G × E) interactions for some of the studied traits during early
growth. By analyzing tipburn incidence and leaf nutrient content, we were able to identify a number
of nutrient traits that were highly correlated with cultivar- and genotype-dependent tipburn. Our
experimental setup will allow evaluating different lettuce genotypes in defined nutrient solutions to
select for tipburn-tolerant and highly productive genotypes that are suitable for hydroponics.
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1. Introduction

Cultivated lettuce (Lactuca sativa L.; Asteraceae), which is usually consumed fresh,
is one of the most important leafy vegetables in the world. Commercial lettuce varieties
are classified based on head and leaf characteristics, and some of the most common
horticultural types are romaine, iceberg (also named as crisphead; CHD), oak-leaf (i.e.,
green oak; GOAK, and red oak; ROAK), and butterhead. Breeding new lettuce cultivars
involves manual pollination of genetically stable (i.e., pure) parent lines with agronomic
traits of interest, followed by selection based on plant phenotyping and genotyping [1,2].
The availability of detailed genetic maps of cultivated lettuce [3–7] has allowed significant
progress for mapping agronomically-important traits and promoted the development of
marker-assisted selection (MAS) and candidate gene identification in these species [8].
Several studies have shown that most breeding target traits, such as disease resistance [9],
postharvest discoloration [10], thermotolerance in seed germination [7], or water and
nitrate capture [6], are complex traits and thus controlled by quantitative trait loci (QTL).

Spain is the third-largest producer of lettuce and chicory in the world after China and
the USA, with a total of c.a. 1.1 million tons, with an area of 35,360 hectares dedicated for
their cultivation [11]. Most of the production is focused on the southeastern Mediterranean
region, with a temperate climate that allows lettuce cultivation throughout the year, making
Spain the world’s largest lettuce exporting country. However, water scarcity and soil avail-
ability are limiting factors for plant cultivation, and inadequate irrigation and fertilization
management has increased the environmental impact of agricultural exploitation in this
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region [12,13]. Therefore, to contribute to sustainable lettuce production, there is a strong
requirement for the development of new forms of farming to increase the crop’s resource
use efficiency and the reduction of production costs. Floating systems or closed hydroponic
methods have been successfully engaged for lettuce cultivation [14–16]. This technique
allows for the precise control of water and mineral nutrition, saves soil and labor costs, and
provides shorter harvest cycles, high product quality, and good consumer acceptance [16].

Tipburn is defined as the localized necrosis found on the distal margins of rapidly
expanding leaves. It is a serious problem in controlled lettuce production, as it reduces the
quality and shelf life of fresh lettuce, hence resulting in severe economic losses [17–19]. Tip-
burn is influenced by many environmental factors, such as light intensity, air temperature,
and soil conditions, and is considered a calcium deficiency-related physiological disorder,
which is usually associated with rapidly growing tissues [17,18,20,21]. In addition, a strong
variation for tipburn incidence among different lettuce cultivars has been reported [19,22],
allowing for the development of tipburn-resistant varieties [19,23,24]. The use of genomic
tools has enabled the identification of QTL for tipburn incidence in several recombinant
inbred line (RIL) populations and the development of linked molecular markers [25,26].
However, further research is needed to identify the underlying candidate genes for these
QTL and the effect of their introgression into other lettuce cultivars. Also, only a few
studies on tipburn incidence have been carried out in lettuce grown in hydroponics [27,28].

Within the framework of a company-based breeding program for lettuce, we devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and
shoot attributes during early growth in three growing seasons (Fall, Winter, and Spring).
A representative sample of lettuce varieties from different cultivars (CHD, GOAK and
ROAK) were selected based on contrasting agronomically relevant traits such as tipburn
tolerance. Our results allowed us to define genotype × environment (G × E) interactions
for some of the studied traits, and to establish a strong correlation between leaf nutrient
content and tipburn incidence, which may help to reduce leaf damage through adequate
fertilization management.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

We selected 12 lettuce genotypes from the breeding program at Monsanto Agriculture
Spain S.L.U. (Murcia, Spain) which differed on their tipburn resistance as visually scored at
the company’s experimental station (37◦41′47.6′′ N 1◦01′55.2′′ W, Murcia, Spain; Table 1).
We included four genotypes of the Lactuca sativa var. capitata L., hereafter referred as
crisphead (CHD) or iceberg cultivar; and eight genotypes from Lactuca sativa var. crispa L.,
which differed in their leaf color, and which were assigned either to the green oak (GOAK)
or to the red oak (ROAK) subtypes (Table 1). Seeds from the cultivars used in this work are
available upon request to V.B.

Seedlings were sown in 198-well trays filled with moistened 80% perlite and 20% sub-
strate (FloraGard) and were incubated in darkness for 3 days at 10 ± 2 ◦C and 75% relative
humidity. Germinated trays were transferred to the nursery chamber set at 20 ± 2 ◦C, 65%
relative humidity, and under natural photoperiod (Table S1) until the seedlings had 2–3 true
leaves (10 mm; Figure 1a). For each cultivar and experiment, eight randomly-selected
seedlings were then transferred to 3 L sealed and opaque pots filled with nutrient solu-
tion [29] (Table S2); with an eventual air pump (5 × 2.5 L) for hydroponic growth [30] in a
multi-tunnel greenhouse at the company’s experimental station and under environmental
conditions (0 days after planting, dap; Figure 1b). As previous results indicated that lettuce
growth was strongly affected by N application [17], we adjusted the nutrient solution
for optimal N supply. To avoid contamination, the nutrient solution was renewed every
two weeks.
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Table 1. Some details of the lettuce genotypes used in this study.

Cultivar Genotype Description Tipburn Phenotype [18]

CHD C1 Collected in Summer, crispy leaves Light

CHD C3 Collected in late Fall, dark green leaves and
ovate leaves, big size head Severe

CHD C7 Collected in Winter, dark green leaves and
ovate leaves, big size head Medium

CHD C8 Collected in late Fall, medium-size head Medium

GOAK G1
Collected in Fall, indoor production

Voluminous and compact lettuce, strong
against bolting

Light

GOAK G3
Collected in Winter and Spring, indoor and
outdoor production. Round shape, dense
filling, high weight, strong against bolting

Severe

GOAK G5 Collected in Spring and Fall, upright and
compact leaves, slow bolting Light

GOAK G6
Collected in Spring and Summer, indoor

production, dark green color, strong
against bolting

Medium

ROAK R2 Collected in Fall and Winter, slight red,
small and bit cylindrical heads Severe

ROAK R3 Collected in Fall and Spring, dark green
color, medium volume Medium

ROAK R4 Collected in Fall, good vigor and volume Light

ROAK R5 Collected in Fall and Spring, good vigor
and volume, strong against bolting Light

Figure 1. Experimental design for studying growth, tipburn phenotypes, and nutrient concentrations
in different lettuce genotypes. (a) A representative image of a young seedling from the nursery
chamber. (b) General view of the hydroponic system used for lettuce cultivation at the experimental
station. (c) Glass cylinder vase used for image acquisition. (d,e) A representative image of the
roots (d) and the shoot (e) of a plant grown in hydroponics for 21 days. (f) Image segmentation
files obtained with Image J software. (g) A representative image of leaves collected for nutrient
concentration analysis. Scale bars: 50 mm.
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2.2. Image Analysis

Five randomly chosen plants were periodically taken for image analyses during the
hydroponic culture at 0, 7, 14, 21, 28, 35, and 45 dap. To minimize light variation, a
photography box was used with illumination from below. Plants were transferred to a glass
cylinder vase (12 × 28 cm) filled with nutrient solution (Figure 1c) and their root and shoot
system were respectively imaged (Figure 1d,e) with a still smartphone camera (iPhone 6s,
12 MP f2.2) and saved as an RGB color image in jpeg format (1200 × 2800 pixels). Root
area (RA) was measured using the GiA Roots software [31] as described elsewhere [32].
For the shoot area (SA) measurement, the background of the image was removed using
Adobe Photoshop CS3, and images were batch-processed using Image J [33] (Figure 1f).
Raw measurements were exported to Excel spreadsheets for data analysis.

2.3. Tipburn Evaluation

From 14 dap onwards, tipburn severity (TS) was assessed weekly in individual plants
by scoring the presence of necrotic symptoms on the edges of leaves on a scale from
1 to 9, where 1 was no tipburn and 9 was severe tipburn (Figure S1). To obtain these
scores, five plants were evaluated per cultivar and season. In addition, tipburn incidence
(TBI) was calculated to verify agreement with TS as previously described in [18] with the
following formula:

TBI =
(n plants severe tipburn × 5 + n plants medium tipburn × 3 + n plants light tipburn)

n plants × 5
× 100

2.4. Growth Parameters and Nutrient Content Analysis

At the end of the experiment (45 dap), each plant was separated into shoots and
roots to measure their fresh weight (FW). Dry weight (DW) was measured in samples that
were oven-dried at 80 ◦C for 72 h. Root and leaf water content (WC) were determined as:
(FW−DW)

FW × 100. Stem length and leaf number were also documented.
For nutrient concentration analysis, we randomly selected three 21 dap plants from

the Spring season, and mature (M), intermediate (I), and juvenile (J) leaves were collected
from each plant and imaged for SA determination (see Section 2.2; Figure 1g). FW, DW,
and WC were measured as described above.

The measurement of different macronutrients: potassium (K), calcium (Ca), phospho-
rus (P), sulfur (S), magnesium (Mg), sodium (Na), and micronutrients: iron (Fe), manganese
(Mn), zinc (Zn), copper (Cu), was carried out in a digestion extract containing 100 mg of
tissue powder and 50 mL of a mix of HNO3:HClO4 (2:1 v/v) using an inductively coupled
plasma optical emission spectrometer (ICP-OES IRIS INTREPID II XDL, Thermo Fisher
Scientific Inc., Loughborough, UK) at the Ionomic Services of the CEBAS-CSIC (Murcia,
Spain) [34].

2.5. Statistical Analysis

The descriptive statistics (mean, standard error of the mean (SEM), etc.) calculated for
samples and different tests described below were performed by using the StatGraphics Cen-
turion XV software (StatPoint Technologies, Inc., Warrenton, VA, USA). The Kolmogorov–
Smirnov [35] and Shapiro tests were performed to check the normality of the data by
analyzing the goodness-of-fit between the distribution of the data and a given theoretical
normal distribution. In addition, to check the homogeneity of the variance, the Bartlett and
Levene tests were applied. The data with a normal distribution were analyzed by a one-way
ANOVA followed by Fisher’s LSD (least significant differences) multiple range Test [36]
to separate the treatment means, thereby detecting significant differences (p-value < 0.01).
Non-parametric tests were used when necessary. In that case, the median was used in-
stead of the mean, and the data were subjected to the Kruskal–Wallis test (p-value < 0.01).
Heatmaps were processed using the pheatmap package in R [37]. Neighbor-joining distance
matrixes between genotypes (rows) and between samples (columns) were automatically
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calculated from average values to build the dendrograms and the heatmap representation.
Graphs were drawn with GraphPad Prism 9.0.0 for Windows (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Quantitative Analysis of Root and Shoot Area during Hydroponic Growth

We followed the growth of the studied lettuce cultivars grown on hydroponic culture
by periodically imaging the root and the shoot system between 0 and 35 dap (see Section 2).
Estimated root and shoot areas (RA and SA) in the studied CHD genotypes exponentially
increased between 0 and 35 dap, following a season-dependent pattern (p-value = 0.002;
Figure 2a,b and Table S3). The highest growth rate of the RA occurred during Spring for C3
(Figure S2). Instead, C1 and C7 showed the highest SA growth rate during Fall (Figure S2).
In all seasons, C7 and C8 usually showed the lowest RA values, while C3 exhibited the
highest RA values at 35 dap (RA35; Figure 2a,c and Figure S3a). In agreement with what
was found for RA35, the C8 genotype showed the smallest SA values at 35 dap (SA35) in
every season (Figure 2b and Figure S3b), while the SA35 values for C7 were much higher in
Spring than those in Winter or Fall (Figure 2b,d), despite the RA35 in C7 lagging behind in
every season (Figure 2a,c). In contrast, the shoot growth and root growth rates of C1 were
similar in every season and normally higher than in the other CHD genotypes studied
(Figure S2).

Regarding the GOAK genotypes, the estimated RA exponentially increased between 0
and 35 dap. The highest RA growth was observed in Spring (p-value = 0.000), followed
by Fall, while in Winter, a slower growth was observed (Figure 3a,c and Figure S4a and
Table S3). RA35 was similar in all the genotypes in Fall (p-value = 0.624), and Spring
(p-value = 0.321), and also slightly significantly different (p-value = 0.046) in Winter
(Figure 3a and Figure S4a). RA growth values were quite similar in all GOAK geno-
types, with the extreme values shown by G5 in Winter and G3 in Spring (Figure S2a and
Table S3). The highest growth rates of the SA were observed during the Fall (Figure S2b and
Table S4), and the SA35 values significantly differed between GOAK genotypes in every
season (Figure 3b and Figure S4b). Overall, G5 showed significantly higher SA35 values
than the G1 and G6 genotypes, but in Spring, only the SA35 values of G5 were significantly
higher than the other GOAK genotypes (Figure 3b,d and Figure S4b).

In the ROAK cultivars, we did not find significant differences in the RA35 values
between ROAK genotypes in Winter (p-value = 0.999) or Spring (p-value = 0.645; Figure 4a
and Figure S5a and Table S3). Consistent with the differences observed for RA35 values in
Fall (Figure 4a and Figure S5a), the lowest growth rate of the RA occurred for the R4 and
R5 genotypes in this season (Figure S2a and Table S3).

Conversely, the growth rate of SA was much lower during Spring for all the ROAK
genotypes (Figure S2b and Table S3), which also showed similar RA35 values in this season
(Figure 4b and Figure S5b). The R3 and R4 genotypes showed contrasting RA35 and SA35
values in Fall (Figure 4a,b), while the R5 genotype showed the smallest RA35 and SA35
values in this season (Figure 4a,b and Figure S5a,b).
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Figure 2. Quantitative analysis of root and shoot area in the studied CHD genotypes during hydroponic growth. (a) Average
root area (cm2) and (b) average shoot area (cm2) values in the studied lines (C1, C3, C7, and C8) between 0 (T0) and 35 (T35)
days after planting (dap). Theoretical exponential growth curves are depicted in blue. Different letters indicate significant
differences at 35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of C3 and C7
genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 3. Quantitative analysis of root and shoot area in the studied GOAK genotypes during
hydroponic growth. (a) Average root area (cm2) and (b) average shoot area (cm2) values in the
studied lines (G1, G3, G5, and G6) between 0 (T0) and 35 (T35) dap. Theoretical exponential
growth curves are depicted in blue. Different letters indicate significant differences at 35 dap (LSD;
p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of G3 and G6
genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 4. Quantitative analysis of root and shoot area in the studied ROAK genotypes during
hydroponic growth. (a) Average root area (cm2) and (b) average shoot area (cm2) values in the
studied lines (R2, R3, R4 and R5) between 0 (T0) and 35 (T35) dap. Theoretical exponential growth
curves are depicted in blue. Different letters indicate significant differences between genotypes at
35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of R2
and R5 genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.

3.2. Variations in Root and Shoot Weights in the Studied Lettuce Cultivars

We measured several growth-related traits of the root and the shoot system at 45 dap
(see Materials and Methods; Table S4 and Figure S6a). Root FW and shoot FW were found to
be dependent on the cultivar type (p-value = 0.000) and the growing season (p-value = 0.002).
The GOAK genotypes had significantly heavier root systems (FW = 33.50 ± 0.94 g;
DW = 1.39± 0.05 g; n = 57) than those from ROAK (FW = 24.20± 0.58 g; DW = 1.19± 0.05 g;
n = 59) or CHD (FW = 24.60 ± 0.85 g; DW = 1.26 ± 0.06 g; n = 60), being the largest in
Spring for GOAK and CHD (Figure S6b). As for the CHD genotypes, C1 had signifi-
cantly (p-value < 0.01) heavier root systems (FW = 28.60 ± 1.80 g; DW = 1.63 ± 0.26 g;
n = 15) than C8 (FW = 21.10 ± 1.02 g; DW = 0.97 ± 0.07 g; n = 15; Figure 5a). Among
the eight L. sativa var. crispa genotypes studied, G3 showed the heaviest root system
(FW = 41.20 ± 2.03 g; DW = 1.56 ± 0.05 g; n = 14), while the R5 root system was the lightest
one (FW = 21.00 ± 1.07 g; DW = 0.96 ± 0.08 g; n = 14; Figure 5a). Despite the FW and DW
values being highly correlated overall (Figure S6b), the root DW values were significantly
(p-value = 0.000) higher in Winter (1.56 ± 0.06 g; n = 59), with the lowest values found in
Fall (1.00 ± 0.34 g; n = 60), but these were not strongly dependent (p-value = 0.014) on the
type of cultivar (CHD, GOAK or ROAK).
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Figure 5. Fresh weight of the studied genotypes at the end of the experiment. (a) Root FW and
(b) shoot FW (Fall, grey-filled bars; Winter, white-filled bars; Spring, lined-filled bars). Different
letters indicate significant (p-value < 0.01) differences between CHD, GOAK and ROAK samples.

Despite their small root systems, shoot weights were significantly (p-value = 0.000)
higher in the CHD genotypes (FW = 233.30 ± 6.18 g; DW = 8.84 ± 0.30 g; n = 59)
than those in GOAK (FW = 190.90 ± 5.36 g; DW = 7.81 ± 0.25 g; n = 60) or ROAK
(FW = 182.10 ± 6.72 g; DW = 7.71 ± 0.19 g; n = 59), even though the CHD shoots had signif-
icantly (p-value = 0.000) less leaves (15.90 ± 0.50; n = 20) than GOAK shoots (29.80 ± 0.64;
n = 60) or ROAK (28.40 ± 0.42; n = 60) shoots (Table S4). Remarkably, a statistically
significant (p-value = 0.000) G × E interaction affected shoot FW in GOAK and ROAK
genotypes. The shoot FW values from G3 and R2 were much higher than other GOAK or
ROAK genotypes only in Spring (Figure 5b). The shoot DW values were also significantly
(p-value = 0.000) higher in Winter (9.27 ± 0.26 g; n = 59), but surprisingly, the lowest
shoot DW values were found in Spring (7.00 ± 0.21 g; n = 59). The root-to-shoot ratio
(R:S ratio) steadily increased from Fall to Spring in the CHD and ROAK cultivars, while
non-significant differences were found for the R:S ratio of GOAK in Winter and Spring
(Figure S6c).

Root water content (RWC) varied from 94.50 ± 0.36% in C1 to 96.10 ± 0.20% in
G3, with a clear effect of the growing season, with lower RWC values in Winter and
higher RWC values in Fall (Table S4). Also, shoot water content (SWC) was significantly
(p-value = 0.001) lower in ROAK cultivars (95.50 ± 0.15%; n = 57), with the highest values
found in C8 (96.50 ± 0.21%; n = 15). Intriguingly, water content (both in the shoot and in
the root) was negatively and significantly (p-value = 0.000) correlated with root DW and
most considerably in Winter (Figure S6d).

3.3. Tipburn Severity during Hydroponic Growth

Tipburn was scored weekly on cultivars grown in hydroponic culture by means of
a visual scaling rate (Figure S1), and it was found that the symptoms steadily increased
from 3–4 weeks after planting onwards (Table S5). We found a significant G × E interaction
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for tipburn severity in the CHD genotypes (p-value = 0.000), with a higher contribution
of the Fall and Spring seasons on the scores at 45 dap (Figure 6a and Table S5). While
C3 showed higher scores in every season (6.3 ± 0.5; n = 18), others only showed tipburn
symptoms during Spring (C8) or Fall (C7 and C1). Additionally, tipburn phenotypes were
highly variable within individual plants in C1, C3, and C8 (Table S5), as estimated by
their variance values at 45 dap (7.22; n = 54) compared with those of C7 (2.24; n = 18).
The tipburn severity in the ROAK genotypes (measured at 45 dap) was not dependent on
the growing season (p-value = 0.296), but a significant dependency on the genotype was
observed (p-value = 0.000), with R2 leaves showing similar tipburn symptoms and much
higher scores (8.0 ± 0.9; n = 18) than those of the other ROAK genotypes studied (2.1 ± 1.5;
n = 54). On the other hand, tipburn symptoms of the GOAK leaves were dependent on the
growing season and the genotype (p-value = 0.041), with higher scores in Spring for G3
and G6 (5.0 ± 2.4; n = 16) as compared with the other GOAK genotypes studied (1.8 ± 1.2;
n = 56).

Figure 6. Tip-burn assessment in the studied genotypes. (a) Tipburn incidence of the studied
genotypes at 45 days after planting (dap) (b) Heatmap of tipburn scoring values during the Spring
season. Colored bars indicate the severity of the tipburn phenotypes in the studied genotypes, from
highly tolerant (0, yellow) to highly sensitive (8, red). Genotypes were grouped into four groups
(tolerant: 1,2; sensitive: 3,4). (c) Representative images of rosettes of genotypes with extreme tipburn
phenotypes (tolerant, left panels; sensitive: right panels) at 45 dap. White arrowheads point to
regions where tipburn lesions are present. Scale bars: 50 mm.

Next, we classified the studied genotypes based on their tipburn severity symptoms
during the Spring season into four groups: (i) highly tolerant (R5, C1), (ii) intermediate (C7,
R4, G1, G5), (iii) sensitive (R3, G6), and (iv) highly sensitive (C8, G3, R2, C3) (Figure 6b).
Some highly sensitive genotypes, such as R2 or C3, obtained higher scores in all the seasons,
while others, such as C8, G3, or G6 only showed tipburn symptoms during the Spring
season (Table S5). Representative pictures of some of the most tolerant and most sensitive
genotypes for tipburn symptoms are shown in Figure 6c.

3.4. Leaf Nutrient Variation in the Spring Season in the Studied Lettuce Cultivars

We determined nutrient concentration in mature, intermediate, and juvenile leaves
of the studied genotypes in the Spring season at the end of the experiment (Table S6). For
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the studied nutrients, most of the variation was found associated with leaf type (p-value
between 0.0000 (Ca, P, Mg, Na, Fe, Mn, and Cu) and 0.0078 (K)) or cultivar type (p-value
between 0.0000 (K, P, S, Mg, Na, Fe, Mn, and Cu) and 0.0029 (Zn)) (Tables 2 and 3). In
the CHD cultivar, we found the lowest nutrient levels, while in the GOAK cultivars, their
nutrient levels were significantly higher. Nutrient concentrations in the ROAK cultivar
were intermediate and similar to GOAK, except for P, where the highest values were
observed (Table 2). In regard to the studied macronutrients (K, Ca, P, S, Mg, and Na), all
cultivars showed higher P levels in the juvenile leaves, while the Ca, Mg, and Na levels
were higher in the mature leaves, albeit not significant for Mg or Na in CHD (Table 2).
K levels were significantly higher in mature leaves in the GOAK and ROAK cultivars
than in intermediate or juvenile leaves; S showed similar behavior in the CHD and ROAK
cultivars with higher concentrations in the juvenile leaves than the GOAK cultivar but
without significant differences (Table 2). For the studied micronutrients (Fe, Mn, Zn, and
Cu), we found significantly higher concentrations of Mn and Cu in mature leaves of all the
cultivars. On the other hand, Fe was significantly higher in mature leaves in GOAK and
ROAK, and Zn showed a contrasting behavior in these two cultivars, with significantly
higher levels in juvenile leaves in ROAK (Table 2). We next analyzed the mature-to-juvenile
(M/J) ratio and found higher values of Ca, Na, and Mn in mature leaves irrespectively of
the cultivar. Interestingly, the CHD cultivar showed low (≤1) M/J ratios of K, S, Mg, Fe,
Zn, and Cu as compared to those in the GOAK and ROAK cultivars (Tables 2 and 3).

Considering the nutrient concentration of all leaves, we found significant differences
between the studied genotypes (Table 4). Overall, the CHD genotypes contained a lower
nutrient concentration than the ROAK and GOAK genotypes (Table 4). G3 and R4 had the
highest nutrient concentration, which almost doubled those found in C1 and C7 (Table 4).
We did not find a clear association between total nutrient concentration and tipburn scores
(Figure 6a,b).

After analyzing each nutrient individually, we found that all three cultivars showed similar
trends for macronutrient (K > Ca > P > S > Mg > Na) and micronutrient (Fe > Mn > Zn > Cu)
concentrations (see percentage in italics in Tables 5 and 6). However, some genotypes dis-
played substantial differences in the amounts of specific nutrients compared with those in
other genotypes of the same cultivar. As regards the CHD genotypes, C1 and C7 had higher
concentrations or percentages for all the nutrients analyzed except for Mn, Zn, and Cu,
where C1 showed the highest percentages. Comparing the most differentiated genotypes
(C1 and C7 vs. C3 and C8), we observed significant differences in K (p-value = 0.0003), Ca
(p-value = 0.0047), S (p-value = 0.0026), Mg (p-value = 0.0070), Na (p-value = 0.0024), and Mn
(p-value = 0.0025). We classified the CHD genotypes based on their statistically significant
nutrient levels, as follows: C1 > C7 > C8 = C3 (Tables 5 and 6). In relation to the GOAK
genotypes, G3 contained higher levels of most nutrients compared to those found in G5,
G1, and G6 (Tables 5 and 6). Conversely, G6 showed lower levels of some macronutrients
(K, P, S, Mg, and Na), being the most malnourished GOAK genotype but without showing
significant differences with respect to G1 to G5, which were nutritionally more balanced
(Table 5). We found a significantly (p-value = 0.0004) higher nutrient concentration in G3
as compared to those in G5, G1, and G6. We ordered the GOAK genotypes as regards
to their statistically significant nutrient levels, as follows: G3 > G1 > G5 > G6 Table 6).
We did not find significant differences between the ROAK genotypes in regards to total
macronutrient and micronutrient content (p-value = 0.0650). However, we observed signifi-
cant differences between R4 and the other ROAK genotypes for P (p-value = 0.0021) and S
(p-value = 0.0040), which resulted in sorting the ROAK genotypes based on significant P
and S nutrient concentrations from R4 > R5 > R2 > R3 (Tables 5 and 6). Tipburn incidence
and tipburn scores (Figure 6a,b) associated with the R2 and R3 genotypes containing lower
P and S content (Table 5).

107



A
gr

on
om

y
20

21
,1

1,
61

6

Ta
bl

e
2.

A
na

ly
si

s
at

th
e

cu
lt

iv
ar

le
ve

l(
C

H
D

,G
O

A
K

,a
nd

R
O

A
K

)a
nd

by
le

af
ty

pe
of

th
e

m
ac

ro
nu

tr
ie

nt
s

st
ud

ie
d

in
th

is
tr

ia
l(

pp
m

).
Pe

rc
en

ta
ge

s
to

th
e

pr
op

or
ti

on
of

ea
ch

nu
tr

ie
nt

in
ea

ch
ty

pe
of

le
af

.D
at

a
ar

e
m

ea
ns

of
12

re
pl

ic
at

es
w

it
h

d
iff

er
en

tl
et

te
rs

fo
r

ea
ch

co
lu

m
n

in
d

ic
at

in
g

si
gn

ifi
ca

nt
d

iff
er

en
ce

s
(p

-v
al

ue
<

0.
01

)a
s

d
et

er
m

in
ed

by
L

SD
m

ul
ti

pl
e

co
m

pa
ri

so
ns

te
st

in
di

ff
er

en
tt

yp
es

of
le

av
es

an
al

yz
ed

. C
H

D
G

O
A

K
R

O
A

K
Le

af
Ty

pe
K

C
a

P
S

M
g

N
a

K
C

a
P

S
M

g
N

a
K

C
a

P
S

M
g

N
a

M
at

ur
e

13
49

.0
0

a
34

0.
68

b
92

.2
6

a
10

1.
45

b
65

.9
1

a
38

.0
2

b
32

90
.6

3
b

79
4.

50
b

22
8.

85
a

30
9.

97
b

18
5.

36
b

10
9.

80
b

32
04

.7
4

b
60

8.
37

b
27

2.
64

a
17

9.
97

ab
18

4.
19

b
11

5.
74

c
67

.5
2%

17
.0

5%
4.

62
%

5.
08

%
3.

30
%

1.
90

%
66

.4
9%

16
.0

5%
4.

62
%

6.
26

%
3.

75
%

2.
22

%
69

.8
5%

13
.2

6%
5.

94
%

3.
92

%
4.

01
%

2.
52

%

In
te

rm
ed

ia
te

14
00

.8
4

a
20

1.
41

a
13

7.
12

b
92

.8
8

a
56

.7
8

a
30

.1
1

ab
22

28
.4

0
a

31
6.

88
a

20
8.

25
a

17
7.

64
a

10
5.

75
a

41
.4

1
a

23
28

.6
7

a
24

3.
09

a
28

3.
54

b
13

9.
78

a
95

.4
4

a
64

.2
1

b
72

.7
2%

10
.4

6%
7.

12
%

4.
82

%
2.

95
%

1.
56

%
72

.0
6%

10
.2

5%
6.

73
%

5.
74

%
3.

42
%

1.
34

%
73

.5
8%

7.
68

%
8.

96
%

4.
42

%
3.

02
%

2.
03

%

Ju
ve

ni
le

16
57

.4
3

a
15

5.
36

a
21

8.
00

c
12

1.
04

b
64

.4
4

a
22

.9
0

a
24

15
.4

0
ab

22
7.

05
a

32
6.

71
b

19
9.

86
a

11
1.

22
a

28
.5

2
a

24
24

.8
2

a
14

1.
51

a
44

0.
74

b
19

2.
42

b
10

4.
57

a
23

.2
1

a

73
.7

2%
6.

91
%

9.
70

%
5.

38
%

2.
87

%
1.

02
%

72
.6

9%
6.

83
%

9.
83

%
6.

01
%

3.
35

%
0.

86
%

72
.6

2%
4.

24
%

13
.2

0%
5.

76
%

3.
13

%
0.

69
%

p-
va

lu
e

0.
17

11
0.

00
01

0.
00

00
0.

11
96

0.
48

57
0.

02
11

0.
06

09
0.

00
01

0.
01

59
0.

01
64

0.
01

33
0.

00
01

0.
03

73
0.

00
00

0.
00

12
0.

03
32

0.
00

00
0.

00
00

M
/J

ra
ti

o
0.

81
2.

19
0.

42
0.

84
1.

02
1.

66
1.

36
3.

50
0.

70
1.

55
1.

67
3.

85
1.

32
4.

30
0.

62
1.

02
1.

76
4.

99

Ta
bl

e
3.

A
na

ly
si

s
at

th
e

cu
lt

iv
ar

le
ve

l(
C

H
D

,G
O

A
K

,a
nd

R
O

A
K

)a
nd

by
le

af
ty

pe
of

th
e

m
ic

ro
nu

tr
ie

nt
s

st
ud

ie
d

in
th

is
tr

ia
l(

pp
m

).
Pe

rc
en

ta
ge

s
to

th
e

pr
op

or
ti

on
of

ea
ch

nu
tr

ie
nt

in
ea

ch
ty

pe
of

le
af

.D
at

a
ar

e
m

ea
ns

of
12

re
pl

ic
at

es
w

it
h

d
iff

er
en

tl
et

te
rs

fo
r

ea
ch

co
lu

m
n

in
d

ic
at

in
g

si
gn

ifi
ca

nt
d

iff
er

en
ce

s
(p

-v
al

ue
<

0.
01

)a
s

d
et

er
m

in
ed

by
L

SD
m

ul
ti

pl
e

co
m

pa
ri

so
ns

te
st

in
di

ff
er

en
tt

yp
es

of
le

av
es

an
al

yz
ed

.

C
H

D
G

O
A

K
R

O
A

K
Le

af
Ty

pe
Fe

M
n

Z
n

C
u

Fe
M

n
Z

n
C

u
Fe

M
n

Z
n

C
u

M
at

ur
e

4.
92

a
3.

90
b

1.
67

ab
0.

23
b

16
.7

2
b

8.
89

b
3.

35
b

0.
61

b
13

.5
7

b
6.

75
b

1.
54

a
0.

37
b

0.
25

%
0.

20
%

0.
08

%
0.

01
%

0.
34

%
0.

18
%

0.
07

%
0.

01
%

0.
30

%
0.

15
%

0.
03

%
0.

01
%

In
te

rm
ed

ia
te

4.
12

a
1.

99
a

1.
17

a
0.

13
a

8.
37

a
3.

61
a

1.
67

a
0.

28
a

6.
01

a
2.

45
a

1.
28

a
0.

12
a

0.
21

%
0.

10
%

0.
06

%
0.

01
%

0.
27

%
0.

12
%

0.
05

%
0.

01
%

0.
19

%
0.

08
%

0.
04

%
0.

00
%

Ju
ve

ni
le

5.
23

a
1.

85
a

1.
93

b
0.

21
b

8.
58

a
3.

00
a

2.
35

ab
0.

30
a

6.
92

a
2.

04
a

2.
50

b
0.

19
a

0.
23

%
0.

08
%

0.
09

%
0.

01
%

0.
26

%
0.

12
%

0.
09

%
0.

01
%

0.
21

%
0.

06
%

0.
07

%
0.

01
%

p-
va

lu
e

0.
43

98
0.

00
15

0.
05

05
0.

00
29

0.
00

96
0.

00
01

0.
04

31
0.

00
66

0.
00

02
0.

00
00

0.
00

06
0.

00
00

M
/J

ra
ti

o
0.

94
2.

11
0.

87
1.

09
1.

95
2.

96
1.

43
2.

03
1.

96
3.

31
0.

62
1.

95

108



A
gr

on
om

y
20

21
,1

1,
61

6

Ta
bl

e
4.

G
lo

ba
la

na
ly

si
s

u
si

ng
al

ln
u

tr
ie

nt
s

(p
p

m
)a

tt
he

cu
lt

iv
ar

an
d

ge
no

ty
p

e
le

ve
l.

D
at

a
ar

e
m

ea
ns
±

SE
M

of
9

re
p

lic
at

es
w

it
h

d
if

fe
re

nt
le

tt
er

s
fo

r
ea

ch
co

lu
m

n
(g

en
ot

yp
es

)o
r

ro
w

s
(c

ul
ti

va
rs

)i
nd

ic
at

in
g

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(p

-v
al

ue
<

0.
01

)a
s

de
te

rm
in

ed
by

LS
D

m
ul

ti
pl

e
co

m
pa

ri
so

ns
te

st
.

C
1

76
70

.0
9
±

63
4.

81
b

G
1

10
,3

10
.5

8
±

33
8.

97
a

R
2

10
,4

46
.2

5
±

80
4.

42
a

C
3

52
22

.1
5
±

18
2.

30
a

G
3

15
,7

08
.8

6
±

10
99

.3
0

b
R

3
10

,0
15

.2
8
±

14
45

.6
6

a
C

7
68

33
.1

7
±

29
4.

16
b

G
5

10
,0

11
.7

90
±

99
0.

28
a

R
4

13
,4

05
.8

4
±

13
89

.0
1

a
C

8
49

66
.4

7
±

39
2.

13
a

G
6

94
24

.4
3
±

14
82

.2
8

a
R

5
99

24
.4

8
±

66
1.

77
a

p-
va

lu
e

0.
00

04
0.

00
04

0.
06

50

A
ve

ra
ge

61
72

.9
7
±

38
1.

09
a

11
,3

63
.9

1
±

88
6.

52
b

11
,0

91
.4

0
±

69
1.

06
b

Ta
bl

e
5.

In
d

iv
id

ua
la

na
ly

si
s

of
ea

ch
m

ac
ro

nu
tr

ie
nt

st
ud

ie
d

in
th

is
tr

ia
l(

pp
m

)a
tt

he
ge

no
ty

pe
le

ve
lf

or
ea

ch
cu

lt
iv

ar
.P

er
ce

nt
ag

es
re

fe
r

to
th

e
pr

op
or

ti
on

of
ea

ch
nu

tr
ie

nt
in

ea
ch

ty
pe

of
ge

no
ty

pe
.D

at
a

ar
e

m
ea

ns
of

9
re

pl
ic

at
es

w
ith

di
ff

er
en

tl
et

te
rs

fo
r

ea
ch

co
lu

m
n

in
di

ca
tin

g
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(p
-v

al
ue

<
0.

01
)a

s
de

te
rm

in
ed

by
LS

D
m

ul
tip

le
co

m
pa

ri
so

ns
te

st
in

th
e

fo
ur

ge
no

ty
pe

s
an

al
yz

ed
pe

r
cu

lt
iv

ar
(p

-v
al

ue
).

C
H

D
K

C
a

P
S

M
g

N
a

G
O

A
K

K
C

a
P

S
M

g
N

a
R

O
A

K
K

C
a

P
S

M
g

N
a

C
1

54
93

.2
0

b
91

8.
54

b
46

8.
06

b
39

0.
30

b
23

7.
80

b
12

8.
51

c
G

1
71

71
.1

6
a

13
10

.4
7

a
65

5.
84

b
61

4.
46

a
33

9.
65

a
17

0.
41

b
R

2
76

49
.1

0
a

91
7.

81
ab

72
6.

56
a

55
9.

32
b

39
6.

68
a

14
5.

85
a

71
.6

2%
11

.9
8%

6.
10

%
5.

09
%

3.
10

%
1.

68
%

69
.5

5%
13

.0
5%

6.
53

%
6.

12
%

3.
38

%
1.

70
%

73
.2

2%
8.

79
%

6.
96

%
5.

35
%

3.
80

%
1.

40
%

C
3

38
06

.3
3

a
54

2.
29

a
36

1.
88

a
26

8.
90

a
15

1.
76

a
69

.2
1

ab
G

3
10

72
1.

92
b

21
84

.1
1

b
88

6.
81

b
94

4.
94

b
59

8.
40

b
28

7.
79

b
R

3
71

29
.9

0
a

99
0.

55
ab

88
3.

95
b

40
0.

07
a

37
7.

61
a

19
0.

05
ab

72
.8

9%
10

.3
8%

6.
93

%
5.

15
%

2.
91

%
1.

33
%

68
.2

5%
13

.9
0%

5.
65

%
6.

01
%

3.
81

%
1.

83
%

71
.1

9%
9.

89
%

8.
83

%
3.

99
%

3.
77

%
1.

90
%

C
7

48
49

.2
1

b
75

5.
94

b
54

9.
96

b
35

5.
06

b
19

3.
96

b
99

.5
2

bc
G

5
70

94
.3

3
a

90
2.

42
a

85
8.

71
b

62
8.

49
a

33
9.

99
a

14
0.

02
a

R
4

94
85

.9
6

a
12

53
.0

7b
12

67
.8

5
c

62
2.

57
b

44
1.

41
a

28
9.

24
b

70
.9

7%
11

.0
6%

8.
05

%
5.

20
%

2.
84

%
1.

46
%

70
.8

6%
9.

01
%

8.
58

%
6.

28
%

3.
40

%
1.

40
%

70
.7

6%
9.

35
%

9.
46

%
4.

64
%

3.
29

%
2.

16
%

C
8

34
80

.3
3

a
57

3.
01

a
40

9.
62

a
24

7.
21

a
16

5.
00

a
66

.9
0

a
G

6
67

50
.3

0
a

95
6.

47
a

65
3.

87
b

56
1.

99
a

33
1.

25
a

12
0.

72
a

R
5

71
88

.7
9

a
78

4.
60

a
98

1.
54

b
44

5.
11

a
32

3.
07

a
16

4.
03

a
70

.0
8%

11
.5

4%
8.

25
%

4.
98

%
3.

32
%

1.
35

%
71

.6
3%

10
.1

5%
6.

94
%

5.
96

%
3.

51
%

1.
28

%
72

.4
3%

7.
91

%
9.

89
%

4.
48

%
3.

26
%

1.
65

%

To
ta

l
44

07
.2

7
69

7.
45

44
7.

38
31

5.
37

18
7.

13
91

.0
3

To
ta

l
79

34
.4

3
13

38
.4

2
76

3.
81

68
7.

47
40

2.
32

17
9.

73
To

ta
l

79
58

.2
2

99
2.

97
99

6.
92

51
2.

18
38

4.
20

20
3.

16

p-
va

lu
e

0.
00

03
0.

00
47

0.
02

51
0.

00
26

0.
00

7
0.

00
24

p-
va

lu
e

0.
00

12
0.

00
02

0.
20

07
0.

00
09

0.
00

01
0.

00
02

p-
va

lu
e

0.
13

35
0.

08
79

0.
00

21
0.

00
4

0.
19

73
0.

01
52

109



A
gr

on
om

y
20

21
,1

1,
61

6

Ta
bl

e
6.

In
d

iv
id

ua
la

na
ly

si
s

of
ea

ch
m

ac
ro

nu
tr

ie
nt

st
ud

ie
d

in
th

is
tr

ia
l(

pp
m

)a
tt

he
ge

no
ty

pe
le

ve
lf

or
ea

ch
cu

lt
iv

ar
.P

er
ce

nt
ag

es
re

fe
r

to
th

e
pr

op
or

ti
on

of
ea

ch
nu

tr
ie

nt
in

ea
ch

ty
pe

of
ge

no
ty

pe
.D

at
a

ar
e

m
ea

ns
of

9
re

pl
ic

at
es

w
ith

di
ff

er
en

tl
et

te
rs

fo
r

ea
ch

co
lu

m
n

in
di

ca
tin

g
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(p
-v

al
ue

<
0.

01
)a

s
de

te
rm

in
ed

by
LS

D
m

ul
tip

le
co

m
pa

ri
so

ns
te

st
in

th
e

fo
ur

ge
no

ty
pe

s
an

al
yz

ed
pe

r
cu

lt
iv

ar
(p

-v
al

ue
).

C
H

D
Fe

M
n

Z
n

C
u

G
O

A
K

Fe
M

n
Z

n
C

u
R

O
A

K
Fe

M
n

Z
n

C
u

C
1

15
.4

3
a

11
.3

4
b

6.
15

b
0.

75
b

G
1

28
.4

0
a

13
.1

7
a

6.
09

a
0.

92
a

R
2

31
.7

4
a

14
.8

3
b

3.
83

a
0.

53
a

0.
20

%
0.

15
%

0.
08

%
0.

01
%

0.
28

%
0.

13
%

0.
06

%
0.

01
%

0.
30

%
0.

14
%

0.
04

%
0.

01
%

C
3

11
.7

3
a

5.
54

a
4.

01
a

0.
50

a
G

3
49

.5
2

b
23

.1
9

b
10

.3
7

b
1.

59
b

R
3

25
.8

5
a

11
.8

5
ab

4.
81

a
0.

64
a

0.
22

%
0.

10
%

0.
08

%
0.

01
%

0.
32

%
0.

15
%

0.
07

%
0.

01
%

0.
26

%
0.

12
%

0.
05

%
0.

01
%

C
7

17
.3

4
a

7.
34

a
4.

32
a

0.
52

a
G

5
27

.9
7

a
12

.0
7

a
6.

67
a

1.
12

ab
R

4
27

.0
5

a
11

.4
7

ab
6.

44
a

0.
79

a
0.

25
%

0.
11

%
0.

06
%

0.
01

%
0.

28
%

0.
12

%
0.

07
%

0.
01

%
0.

20
%

0.
09

%
0.

05
%

0.
01

%

C
8

12
.5

7
a

6.
72

a
4.

59
a

0.
50

a
G

6
28

.8
0

a
13

.6
1

a
6.

31
a

1.
12

ab
R

5
22

.8
7

a
8.

24
a

5.
53

a
0.

69
a

0.
25

%
0.

14
%

0.
09

%
0.

01
%

0.
31

%
0.

14
%

0.
07

%
0.

01
%

0.
23

%
0.

08
%

0.
06

%
0.

01
%

To
ta

l
14

.2
7

7.
74

4.
77

0.
57

To
ta

l
33

.6
7

15
.5

1
7.

36
1.

19
To

ta
l

26
.5

0
11

.2
5

5.
32

0.
68

p-
va

lu
e

0.
05

1
0.

00
25

0.
02

35
0.

01
47

p-
va

lu
e

0.
00

16
0.

00
03

0.
00

26
0.

02
14

p-
va

lu
e

0.
36

75
0.

18
88

0.
17

44
0.

27
09

110



Agronomy 2021, 11, 616

We wondered whether differences in nutrient levels between mature and juvenile
leaves could account for the observed differences in tipburn scores and tipburn incidence in
the GOAK and ROAK genotypes (Figure 6a,b). We found that G1 and R5, with the lowest
tipburn scores, showed a mild decrease in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). The genotypes with the highest tipburn scores,
G3 and R2, showed higher differences in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). A similar trend was found for S and Cu, although
the R2 genotype showed higher S and Cu levels in juvenile leaves than the other three
genotypes (Figure 7). Na concentration was also higher in mature leaves, and their levels
were similarly reduced in juvenile leaves in the four genotypes (Figure 7). On the other
hand, P and Zn showed the highest levels in juvenile leaves except for the G3 genotype
(Figure 7).

Figure 7. Nutrient analysis of the studied macronutrients in different leaves (M, mature; I, interme-
diate; J, juvenile). Only the most divergent genotypes for tipburn scoring and tipburn incidence
for GOAK (G1 and G3) and ROAK (R2 and R5) cultivars are shown. The nutrients analyzed were
(a) Potassium (K), (b) Calcium (Ca), (c) Magnesium (Mg), (d) Phosphorus (P), (e) Sulphur (S),
(f) Sodium (Na), (g) Copper (Cu), (h) Iron (Fe), (i) Manganese (Mn) and (j) Zinc (Zn). Data are
normalized as regards the leaf with the highest amount for a given nutrient.
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4. Discussion

There is an increased demand for fresh, locally grown, and safe vegetables among
the EU consumers [38]. However, intensive agricultural exploitation might lead to water
shortage and soil salinization, among other environmental damages [39]. The greenhouse
production of vegetables in closed hydroponic systems is a resource-efficient technique
for the production of high-quality and high-yield crops [40]. Here, we devised a low-cost
hydroponic system (i.e., floating rafts) for lettuce cultivation, which was used to evaluate
the early growth and quality parameters of 12 genotypes from different lettuce cultivars
(CHD, GOAK, and ROAK) in three growing seasons (Fall, Winter, and Spring). These
genotypes were selected based on agronomically-relevant traits.

Research on the role of root system architecture (RSA) traits that could enhance
nutrient and water use efficiency has not received broad attention in lettuce breeding
programs until quite recently [6]. We found striking differences among the studied lettuce
cultivars in regard to their root system (Figure 2a,c, Figure 3a,c, and Figure 4a,c). The CHD
genotypes showed deeper roots as compared to those from GOAK and ROAK. As it is
known that deeper roots are crucial for improving drought resistance in plants [41,42],
CHD cultivars may be more drought tolerant than GOAK and ROAK genotypes, although
this hypothesis could not be directly tested in our hydroponics system. On the other
hand, GOAK and ROAK root systems were heavier and more superficial than those in
the CHD cultivar. Indeed, GOAK and ROAK are oak-leaf cultivars located on the same
genetic clade [43], which are mainly differentiated by their leaf anthocyanin content [1].
The differences in the RSA of the CHD and GOAK/ROAK cultivars may thus account for
the genotype-dependent behavior of cultivated lettuce in saline soils [44] or in response to
water and nutrient deficiency [6]. Our experimental setup will allow evaluating growth
responses under different soil stresses through the adjustment of the nutrient solution
and/or the experimental conditions (i.e., temperature, aeration, etc.). In addition, the
contrasting RSA phenotypes of the G3 and R5 genotypes (Figures 3c and 4c), with a three-
fold difference in their root fresh-weight during the Spring season (Figure 5), may be used
for the identification of the genetic determinants involved in RSA variation in the oak-leaf
lettuce clade through the implementation of QTL mapping. We estimated the shoot growth
rates of lettuce in hydroponic culture through dedicated image analysis (Figure S2). Overall,
shoot growth was much lower during Winter than in Spring or Fall, which is in agreement
with previous studies where higher temperatures and high irradiance were found to be key
factors, which affected growth product quality in these species [16,22]. However, we found
an interesting G × E interaction for the estimated SA in some of the studied genotypes.
On the one hand, the ROAK genotypes showed lower SA values in Spring than in Winter
(Figure 4b). On the other hand, SA values in C7 were highly affected by the growing
season, as higher growth occurred during Spring for this genotype (Figure 2b). However,
the SA and RA values estimated from images were inaccurate descriptors of yield, as
confirmed by the low correlations found between FW and DW values of the shoot system
and the root system at the end of the experiment (Figure S6). We found that FW was highly
correlated with DW (both for root or shoot) for all the studied cultivars and during the
different growing seasons (Figure S6), and that their WC variation ranged from 92% to
98% (Table S4). Interestingly, we found that WC (either in roots or shoots) was negatively
correlated with root DW but not with shoot DW, which suggest that thinner roots may
be more efficient in water uptake in lettuce plants grown in hydroponics, as compared to
those plants grown in soil where root diameter may be directly related to the ability to
penetrate the drying soil [41]. In addition, the R:S ratio allowed us to identify genotypes
with contrasting yield genotypes, such as C7 and R3 (Table S4). While C7 had the lowest
R:S values (and hence higher yield) in Fall, R3 showed the highest R:S ratio (thus lower
yield) during Spring, indicating a G × E interaction for this trait, as well.

In Spain and Italy, two of the fifth largest lettuce and chicory producers in the
world [11], greenhouse lettuce production is often limited by the extent of tipburn and
premature bolting. Tipburn is a physiological disorder characterized by necrotic lesions at
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the margins of the developing leaves, resulting from a localized Ca deficiency [45]. Tipburn
development in lettuce depends on environmental factors that promote growth [46]. Ca
translocation from the roots to the shoots occurs through the xylem due to transpiration,
and Ca cannot be mobilized from older leaves to younger ones [47]. Some of the climatic
factors that characterize the Mediterranean region, specifically high temperature, high
radiation, and long photoperiod, lead to the rapid shoot growth of lettuce, which cannot
match Ca translocation from the roots. The lettuce genotypes studied in this work were
selected based on their contrasting tipburn incidence when grown in soil. A previous
study using a small number of lettuce cultivars grown in hydroponics showed that tipburn
was not observed in the late Winter season, whereas it was severe during Spring [48]. We
found that tipburn incidence was higher during Spring but lower in Winter for most of
the studied cultivars grown in hydroponics (Figure 6a). And we also observed that the
CHD cultivars showed a higher variation for tipburn incidence as compared to the studied
oak-leaf types (GOAK and ROAK). These results were consistent with the greater genetic
variability for tipburn responses found in the CHD cultivar as a result of earlier breeding
efforts for tipburn tolerance in this cultivar [19,22,24,25]. In a recent study [28], early bolting
and tipburn behavior were studied on 18 genotypes from different lettuce cultivars grown
in hydroponics at high temperature and extensive differences were also observed among
them. Hence, the combined effect of high growth rates and high temperatures during
Spring may lead to the reduced nutrient supply to the developing leaves, resulting in the
observed enhancement of the tipburn severity during Spring. Only two of the studied
genotypes, C3 and R2 showed severe tipburn symptoms in every season (Figure 6a,c).
Another two genotypes, C8 and G3 showed intermediate-to-severe tipburn symptoms only
during Spring (Figure 6a,c). On the other hand, C1, G1, and R5 showed tipburn tolerance
when grown in hydroponics (Figure 6a,c). These results perfectly matched the tipburn
severity symptoms found in the studied genotypes when grown in soil (V.B., unpublished),
which validates our experimental setup for the fast and high-throughput evaluation of
tipburn responses in lettuce germplasm collections grown in hydroponics.

To investigate the nutritional causes of tipburn incidence during Spring in the studied
genotypes, we measured the levels of several macro and micronutrients in leaves of
different ages at the end of the experiment (45 dap; Table S6). Ca and Na levels showed
the highest M/J ratio, irrespectively of the cultivar type (Table 2), which is consistent
with the low Ca mobilization from mature tissues [45] and the higher Na accumulation
in older leaves [49]. On the other hand, P displayed the lowest M/J values within the
studied macronutrients (Table 2), with lower P levels in the CHD than in the GOAK/ROAK
genotypes. These latter results could be explained by the differences in RSA between
the studied cultivars, as root responses to low phosphate favor the exploration of the
shallower part of the soil, where phosphate tends to be more abundant [50]. We noticed
that the CHD genotypes contained a lower nutrient concentration than the GOAK and
ROAK ones (Table 4). Nutritional differences between lettuce cultivars have been described
previously [51]. The tipburn incidence and tipburn scores of the CHD genotypes perfectly
matched their total nutrient content, hence, the genotypes with the lowest nutrient levels
(C3 and C8) showed severe tipburn symptoms (Figure 6a,b and Tables 5 and 6). Our
results suggest that tipburn in the studied CHD genotypes may be related to some nutrient
imbalance, as has been proposed earlier in lettuce [52]. The high growth rates observed
during Spring for C3 and C8, combined with their contrasting R:S ratios, may result in
decreased Ca concentrations in leaves and thus increased tipburn, as has been previously
reported in other lettuce genotypes [21,45]. Because of the restricted Ca transport within the
head-enclosed leaves of the CHD genotypes, Ca levels are much lower in the leaf margins,
where tipburn symptoms arise early; high K levels in this region might also contribute to
enhanced tipburn in CHD genotypes, as suggested previously [45]. Overall, the studied
ROAK and GOAK genotypes were less sensitive to tipburn, which was consistent with
previous results which suggested a narrow genetic variation for this trait in oak-leaf type
cultivars [19]. R2 and G3, which displayed severe tipburn during the Spring season, were
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characterized by a strong decrease in K levels between mature and juvenile leaves, as
compared with the tipburn tolerant G1 and R5 genotypes (Figure 7). To assess whether
tipburn in the studied lettuce genotypes is caused by an altered Ca/K homeostasis, we
plan to evaluate tipburn susceptibility using an in vitro evaluation system [24], with some
modifications.

We also found striking differences in regard to the studied micronutrients (Fe, Mn,
Zn, and Cu) depending on cultivar type and genotypes (Tables 3 and 6). Alterations in
micronutrient homeostasis (such as Fe and Mn) have commonly been associated with the
appearance of shoot tip necrosis during pistachio in vitro culture [53], which very much
resembles the tipburn symptoms found in the ROAK and GOAK genotypes. Fe and Mn
levels in leaves, as well as their M/J ratios, were much higher in the GOAK and ROAK
genotypes than in the CHD ones (Table 3). Consistent with previous results on K levels,
Fe and Mn levels strongly decreased in the R2 and G3 genotypes from mature to juvenile
leaves (Figure 7), suggesting that a nutritional unbalance of some micronutrients (Fe and
Mn) could explain tipburn in oak-leaf susceptible genotypes. Further experiments with
additional ROAK and GOAK genotypes will allow us to confirm this hypothesis.

5. Conclusions

We devised a multi-factorial approach for the study of several growth and quality
traits of lettuce (Lactuca sativa L.) using a low-cost and high-throughput scalable hydro-
ponic system. By analyzing tipburn incidence and leaf nutrient content, we were able to
identify a number of nutrient traits that were highly correlated with cultivar- and genotype-
dependent tipburn, suggesting that tipburn is a complex trait in this species. Indeed,
the genetic dissection of tipburn resistance in lettuce has recently gained from a detailed
study using seven RIL populations in multiple environments and years that allowed the
identification of two major QTL affecting this trait [26]. The forthcoming availability of
linked molecular markers will allow the evaluation of our germplasm collection.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/4/616/s1, Figure S1: A representation of the scale used for tipburn severity assessment;
Figure S2: The growth rate of the studied cultivars between 0 and 35 dap; Figure S3: Representative
images of the studied CHD genotypes; Figure S4: Representative images of the studied GOAK
genotypes; Figure S5: Representative images of the studied ROAK genotypes; Figure S6: Growth
quantification of the studied genotypes at 45 dap; Table S1: Details of the experimental design used;
Table S2: Nutrient solution composition; Table S3:, Raw data of root and shoot area; Table S4: raw
data of root and shoot weights; Table S5, Raw data of tipburn phenotype assessment, Table S6: Raw
data of the nutrient analysis.
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Abstract: Soybeans (Glycine max (L.) Merr.) with black seed coats and green cotyledons are rich in
anthocyanins and chlorophylls known as functional nutrients, antioxidants and compounds with
anticarcinogenic properties. Understanding the genetic diversity of germplasm is important to
determine effective strategies for improving the economic traits of these soybeans. We aimed to
analyze the genetic diversity of 470 soybean accessions by 6K single nucleotide polymorphic loci
to determine genetic architecture of the soybeans with black seed coats and green cotyledons. We
found soybeans with black seed coats and green cotyledons showed narrow genetic variability in
South Korea. The genotypic frequency of the d1d2 and psbM variants for green cotyledon indicated
that soybean collections from Korea were intermingled with soybean accessions from Japan and
China. Regarding the chlorophyll content, the nuclear gene variant pair d1d2 produced significantly
higher chlorophyll a content than that of chloroplast genome psbM variants. Among the soybean
accessions in this study, flower color plays an important role in the anthocyanin composition of seed
coats. We provide 36 accessions as a core collection representing 99.5% of the genetic diversity from
the total accessions used in this study to show potential as useful breeding materials for cultivars
with black seed coats and green cotyledons.

Keywords: genetic diversity; black soybean; green cotyledon; anthocyanin; chlorophyll

1. Introduction

The composition of soybean (Glycine max [L.] Merr.) seeds is 40% protein, 20% oil,
and 15% soluble carbohydrates, making it one of the most economically important crops
in the world. Soybean production in western countries primarily focuses on producing
high-protein meals for livestock and vegetable oils, whereas in Asian countries soybeans
have traditionally been used as a staple food and consumed as soymilk, tofu, soy sprouts,
fermented soy foods, and soy sauce [1,2]. Soybeans with black seed coats have been
attracting interest as a soybean food [3]. Soybeans with black seed coats can be classified
into two groups based on their cotyledon colors, which are either green or yellow. Soybean
with black seed coats and green cotyledons (BLG) have been used as traditional ingredients
in medicinal treatments in China, Japan, and Korea, unlike yellow commodity soybeans [4].
Several studies have reported that daily consumption of black soybeans is associated
with a reduced risk of breast cancer and cardiovascular diseases due to their content of
potentially active phytochemicals, such as isoflavones, sterols, phytic acid, saponins, and
anthocyanins [5–8]. In addition, BLG soybeans are preferred by consumers for health
benefits, and are often cooked with rice and other side dishes in Korea.
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Soybeans with black seed coats do not differ from the yellow commodity soybeans
in seed composition and plant morphology, and the black seed coat is caused by the ac-
cumulation of flavonoids and anthocyanins in the epidermal layer of the soybean seed
coat [9–11]. Anthocyanins are important functional nutrients and antioxidants that benefit
human health by having a positive effect on obesity, diabetes, and cardiovascular dis-
eases [12,13]. Black seed coats are controlled by multiple classic genetic loci, such as I, T,
W1, R, and O. The epistatic interaction of those loci contributes to soybean seed coloration.
The black seed coat is controlled by the expression level of the chalcone synthase gene,
which plays an important role in the anthocyanin biosynthesis pathway [14,15]. In the seed
coat of black soybeans, there are eight anthocyanins: delphinidin 3-galactoside, delphinidin
3-O-glucoside, cyanidin 3-O-galactoside, cyanidin 3-O-glucoside, petunidin 3-O-glucoside,
pelargonidin 3-O-glucoside, peonidin 3-O-glucoside, and cyanidin chloride [16]. Among
them, three anthocyanins, cyanidin 3-O-glucoside, delphinidin 3-O-glucoside, and petuni-
din 3-O-glucoside are the primary anthocyanins in black seed coat [17].

In pea genetics, green cotyledon was one of earliest traits studied by Gregor Mendel [18].
The dominant allele at the I locus determined the yellow cotyledon color in the pea, whereas
the i mutant controlled the green cotyledon color during seed maturation and maintained
the green color of leaves during senescence compared with a wild type [19,20]. Delayed leaf
senescence in the pea i mutant is known as the “stay-green” phenomenon, and it is caused
by the impairment of chlorophyll degradation. Studies confirmed that Mendel’s I locus
encoded SGR in pea, which encodes a Mg-dechelatase for catalyzing the first step of the
chlorophyll a (Chl a) degradation pathway [21,22]. Chlorophyll plays the primary role in
harvesting the light energy during photosynthesis [23]. There are two kind of chlorophylls,
Chl a and chlorophyll b (Chl b). Chl a and Chl b are present in light-harvesting complexes I
(LHCI) and II (LHCII), including photosystem I and photosystem II. The senescence process
in the plant is caused by chlorophyll degradation and a breakdown of LHCI and LHCII,
which results in delayed leaf yellowing and is known as the stay-green phenotype [24–26].
Degradation of chlorophyll is associated with delayed green leaves during senescence, as
well as the green cotyledon in plants.

Due to its advantage regarding the ease and simplicity of observation, inheritance
studies on the morphological colors of soybean seed have been conducted since the early
1900s to evaluate seed coat and cotyledon colors [27,28]. Terao [28] reported that in
soybeans there are two kinds of inheritance for the green cotyledon phenotype, such as the
nuclear inheritance and cytoplasmic inheritance. Genes for the green cotyledon strain were
recently cloned for both inheritances. First, D1 (Glyma.01g214600 in W82.a2.v1 assembly)
and D2 (Glyma.11g027400) are two paralogous nuclear genes in soybeans and are homologs
of SGR genes from other plant species [29]. Double variants of the D1 and D2 gene result in
the stay-green phenotype, including delayed yellowing of leaves during senescence, with
green seed cotyledons [29,30]. Second, Terao [28] reported the maternal inheritance for the
green cotyledon phenotype in soybeans, which are present in the chloroplast genome [30].
The 5-bp insertion in the soybean chloroplast genome results in a frameshift in PsbM, which
encodes one of the small subunits of photosystem II [31]. The genotyping of D1, D2, and
PsbM from 212 soybeans with green cotyledons revealed that all lines carry either d1d2 or
psbM with the known mutations, which suggests that naturally occurring d1, d2, and psbM
mutations are rare [31].

Diverse germplasm accessions increase genetic diversity in soybean breeding pro-
grams and preserve the rare alleles that contribute to unique germplasm collections. Un-
derstanding the genetic diversity of germplasm sets is important for determining effective
strategies that improve economic traits for crop development. In soybeans, studies to
assess genetic diversity have been conducted on accessions from three major gene pools in
China, Korea, and Japan by utilizing molecular markers [32–37].

Frankel et al. [38] first proposed the construction of a germplasm core subset, which
is representative of the entire population, by maximizing the genetic variation and mini-
mizing repetitiveness. Utilization of the core subset increased the efficiency to overcome
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the size, cost, and labor issues during evaluating an entire population by focusing on a
limited but representative subset instead. Therefore, core subsets have been constructed for
various crop species based on morphological and phenotypic observations [39–47]. Because
quantitative phenotypic traits are often affected by environmental factors, a core subset
that covers the genetic diversity of the entire population cannot be perfectly constructed by
phenotype [48]. Molecular markers directly reflect genetic diversity rather than phenotypic
assessments [49].

Due to increasing consumer awareness regarding the BLG soybean, it has become
a preferred food ingredient soybean in South Korea. However, little information on the
genetic diversity of BLG accessions has been obtained thus far. Korea is one of the centers
of origin for domesticated soybeans, with a long history of cultivation [50]. There are
~17,000 improved and landrace cultivars (Glycine max) in the National Agrobiodiversity
Center of Rural Development Administration in Korea [51]. Among them, we used 405
randomly selected collections in this study. The objective of this study was to analyze the
genetic diversity of BLG accessions by 6K single nucleotide polymorphism (SNP) loci to
understand their genetic architecture. In addition, a core subset of accessions was selected
to represent the BLG accessions.

2. Materials and Methods
2.1. Growth Conditions of BLG Germplasms

To understand the genetic diversity, a collection of 405 BLG accessions was distributed
from the National Agrobiodiversity Center in Jeonju, Republic of Korea. The collection com-
prised 385 landraces, eight breeding lines, five unknown, and seven plant inductions from
the U.S. National Genetic Resources Program (Table S1). Among the 405 BLG accessions,
397 were collected from Korea, two from Japan, one from China, one from the U.S., and
four were unknown. However, 47 accessions from the National Agrobiodiversity Center
showed different seed characteristics, plant appearance, flowering and maturity. Therefore,
we conducted a pure line selection and added 47 accessions as independent individuals
(Table S2). Fifteen additional BLG accessions were locally collected from Gyeongsanbuk-do,
Republic of Korea. Two BLG cultivars with green cotyledons, Cheongja [52], Cheongja
3 [53], and soybean cultivar with the yellow seed coat and yellow cotyledon, Uram [53],
were used as check cultivars for this study. The 470 accessions including three check
cultivars formed the total population and were used for further analyses. The entire set
of 470 accessions was grown at Gyeongsanbuk-do Agricultural Research and Extension,
Daegu, Republic of Korea over three years and planting dates (14 June 2013, 29 May 2014,
and 15 June 2015). Each soybean accession was planted in single rows that were 1.5 m long
and spaced 80 cm apart, with two replications. Seeds were planted by hand on hills in
rows spaced 15 cm apart and thinned to a final stand of two seedlings per hill. Each plot
grown from each year was harvested in bulk at the plant’s full maturity (R8 stage) [54] for
further seed analysis.

2.2. DNA Extraction and Determination of Genotyping for Soybean Accessions

Young trifoliate leaves were collected from soybean accessions with three check culti-
vars in the summer of 2015. Before DNA extraction, the leaves of each line were frozen in
liquid nitrogen and ground into a fine powder. Next, 20 mg of leaf tissue from each sample
was placed into tubes, and each DNA sample was isolated using the cetyltrimethylammo-
nium bromide method with a minor modification [55]. Quantification and qualification of
the genomic DNA of each accession was determined by electrophoresis running on 1.5%
agarose gel. Next, 30 µL of genomic DNA at 100 ng/µL from 470 accessions, including three
check cultivars, Cheongja, Cheongja 3, and Uram, were sent to the National Instrumen-
tation Center for Environmental Management (NICEM; Seoul, Korea) at Seoul National
University to genotype the soybean accessions using BARCsoySNP6K BeadChip [56].
The NICEM staff performed the assay procedures encompassing a series of approaches,
such as incubation, DNA amplification, preparation of the bead assay, hybridization of
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samples of the bead assay, extension, staining of the samples, and imaging of the bead
assay [57]. The SNP alleles were called using the Genome Studio Genotyping Module
(Illumina, Inc. San Diego, CA, USA) [57]. Total 4459 SNPs were used for further analyses
after filtering through the TASSEL software to exclude those with >20% missing data and
rare SNPs.

2.3. Basic Population Genetic Parameters, Population Structure, and Construction of a Core
Subset Accession

Minor allele frequency, genetic diversity index, polymorphism information content
(PIC), and heterozygosity were evaluated using 469 BLG accessions with Uram and 4459
SNP markers using PowerMarker 3.25 software [58]. Principal component analysis (PCA)
was conducted with 470 soybean accessions using the R package SNPRelate tool. This
plot showed the first principal component (PC1) against the second principal component
(PC2). For the phylogenetic tree in the present study, an unweighted pair group method
with arithmetic mean (UPGMA) tree was constructed with entire accessions using the
calculation of the distance based on a modified Euclidean distance between each pair
of accessions by TASSEL [59]. The admixture model was used to analyze the genotypic
data using STRUCTURE software [60], which is one of the most widely used genotypic
clustering software. Three runs of STRUCTURE were executed for each number of the
population (K) from 1 to 10. The burn-in time and replication number were set to 100,000 in
each run. For the construction of a core collection, the 4,459 SNP genotypic data of the total
BLG accessions was analyzed using GenoCore [61]. In this study, 99.5% of the coverage and
0.001% of the delta value were applied to select accessions for a core subset representing
the entire collection.

2.4. Genotyping Assays for D1, D2, and PsbM

To genotype D1 for the presence of the 1-bp deletion [29], a polymerase chain reaction
(PCR) was conducted using a forward primer 5′-CGTTGTTGGGTTTGTCTGATGG-3′,
and two reverse primers, 5′-GCGGGCTCGTCCACTCCTAAGAATAAAACC-3′ and 5′-
GCGGGCAGGGCGGCTCGTCCACTCCTAAGAATAAACC-3′. The total volume of the
PCR reaction was 20 µL, containing 1× real-time PCR smart mixtures (2.5 U/µL h-Taq
DNA polymerase, 1× h-Taq reaction buffer, and 200 µM dNTP) with EvaGreen (SolGent
Co. Ltd. Daejeon, Korea), 0.5 µM primers, and 5–50 ng of genomic DNA template. The PCR
conditions for the D1 assay were used for the Gene Touch PCR thermal cycler (Hangzhou
Bioer Technology Co. Ltd., Hangzou, China) as follows: 95 ◦C for 15 min, followed by
35 cycles of 95 ◦C for 20 s, 60 ◦C for 20 s, and 72 ◦C for 20 s. Melting curve analysis was
conducted using a Roche LightCycler 480 II (Roche Applied Sciences, Indianapolis, IN,
USA) by increasing the temperature from 65 ◦C to 90 ◦C and reading every 0.1 ◦C. The
homozygous wild type allele of the D1 gene was detected with a peak at 86 ◦C, and the
homozygous mutant allele containing the D1 gene showed a peak at 87 ◦C.

The D2 and PsbM genotype assays were conducted as previously described [29,31].
In the D2 assay, DNA was amplified with two forward primers, 5′-TGATACGAAACACCCA
CTACGA-3′ and 5′-GACTATCTCATCTCATCTCTGAATGC-3′, and a reverse primer, 5′-
TTGCTACTGCTATTTCGTTATTTAA-3′. In the PsbM assay, DNA was amplified with the
dCAPS forward primer 5′-GCACTGTTTATTCTAGTTCCTACTGCT TTTTTAGATAT-3′

and the dCAPS reverse primer 5′-TATCTGGATTACGGTGATTGTAGTCCG-3′, and then
digested with EcoR V (Enzynomics, Daejeon, Korea). The PCR and digested products were
detected using agarose gel electrophoresis at 120 V.

2.5. Phenotype Determination by High Performance Liquid Chromatography (HPLC)

The anthocyanin and chlorophyll contents in the BLG accessions were determined
using Thermo Scientific Dionex UltiMate 3000 HPLC (Thermo Scientific Dionex, Waltham,
MA, USA). To estimate the genetic and environmental variations, the anthocyanin and
chlorophyll contents were measured for seeds from each replicated plot during the three years.
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For anthocyanin, a hand-peeled seed coat (0.1 g) from each accession, including three
check cultivars, were ground into a powder. Next, 100 mg of powder was extracted with
10 mL of 1% HCl and 20% MeOH for 24 h at 4 ◦C in a shaking incubator at 110 rpm/min in
darkness. The extracted solutions were filtered through Whatman No. 2 filter paper and a
syringe filter (0.2 µm). Six extracted anthocyanins (delphinidin 3-O-glucoside, cyanidin 3-
O-glucoside, petunidin 3-O-glucoside, pelargonidin 3-O-glucoside, peonidin 3-O-glucoside,
and malvidin 3-O-glucosie) were separated in a YMC-pack Pro C18 RS analytical column
(250 mm × 4.6 mm, 5 µm). Next, 10 µL of extracted anthocyanins was injected into the
column at 1.0 mL/min rates at a temperature of 30 ◦C. The mobile phases were composed
of H2O/HCOOH (90/10, v/v) (mobile phase A) and CH3CN/CH3OH/H2O/HCOOH
(22.5/22.5/40/10, v/v) (mobile phase B). The gradient conditions were as follows: 0 min
7% B, 35 min 35% B, 45 min 65% B, 46 min 100% B. Each anthocyanin was detected using
a VIS detector at 520 nm and was quantified based on the standard curves generated for
each anthocyanin. The anthocyanin content was converted to milligram per gram (mg/g).

For the chlorophyll content, green cotyledons without a seed coat from each accession,
including three check cultivars, were ground into powder. One gram of powder was
extracted with 10 mL of 85% (CH3)2CO for three hours at 40 ◦C in a shaking incubator at
110 rpm/min in darkness. The extracted solutions were filtered through Whatman No.
2 filter paper and a syringe filter (0.2 µm). Two extracted chlorophylls (Chl a, and Chl b)
were separated in a YMC-pack ODS-A analytical column (150 mm × 6.0 mm, 5 µm). Next,
20 µL of extracted chlorophylls was injected into the column with 1.0 mL/min rates at a
temperature of 30 ◦C. The mobile phases were composed of 75% MeOH in water (mobile
phase C) and 100% EtOAc (mobile phase D). The gradient conditions were as follows:
0 min, 30% D; 15 min, 90% D; 20 min, 30% D. Each chlorophyll was detected using a
UV-vis detector at 430 nm and was quantified based on the standard curves generated for
each chlorophyll content. Each chlorophyll content was converted to microgram per gram
(µg/g).

2.6. Genome Wide Association Study (GWAS) for Anthocyanin

GWAS was conducted using TASSEL software and the GAPIT R package. PCA was
constructed with 4459 SNPs [62]. The kinship coefficient matrix was used to provide an
estimate of additive genetic variance [62,63]. In the present study, we used models wherein
a mixed linear model produced p values to populate Manhattan plots [63,64]. The signifi-
cance of associations between SNPs and traits was based on Bonferroni’s correction and
false discovery rate analyses.

2.7. Statistical Data Analysis

All statistical analyses in this study were conducted in SAS v9.4 (SAS Institute, Cary,
NC, USA, 2013). Analysis of variance (ANOVA) was conducted to evaluate differences over
the three years using PROC GLM in SAS. A comparison of the measured chlorophyll and
anthocyanin between the two groups was determined using genotyping, and a Student’s
t-test analysis (p ≤ 0.05) was conducted using PROC TTEST in SAS.

3. Results
3.1. Genetic Diversity and Population Structure

To estimate the genetic diversity index of BLG accessions for Korean germplasm,
6K SNP markers were used. The genetic diversity index per SNP marker varied from
0.02 to 0.59, with an average of 0.26 (Figure 1A). The PIC value revealed allelic diver-
sity and frequency of the SNP markers (Figure 1B). PIC values of 0.512 and 0.017 were
revealed as the maximum and minimum, respectively, with an average of 0.220. The
SNP (Gm11_7661182_T_C) at 7,661,182 on chromosome 11 was the marker that showed
the most diversity in this study based on the genetic diversity index and the PIC value.
Minor allele frequencies ranged from 0.01 to 0.50, with an average of 0.18 (Figure 1C).
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Heterozygotes were rare for most of the analyzed SNP markers, and 15 SNP markers
showed >0.5 heterozygote frequency with the BLG accessions (Figure 1D).
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Population clustering was performed using STRUCTURE software to identify a pos-
sible population structure without introducing any prior information. The number of
subpopulations could not be identified from the plot of Ln (likelihood probability) for
K. However, the ∆K value identified the choice of K = 2 as the highest structural level.
Admixture plots of K from 2 to 5 are shown in Figure 2A. Both PCA and UPGMA phy-
logenetic tree were analyzed to validate the number of clusters from the STRUCTURE
result and the genetic diversity of entire BLG accessions (Figure 2B,C). Most accessions in
cluster 1 showed no genetic differences based on PCA (Figure 2B) and the phylogenetic
tree (Figure 2C). The second highest value of ∆K was at K = 3 as the final number of sub-
populations in the present study. Therefore, these soybean germplasms could be divided
into three clusters, which were colored gray for cluster 1, orange for cluster 2, and blue
for cluster 3 (Figure 2A–C). PCA and phylogenetic tree analyses showed good agreement
with K = 3 from the STRUTURE result (Figure 2B,C). Cluster 1 comprised 231 accessions,
whereas the other two clusters comprised 107 in cluster 2 and 132 accessions in cluster 3
(Table S1). Two BLG cultivars, Cheongja and Cheongja 3, and the yellow soybean cultivar,
Uram, as a check, belonged to cluster 2 (Figure 2B,C).
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cotyledon with yellow soybean. Each accession is showed to a vertical bar representing the proportion of the accession’s
genome from clusters. (B) Principal components of SNP variation. Each PC1 and PC2 explained 26.0% and 14.4% of variance
in the data. Cluster 1, cluster 2 and cluster 3 are shown by grey, orange, and blue color, respectively. Yellow, green, and light
blue dot represented as Cheongja 3 (black soybean cultivar with green cotyledon), Cheongja (black soybean cultivar with
green cotyledon) and Uram (yellow soybean), respectively (C) UPGMA (unweighted pair group method with arithmetic
mean) phylogenetic tree of entire set of 470 accessions. Circle with light blue is yellow soybean, Uram and red circle consists
of Cheongja and Cheongja 3.

3.2. Construction of Core Collection

To construct the core collection, 4459 SNPs from the 467 BLG accessions were used.
The number of the core collection included thirty-six accessions accounting for 7.7% of the
total population (Table S1). The core collection explained 99.5% of the genetic diversity
of the total population. Among the core subset, 32 accessions belonged to cluster 2,
accounting for 89.0% of the core collections (Figure 3A). PCA was performed to reveal the
core collection representing the genetic diversity of the total population. The result showed
that the selected accessions in the core collection by GenoCore evenly covered the total
populations of PC1 and PC2 (Figure 3B).
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3.3. Frequency of the D1, D2, and PsbM Alleles and Their Relationship with the Chlorophyll
Content in Cotyledon

Genotyping of D1, D2, and PsbM for the total accessions was conducted to determine
the frequency of genes in the Korean soybean germplasm. The result revealed that the
467 BLG accessions and the two check BLG cultivars contained either the double recessive
mutant alleles of the D1 and D2 nuclear genes or the 5-bp insertion in the chloroplast gene,
PsbM. However, accession BLG397 (IT263333) and BLG467 (IT263849) had heterozygous
D1 and D2, whereas BLG397 contained a variant of the PsbM gene (Table S1). Seventy-six
percent of the analyzed total accessions carried psbM, whereas 24% contained double
mutant alleles of D1 and D2 (Figure 4A). The genotype frequency of d1d2 (9 of 35, 25.7%)
and psbM (26 of 35, 74.3%) in the core collection were similar to the total population
(Figure 4B). The genotype frequencies of d1d2 and psbM were different based on the three
clusters; all 231 accessions in cluster 1 and 83 of 104 accessions (80%) in the group 2 cluster
carried psbM, whereas 90 of 132 accessions (68%) in group 3 cluster had the d1d2 genotype
(Figure 4C–E).
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To identify the relationship of the cloned genes for stay-green and seed phenotype,
the seed chlorophyll content was measured for the total BLG accessions using HPLC. The
Chl a, Chl b, and total chlorophyll content of the total collection ranged from 11.5 µg/g
to 88.4 µg/g with the mean of 33.9 µg/g, from 7.7 µg/g to 40.8 µg/g with the mean
of 21.9 µg/g, and from 22.6 µg/g to 120.0 µg/g with the mean of 55.8 µg, respectively
(Figure S1). The chlorophyll a/b ratio ranged from 0.8 to 5.3, with the mean of 1.8. Mean
values of the measured chlorophyll content of individual accessions in two stay-green
genotypic groups, d1d2 and psbM, are shown in Figure 5. The Chl a and total chlorophyll
contents in the d1d2 genotypic group were significantly higher than those of the psbM
genotypic group, whereas Chl b in the d1d2 genotypic group was statistically lower than
that of the psbM genotypes (Figure 5A). The chlorophyll a/b ratio in the d1d2 genotypes was
~4-fold higher than that of the psbM genotypic group in the total population (Figure 5C).
Each measured chlorophyll content was significant for the genotype, environment, and
genotype by environment interaction during the three years (Table S3).
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Figure 5. Chlorophyll content of d1d2 and psbM genotype. (A) Chlorophyll a, b and total content
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genotype (C) Chlorophyll a/b ratio of d1d2 and psbM genotype. Statistical analysis was conducted
using the Student’s t test (** p < 0.01). Bars indicate standard error.
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3.4. GWAS for Anthocyanin

To understand the association between phenotype and genes or loci involved in
the anthocyanin pathway, a biochemical characterization was performed using HPLC
to measure the content of each anthocyanin with 469 BLG accessions. The mean of
delphinidin 3-O-glucoside, cyanidin 3-O-glucoside, petunidin 3-O-glucoside, pelargoni-
din 3-O-glucoside, peonidin 3-O-glucoside, and malvidin 3-O-glucosie over the three
years was 2.53 ± 0.04 mg/g, 9.76 ± 0.19 mg/g, 0.57 ± 0.01 mg/g, 0.16 ± 0.01 mg/g,
0.06 ± 0.001 mg/g, and 0.04 ± 0.002 mg/g, respectively (Figure S2). The ranges of del-
phinidin 3-O-glucoside, cyanidin 3-O-glucoside, petunidin 3-O-glucoside, pelargonidin
3-O-glucoside, peonidin 3-O-glucoside, and malvidin 3-O-glucosie were 0.61–4.78 mg/g,
1.65–19.83 mg/g, 0.04–1.61 mg/g, 0.00–0.71 mg/g, 0.00–0.14 mg/g, and 0.00–0.25 mg/g,
respectively. The total anthocyanin content ranged from 2.6 mg/g to 24.3 mg/g, with the
mean of 13.11 mg/g (Figure S2). Each measured anthocyanin composition was significant
for the genotype, environment, and genotype by environment interaction over the three
years (Table S4).

The seed coat color (I locus), pubescence color (T locus), and flower color (W1 locus)
were involved in the anthocyanin pathway (Figure 6A). All accessions in this study, except
Uram, were black seed coat (ii) and tawny pubescence color (TT). Regarding the flower
color, 2.6% of the total accessions (12/469 accessions) except the yellow soybean check
showed a white flower (w1w1). For delphinidin 3-O-glucoside, petunidin 3-O-glucodsied,
and malvidin 3-O-glucoside, ones with the w1w1 allele (white flower) were significantly
lower than ones with the W1W1 allele (purple flower) (Figure 6B). There was no significant
difference between the white and purple flower regarding cyanidin 3-O-glucoside, peonidin
3-O-glucoside, and pelargonidin 3-O-glucoside. The total measured anthocyanins content
was 13.1 mg/g and 8.1 mg/g for the purple and white flower, respectively. To identify
the genes controlling the anthocyanin content, GWAS was performed with 4459 SNPs
(Figure 6C). For cyanidin 3-O-glucoside and the total anthocyanin content, the most
significant SNPs were colocalized at 4,873,149 (Wm82.a2.v1 assembly) on chromosome 8.
This SNP was near to the O locus, which corresponded with an anthocyanidin reductase
gene. For delphinidin 3-O-glucoside and pelargonidin 3-O-glucoside, SNPs were located
on chromosome 9, which were near the R locus.
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Figure 6. Schematic for genes in the anthocyanin biosynthetic pathway with comparison of measured anthocyanin
compositions and GWAS anlaysis. (A) the biosynthetic pathway of anthocyanins. Genes or corresponding enzymes are
denoted with the capital letters of abbreviated names, as follows: Chalcone synthase (CHS, I locus); Flavonoid 3′-hydroxylase
(F3′H, T locus); Flavonoid 3′,5′-hydroxylase (F3′5′H, W1 locus); Chalcone isomerase (CHI); Dihydroflavonol-4-reductase
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(DFR); Anthocyanidin synthase (ANS); Anthocyanidin reductase (ANR, O locus); Flavonoid 3-O-glucosyltransferase
(UF3GT); Anthocyanin O-methyltransferase (AOMT). (B) Comparison of measured anthocyanin content of W1W1 and
w1w1 genotype. Statistical analysis was conducted using the Student’s t test (** p < 0.01, ns; no significant). (C) GWAS
anlaysis on mean of each anthocyanin and total content over three years. Delphinidin 3-O-glucoside (D3G); Cyanidin
3-O-glucoside (C3G); Petunidin 3-O-glucoside (P3G); Pelargonidin 3-O-glucoside (Pl3G); Peonidin 3-O-glucoside (Pn3G);
Malvidin 3-O-glucosie (M3G).

4. Discussion

Molecular markers can directly reflect genetic diversity, in contrast to phenotypic
assessments, because quantitative traits are often influenced by environmental factors [65].
The average genetic diversity index and PIC value of SNPs for the total BLG accessions were
0.26 and 0.22, respectively (Figure 1). However, Liu et al. [36] reported a genetic diversity
study on soybean cultivars and advanced breeding lines from the U.S. and China, for
which the genetic diversity index and PIC values were 0.3489 and 0.2769, respectively. Hao
et al. [66] primarily used Chinese soybean landraces for a genetic diversity study, which
resulted in 0.391 for the genetic diversity index and 0.313 for the PIC value, respectively.
In addition, Lee et al. [34] and Yoon et al. [67] reported similar genetic diversity indexes
for Korean soybean accessions, with an average of 0.70 and 0.71, respectively. The genetic
diversity of a population is affected by the number of markers, diversity index of markers,
number of accessions, and geographical distribution of accessions used in study. Compared
with previously reported results for genetic diversity studies of soybean, the level of genetic
diversity of the BLG collections was relatively low because we used only soybean accessions
having the BLG phenotype, which were intensively collected from Korea [34,36,66–69].
The population structure analysis used in the present study revealed that there were three
clusters in the 469 BLG accessions (Figure 2A). PCA and the UPGMA-phylogenetic tree
showed that cluster 1 and cluster 3 had relatively lower genetic diversity than cluster
2 (Figure 2B,C). The result revealed that BLG collections in cluster 1 and cluster 3 may
spread over a wide range of geographical areas by farmer’s distribution due to a better
performance and yield for a long history of soybean cultivation in South Korea. Those
accessions have been collected from different areas by the National Agrobiodiversity Center
of Rural Development Administration in Korea [51]. Considered together, this may be
one of the primary reasons that the BLG collections exhibited narrow genetic variability in
this study.

Studies have shown that 5%–20% of the total population was generally constructed as
a core collection, thereby representing 99.0% of the genetic diversity of the total popula-
tion [65,70]. The size of the core collections could be determined by the genetic diversity of
the total population [65]. In this study with 4,459 SNPs, 36 accessions were selected as the
core collection to improve the utilization of useful breeding material for BLG phenotypes.
Although the number of the core collection accounted for 7.7% of the total population, the
core collection represented 99.5% of the genetic diversity of the entire population (Figure 3).
The core collection was evenly distributed for the total population. Therefore, 36 accessions
can be used as breeding materials for the BLG trait in the soybean breeding program in
South Korea.

In this study, we found that all 469 BLG accessions contained the same mutation of the
d1d2 or psbM allele (Figure 4). Kohzuma et al. [31] revealed that most of the green cotyledon
soybean strains from Japan carried psbM (99.5%), whereas all Chinese green cotyledon
soybeans consisted of d1d2 (100%). However, the Korean accessions showed both d1d2
(24.1%) and psbM (75.9%) (Figure 4A). In addition, we determined the frequencies of d1d2
and psbM in three clusters (Figure 4C–E), which were different by three clusters: 100.0% of
cluster l, 80.0% of cluster 2, and 32.0% of cluster 3 had the psbM allele (Figure 4). Cluster
3 was divided into two subgroups based on the PCA analysis (Figure 2B). Note that all
accessions in the light blue of cluster 3 contained the d1d2 genotype, whereas the ones in
the dark blue of cluster 3 had green cotyledons due to the psbM allele (Figure 2B,C). Several
studies mentioned that Korean soybeans were closely related to Japanese soybeans and
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were genetically distinct from the Chinese soybean population [34,35,71]. The genotypic
frequency of the d1d2 and psbM alleles in this study supported that soybean accessions
from Korea were a mixture of genetic contexts related to soybean from both Japan and
China [72].

Because chlorophyll has anticarcinogenic properties [73,74], increasing the chlorophyll
content is one of the targeted traits in breeding programs for soybean-based foods. The
compositions of chlorophyll in green cotyledon were different based on the d1d2 or psbM
genotypes. The amount of Chl a in d1d2 was ~2-fold higher than Chl a in the psbM genotype
(Figure 5). The Chl a content was 4-fold higher than the Chl b content in the d1d2 genotypes,
which resulted in a higher chlorophyll a/b ratio than that of the psbM genotype. Our result
supported that d1d2 genotypes contain higher chlorophyll content [75]. In the soybean
breeding program, d1d2 genotypes may be a good genetic resource for increasing the total
chlorophyll contents in cotyledon seeds.

The soybean seed coat is controlled by multiple loci, such as I, T, W1, R, and O loci
involved in the anthocyanin biosynthetic pathway [76–78]. The I locus encodes chalcone
synthase, which is the key enzyme of the flavonoid pathway (Figure 6A) [79]. A black
seed coat forms primarily due to the accumulation of anthocyanins and is controlled by
the i allele. In most soybean with black seed coats, the three major anthocyanins are
cyanidin 3-O-glucoside, delphinidin 3-O-glucoside, and petunidin 3-O-glucoside [17]. Lee
et al. [16] reported six additional anthocyanin compounds from black seed coats, including
a major amount of pelargonidin 3-O-glucosied and a minor amount of peonidin 3-O-
glucoside. In the present study, we analyzed six anthocyanins and found that cyanidin 3-O-
glucoside, delphinidin 3-O-glucoside, and petunidin 3-O-glucoside were major components
of anthocyanin compositions in total BLG accessions (Figure 6B). The W1 locus, flavonoid
3′,5′-hydroxylase (F3′5′H), plays an important role in the accumulation of delphinidin
3-O-glucoside, petunidin 3-O-glucoside, and malvidin 3-O-glucoside under the genetic
background of the iiTT genotype [80]. Recently, Kim et al. [81] reported that the iiRRTTw1w1
genotype would prohibit the accumulation of delphinidin 3-O-glucoside and petunidin 3-
O-glucoside compounds, whereas the T locus, flavonoid 3′-hydroxylase (F3′H), can control
the production of cyanidin-derived and delphinidin-derived anthocyanin compounds. The
result of this study was that the purple flower (W1W1) produced ~5.0 mg/g more total
anthocyanin (Figure 6B). Flower color can be used as a possible selection trait to increase
the total anthocyanin composition in the black soybean breeding program.

Although 97.4% of the total BLG accessions showed a black seed coat (ii allele),
tawny pubescence (TT allele), and purple flower (W1W1 allele) in the present study, each
anthocyanin composition still showed phenotypic variations. The GWAS result showed
that SNPs on chromosomes 8 and 9 were associated with the production of delphinidin 3-
O-glucoside, pelargonidin 3-O-glucoside, cyanidin 3-O-glucoside, and total anthocyanins.
These SNPs were near the R locus and O locus on chromosomes 8 and 9, respectively
(Figure 6C). The R locus is the R2R3 MYB transcription factor for upregulating UDP-
glycose: flavonoid 3-O-glycosyltranferase (UF3GT) in black soybeans [76]. For the O locus,
the expression level of anthocyanidin reductase (ANR) in the soybean genome is associated
with the red-brown and black color of the soybean seed coat [82]. The GWAS result
concluded that the extent of the expression levels of UF3GT and ANR may be associated
with the amount of anthocyanin in BLG soybean.

5. Conclusions

In conclusion, BLG soybeans exhibited narrow genetic variability due to artificial
selection, and a core collection representing the genetic diversity of the total BLG soybeans
was constructed based on the 6K SNP genotypes. This core collection can provide useful
genetic resources for the development of new cultivars for BLG seeds with increased
anthocyanin and chlorophyll contents as part of a breeding program for soybean food.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2073-439
5/11/3/581/s1, Figure S1: Frequency distribution of an average of two chlorophyll content and sum
of total chlorophyll contents in 469 accessions over three years, Figure S2: Frequency distribution of
an average of two six anthocyanin content and sum of total anthocyanin contents in 469 accessions
over three year, Table S1: List of 470 soybean accessions, subpopulation, core collection and genotype
of D1, D2 and PsbM allele, Table S2: List of pure line selection from 47 accessions, Table S3: Mean
squares from analysis of variances of each measured chlorophyll for soybean accessions over 3 years,
Table S4: Mean squares from analysis of variances of each measured anthocyanin for soybean
accessions over 3 years.
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Abstract: Italy is one of the main producers and processors of tomato and it is considered a secondary
center of diversity. In some areas, such as the Campania region (Southern Italy), a range of traditional
tomato landraces is still cultivated. The distinction of this heritage germplasm is often based only
on folk taxonomy and a more comprehensive definition and understanding of its genetic identity
is needed. In this work, we compared a set of 15 local landraces (representative of traditional fruit
types) to 15 widely used contemporary varieties, using 14 fluorescent Simple Sequence Repeat (SSR)
markers. Each of the accessions possessed a unique molecular profile and overall landraces had a
genetic diversity comparable to that of the contemporary varieties. The genetic diversity, multivariate,
and population structure analysis separated all the genotypes according to the pre-defined groups,
indicating a very reduced admixture and the presence of a differentiated (regional) population of
landraces. Our work provides solid evidence for implementing conservation actions and paves the
way for the creation of a premium regional brand that goes beyond the individual landrace names of
the Campania region known throughout the world.

Keywords: Solanum lycopersicum; agro-biodiversity; crops; breeding; DNA markers

1. Introduction

Italy is the leading European nation for tomatoes, considering the cultivated area, the
total yield, and the output of the processing industry, which is second in the world only to
that of the USA (https://tinyurl.com/y2n6pg5n; accessed 10 March 2021). Moreover, the
tomato is a dominant element of the Italian gastronomy and a symbol of a culinary identity
that was globally spread by Italian immigrants in the XX century [1].

The tomato was domesticated in the Americas and was introduced to Italy soon
after the Columbian exchange [2]. However, its culinary use started in Italy since the
second half of the 17th century when, despite the inability to contribute significantly to the
caloric intake of the farmers, it was recognized the gustatory value of tomato as (cooked)
sauce, condiment and in combination with other foods [3]. In that period, a regional
diversification in the use of tomato has also begun, influenced by the political, cultural, and
linguistic division of Italy at the time. The success of tomatoes in Italy was not uniform and
even today, there are areas where relatively few tomatoes are consumed and cultivated.
In the 18th century, the tomato was widespread in the Italian gastronomy especially in
the Kingdom of Naples and Sicily (current Southern Italy), at that time under the Spanish
rule of the House of Bourbon [4]. Tomato was consumed by commoners both fresh and
as a slow cooked sauce, also because of the influence of the Spanish gastronomy [5]. It is
especially in this century that varieties with different fruit shapes started to have different
destinations of use, a phenomenon that has led to the selection of specific tomato types
(e.g., the San Marzano) later employed for industrial canning [3]. After WWII, Italian
production reached its peak (in terms of commercial product and dedicated area) during
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the 1970s, after the widespread diffusion of contemporary varieties [6]. This expansion
was accompanied by a strong decline in landrace cultivation, which until recently are
predominantly grown in amateur family gardens and in small-size farms for local markets.

In tomato, as well as in other crops, landraces are being recognized as an important
genetic material for their yield stability, cultural value, adaptability to low-input and
organic farming, resilience to stress, and fruit quality traits [7–10]. Tomato landraces are of
increasing scientific interest also as a source of adaptive traits in the face of climate change
and for sustainable fruit quality [11,12]. Moreover, landraces are of commercial importance
following the rediscovery of local food systems and the promotion of short food supply
chains [13]. These values led to the introduction of EU quality schemes, which promoted
the cultivation of some traditional landraces (i.e., San Marzano and Pomodorino Vesuviano,
for the Campania region), also because of the possibility of limiting the unauthorized
production or marketing of goods using such a name. Regrettably, besides some globally
recognized names, most of this germplasm is neglected and at risk of extinction.

In Italy the loss of tomato landrace has been significant especially in the regions
where tomato was most diffused [14]. Until the 1950s, tomato breeding was predominantly
based on mass and pedigree selection using local germplasm, while hybridization was
later exploited [6]. Therefore, in germplasm collections, traditional varietal names can
be associated with both landraces and old selected lines [15]. Another problem is the
presence of so-called contaminant genotypes, deriving from the fortuitous or voluntary
introduction in cultivation of morphologically related varieties, deriving also from crosses
and/or on-farm seed propagation of hybrid cultivars [16–18]. Moreover, the intrinsic lack
of uniformity and unequivocal descriptors of traditional landraces creates the opportunity
for spurious, uncontrolled seed marketing, especially from on-line and unprofessional
retailers [19–21]. Landraces are mainly distinguished by their geographical location and
folk taxonomy. Often, tomato landraces or landrace groups are recognized by farmers
in terms of fruit type [22]. Nonetheless, the presence of a clear genetic distinction to
support landraces’ authenticity is not often available, increasing the need for a molecular
discrimination [15].

Southern Italy is considered a secondary center of diversity for tomato [23,24], and
in view of the above-mentioned reasons, it is not surprising that the Campania region,
and more generally, Southern Italy is a rich reservoir of crop landraces [25]. During the
transition to intensive modern agriculture, the seed industry in Southern Italy was in
its infancy and it is possible to presume that most of the local germplasm has not been
involved in formal breeding programs, for instance, by being engaged in the selection of
(pre-)breeding material. Therefore, still today the pool of tomato landraces that are locally
cultivated may be a genetically different group from contemporary varieties. In this work,
to test this hypothesis, we analyzed and compared a population of local landraces (e.g.,
collected from farms of the Campania region) with an equivalent set of contemporary culti-
vars, picked among the most diffuse in cultivation. Among the different DNA molecular
markers available for tomato [26], we used Simple Sequence Repeats (SSRs) because these
highly variable multiallelic DNA markers are considered most suitable to reveal recent
demographic events [27,28]. Previous works were dedicated to specific (fruit) types, single
or national collections of tomato landraces [29–34]. Our specific aims were: (i) to evaluate
the level and the distribution of the molecular diversity among and within the collected
landraces and a set of common contemporary varieties, going beyond the single tomato lan-
drace or landrace group evaluation; (ii) to quantify the genetic differentiation and highlight
locus-specific differences that may contribute to the maintenance of a genetic diversity. Our
work provided a solid and experimentally validated basis for the uniqueness of tomato
landraces of a specific region, with the prospect of strengthening market opportunities and
adding value for cultivation.
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2. Materials and Methods
2.1. Plant Material and DNA Isolation

This work was carried out on a selection of 15 tomato (Solanum lycopersicum L.)
landraces of the Campania region, mainly collected in the area to produce the “Pomodoro
San Marzano dell’Agro Sarnese-nocerino DOP” and of the “Pomodorino del Piennolo del
Vesuvio DOP”, two Protected Denomination of Origin (PDO) EU label schemes for the
tomatoes of the Campania regions. Seeds were multiplied before analysis at the Department
of Agricultural Sciences, University of Naples Federico II. This population was compared
to an equal number of cultivars, from different seed companies, selected among the most
diffused in the Campania and Puglia regions in the 2009–2014 period according to the
cultivated area. As possible output for cladistic classification, we also analyzed two tomato
wild relatives, namely S. habrochaites and S. neorickii. The list, code, and main characteristics
of the fruit are reported in the Supplementary Table S1. Seeds were germinated on moist
filter paper in Petri dishes and then plantlets were transferred to polystyrene seed trays
in a growing chamber (24 ◦C). For DNA isolation, the first two true leaves from two
different plants per accession were collected and immediately frozen in liquid nitrogen.
Total DNA isolation and quantification were performed as previously described, starting
from approximately 150 mg of finely ground frozen tissue [35].

2.2. SSR Analysis

To genotype the plant material, we used 14 Simple Sequence Repeat (SSR) loci that rep-
resent different repeat classes [36,37]. The loci and their main characteristics are presented
in the Supplementary Table S2. Polymerase Chain Reaction (PCR) amplifications were
performed independently on two plants per accession. Each reaction was assembled using
20 ng genomic DNA template, 1.5 mM MgCl2, 100 µM deoxyribonucleotide-triphosphates,
0.2 µM fluorescently labeled forward primer and unlabeled reverse primer (Supplementary
Table S2), and 0.5 U GoTaq DNA polymerase (Promega, Milan, Italy), for a final volume
of 25 µL. PCR reactions were performed in a Verity Pro thermal cycler (Thermo Fisher,
Milan, Italy). The PCR cycle was as previously described using the annealing temperature
indicated in the Supplementary Table S2 [38]. For allelic discrimination, amplicons were
analyzed by fluorescent capillary electrophoresis (dye-labels are reported in Supplementary
Table S2), with the POP6 polymer (Thermo Fisher) in an ABI Prism 3100 Genetic Analyzer
(Thermo Fisher). Signal peak height and allele sizes were calculated using the ABI Prism
GeneMapper software v. 4.1 (Thermo Fisher, Milan, Italy) calibrated on the GeneScan
500Liz dye size standard (Thermo Fisher). Values were rounded to integer, and if necessary
scaled, based on the SSR core size (Supplementary Table S2), minimizing for each locus
the average offset of the scaled alleles within the instrumental resolution of the DNA
separation (±1 bp) (Supplementary Figure S1).

2.3. Data Analysis

For each SSR locus, we calculated the number of different alleles (for the whole
collection and for S. lycopersicum), the observed heterozygosity (Ho; number of heterozy-
gotes/N), the number of effective alleles (Ne; = 1/(Sum pi

2)), the Polymorphic Information
Content (PIC; 1 − Sum (pi

2), equivalent to the expected heterozygosity), the Shannon’s
Information Index (I; −1 × Sum (pi × Ln (pi)), and the Wright’s fixation index, where N
is number of individuals, pi is the frequency of the i-th allele of a locus, and Sum (pi

2)
represents the sum of the squared pi. These calculations were performed with Genalex
6.5 [39]. Evenness of alleles was obtained with poppr [40]. This R-library was also em-
ployed to calculate pairwise genetic distances between genotypes according to the Prevosti
coefficient [41]. Hierarchical clustering based on the unweighted pair-group method with
arithmetic averages (UPGMA) algorithm, cophenetic correlation and tree visualization
were performed in R using the factoextra package [42]. The Agglomerative Cluster (AC)
value was computed as reported [43]. The genotype accumulation curve was built by
boxplotting the number of multilocus genotypes obtained for an increasing number of SSRs
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(from 1 to plateau, 10 for cultivars and 12 for landraces) for each predefined population.
The data distribution for each number of SSRs was obtained by random sampling loci
(n = 10,000) [40]. As model-free ordination technique we used the Principal Coordinate
Analysis (PCoA), carried out via covariance matrix with distance data standardization.
The Analysis of Molecular Variance (AMOVA) was performed using the pairwise distance
matrix with 9999 permutations to test for significance. These calculations were carried out
using the Genalex 6.5 software [39]. To validate the population structure, the Fst and Gst
between S. lycopersicum populations were calculated per locus and globally and statistically
evaluated against a null distribution obtained from 10,000 permutations on alleles, using
the MSA 4.05 software [44].

3. Results
3.1. Genetic Diversity of the Germplasm under Investigation

The analysis of the genetic diversity of the entire set of genotypes (n = 32) was
carried out with 14 SSRs. Differences within each accession were not detected. All loci
were polymorphic yet, the locus LEcaa001 was polymorphic only between wild species
and S. lycopersicum and therefore, it was excluded for comparisons between landraces
and contemporary cultivars. Main genetic parameters of the tomato collection under
investigation are presented in Table 1. We detected 75 different alleles for an average
of 5.35 alleles per locus. Large differences were present in the number of alleles per
locus, which ranged from 2 (LELE25 and LEcaa001) to 11 (LEEF1Aa). The latter was the
most diverse locus also considering the number of effective alleles, a measure of diversity
weighted for allele frequencies. There was not a significant difference (p > 0.05; Student’s
t-test) between the allelic richness in S. lycopersicum subgroups, with an average of 3.0
(respectively, 2.8) alleles per locus in the landraces (resp., contemporary varieties). The
observed heterozygosity (Ho) was low (on average, 0.17) but, as expected, highly affected
by the tomato groups, because heterozygote genotypes were present at one locus for the
open-pollinated landraces (Legaa003) and at 12 SSRs for the contemporary (mostly hybrid)
varieties. Nonetheless, two polymorphic loci (LELE25 and LEct001) were fixed in the
whole germplasm collection and lacked heterozygotes. A significant correlation between
the number of alleles per locus and its observed heterozygosity was present (p = 0.005;
Spearman’s Rho). Considerable differences among SSRs were also present in the PIC,
which ranged from 0.03 (LEcaa001) to 0.81 (LEEF1Aa), the locus with the highest number
of alleles. However, the most diverse loci were LE20592 and LEtat002 considering the
evenness of distribution of alleles for each SSR.

To evaluate the relationship between the genotypes, pairwise genetic distances were
used to build a dendrogram (Figure 1). In this analysis, the two wild species served as
possible outgroup. Genetic distances were summarized in an heatmap to simultaneously
visualize how the genetic relatedness varies between genotypes and clusters of genotypes
(Supplementary Figure S2). The cophenetic correlation was high (Pearson’s product-
moment correlation: 0.80) and significant (p < 0.001). The Agglomerative Cluster value
was 0.65. The dendrogram illustrated that each genotype had a distinct SSR profile and
duplicate accessions were not present in our landrace collection. Moreover, the dendrogram
indicated that the genotypes could be clearly separated in biologically meaningful groups
at k = 4. The most taxonomically distant wild species had a distinctive position at the
highest hierarchical node (k = 2). Within the S. lycopersicum germplasm, the landraces and
the contemporary varieties agglomerated in two separate clusters, suggesting the presence
of two genetically distinct populations (Figure 1).
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Table 1. Main genetic indices estimated with the SSR.

SSR Na NaSl Ne Ho PIC I F Ev ALC

LE20592 5 3 3.35 0.25 0.70 1.30 0.64 0.88 8
LELE25 2 2 1.07 0.00 0.06 0.15 1.00 0.44 2
LE21085 5 3 2.34 0.19 0.57 1.11 0.67 0.66 8
LEEF1Aa 11 11 5.22 0.16 0.81 1.99 0.81 0.66 13
LEta003 8 5 3.39 0.25 0.71 1.45 0.65 0.75 9
LEat002 4 2 1.95 0.13 0.49 0.85 0.74 0.71 6
LEga003 6 4 1.78 0.28 0.44 0.94 0.36 0.50 7
LEtat002 5 3 3.35 0.25 0.70 1.30 0.64 0.88 9
LEaat002 5 3 2.42 0.13 0.59 1.04 0.79 0.78 7
LEcaa001 2 1 1.03 0.03 0.03 0.08 −0.02 0.38 2
LEaat007 5 3 2.42 0.13 0.59 1.04 0.79 0.77 7
LEct001 4 3 2.32 0.00 0.57 0.98 1.00 0.78 5
LEctt001 6 5 2.05 0.38 0.51 1.05 0.27 0.56 7
LEta015 7 6 3.80 0.19 0.74 1.54 0.74 0.77 9

Legend: Na: total number of alleles; NaSl: total number of alleles in S. lycopersicum;
Ne: number of effective alleles; Ho: observed heterozygosity; PIC: polymorphic infor-
mation content; I = Shannon’s Information Index; F: fixation index; Ev: evenness; ALC:
allelic combinations.
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(1975) genetic distance (the scale is reported at the bottom). Different colors denote the subclusters
at k = 4 namely, red garnet: S. neorickii; purple: S. habrochaites; blue navy: S. lycopersicum landraces;
azure: S. lycopersicum contemporary varieties. The codes of the genotypes are available in Table S1.

Within the landraces, some small groups of genotypes with a similar fruit shape
(Supplementary Table S1) could be also identified, such as the MUR-MAC-MOR subcluster
(with “San Marzano”- type fruit and collected in the related PDO area), the ANO-AGN
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(“pomodorino” type, both collected in the valley of the Sarno river), and TLI-TLS (“tondo”
type, but originating from different cultivation areas).

Finally, before testing for a possible genetic structure, we verified if the number of
employed SSRs is suitable to capture the diversity in our germplasm. To this aim, we built
genotype accumulation curves, considering the landrace or the contemporary varieties
group as defined by our a priori classification. The result indicated that, also taking into
account the possible specific polymorphisms within each group, the employed number
of SSR loci is above the minimum number needed to fully capture the diversity in our
sub-groups (Figure 2). For every number of randomly sampled SSRs, there was not a
statistical difference in the average number of identified multilocus genotypes considering
landraces or cultivars (p > 0.05, Student’s t-test).
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Figure 2. Genotype accumulation analysis in the two pre-defined S. lycopersium populations. In each
panel, the boxplots summarize the descriptive statistics relative to the quartiles of the number of
multilocus genotypes obtained by randomly sampling loci without replacement (n = 10,000). The
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Contemporary varieties (respectively, landraces) boxplots are in deep salmon (resp., cyan) color.

3.2. Genetic Structure Analysis of the S. lycopersium Genotypes (Landraces and Contemporary
Varieties)

To infer a population subdivision between contemporary varieties and landraces, we
performed a Principal Coordinate Analysis. To achieve this goal, we excluded the wild
species because of their distant relatedness and limited number of samples. The first two
components explained 39.7% of the total variance, which implies that the different SSRs
were useful in sampling a mostly uncorrelated, locus-specific genetic variation. The scatter
plot of PC1 and PC2 values shows that the samples belonging to the two pre-defined
populations are well separated along both PC1 and PC2 (Figure 3). Moreover, the samples
of each population were similarly spread on the two-dimensional plane, an indication of a
comparable level of diversity.
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Figure 3. Principal Coordinate Analysis scatter plot of the tomato landraces and contemporary
varieties under investigation. Each genotype is represented by a colored circle (deep salmon: con-
temporary cultivars; cyan: landraces). PC1 (respectively, PC2) explained 22.7 % (resp. 17.0%) of
the variance.

Consequently, we performed an Analysis of Molecular Variance to quantify the level
of genetic differentiation between the predefined groups (Table 2). A main contribution to
the genetic variance in our germplasm originated from the difference between samples in
each subpopulation and not predominantly from all samples, as in the case of a panmictic
population. Moreover, the differentiation between landraces and contemporary cultivars
was high, with a 22% percent of the molecular variation present between the two sub-
populations (Table 2). For these reasons, the AMOVA analysis provided evidence to
support a population structure.

Table 2. Analysis of the Molecular Variance (AMOVA) table statistics.

Source of Variation df SS MS Var %

Between Pops 1 31.583 31.583 0.884 22
Between samples
within Pop 28 141.667 5.060 1.938 30

Within samples 30 35.500 1.183 1.183 48
Total 59 208.750 4.006 100

Legend: df, degree of freedom; SS: sum of squares; MS: Mean squares; Var: estimated
variance component; %: percentage of genetic variation.

Finally, to validate the AMOVA results, we calculated two widely used measures of
population differentiation, Fst and Gst (according to Nei), per locus and globally [45], using
a distribution obtained by allele permutations for the statistical significance (Table 3). The
data indicated that amount of the genetic differentiation between populations is significant.
Interestingly, there were clear differences among loci, with five loci with statistically
significant high Fst values. In the presence of a genetic structure, this suggests the possible
presence of locus-specific adaptive molecular variation.
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Table 3. Statistical analysis of the level of genetic differentiation between landraces and contemporary
cultivars according to the S. lycopersicum polymorphic SSR loci.

Fst p Value Gst p Value

All loci 0.22 0.000 0.15 0.000
LE20592 0.34 0.000 0.23 0.000
LE21085 0.08 0.102 0.15 0.002
LEaat007 0.05 0.237 0.05 0.239
LEat002 0.04 0.284 0.05 0.284
LEctt001 0.20 0.001 0.60 0.000
LEEF1Aa 0.15 0.002 0.11 0.002
LEga003 0.12 0.031 0.08 0.031
LELE25 0.00 1.000 0.03 1.000
LEta003 0.08 0.075 0.07 0.074
LEta003 0.08 0.075 0.07 0.074
LEta015 0.15 0.008 0.11 0.006
LEtat002 0.05 0.237 0.05 0.239

4. Discussion

The tomato is characterized by limited genetic diversity, due to its evolutionary his-
tory [23,46]. The breeding sector is dominated by hybrids that have progressively replaced
local accessions. Previous molecular characterizations focused on specific landraces, fruit
classes or national collections of tomato landraces [29–34]. In this work, we tested the
hypothesis that a set of regional tomato landraces of Southern Italy represents a genet-
ically differentiated group compared to contemporary varieties because of their origin
and possible non-engagement of the breeding sector. The cladistic classification of the
genotypes indicated that every accession had a unique profile. The polymorphic SSRs
confirmed to be suitable in distinguish closely related tomato landraces [18]. The most
informative SSR was LEEF1Aa, probably because of a composite core motif. This locus was
also previously described as highly informative in tomato [47]. As expected, wild relatives
had also SSR alleles other from S. lycopersicum [33]. The total number of alleles was similar
or higher than in other published works [36,37,48,49], indicating a relevant allelic diversity
for both landraces and contemporary varieties. It should be added that for landraces, the
molecular variation is expected to include both human-driven selection and adaptation to
local conditions [50]. Moreover, the selected varieties were chosen to represent different
tomato market classes, which associate to different patterns of genetic variation [51]. Also
in another paper based on landraces and contemporary tomato varieties [52], the average
number of SSR alleles was judged higher compared to the tomato literature, even if the
loci employed are not the same of our work. While the presence of distinctive profile
for cultivars is not surprising, synonymous cases and intra-varietal variability has been
reported for landraces of tomato and other species [53–55]. The explorative hierarchical
cluster indicated also biologically coherent and highly balanced clusters of cultivars and
landraces at k = 4, although the optimal number of clusters was not statistically evaluated.
However, the cophenetic correlation was high (≥ 0.80), a reliable signal of a population
structure [56]. The relatively low AC value of the UPGMA tree can be justified considering
that even for highly structured populations, the “chaining” effect, unique genotypes, and
small groups of accessions (together with two or more large groups) can strongly lower
(less than 0.6) this index [57]. Finally, also considering the output group, the dendrogram
analysis implied a similar level of diversity between the two pre-defined populations in
terms of pairwise distances, which should be further explored.

To scan for a genetic structure, we performed a PCoA mainly because it does not re-
quire assumptions that may not be hold true for a selected germplasm collection (e.g., HW
or linkage equilibrium) [51], and the intrinsic issues of model-based testing for k = 2 [58].
The analysis indicated that the S. lycopersicum genotypes are well separated according
to their pre-defined population [51]. A complete distinction between landraces and con-
temporary varieties and a confirmation of the UPGMA clustering have not been always
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found [52]. It is necessary to add that work analyzed a nation-wide group of landraces from
geographically diverse collections. Landraces of different secondary centers of diversity
(i.e., Spain and Italy) were genetically differentiated [59], suggesting that the complete
separation observed in our study could be also due to a more restricted geographic area of
origin of our germplasm. The level of population differentiation was high [60], and in line
with previous analysis of tomato germplasm that underwent conventional breeding [51].
An important implication is that despite the wide diffusion of contemporary varieties,
the admixture between our local landraces and cultivars is very low, considering that we
analyzed cultivars that were among the most cultivated in the collection sites. Farmers
tend to save seeds from one year to another by choosing the most representative fruits,
favoring therefore a maintenance breeding for the fruit morphology (e.g., size and shape),
phenological characteristics (e.g., time of flowering and maturity), and quality traits (e.g.,
color and flavor) they attribute to their accession (Zeven, 2000). We also detected some
significant differences among loci in highlighting a genetic differentiation. High Fst values
(compared to neutral loci) are typically suggestive of genomic regions that are under diver-
gent selection. Nonetheless, at each locus, Fst values are also influenced by heterozygosity
and the mutation rate, two features that are more variable among multiallelic SSRs than in
bi-allelic markers. For these reasons, the data motivate further genomic scans to pinpoint
the effects of the adaptive and/or breeding processes that led to a differentiation between
tomato landraces and contemporary varieties [61].

5. Conclusions

Our study provides a first comparative assessment of the diversity and population
structure in a geographically specific collection of tomato landraces from a secondary
center of diversity. The data indicated that the landraces constitute a genetically distinct
population from common commercial varieties, in addition to having a historical origin
and a locally recognized gastronomic identity. Therefore, our work provides a robust justi-
fication for implementing measures for in situ and ex situ conservation actions, as well as
for creating premium regional brands that can even go beyond the worldwide known, indi-
vidual landrace names of the Campania region (e.g., San Marzano, piennolo/Pomodorino
Vesuviano). Moreover, multivariate analyses indicated that the landraces are characterized
by a good, and to a relevant extent, specific diversity. Finally, our work encourages further
multidisciplinary studies to unravel the genetic factors responsible for the adaptation to
specific environments and potential quality traits of our landraces.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/3/564/s1, Figure S1: an example of the electropherograms at the locus LE20592 showing
the allele peaks. For each genotype (indicated on the left; see Table S1 for the code), the height of
the peak refers to the scale on the right-hand side (RFU). The top bar indicates the size reference
range provided by the genotyping software, used to calibrate the peak data points to their DNA size
according to the internal size standard. The rounded dimension of each fragment (bp) is indicated in
the rectangle below. Figure S2: heatmap of the pairwise genetic distance (Prevosti) between genotypes
(codes are reported in Table S1). The bar on the right side shows the color scale adopted to represent
distances, from deep blue (0) to white (1). Table S1: List of the genotypes under investigation and
main features of their fruit shape. Table S2: SSR loci employed in this study and their main features.
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Abstract: High-density single-nucleotide polymorphism (SNP) molecular markers are widely used
to assess the genetic variability of plant varieties and cultivars, which is nowadays recognized as
an important source of well-adapted alleles for environmental stresses. In our study, the genetic
diversity and population genetic structure of a collection of 265 accessions of eight tetraploid Triticum
turgidum L. subspecies were investigated using 35,143 SNPs screened with a 35K Axiom®array.
The neighbor-joining algorithm, discriminant analysis of principal components (DAPC), and the
Bayesian model-based clustering algorithm implemented in STRUCTURE software revealed clusters
in accordance with the taxonomic classification, reflecting the evolutionary history of the Triticum
turgidum L. subspecies and the phylogenetic relationships among them. Based on these results, a clear
picture of the population structure within a collection of tetraploid wheats is given herein. Moreover,
the genetic potential of landraces and wild relatives for the research of specific traits of interest is
highlighted. This research provides a great contribution to future phenotyping and crossing activities.
In particular, the recombination efficiency and gene selection programs aimed at developing durum
wheat composite cross populations that are adapted to Mediterranean conditions could be improved.

Keywords: Axiom 35K Wheat Breeders array; genetic diversity; population structure; wheat genotyping

1. Introduction

Wheat represents the third most important cereal grain and the most widely grown
crop in the world [1]. Bread wheat (Triticum aestivum L.) and durum wheat (T. turgidum L.
ssp. durum) are the two subspecies predominantly cultivated, used for bread-making or
leavened products (cookies, cakes, and pizza) and for semolina products and pasta, respec-
tively. In addition, both wheat species’ byproducts are used for animal feed production.

While bread wheat (T. aestivum) is hexaploid (2n = 6x = 42 chromosomes, AABBDD
genomes), durum wheat belongs to the T. turgidum tetraploid subspecies group (2n = 4x
= 28 chromosomes, AABB genomes) which includes six other subspecies (Triticum carth-
licum, Triticum dicoccum, Triticum dicoccoides, Triticum paleocolchicum, Triticum polonicum, and
Triticum turgidum) rarely grown commercially [2,3]. Many studies based on cytological and
molecular analysis ascribe tetraploid wheat’s origin to two different evolutionary steps,
which started around 10,000 years ago in the Fertile Crescent [4,5]. The first divergent
evolution, of which the original progenitor is unknown, gave rise to diploid species in-
cluding Triticum urartu (A genome), Aegilops tauschii (D genome), Hordeum vulgare (barley),
and Secale cereale (rye) [6]. The second evolutionary process was a natural hybridization
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between T. urartu (the A genome donor) and an unknown Triticum species, often identified
as Aegilops speltoides (the B genome donor); this created the wild emmer T. dicoccoides
(2n = 4x = 28, BBAA genomes), the progenitor of durum wheat [7]. The history of durum
evolution is the result of domestication starting from wild emmer genotypes and of a
transition process from a naked emmer type to durum type [8]. Around 7000 years Before
Present (BP), durum genotypes reached the Iberian Peninsula, followed by a rapid spread
from the East to the West of the Mediterranean Basin [9,10]. Natural and human selection
through thousands of years led to the establishment of wheat landraces characterized by
strong adaption to the environmental conditions and cultivation practices of different geo-
graphic areas [11]. Local traditional farming communities contributed to the maintenance
of these landraces that were characterized by different qualitative and quantitative traits
until the first decades of the twentieth century [12].

At the beginning of the 20th century, breeders imposed a strong selection based on
commercial purposes: local landrace cultivation was progressively abandoned and replaced
with improved, widely adapted, and more productive semi-dwarf varieties, resulting in
a reduced level of genetic diversity, especially compared to the wild ancestors [13–15].
Today, this lack of diversity is widely recognized as a limiting factor in the breeding of high-
yielding and stress-resistant varieties [16]. Moreover, under the current climate change
events (irregular rainfall, high temperatures during the growing season, rainstorms, and
drought) that negatively affect wheat cultivation, the development of new resilient varieties
or composite cross populations (CCPs) adapted to different cultivation environments and
low-input agriculture has become necessary [17–19]. Novel genetic diversity selected by
breeders may be introduced into modern genotypes by the introgression of useful alleles
from landraces, ancestors, or wild relatives through specific breeding programs [20–22].
Durum wheat landraces and other Turgidum subspecies usually show a lower yield when
compared to modern varieties [11]; nevertheless, they exhibit reduced productive perfor-
mance compared to elite germplasm (modern varieties), but their higher genetic variability
could be useful, allowing them to cope with environmental stress conditions, and to in-
crease resilience to climate change. They are thus a potential source of favorable alleles to
improve grain yield or pest resistance and to give other favorable agronomic traits to new
varieties [23,24].

Recent breeding programs have studied and assessed genetic variability or different
germplasm panels using different research approaches [25–30,30–32]. Morphological and
agronomical markers have been considerably used [25,26], with variable reproducibil-
ity depending on environmental conditions. Nevertheless, this has been overtaken with
the use of molecular markers that guarantee the opportunity of studying wheat pheno-
types, providing reproducible and environment-independent results [27]. Several DNA
markers have been developed and largely used to assess genetic diversity in tetraploid
wheats [28–31], but the high-density genome coverage provided in recent years by single-
nucleotide polymorphism (SNP) markers has made them the best choice for wheat genetic
analysis [32].

A few years ago, a novel plant breeding approach—evolutionary plant breeding (EB)—
relying on human selection acting on a heterogeneous population (i.e., CCPs) started to
represent a valuable method for developing populations adaptable to different agricultural
contexts [33,34]. Cultivation conditions can drive the selection of more adaptable genotypes
that present increased fitness [35,36]. After several years of cultivation and multiplication
in the same area under isolated conditions, these populations may reach equilibrium with
stable yields, and the genetic diversity among such populations represents a trait resilient
to climate and environmental stress [37].

In this study, we investigated the genetic diversity and population structure of a panel
of 265 accessions from seven tetraploid T. turgidum subspecies originating from different
Mediterranean and European areas using the 35K Wheat Breeders’ Axiom®SNP array. This
work will prove to be a groundwork for phenotypic analysis, both in the field and in the
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lab, aimed at identifying the best lines that could be used in a cross-breeding program for
the selection of resilient and nutritionally improved wheat CCPs.

2. Materials and Methods
2.1. Plant Material

A large tetraploid wheat germplasm panel of 265 accessions was assembled at the De-
partment of Agriculture (DAGRI) of the University of Florence (Supplementary Table S1).
The core collection was represented by seeds of 8 Turgidum subspecies—ssp. carth-
licum (5), dicoccoides (3), dicoccon (28), durum (172), paleocolchicum (3), polonicum (13),
turanicum (33), and turgidum (7)—collected from the USDA bank (U.S. Department of
Agriculture; https://npgsweb.ars-grin.gov/gringlobal/search (accessed on 3 December
2020)), Wageningen CGN Germplasm bank (Centre for Genetic Resources, The Nether-
lands; https://www.wur.nl/en/Research-Results/Statutory-research-tasks/Centre-for-
Genetic-Resources-the-Netherlands-1.htm (accessed on 3 December 2020)), and Istituto
di Granicoltura di Caltagirone (www.granicoltura.it (accessed on 3 December 2020)). One
T. aestivum variety—Bologna—was added to the panel as outgroup genotypes.

Seeds were sown in peat-based soil in single pots and maintained in a climatic chamber
at 15 ◦C during the night and 25 ◦C during the day, with a cycle of 16 h light and 8 h dark.
Six weeks after germination, leaf tissue (5–6 cm section of a true leaf) was harvested from
plants, immediately frozen on liquid nitrogen, and then stored at −80 ◦C prior to nucleic
acid extraction. All plants were then transplanted in the field and grown until maturity in
order to collect seeds for single-seed line constitution to be used in future field studies.

2.2. DNA Extraction and Genotyping

Frozen leaf tissues were ground in a TissueLyzer II bead mill (Qiagen, Hilden, Ger-
many), with the tissue and plastic adapter having previously been dipped into liquid
nitrogen to avoid sample warming. Genomic DNA was extracted from the leaf powder
using a standard cetyltrimethylammonium bromide (CTAB) protocol [38] and then treated
with RNase-A (New England Biolabs UK Ltd., Hitchin, UK) according to the manufac-
turer’s instructions. DNA was checked for quality and quantity by electrophoresis on
1% agarose gel and Qubit™ fluorimetric assay (Thermofisher), respectively. The 35K Ax-
iom®Wheat breed Genotyping Array (Affymetrix, Santa Clara, US) was used to genotype
265 samples for 35,143 SNPs using the Affymetrix GeneTitan®system at Bristol Genomics
Facility (Bristol, UK) according to the procedure described in Axiom®2.0 Assay Manual
Workflow User Guide Rev3 (https://assets.thermofisher.com/TFS-Assets/LSG/manuals/70
2991_6-Axiom-2.0-96F-Man-WrkFlw-SPG.pdf (accessed on 3 December 2020)). This array
contains a range of probes that are located on chromosomes belonging to the A, B, and D
genomes [39]. Since in tetraploid wheat the D genome is lacking, the effective number of
markers that can be investigated is lower, corresponding to 24,240 SNPs. Allele calling was
carried out using the Axiom Analysis suite software [40], and a variant call rate threshold
of 92% was used instead of the default value (97%) to account for the great heterogeneity
of the set analyzed [41]. The number of monomorphic and polymorphic SNP markers,
the heterozygosity level, and the types of nucleotide substitution for each accession were
evaluated using the same software. Monomorphic SNP markers and those with missing
data points were excluded from analysis. SNP markers were then filtered for minimum
allele frequency (MAF) greater than 1% and failure rate lower than 20%.

2.3. Statistical Analysis

The levels and patterns of genetic diversity among accessions were investigated
starting from the data obtained from SNP genotyping. The Tamura–Nei method [42] for
genetic distance evaluation was applied to obtain a matrix of pairwise distances among
accessions. An unrooted Bayesian tree was computed by applying the neighbor-joining
algorithm [43], implemented in the ape 3.1 package of R software [44].
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To obtain a clear picture of the genetic structure of the tetraploid wheat genotypes,
we applied the Bayesian model-based clustering algorithm implemented in STRUCTURE
software version 2.3.4 [45]. An admixtured and shared allele frequency model was used
to determine the number of clusters (K), assumed to be in the range between 2 and 15,
with five replicate runs for each assumed group. For each run, the initial burn-in period
was set to 10,000 with 10,000 MCMC (Markov chain Monte Carlo) iterations, with no prior
information on the origin of individuals. The best fit for the number of clusters, K, was
determined using the Evanno method [46] as implemented in the program STRUCTURE
HARVESTER [47]. Structure results were then elaborated using the R package pophelper
to align cluster assignments across replicate analyses and produce visual representations of
the cluster assignments. Discriminant analysis of principal components (DAPC) was used
to infer the number of clusters of genetically related individuals [48] using the adegenet
package in R-project [49]. The first step of DAPC was data transformation using principal
component analysis (PCA), while the second step was discriminant analysis performed
on the retained principal components (PCs). Groups were identified using k-means, a
clustering algorithm that finds a given number (k) of groups maximizing the variation
between them. k-means was run sequentially with increasing values of k to identify the
optimal number of clusters, and different clustering solutions were compared using the
Bayesian Information Criterion (BIC). The optimal clustering solution should present the
lowest BIC [50].

3. Results

After SNP dataset filtering, 21,051 SNP markers were identified and used in the sta-
tistical analysis to evaluate the genetic diversity of the 265 tetraploid wheat accessions.
The genetic relationships in the panel were assessed through three different approaches—
neighbor-joining tree, discriminant analysis of principal components (DAPC), and STRUC-
TURE software—in order to better detail and define the genetic relationship variability
among the tetraploid accessions.

The Bayesian tree obtained by applying the neighbor-joining algorithm revealed
groups in the population that highly agreed with the subspecies classification and origin
(Figure 1A). Most of the T. turgidum ssp. durum (shown in yellow in Figure 1A) were
placed in a large clade together, with modern varieties that appeared separated from the
other accessions. Landraces and old varieties were distributed in branches close together,
mostly according to their geographical origin, such as the Syrian and Sicilian accessions.
Two other clusters were identified, consisting, respectively, of T. turgidum spp. dicoccon
(shown in orange) and T. turgidum ssp. turgidum (blue), while T. turgidum spp. turanicum
(brown) was clustered into two groups separated by the set of T. turgidum ssp. polonicum
accessions (grey). The two T. turgidum ssp. paleocolchicum accessions (light blue) and their
cross seemed to be close, while the few accessions belonging to T. turgidum carthlicum and
dicoccoides ssp. appeared to be spread amongst the tree branches.
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Figure 1. (A) Bayesian tree of 265 tetraploid wheat genotypes based on single-nucleotide polymorphism (SNP) genetic
markers and colored according to subspecies classification. Branch colors: yellow for T. turgidum ssp. durum, orange for
T. turgidum ssp. dicoccon, brown for T. turgidum ssp. turanicum, grey for T. turgidum ssp. polonicum, blue for T. turgidum ssp.
turgidum, pale blue for T. turgidum ssp. paleocolchicum, red for T. turgidum ssp. carthlicum, green for T.turgidum dicoccoides,
and violet for the T. aestivum outgroup accession. (B) Phylogenetic tree of 265 tetraploid wheat genotypes based on SNP
genetic markers and colored according to discriminant analysis of principal components (DAPC) clusterization.

The wheat genotype arrangement obtained with the Bayesian tree was subsequently
confirmed by the DAPC results (Figure 1B, Table S2). Seven clusters (Figure 2) were detected
in coincidence with the lowest Bayesian information criterion (BIC) value (Figure S1), and
100 PCs (80% of variance conserved) from PCA were retained. As reported in Figure 1B,
the Syrian T. turgidum spp. durum wheats were pooled in Group 5 and clustered separately
in the genetic tree. Most of the old varieties and landraces of the same subspecies were
collected in Group 3, while Group 4 was formed by approximately half of the T. turgidum
spp. turanicum accessions, which belonged to the same genetic cluster in the tree. The
remaining genotypes of this last subspecies were grouped together with T. turgidum spp.
polonicum wheats which were also clustered in Group 2. Group 1 was entirely composed
of T. turgidum ssp. diccocon accessions, while Group 7 identified the modern varieties of
T. turgidum ssp. durum.

Moreover, the Bayesian tree and the DAPC analysis largely agreed with the accessions’
geographic origins. In particular, Syrian (Cluster 5), French (part of the Cluster 7), Moroccan
(Cluster 6), and Italian and Algerian (Cluster 3) wheats were almost entirely pooled within
the same cluster. Iranian (Clusters 3 and 4) and Portuguese and American (Clusters 2 and 6)
accessions were equally divided into two clusters.
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Figure 2. DAPC results for the 265 accessions of Triticum turgidum L. used in the analysis. The first two linear discriminants
(LDs) are represented by the axes. Each circle with the relative number and color represents one identified cluster, and each
dot represents one accession.

The optimum number of subpopulations, K, estimated using STRUCTURE software
(Figure 3, Table S2) and according to the Evanno method results was 7 (K = 7). This
indicated the presence of seven subpopulations, as previously found by the Bayesian tree
and DAPC analysis, although characterized mostly by different accessions.

Figure 3. Diversity in admixture analysis by STRUCTURE among the 265 tetraploid wheat accessions. Each individual is
represented by a horizontal line. Color codes follow the number of clusters, while the bar line under the graph represents
the subspecies groups plus the outgroup genotypes (T. aestivum).
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4. Discussion

Genetic diversity represents the basis for crop improvement, providing plant breeders
with the germplasm necessary to develop cultivars with adaptive traits and good quality
characteristics [51]. To better target their crossing schemes, the genetic structure and
variability of 265 tetraploid wheats accessions were assessed.

Clustering done via a Bayesian tree and clusters obtained via DAPC revealed a clear
classification of genotypes in accordance with their geographical origin, strengthening the
results of previous studies of phylogenetic relationships between cultivated wheats and
their wild relatives [52,53].

Concerning T. turgidum ssp. durum accessions, which represented the largest number
of genotypes in the panel, their first and second geographical origin centers—Syria and
Ethiopia [54]—appeared to be clearly identified in Clusters 5 and 3, respectively. This
result agreed with the molecular assessment by Kabbaj et al. [55] regarding a durum wheat
collection of cultivars. More interestingly, the Bayesian tree highlighted the proximity
between North African (Morocco, Algeria, and Tunisia) and Italian germplasm; this could
be linked to the geographical expansion of Romans during the Imperial Period and conse-
quent wheat genotype introduction and cultivation on the African continent, as suggested
by Rickman [56].

In addition, the positions of the accessions “Ciceredda”, “Bufala rossa lunga”, “Bufala
nera corta”, and “Paola” on the Bayesian tree deserve attention: although they belong to
Cluster 3, which grouped almost all the other T. turgidum ssp. durum genotypes, they were
gathered in a distant cluster between T. turgidum turgidum and polonicum ssp. The proximity
of these accessions could be due to a taxonomic problem, traceable thanks to work by De
Cillis [57], which classified these accessions under T. turgidum turgidum ssp. turgidum.

Finally, another relevant observation on the T. turgidum ssp. durum accession ar-
rangement concerns the low genetic variability detected in the modern Italian varieties,
different from landraces and old varieties. Through the second half of the 20th century,
national breeding programs aimed at increasing wheat yield started to establish new va-
rieties characterized by small size, limited sprouting, reduced leaf area, and shorter crop
cycle [58]. Due to genetic improvement only, De Vita et al. [59] confirmed in their work a
44% increase in productivity for the main varieties of durum wheat grown in Italy during
the 20th century; however, this resulted in pure line selection and the development of
varieties with low genetic variability [60]. Our study reflects this strong selection activity:
Italian modern varieties were gathered in the same cluster (Figure 1B) and along neighbor
branches, highlighting genetic homogeneity.

On the contrary, the subspecies dicoccon showed the highest genetic variability, as
Laidò [61] et al. verified in their research, confirming this wild germplasm as a powerful
source of genes.

Today, the unpredictable climate, characterized by irregular rainfall and long dry
periods, results in a rather unstable crop production. Under marginal environments,
landraces and old varieties show higher stability in low-input agriculture [62,63]; thus, they
could represent valuable genetic resources for breeders in order to develop new cultivars
or CCP populations with specific qualitative traits such as resistance to biotic and abiotic
stress, ability to efficiently use organic nitrogen and better nutritional qualities [64]. With
this aim, our results showed the genetic diversity among accessions belonging to eight
tetraploid wheat subspecies and identified the correct numbers of genotypes that explain
the screened genetic variability well.

5. Conclusions

The genetic diversity of domesticated wheat accessions has been significantly reduced
from that of their wild progenitors through a prolonged selection process for those pheno-
typic traits that better satisfy human needs. On the contrary, landraces’ genetic variability
represents a precious source of valuable agronomic traits that could be used for interspecific
hybridization and for the introgression of genes and/or alleles into cultivated species. In
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our work, the genetic diversity and the population structure of 265 tetraploid wheats were
investigated in order to understand the genetic relationships between domesticated wheats
and their close wild relatives. The results obtained from this research could be used in
future phenotyping studies in both field and laboratory tests to select the best lines to be
intercrossed for the creation of improved and more resilient durum wheat CCP populations
adapted to Mediterranean areas.
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Abstract: The cultivation of cacao represents an income option and a source of employment for
thousands of small producers in Central America. In Honduras, due to the demand for fine flavor
cacao to produce high-quality chocolate, the number of hectares planted is increasing. In addition,
cacao clones belonging to the genetic group named Criollo are in great demand since their white
beans lack of bitterness and excellent aroma are used in the manufacturing of premium chocolate.
Unfortunately, the low resistance to pests and diseases and less productive potential of Criollo
cacao leads to the replacement with vigorous new cultivars belonging to the other genetic groups or
admixture of them. In this study, 89 samples showing phenotypic traits of Criollo cacao from four
regions of Honduras (Copán, Santa Bárbara, Intibucá, and Olancho) were selected to study their
genetic purity using 16 SSR molecular markers. The results showed that some samples belong to the
Criollo group while other accessions have genetic characteristics of “Trinitario” or other admixtures
cacao types. These results confirm the genetic purity of Criollo cacao in Honduras, reaffirming the
theory that Mesoamerica is a cacao domestication center and also serves to generate interest in the
conservation of this genetic wealth both in-situ and ex-situ.

Keywords: population structure; Criollo cacao; microsatellites; genetic purity; Central America

1. Introduction

Cacao (Theobroma cacao L.) is an economically important crop because it produces the
raw material for making chocolate. It is native to South America, with its center of origin in
the upper Amazonian region spanning Peru, Colombia, Brazil, and Ecuador [1–3]. Cacao
was initially thought to be domesticated in Southern Mexico and Central America since
vessels used by pre-Columbian cultures in Honduras and Mexico contained trace remains
of theobromine, confirming the use of cacao products 1800–1000 years BCE [4–9]. However,
recent archaeological finds reveal that the upper Amazon region was also a center for the
domestication of cacao [10].

Spanish settlers in Honduras were introduced to cacao and realized the importance
of this crop [11,12]. Recent studies showed that during this period of domestication there
was a high selection for genes related to anthocyanins and theobromine, which caused the
cacao Criollo to maintain a high frequency of deleterious mutations [13].
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Cacao has high genetic and morphological diversity, with a diploid genome consisting
of 10 chromosomes (2n = 20) [14] with a genome size between 411 and 494 Mbp [15].
Initially based on phenotype, cacao was classified into three groups Criollo, Forastero, and
Trinitario, which is a hybrid between Criollo and Forastero. Forastero cacao is character-
ized by seeds with purple cotyledons and most of the chocolate consumed in the world is
produced from these seeds known as “bulk or ordinary” cacao [3]. Criollo cacao is charac-
terized by having white or pale pink seeds, used for the formulation of premium chocolate
that sells for higher prices in the market [16]. Trinitario beans are variable in cotyledon
color and produce a liquor with a strong cacao flavor. Criollo and Trinitario are known
collectively as “fine of flavor” cacao, along with Amelonado, Nacional, and Refractario
(Nacional hybrids). There are different meanings of the term “Criollo”, depending on
whether it is used by breeders, botanists, or growers. “True Criollo”, “Ancient Criollo”, and
“Criollo” are the ways it is called respectively depending upon who is using the term [16].
Currently, Criollo is defined as a unique genetic group based on the classification proposed
by Motamayor et al. [17]. In fact, with the use of molecular tools, a new classification
of 10 genetic groups has been proposed, which has furthered the understanding of the
genetic and phenotypic diversity of the crop, and “Criollo” cacao is one of the identified
groups [17].

Knowing the genetic diversity of cacao has been of great interest to breeders and
growers. The first classifications of the Theobroma species were made concerning their
phenotypic characteristics, evidencing that one of the marked differences between Criollo
and the others, was the content of anthocyanins in its seeds [2,4,18]. The first genetic
diversity studies of cacao were made using RAPD and RFLP markers [19–23], followed by
SSR markers [24–32], and SNP markers [33–38]. Some of these studies made it possible to
identify Criollo as a different genetic group. A high level of homozygosity and significantly
low genetic diversity within the Criollo population was also found [24] in a great part
attributable to Criollo self-compatibility.

The results of the genetic diversity of cacao from Honduras and Nicaragua with SNP
markers confirmed the existence of a population of ancient cacao Criollo. Furthermore, the
Trinitario varieties of cacao used by growers are more influenced by the Amelonado genetic
group than the Criollo genetic group [7]. The study also showed that although the varieties
of cacao type Trinitario used by growers in both countries are different, the samples of
ancient cacao Criollo analyzed were grouped in the same cluster [7]. Several studies on the
genetic diversity of cacao have used samples of cacao Criollo from Honduras as a reference
of the purity of the Criollo genetic group [2,7,16,29,35,39]. A phenotypic characterization
study of cacao from Honduras determined that 72% of the production comes from cacao
Trinitario type varieties and 28% comes from Amelonado type varieties [40]. The cacao
growers in Honduras have the technical and scientific support provided by the Honduran
Foundation for Agricultural Research (FHIA) for over 36 years and the foundation’s
agroforestry program has been collecting genetic material and maintaining a germplasm
bank in order to preserve elite material for the improvement of cacao cultivation. However,
the genetic purity of Criollo in Honduras and its diversity has not been fully investigated,
even if it would be highly beneficial to the cacao genetic improvement and the conservation
of Criollo in-situ and ex-situ. Therefore, the goals of this study were to assess the genetic
purity and diversity of 89 cacao accessions, which have been selected based on the Criollo
phenotype from four different departments of Honduras, using single sequence repeat (SSR)
markers. The results of the analyses have also been compared with a robust SSR dataset of
116 samples obtained from the original classification developed by Motamayor et al. [17]
representing the ten cacao genetic groups.

2. Materials and Methods
2.1. Plant Material

In this study, eighty-nine cacao plants were selected from four different departments
in Honduras: Copán, Santa Bárbara, Olancho, and Intibucá (Figure 1). Cacao trees were
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previously identified by the farmers, who had preserved the genetic material for many
years, and only trees showing phenotypical characteristics of Criollos were sampled
(Figure 2). Generally, they were located inside small and medium-sized family farms,
isolated, and not properly maintained. Two young fully expanded leaves were selected
from each tree and conserved and transported inside 20 mL plastic tubes filled with 96%
ethanol [41,42] for DNA extraction. The GPS coordinates were recorded for each tree for
subsequent mapping (Table S1).

Agronomy 2021, 11, x FOR PEER REVIEW 3 of 15 
 

 

2. Materials and Methods 

2.1. Plant Material 

In this study, eighty-nine cacao plants were selected from four different departments 

in Honduras: Copán, Santa Bárbara, Olancho, and Intibucá (Figure 1). Cacao trees were 

previously identified by the farmers, who had preserved the genetic material for many 

years, and only trees showing phenotypical characteristics of Criollos were sampled 

(Figure 2). Generally, they were located inside small and medium-sized family farms, 

isolated, and not properly maintained. Two young fully expanded leaves were selected 

from each tree and conserved and transported inside 20 mL plastic tubes filled with 96% 

ethanol [41,42] for DNA extraction. The GPS coordinates were recorded for each tree for 

subsequent mapping (Table S1). 

 

Figure 1. Geographical sites (red dots) where cacao’s leaves were collected in Honduras. 
Figure 1. Geographical sites (red dots) where cacao’s leaves were collected in Honduras.

Agronomy 2021, 11, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 2. Pod samples of cacao Criollo from (A). Copán, (B). Intibucá, (C). Olancho, and (D). Santa Bárbara. 

2.2. DNA Extraction and Quantification 

For DNA extraction, 40–50 mg of dry leaf sample was placed in a 2 mL tube with 

tungsten carbide beads, frozen in liquid nitrogen, and finely ground in a tissue 

homogenizer (Tissue Lyser, QIAGEN, Hilden, Germany). DNA was extracted using an 

Invisorb Spin Plant Mini Kit (Stratec Molecular, Berlin, Germany). DNA has been 

electrophoresed on an agarose gel to validate quality and quantity. 

2.3. SSR Markers 

Sixteen previously reported SSR markers were used in this study [43,44]. The list of 

the SSR markers’ names, the EMBL accession, the chromosome where the locus is 

mapped, the specific primers, the observed size range of the amplicon, the motifs, and the 

references are reported in Table 1. 

Table 1. List of the 16 SSR loci used for the analysis of the cacao samples: SSR names, EMBL accessions, chromosome 

number, forward and reverse primer sequences, observed size, repeat motifs, and references. 

SSR Name 

EMBL(che

nchen) 

Accession 

Chromosome 

No. 
Forward Primer Reverse Primer Size (bp) Motif Ref. 

MTcCIR6 Y16980 6 

5′-

TTCCCTCTAAACTACCCT(che

nchen) 

AAAT-3′ 

5′-

TAAAGCAAAGCAAT(ch

enchen) 

CTAACATA-3′ 

224–246 (TG)7(GA)13 [43]  

MTcCIR7 Y16981 7 

5′-

ATGCGAATGACAACTGG(che

nchen) 

T-3′ 

5′-

GCTTTCAGTCCTTTG(ch

enchen) 

CTT-3′ 

147–159 (GA)11 [43] 

MTcCIR8 Y16982 9 
5′-CTAGTTTCCCATTTACCA-

3′ 

5′-

TCCTCAGCATTTTCTT(c

henchen) 

TC-3′ 

286–302 
(TC)5TT(TC)

17TTT(CT)4 
[43] 
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2.2. DNA Extraction and Quantification

For DNA extraction, 40–50 mg of dry leaf sample was placed in a 2 mL tube with
tungsten carbide beads, frozen in liquid nitrogen, and finely ground in a tissue homogenizer
(Tissue Lyser, QIAGEN, Hilden, Germany). DNA was extracted using an Invisorb Spin
Plant Mini Kit (Stratec Molecular, Berlin, Germany). DNA has been electrophoresed on an
agarose gel to validate quality and quantity.

2.3. SSR Markers

Sixteen previously reported SSR markers were used in this study [43,44]. The list of
the SSR markers’ names, the EMBL accession, the chromosome where the locus is mapped,
the specific primers, the observed size range of the amplicon, the motifs, and the references
are reported in Table 1.

2.4. PCR Amplification and Electrophoresis

PCR amplifications were carried out in a final volume of 25 µL, containing 20 ng of
genomic DNA, 2 mM MgCl2, 0.2 mM dNTPs, 0.2 µM each of the forward and reverse
primer, 3% pure formamide, 1X GoTaq® colorless Reaction Buffer (Promega, Madison, WI,
USA), and 1 Unit of GoTaq® Flexi DNA Polymerase (Promega, Madison, WI, USA). The
PCR reactions were based on the following amplification protocol: a denaturation step of
4 min at 96 ◦C; 35 cycles of 40-s denaturation at 96 ◦C, 40-s primer annealing at appropriate
temperature for each primer pairs, 40-s extension at 72 ◦C; and 5 min final extension at 72 ◦C.
This protocol was performed on a Primus 96 advanced (PEQLAB Biotechnologie Gmbh,
Erlanger, Germany) thermocycler. Each marker had a fluorescent tag on the forward primer
(6-FAM, VIC, NED or PET) (Applied Biosystems, Inc., Waltham, MA, USA) for scoring
fragment length. Fragments analysis of the PCR products was performed on two capillary
electrophoresis instruments: an ABI-3130 Genetic Analyzer (Applied Biosystems, Inc.,
Waltham, MA, USA) using performance optimized polymer (POP7) at the University of
Florence and an ABI-3730 Genetic Analyzer (Applied Biosystems, Inc. Waltham, MA, USA)
using performance optimized polymer (POP7) at USDA-ARS in Miami. The accuracy and
comparability of the sizing performance of the two sequencers were tested by genotyping
nine shared reference accessions. The data generated were analyzed with GeneMapper
3.0 (Applied Biosystems, Inc. Waltham, MA, USA). An SSR dataset of 116 samples from
Motamayor et al. [17] was included as reference accessions (Table S2) representing the ten
cacao genetic groups identified by Motamayor et al. [17]: Amelonado, Contamana, Criollo,
Curaray, Guiana, Iquitos, Marañon, Nacional, Nanay, and Purús. Two SSR data sets were
generated, one including only the samples from Honduras, named “Honduras” and the
other data set including both Honduras and reference accessions, named “Complete”. For
the “Complete” dataset a representative number of reference accessions was analyzed
along with our samples to assess the comparability of the two datasets.

2.5. Data Analysis

Despite gathering samples in a vast area, Honduran accessions sharing identical SSR
profile were retrieved. Therefore, to reduce noise and to avoid any alteration of the results
due to the presence of identical genotypes, a preliminary analysis was performed with the
software Cervus 3.0.9 [45]. In this case, only the samples that shared 100% of their allele’s
identity were considered. From this procedure, 32 identical samples were detected and
then not taken into consideration in the subsequent evaluation unless they do not belong
to the same department, reducing the number of examined genotypes to 57 (Table S3).

Concerning the “Honduras” dataset, for each SSR locus, the number of alleles (Na), the
effective number of alleles (Ne), frequency of the predominant allele (Fa), the observed (Ho)
and expected heterozygosity (He), and the fixation index (F) were calculated using Genealex
6.5 [46]. The polymorphic information content (PIC) was calculated with PowerMarker
3.25 [47].
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2.6. Cluster Analysis

The Bayesian approach implemented in the software STRUCTURE v.2.3.4 [48] was
used to define the population structure in both datasets, “Honduras” and “Complete”,
as previously described. An admixtured and shared allele frequencies was adopted to
determine the number of populations (K), assumed in the range from 1 to 10 in “Honduras”
and from 1 to 20 in “Complete”. For each K value, 10 runs with 100,000 burn-in periods
and 200,000 MCMC (Markov Chain Monte Carlo) iterations were performed. The ∆K of
the Evanno method [49] was calculated to estimate the best value of K that fits the data, by
using STRUCTURE HARVESTER [50]. The structure plot was obtained with the package
pophelper v2.3.0 [51] in the R-project. The Criollo reference (Criollo 13) was included in
the “Honduras” dataset to establish which Honduran samples were pure Criollo.

A further STRUCTURE analysis was performed with the 116 reference accessions
from Motamayor et al. [17] along with the eight Honduran pure Criollo cacaos, which
had the highest coefficient of membership (higher than 0.99) to the Criollo cluster in the
STRUCTURE analysis of “Complete” dataset (Cop_22, Cop_23, Cop_24, Cop_28, Cop_29,
San_106, San_107, and San_109) to sustain the fitness with the 10 genetic groups established
in Motamayor et al. [17].

Moreover, concerning the “Complete” dataset, a matrix of Manhattan distances was
obtained to produce a principal coordinates analysis (PCoA) with the packages adegenet
2.1.3 [52] and Ade4 [53] in the R-project. The result was plotted to show graphically if
individuals tended to be grouped according to the 10 cacao genetic groups identified by
Motamayor et al. [17].

3. Results
3.1. Descriptive Genetic Parameters of the SSR Loci

In total, the 16 SSR markers were able to amplify 88 alleles across all cacao samples of
the “Honduras” dataset. As shown in Table 2, Na varied from 3 (MTcCIR22, MTcCIR115,
and MTcCIR158) to 11 (MTcCIR33) with an average of 5.5 alleles for each locus. The
effective number of alleles (Ne) ranged from 1.664 (MTcCIR60) to 3.926 (MTcCIR33) with
a mean of 2.270. The frequency of a predominant allele (Fa) in polymorphic loci varied
between 0.327 (MTcCIR33) and 0.746 (MTcCIR60) with an average of 0.610. The expected
heterozygosity (He) ranged from 0.399 (MTcCIR60) to 0.745 (MTcCIR33) with a mean of
0.540, while observed heterozygosity (Ho) had values between 0.140 (MTcCIR158) and
0.386 (MTcCIR7) with an average of 0.293. For all loci, He was higher the Ho. The fixation
index (F) was higher than zero for all loci and ranged between 0.077 (MTcCIR60) to 0.692
(MTcCIR158). The PIC varied from 0.360 (MTcCIR158) to 0.703 (MTcCIR33) with an average
of 0.481.

3.2. Cluster Analysis

The STRUCTURE analysis results indicated that the 57 Honduran samples were
grouped in two clusters (Figure 3). Only the accessions with a coefficient of membership
higher than 0.70 were considered belonging to one of the two clusters. Trees sampled in
Copán and Santa Bárbara (except for San_5, San_6, San_17, San_87, San_88, and San_89)
were clustered in the same population along with Criollo 13, which is the reference carrying
the genetic characteristics of pure Criollo cacao. Only two accessions sampled in Intibucá
(Int_54 and Int_55) were grouped along with Criollo 13. Additionally, some accessions
collected in Olancho (Ola_11, Ola_14, Ola_15, Ola_57, Ola_60, Ola_62, Ola_63, Ola_69,
Ola_79, and Ola_85) were found to be pure Criollo, while ten samples were grouped in the
second population, being represented by the blue color of the bar (Ola_8, Ola_9, Ola_12,
Ola_16, Ola_59, Ola_61, Ola_65, Ola_68, Ola_75, and Ola_84). The remaining genotypes
from Intibucá and Ola_10, Ola_86, San_3, San_4, and San_18 showed an admixture of the
genetic characteristics of both two clusters (being the bar roughly half blue and half green).
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Table 2. Genetic parameters from 16 SSR loci. For each locus, the number of alleles (Na), the effective
number of alleles (Ne), frequency of the predominant allele (Fa), the observed (Ho) and expected
heterozygosity (He), the fixation index (F), and the polymorphic information content (PIC) of the
“Honduras” dataset are shown.

Locus Na Ne Fa Ho He F PIC

MTcCIR6 6.0 2.10 0.63 0.26 0.52 0.50 0.46
MTcCIR7 5.0 2.24 0.60 0.39 0.55 0.30 0.49
MTcCIR8 5.0 2.01 0.66 0.33 0.50 0.34 0.45
MTcCIR11 5.0 2.04 0.62 0.28 0.51 0.45 0.43
MTcCIR12 7.0 2.18 0.61 0.35 0.54 0.35 0.48
MTcCIR18 5.0 1.97 0.67 0.30 0.49 0.39 0.44
MTcCIR22 3.0 1.80 0.69 0.25 0.44 0.44 0.37
MTcCIR24 5.0 2.79 0.52 0.28 0.64 0.56 0.59
MTcCIR26 6.0 2.71 0.54 0.26 0.63 0.58 0.58
MTcCIR33 11.0 3.93 0.33 0.38 0.74 0.49 0.70
MTcCIR37 8.0 2.67 0.54 0.30 0.62 0.52 0.58
MTcCIR40 6.0 2.50 0.60 0.30 0.60 0.50 0.57
MTcCIR60 5.0 1.67 0.75 0.37 0.40 0.08 0.35
MTcCIR115 3.0 2.06 0.63 0.28 0.51 0.45 0.44
MTcCIR158 3.0 1.84 0.66 0.14 0.46 0.69 0.36
MTcCIR168 5.0 1.82 0.71 0.21 0.45 0.53 0.41

Mean 5.5 2.27 0.61 0.29 0.54 0.45 0.48
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Figure 3. Population structure of Theobroma cacao L. of the “Honduras” dataset based on 16 SSR markers, using the best
number of clusters according to the Evanno method (K = 2) [49]. Each individual sample is represented by a vertical
line divided into K colored segments that represent the membership fraction for each cluster. The bar line under the plot
represents the 4 Honduran departments. Criollo 13 has been used as Criollo reference and to identify the pure Honduran
Criollo cacaos.

The ∆K of the Evanno method separated the “Complete” dataset into two main
clusters (Figure S1). No other K was identified as a probable population number. The first
cluster (in blue) consisted of all pure reference accessions of Criollo and most samples from
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Honduras with a different degree of Criollo purity (Figure 4). The second cluster included
the other cacaos accessions presenting admixture population characteristics. This group
contained the remaining genetic groups identified by Motamayor et al. [17]. The divergence
between Criollo and the other groups was much higher than the genetic divergence among
the remaining nine clusters, and the presence of many Criollo samples in the dataset
determined the clustering of the other cacaos into the same group.
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Honduran accessions included also Trinitario samples that showed genetic character-
istics of Criollo and other genetic groups [54].

According to the Manhattan distances, a principal coordinates analysis was produced
from the first two dimensions to show the genetic differences in the “Complete” dataset.
The first dimension accounted for 24.42% of the total variation, while the second dimension
for 9.69%. PCoA revealed the same result of the STRUCTURE analysis: two main clusters
were identified. In the group located on the left of the plot all Criollo samples clustered
together either those collected in Honduras either the reference Criollo accessions from
Motamayor et al. [17], while the other nine genetics groups were clustered on the right side
of the plot (Figure 5) along with some Honduran samples mainly distributed among the
Amelonado, Guiana, and Marañon groups. Moreover, other Honduran samples, showing
features of both of the two clusters and covering the genetic distances between Criollo
and other genetic groups (Amelonado, Guiana, and Marañon), should be ascribed to as
Trinitario.

A further STRUCTURE analysis was performed with the 116 references accessions
from Motamayor et al. [17] along with the eight Honduran pure Criollo cacaos: Cop_22,
Cop_23, Cop_24, Cop_28, Cop_29, San_106, San_107, and San_109. This reduction of
the samples representative of the Honduran population was necessary to diminish the
statistical weight of the Criollo accessions, which, due to their genetic distance with the
other groups and to their low variability, determined a peak of the ∆K corresponding to K
= 2 and not congruent with that of [17]. The ∆K of the Evanno method showed that the
most probable population number is K = 2, highlighting a great genetic distance between
Criollo and all the other genetic groups; however, peaks of K= 5 and K = 10 were also
identified as the possible number of clusters (Figure S2). The value K = 10 showed the
same results obtained by Motamayor et al. [17] (Figure 6). All Criollo accessions collected
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in Honduras correctly clustered with the Criollo references, while, all the other remaining
genetic groups were identified.
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4. Discussion

The cultivation of cacao is of great economic importance for small producers in
Honduras. In recent years, the number of hectares planted was increased, and therefore
the cacao export volumes have also grown, especially to Europe. The increase in the
demand for Honduran cacao is due to the high quality chocolate produced by the fine
flavor cacao genetically influenced by the mixture of Criollo cacao. However most of
the cacao cultivated fields are of the Trinitario type, which is a mixture between Criollo
and Amelonado [7,55], because of the advanced lack of interest of Criollo cultivation
in Honduras where no commercial plantations are available. Since about 10 years ago,
ex-situ conservation began, taking some trees of Criollo cacao from the farmers to the
FHIA germplasm bank. The cacao cultivation in Honduras has a historical and cultural
significance, it is known from anthropological discoveries that ancient populations such
as the Mayas, Lencas, Chortis, Tolupanes, and others used cacao as a form of trade and
even came to have importance in their ceremonial rites, and in the form of commodities
exchange (used as money) [10]. It is believed that the Criollo cacao was the only cultivated
in Mesoamerica before the arrival of the Europeans [2,24]. Some investigations indicate
that cacao was domesticated in Mesoamerica, from Southern Mexico to Panama and that is
why it is common that in these countries Criollo cacao is found in a dispersed way. Possibly,
the Mesoamerican cacao producers stopped cultivating Criollo cacao due to the arrival
of new cacao cultivars (Forastero type) that are more resistant to pests and diseases and
overall more productive [7,16]. Although Criollo cacao did not continue to be cultivated, it
is found in small plots or isolated areas that are about to disappear. It is observed that some
Criollo cacao trees are not vigorous, possibly the genetic isolation has caused an increase
in the level of homozygosity (as confirmed by the observed heterozygosity and F index
detected in the present study) hindering their growth, development, and adaptability to
other environmental conditions, but Criollo cacao is superior in quality [40].

There are few studies on the characterization of the genetic diversity of Criollo cacao
of Honduras using genomic tools. The most important study was carried out by Ji et al. [7]
using SNP markers, where eleven out of the fourteen samples collected as Criollo from
Honduras turned out to be pure. Motilal et al. [39], investigating the genetic diversity of
Belizean Criollo cacao found that eleven different genotypes belonged to the Criollo group
out of 77 samples analyzed. In this study, five accessions of Criollo cacao from Honduras
(Honduras 6, 10, 11, 13, and 18), which belong to the international cacao genebank in
Trinidad and Tobago (ICG, T), were used as references. In both studies [7,39] the authors
used Criollo 13 as a reference as was done in the present research. Criollo 13 belongs to
the CATIE cacao germplasm bank in Costa Rica [16]. The results of the present study are
similar to those found by [7,39]: in fact, thirty out of the fifty-seven samples considered
were shown to be pure Criollo, using Criollo 13 as a reference in the analysis, and they
are distributed in Copán, Santa Bárbara, and Olancho. However, although samples were
taken from trees that phenotypically have characteristics of Criollo cacao, the results
show that not all the collected samples have genetic purity: in fact, eleven cacaos (from
Intibucá, Olancho, and Santa Bárbara) have a mixture of Criollo and other genetic groups
and therefore they could be considered as Trinitario type (Figures 3 and 4). Moreover, the
remaining Honduras samples show a genetic profile clustering mainly with the Amelonado,
Guiana, and Marañon genetic groups (Figure 5) and they are predominantly located in
the Olancho departments, where the cultivation of cacao has been recently introduced.
The geographical areas where the samples of Criollo cacao were collected in Honduras
(Copán, Santa Bárbara, Intibucá, and Olancho) represent areas currently inhabited by
indigenous groups that preserve the tradition of cacao cultivation, especially in Copán,
which was in past times the most important ceremonial and astronomical center of the
Mayan culture [24,56].

The observed heterozygosity level detected in the “Honduras” dataset is low and
comparable with that observed within the cacao populations analyzed by [7,39]. This low
level of heterozygosity is probably due to the fact that samples has been collected either
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in small-medium family farms either from wild sources where they live in isolation or in
limited groups without any farming care. This condition might be conducive to inbreeding
or possible crossover between siblings that could account for the low variability within
the Criollo population. The low variability is also supported by the PCoA where the pure
Criollos are located in a restricted area on the left side of the graphic (Figure 5). Moreover,
the distribution of the groups in the PCoA shows a great affinity with those of the PcoA
in Ji et al. [7] and of the multivariate analysis of the genetic distances in Motilal et al. [39],
indicating that a fairly relative number of SSR marker is sufficient to identify the main
cacao groupings.

The present study evidenced that notwithstanding the collection of samples has been
carried on according to the morphological characteristics of Criollo, some samples showed
a different genetic clustering. Therefore, the morphological characterization is not sufficient
to identify Criollo cacao and genetic analysis is requested for a correct determination of
the samples.

5. Conclusions

The SSR markers used in the current study were able to separate the samples of pure
Criollo cacao from the other remaining genetic groups and admixture populations. Results
highlighted the great genetic distance between Criollo and other genetic groups. Criollo
13 cacao continues to be a good reference for studies of cacao genetic diversity where
Criollo samples are used. Finally, it was possible to determine the genetic purity of cacao
Criollos from Honduras and affirm the results of other archaeological investigations that
indicate that Mesoamerica is the center of cacao domestication. These results can be used to
include these samples of Criollo cacao in a genetic improvement program and especially for
the conservation of this genetic wealth that we have inherited from our ancestral peoples.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/2/225/s1, Table S1: List of the 89 cacao accessions collected in Honduras. The ID, the
department where samples were collected and the GPS coordinates are shown, Table S2: List of 116
reference from Motamayor et al. [17], Table S3: List of the allelic profiles of the 57 Honduran samples
for the 16 SSR loci, Figure S1: The ∆K of the Evanno method for the “Complete” dataset, Figure S2:
The ∆K of the Evanno method for the STRUCTURE analysis of the 116 references accessions along
with the 8 representative Honduran pure Criollo.
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Abstract: Fragrance, which plays an important role in determining the economic value of rice to
growers and consumers, is known to be controlled by the Badh2 gene. This study evaluated the
grain quality characteristics and allelic variation of the Badh2 gene in 22 fragrant rice landraces
from Thailand. The rice seed samples from farmers’ storage facilities in northern, northeastern and
southern Thailand, plus two advanced breeding lines and three check varieties, were evaluated
for seed morphology and grain quality, and their Badh2 genes covering intron 4 to intron 8 were
re-sequenced. Almost all of the landraces were classified as large grain types, with medium to high
gelatinization temperatures. The variation in the Badh2 gene by haplotype analysis correlated with
grain aroma by sensory evaluation. The badh2-E7 was found in haplotype 1 with a strong aroma in
KH, NDLP, and PLD, as in KDML105 and the moderately aromatic BNM-CMU, BNM4, and SKH,
along with PTT1. Three haplotypes had different positions of SNP on the Badh2 gene with varying
results in the sensory test. The present results suggest that some rice varieties could be potentially
introduced as genetic resources for fragrant rice breeding programs or could be developed to highly
palatable cultivars with geographical indications to increase the income of highland farmers.

Keywords: aromatic rice; local variety; gelatinization temperature; badh2-E7 allele

1. Introduction

The eating quality of rice, also known as rice palatability, is a very important factor that determines
the economic value of rice for producers and consumers—the aroma of rice plays a significant part
of this. Fragrant rice is quality rice with a good taste, softness, and a unique aroma, making it very
popular [1]. Aromatic or fragrant rice is the most expensive rice in the global rice market [2–4].
Among the numerous volatile compounds associated with the aroma in rice, the main aromatic
compound has been identified as 2-acetyl-1-pyrroline (2AP) [5], produced under the control of the
recessive gene Badh2 [6–8]. In aromatic rice genotypes, there is an eight base-pairs deletion in exon 7
of the Badh2 gene [9], but with the 2AP concentration and aroma varying greatly depending on the
environment [10]. The most widely known aromatic rice are Basmati rice of India and Pakistan [2],
and Thailand’s Hom Mali [11]. Basmati, with extra-long slender grains of soft and fluffy texture when
cooked, belongs to the japonica group, have while Hom Mali and other jasmine type varieties, with long
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slender grains, soft and moist texture when cooked, are more closely with the indica group [12]. In spite
of their distinctive grain quality features, the Badh2 gene and 2AP are common to both groups of
aromatic rice. Most of India’s Basmati rice is grown from the variety Pusa Basmati 1121 [13], while
Thai Hom Mali, a worldwide registered trademark [14], is required by law to be grown from the
traditional photoperiod sensitive varieties KDML105 and RD15 in the wet season only [15]. However,
in addition to these mega-varieties, numerous other fragrant rice varieties are found in rice-growing
countries of Asia [2]. The mutations on the Badh2 gene have led to the introduction of a premature
stop codon to produce a protein that disables the Badh2 enzyme, leading to the accumulation of the
2AP substrate [16,17]. Further studies have revealed that numerous Badh2 alleles have been detected
in diverse rice (Oryza sativa L.) germplasms. Fragrant rice accessions have been reported in three
different genetic subpopulations of rice, including Group V (Basmati and Sadri varieties), indica (Jasmine
varieties), and tropical japonica [18]. There were many kinds of mutations in the Badh2 gene among
different rice varieties, namely the common 8 bp deletion and three single nucleotide polymorphism
sites (SNPs) in the 7th exon of the Badh2 gene (badh2.1 or badh2-E7) [9,19]; a 7-bp deletion in exon
2 (badh2-E2.1) [16]; a 7-bp insertion in exon 8 (badh2-E8) [20]; an additional eight alleles in exons
1 (badh2-E1.1), 10 (badh2-E10.1, badh2-E10.2, badh2-E10.3) 13 (badh2-E13.1 and badh2-E13.2) and 14
(badh2-E14.1 and badh2-E14.2) [12]; a 803-bp deletion between exons 4 and 5 (badh2-E4-5.2) [21]; a SNP
at exon 10 (badh2-E10.4); a 75-bp deletion in exon 2 (badh2-E2.2); a 806-bp deletion between exons
4 and 5 (badh2-E4-5.1) [22]; a 3-bp deletion in the 5′ UTR (badh2-p-5′ UTR); an 8-bp insertion in the
promoter [23]; an SNP at the exon1–intron1 junction (badh2-E1.2) [24]; and a 3-bp deletion in exon 12
(badh2-E12) [25].

Detailed studies have been conducted on the Badh2 gene in the aromatic rice germplasm of
Myanmar [26,27], while outstanding commercial potential has been seen with Cambodian Phka
varieties [28,29]. Several aromatic rice genotypes have been identified in Thailand, including those
with special quality characteristics, e.g., those with pigmented pericarp, Leum Pua [30,31] and
Hom-nil [32,33]. Accessions of a fragrant rice landrace, commonly known in some parts of northern
Thailand’s highlands as Bue Nur Moo (fragrant non-glutinous rice in the Karen language, here referred
to as BNM), collected from farmers have been found to range widely both in the content of the aromatic
compound 2AP and in the allelic variation of the aroma gene Badh2 [34]. Two accessions of the landrace
were found, with the 2AP content approaching that of KDML105 and the same key deletion of the
Badh2 gene, designated BNM-CMU and BNM4, while others did not have the important deletion,
containing little to no fragrance. The BNM accessions also exhibited strong interaction effects of
genotype× location on their grain quality characteristics, the head rice yield, gelatinization temperature
and 2AP concentration [35]. The dominance of KDML105 in fragrant rice production is a relatively
recent development in Thailand, where fragrance was once a common feature among the diversity of
grain quality and adaptation traits of local rice landraces [36]. The present study set out to examine the
grain quality of fragrant rice landraces from different regions of the country and to explore the allelic
variation of the Badh2 gene.

In Thailand, Hom Mali is grown mostly from the variety Khao Dawk Mali 105 (KDML105),
which was judged the world’s best rice for two consecutive years at the 9th The Rice Trader (TRT)
World Rice Conference 2017 [37]. However, in the following years the title was lost to the Cambodian
Malys Angkor, and Vietnam’s ST24 [38]. This causes some concern regarding the competitiveness of
Thai Hom Mali. With an economic advantage of much higher price than non-aromatic rice, studies
of aromatic rice germplasm should contribute towards maintenance and improvement in the rice
quality standards.

Thailand is one of the most significant and unique countries for plant genetic resources and
crop diversity, especially for rice (Oryza sativa L.) [39]. As Thailand lies partly in the center of rice
diversity and in the region where rice was originally domesticated [40,41], the characterization of local
varieties and landrace collections are critical for the utilization of these resources. The farmers of this
region still use their traditional or local cultivars, which not only suit their taste, but also provide crop
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security. Rice landraces have unique characteristics, including special quality traits such as their aroma,
adaptation to the local environment and resistance to biotic and abiotic stress [42]. In addition, local
rice contains high levels of genetic diversity, which provides an opportunity for plant breeders to select
and improve new cultivars, which include both farmers and breeder’s preferred traits. Hence, the
development of new modern rice varieties has depended on the availability of genetic diversity [43–46].

Local fragrant rice germplasm of northern Thailand are high-value genetic resources as they
contain special qualities. Many fragrant rice varieties of northern Thailand have been collected and
selected by Chiang Mai University’s breeding team for their high 2AP content in brown rice compared
to the famous jasmine rice of Thailand. Initial studies focused on nine populations of one Thai fragrant
rice landrace, Buer Ner Moo (BNM), from nine farmers and the two advanced breeding lines of JPD
and, BNM-CMU, a cross between BNM and PTT1. The different local fragrant rice varieties showed
different levels of 2AP content in brown rice, even within one variety name, due to the variation within
landraces. Moreover, Badh2 allelic variation was found, which illustrated the badh2-E7 deletion on
the Badh2 gene in BNM4, and BNM-CMU. They had high 2AP contents in brown rice with badh2-E7
deletion similar to that in KDML105 and PTT, the popular fragrant rice in Thailand [34]. In addition,
a significant correlation was also found between 2AP content in brown rice and elevation. The 2AP
content in brown rice of most of the Bue Ner Moo populations significantly increased when grown
at high altitude [35]. Therefore, the local rice varieties that profess to be fragrant rice could have the
potential to be developed into a new fragrant rice variety with geographical indications to increase
income for the highland farmers. However, the studies of the fragrant gene in landrace rice are not well
understood. To investigate germplasm resources for crop utilization and improvement programs, it is
essential to describe and evaluate the morphological characteristics of existing germplasm resources
to effectively identify and differentiate each cultivar, including identification of the interested genes’
functional alleles.

Therefore, the objectives of this study were to evaluate the grain qualities, to investigate the allelic
variation of the Badh2 gene in fragrant rice landraces, and to introduce a genetic resource for fragrant
rice breeding programs by pure-line selection method or improved variety. This would also provide a
basis for the development of other varieties to be consistent with the increasing demand of the market
and consumers.

2. Materials and Methods

2.1. Plant Materials

Seed samples of fragrant rice landraces were collected from farmers’ seed storages, including
nine from the north, eight from the northeast and five from the south of Thailand. Two promising
landraces previously identified by a rice breeding program at Chiang Mai University, BNM-CMU and
Jow Pluak Dam (JPD), plus two elite fragrant varieties, Khao Dawk Mali 105 (KDML105) and Pathum
Thani 1 (PTT1), and one high yielding non-fragrant variety Suphan Buri 1 (SPR1) were also included
for comparison (Table 1). The seeds of each population were germinated in petri dishes for 14 days
and then transplanted to 30 cm diameter undrained pots, with ten plants per pot, two pots per variety
and two replications. The plants were grown as wetland rice, with 15 cm of water maintained above
the soil surface at Chiang Mai University, Thailand, in the wet season of 2017/2018. At the tillering
stage, leaf samples of each individual were collected and kept at −20 ◦C for DNA extraction. At grain
maturity, seed samples were collected from 10 individual plants from each variety.
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Table 1. List of the fragrant rice landraces from three regions of Thailand, the elite varieties, and the
advanced breeding lines studied for comparison.

Rice Samples Source Code Rice Variety Name Source (Province)

Rice landrace North BNM1 Buer Ner Moo Chiang Mai
BNM2 Buer Ner Moo Chiang Mai
BNM3 Buer Ner Moo Chiang Mai
BNM4 Buer Ner Moo Chiang Mai
BNM5 Buer Ner Moo Chiang Mai
BNM6 Buer Ner Moo Chiang Mai
BNM7 Buer Ner Moo Pho Phi Chiang Mai
BNM8 Buer Ner Moo Pho Phi Chiang Mai
BNM9 Buer Ner Moo Phardo Chiang Mai

Northeast EL E-Leuang Loei
KH Kaow Hawm Loei
HS Hawm Sa-ngium Loei

NDLP Niaw Dam Luem Pua Loei
NU Niaw Ubon Loei
PS Pla Sew Loei

PLD Phayaa Luem Dang Loei
SKH Sew Kliang Hawm Loei

South BH62 Baow Hawm 62 Songkhla
BH96 Baow Hawm96 Songkhla

HB Hawm Baow Songkhla
HBK Hawm Bang Kaew Songkhla
HNK Hawm Na Kaow Songkhla

Breeding Line BNM-CMU Buer Ner Moo-CMU Department of
Agriculture

JPD Jow Pluak Dam Department of
Agriculture

Elite rice KDML105 Khao Dawk Mali 105 Department of
Agriculture

(as check varieties) PTT1 Pathum Thani 1 Department of
Agriculture

SPR1 Suphan Buri 1 Department of
Agriculture

2.2. Seed Morphological Characterization

The rice seed morphological characterization was conducted in accordance with the rice
descriptor [47]. One hundred seeds of each sample were recorded individually for husk color,
pericarp color, and awning. Seed sizes (grain length, width, and thickness) of unhusked seeds
were measured by a Digital Vernier caliper (Draper Tools. Ltd., Chandler’s Ford, United Kingdom)
and classified into shape by the scheme of Matsuo graph [48]. Diversity in seed morphological
characteristics was determined by the Shannon–Weaver index (H′) [49], defined as:

H′ = −
k∑

i=1

pi In pi (1)

where k is the number of phenotypic classes for a trait and ln pi is natural log of the proportion of
individuals in the ith class of the trait.

2.3. Grain Qualities

Alkali spreading assay was performed to determine the gelatinization temperatures [47,50].
One hundred whole grains of milled rice from each experimental unit were placed in a petri dish,
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with 20 grains per dish. Subsequently, 10 mL of 1.7% KOH was added to the petri dishes and kept at
room temperature for 23 h. After the 23 h incubation, the seeds were evaluated visually and given
a score in accordance with the following seven point scale: (1) grain not affected; (2) grain swollen;
(3) grain swollen, collar incomplete and narrow; (4) grain swollen, collar complete and wide; (5)
grain split or segmented, collar complete and wide; (6) grain dispersed, merging with collar; and (7)
grain completely dispersed and intermingled [51]. The alkali spreading value corresponded to the
gelatinization temperature as follows: 1–2, high temperature (74–80 ◦C) and hard when left to cool
after cooking; 3–5, intermediate temperature (70–73 ◦C) and medium hardness when left to cool after
cooking; and 6–7, low temperature (<70 ◦C) and soft when left to cool after cooking [52]. KDML105
(low gelatinization temperature) and RD4 (high gelatinization temperature) were used as checks.

The fragrance status of each cultivars was identified by tasting the milled grain. One milliliter of
1.7% potassium hydroxide (KOH) solution was applied to ten de-husked grains of each sample for
10 min at room temperature. The presence or absence of aroma was scored from 0–3: 0 for non-aromatic,
(1) for slightly aromatic, (2) for moderately aromatic, and (3) for strongly aromatic. Each individual
sample was inspected multiple times by 10 trained persons to confirm the phenotype (modified from
the method of [53]).

2.4. DNA Extraction and Badh2 Sequences

In order to understand the genetic basis of the fragrance in Thai rice landraces, genomic DNA was
extracted from leaf samples of each individual landraces using the CTAB method [54]. The DNA of
each sample was examined and sequenced for the allele Badh2/badh2 in exon 7 of Badh2 gene by using
primers Badh2P5 (F: 5′-CCTCCGTGTTAATGCAGCTC-3′, R: 5′-CATAGCAAGTGGCATGTACC-3′)
and Badh2P6 (F: 5′-GGTTGGTCTTCCTTCAGGTG-3′, R: 5′-GTCCTTCCTAACTGCCTTCC-3′) [21].
Each 50 µL reaction contained 5 µL 10X PCR buffer, 2.5 µL 2.5mM MgCI2, 0.4 µL 0.2mM
Deoxyribonucleotides (dNTP), 5 µL of each primer (10 ng/ µL), 0.4 µL 0.5U Taq DNA polymerase
(Thermo scientific), 40 µL dH2O and 5 µL genomic DNA (50 ng/ µL).

The amplification consisted of 94 ◦C/2 min, followed by 40 cycles of 94 ◦C/45 s, 50 ◦C/45 s, and
72 ◦C/1 min, ending with 72 ◦C for 5 min as the final extension. Amplified products were genotyped
using 1.5% agarose gel electrophoresis. Then, staining was carried out with MaestroSafeTM Nucleic
Acid Stains (MAESTROGEN, Xiangshan, Hsinchu, Taiwan) and visualized under a UV transilluminator
(BioDoc-It2 imaging systems, Analytik Jena, Upland, CA, USA) before samples were sent for sequencing
at Macrogen, Inc. (Seoul, South Korea). The sequence size was 1323 bp, from intron 4 to intron 8 of the
Badh2 gene.

The sequences were assembled using the DNA baser assembler v5.15.0 trial version (Heracle
BioSoft S.R.L., Arges, Romania). The resulting contigs were used as BLAST queries using the data
of Badh2/badh2, which were reported in the GenBank database of National Center for Biotechnology
Information (NCBI, Bethesda, Maryland, USA) including the fragrant rice variety, SuYuNuo, and the
non-fragrant rice variety, Nanjing11 (accession numbers EU7703020.1 and EU710319.1, respectively).
The aligned sequences were imported into MEGA7 software [55] to compare sample sequences.
Haplotype data were generated in DNAsp 5.10.01 [56]. The relationship between haplotypes was
investigated by constructing median networks using Network version 5.0 [57]

2.5. Statistical Analysis

Analysis of variance was used to determine the significant difference between the different
morphological characteristics at p < 0.05 by statistical analysis STATISTIX 8.0 (Tallahassee, FL, USA).
Least significant difference (LSD) was used to indicate the mean differences in the grain size, weight,
and shape between the varieties in regards to grain morphology. T-tests were performed between the
mean sensory test score of the varieties in each haplotype pool versus the score of each check line (high
and low separately).
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3. Results

3.1. Seed Morphological Variation of Thai Fragrant Rice Landraces

The seed morphological traits of 22 Thai fragrant rice landrace populations are moderately
heterogenous (Table 2 and Figure 1). The variation within populations was found in husk color and
seed awning. A variation of husk color was found in BNM1, BNM2, BNM6, BNM7, HB, HBK, and
HNK with straw colored husks mixed with brown furrows on straw. The Shannon–Weaver index (H’)
varied from 0.991 in HB to 0.098 in BNM2 and BNM6 while the rest of the landraces including BNM4
and BNM-CMU and three check varieties had uniform straw-colored husks. Ten Thai fragrant rice
landrace populations, BNM-CMU and PTT1 had varying seed awning, from short awn and partly
awn, while the remaining ten rice landrace populations, JPD, KDML105 and SPR1 were awnless.
No variation was found within populations in the pericarp color; 26 rice populations had colorless
pericarp except NDLP which had a purple pericarp (Table 3 and Table S2).

Table 2. Grain size and shape of paddy rice of 22 fragrant rice landrace accessions, 2 breeding lines,
and 3 elite variety checks.

Varieties Grain Length (mm) Grain Width (mm) Grain Thickness (mm) Grain Shape #

BNM1 9.87 3.11 2.18 Large type
BNM2 10.20 3.03 2.10 Large type
BNM3 10.34 3.25 2.21 Large type
BNM4 10.41 3.12 2.15 Large type
BNM5 10.41 3.10 2.19 Large type
BNM6 10.29 3.29 2.21 Large type
BNM7 10.40 3.23 2.19 Large type
BNM8 11.08 3.28 2.18 Large type
BNM9 10.38 3.24 2.14 Large type

EL 11.08 3.50 2.22 Slender type
HS 9.98 2.51 1.79 Large type
KH 11.25 3.91 2.45 Slender type

NDLP 11.07 3.53 2.15 Slender type
NU 10.65 2.62 1.94 Large type
PLD 11.22 4.04 2.51 Slender type
PS 10.72 3.09 2.16 Slender type

SKH 10.79 3.13 1.89 Slender type

BH62 9.23 2.50 1.77 Large type
BH96 9.06 2.40 1.90 Large type
HB 9.08 2.12 1.70 Slender type

HBK 9.91 2.48 1.75 Large type
HNK 9.86 2.64 1.94 Large type

BNM-CMU 10.83 2.96 2.12 Large type
JPD 10.05 3.05 2.09 Large type

KDML105 10.52 2.49 1.88 Slender type
PTT1 10.56 2.49 1.94 Slender type
SPR1 9.60 2.38 2.06 Slender type

Mean 10.33 2.98 2.07
SD 0.62 0.48 0.20

CV (%) 6.16 5.77 6.46
F-test *** *** ***

LSD (0.05) 0.32 0.09 0.07

CV (%), Coefficient of variation; LSD, least significant difference; ***, Significant at the 1% level; # classified with the
scheme of Matsuo (1952).
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Table 3. Seed morphology of 22 landrace fragrant rice varieties, 2 breeding line varieties, and 3
check varieties.

Varieties
Husk Color Pericarp Traits Awning

Phenotype H’ Phenotype H’

BNM1 Straw and brown
furrows on straw 0.135 Colorless Short and partly awned 0.135

BNM2 Straw and brown
furrows on straw 0.098 Colorless Short and partly awned 0.227

BNM3 Straw 0 Colorless Short and partly awned 0.135
BNM4 Straw 0 Colorless Short and partly awned 0.168
BNM5 Straw 0 Colorless Short and partly awned 0.456

BNM6 Straw and brown
furrows on straw 0.098 Colorless Absent 0

BNM7 Straw and brown
furrows on straw 0.168 Colorless Short and partly awned 0.325

BNM8 Straw 0 Colorless Short and partly awned 0.423
BNM9 Straw 0 Colorless Short and partly awned 0.254

EL Straw 0 Colorless Absent 0

HS Brown furrows on
straw 0 Colorless Absent 0

KH Straw 0 Colorless Absent 0

NDLP Brown furrows on
straw 0 Purple Absent 0

NU Straw 0 Colorless Absent 0
PLD Straw 0 Colorless Absent 0
PS Straw 0 Colorless Short awned 0

SKH Straw 0 Colorless Absent 0

BH62 Straw 0 Colorless Absent 0
BH96 Straw 0 Colorless Short awned 0

HB Straw and brown
furrows on straw 0.991 Colorless Short and partly awned 0.683

HBK Straw and brown
furrows on straw 0.637 Colorless Absent 0

HNK Straw and brown
furrows on straw 0.673 Colorless Short and partly awned 0.598

BNM-CMU Straw 0 Colorless Short and partly awned 0.135
JPD Black 0 Colorless Absent 0

KDML105 Straw 0 Colorless Absent 0
PTT1 Straw 0 Colorless Short and partly awned 0.199
SPR1 Straw 0 Colorless Absent 0

Sample = 100 seeds (n = 100).

The grain size of the paddy rice was found to vary between the different rice samples collected
(p < 0.05) (Table 2 and Table S1). The grain length, width, and thickness were found to vary at
10.33 ± 0.62 mm, 2.98 ± 0.48 mm, and 2.07 ± 0.20 mm, respectively. The range of the grain length,
width, and thickness of landrace rice were found to be 9.06–11.25 mm, 2.12–4.04 mm, and 1.70–2.51 mm,
respectively. The two advanced breeding lines and two elite checks had ranges of 9.06–10.83 mm
grain length, 2.38–2.96 mm width, and 1.88–2.12 mm thickness, and classification by the Matsuo (1952)
scheme found fifteen of the rice landrace varieties along with the advanced breeding lines BNM-CMU
and JPD belong to the large grain type, and the remaining seven as slender type, similar to the elite
varieties, KDML105, PTT1 and SPR1 (Figure 1).
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NDLP Brown furrows on straw 0 Purple Absent 0 

NU Straw 0 Colorless Absent 0 

PLD Straw 0 Colorless Absent 0 

PS Straw 0 Colorless Short awned 0 

SKH Straw 0 Colorless Absent 0 

BH62 Straw 0 Colorless Absent 0 

BH96 Straw 0 Colorless Short awned 0 

Figure 1. Shape of unhusked grains of 22 fragrant rice landrace varieties, with 2 breeding line varieties,
and 3 check varieties, classed with the scheme of Matsuo (1952). Different colors and symbols identify
different regions and rice groups: The nine purple circles, northern; the eight orange diamonds, the
northeastern; the five blue squares, the southern; the two light green squares, promising landraces; and
the three red triangles, elite fragrant varieties.

3.2. Grain Quality

Of the landraces locally recognized as fragrant when grown at Chiang Mai University and rated by
a sensory test, KH, NDLP and PLD were found to be strongly aromatic in the same range as KDML105.
Those found to be moderately aromatic similar to the elite variety PTT1 were BNM4, BNM-CMU and
SKH. BH62, BH96, HS, JPD and PS were slightly aromatic, with no aroma detected in the remaining
43% of the germplasm (Table 4 and Table S4).

Gelatinization temperature assessed by alkali spreading assay was found to be low in four
accessions of the landraces (BNM1, BNM2, EL and HB), comparable to KDML105 and PTT1, which
remained soft when the cooked rice was allowed to cool to room temperature. Nine accessions
(BNM3, BNM4, BNM5, BNM6, BNM7, BNM8, BNM9, JPD, and NU) had intermediate gelatinization
temperatures similar to the advanced breeding line BNM-CMU, and the remaining 43% of the
germplasm had high gelatinization temperatures similar to SPR1, a standard firm textured rice
(Table S3).
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3.3. Badh2 Sequence Analysis

Sequences of the Badh2 gene in exon 7 of 27 rice varieties were compared with the sequences of
the two rice varieties, SuYuNuo and Nanjing1, obtained from the NCBI database, accession numbers
EU7703020.1 and EU710319.1, respectively. The 1323 base pair segments of Badh2 gene, covering from
intron 4 to intron 8, revealed 8 base pair deletion in exon 7 and three single nucleotide polymorphisms
(SNPs), similar to those found in the badh2-E7 allele of the check genotype SuYuNuo. Deletion of
badh2-E7 was found in the strongly aromatic KH, NDLP, PLD and KDML105 and moderately aromatic
BNM4, BNM-CMU, and PTT1.

Four haplotypes were identified in the analysis of the Badh2 gene in exon 7 sequence (Figure 2).
The strongly aromatic KH, NDLP, PLD and moderately aromatic BNM4, together with the advanced
breeding line BNM-CMU and the elite varieties KDML105 and PTT1 were identified as haplotype H1.
Haplotype H2 comprised the moderately aromatic SKH, and the slightly aromatic BH62, BH96, HS, PS,
and JPD, containing non-8 bp deletion and 3 SNP at 2901, 2903 and 2913. Haplotype H3 comprised EL,
HBK, HNK and NU, displaying similar SNP to haplotype H2, except at the 3233 sites, which showed
the G/A transition and the 3482 sites showing the T/C transition. The last haplotype, H4, contained
BNM1, BNM2, BNM3, BNM5, BNM6, BNM7, BNM8, BNM9 and HB, which had no aroma in the
sensory test, along with the non-aromatic check, SPR1, containing similar sequences to non-aromatic
Nanjing1 (Figure 3).
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Statistical T-test analysis identified significant differences between the sensory test score of the
varieties in each haplotype pool versus the score of the high check line (Figure 4a) and low check line
(Figure 4b).
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haplotype pool versus the score of high check line (a) and low check line (b); *, significant at the 5%
level. Aroma was scored as 0 for non-aromatic, 1 for slightly aromatic, 2 for moderately aromatic, and 3
for strongly aromatic.

4. Discussion

The 22 rice landraces from northern, northeastern, and southern Thailand and two advanced
breeding lines recognized locally as fragrant varieties have been found to vary considerably in their
grain morphology, cooking quality, aroma and allelic variation of the fragrant gene Badh2. The landraces
were classified mainly as large grain type, especially those from the highland of the north and northeast,
where large grain type rice is preferred, as in the neighboring Lao PDR [58–60]. Diversity of local taste
was also indicated in gelatinization temperature variation, ranging from low, in the same range as
KDML105 and PTT1; intermediate, similar to the advanced breeding line BNM-CMU; to high as in the
elite high yielding, non-aromatic variety SPR1. The premier Thai rice variety KDML105, with its long
slender grain, low amylose content and low gelatinization temperature, has become the international
standard for aromatic jasmine rice, just as it has long been in Thailand [61]. The grain quality features
of KDML105 provide the benchmark for the selection of jasmine type grain quality in Thai breeding
programs [31,36], and other areas [62–64], which commonly utilize KDML105 or other genotypes with
similar grain quality characteristics as the parent. The rice landraces in this study clearly differentiate
from KDML105 in their grain quality. The majority of the accessions belong to the large grain type.
The few slender grain accessions either had high gelatinization temperatures or were non-aromatic
when grown in Chiang Mai. Similar to the local Indian aromatic rice varieties of small and medium
grain that are classed as non-Basmati [2], the local landraces in this study may be classed as non-jasmine
type aromatic rice. It should be recognized as a distinctive and valuable set of rice genetic resources
utilized and preserved on-farm. Unique among the landraces studied was NDLP, which is a glutinous
rice with pigmented pericarp, sold as a premium priced, special quality rice [30]. It has potential health
and pharmaceutical applications due to its anthocyanin content, phenolics and flavonoids, and high
anti-oxidative properties [65].

The presence of the aromatic badh2-E7 allele encoding the production of the compound 2AP [19]
confirmed the strong aroma in KH, NDLP and PLD, as in KDML105. However, the presence of
badh2-E7 in the moderately aromatic BNM-CMU, BNM4 and SKH, along with PTT1 that was previously
shown to have a significantly lower 2AP concentration than KDML105 [34], suggests some yet to be
identified genotype-specific attenuating factors. Variation in aroma and 2AP content of KDML105 by
environment and management in the lowlands, on the other hand, is well established [66–69]. A strong
G x E interaction effect on the concentration of 2AP, as well as the aroma by sensory test was found
among accessions of Bue Nur Moo (BNM) grown at 330 and 800 m elevations, having no effect on the
2AP content of KDML105 [35]. The absence of aroma in the BNM accessions except for BMN4 in the
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present study, therefore, suggest a possible environmental effect on the aroma of these landraces from
the highlands, and similarly, in the accessions from other regions. The absence of the badh2-E7 allele in
many of the accessions, however, suggests that local perception of the aroma in rice may be complex
and not determined simply by the compound 2AP.

The fragrance of rice is mainly controlled by the major gene, Badh2, but expression of the gene,
and thus, the concentration of the aromatic compound 2AP is influenced by climatic conditions and
crop management [70]. For instance, the soil conditions, nutrients, plant growth regulators, planting
density, irrigation draining, harvesting, post-harvest practices and storage temperature all have an
effect [71]. However, these rice landraces were all grown together under the same environment and
management. The complete lack of aroma in the genotypes with haplotype 4 may either indicate a
different local definition of aroma that does not involve the compound 2AP, or a case of misnaming
as the haplotype also includes the non-aromatic elite variety SPR1. An as yet unknown regulatory
mechanism controlling the expression of the Badh2 gene and the strength of the aroma is suggested
by the variation in the aroma among the genotypes of haplotype 1, including the well-established
difference between KDML105 and PTT1 [34]. The occurrence of deletion/insertion at other locations of
the Badh2 gene or the presence of other genes related to aroma characteristics increasing or decreasing
of 2AP formation in aromatic rice [10]. This appeared to have taken place with the difference in the
nucleotide sequences between haplotype 1 and haplotype 2. However, it is yet to be verified if the
absence of the aroma in the genotypes with haplotype 3 is location-specific or not.

In conclusion, the aromatic rice landraces from different regions of Thailand had grain qualities
that differentiated them from the elite varieties of KDML105 and PTT1. The majority were large
grain with medium to high gelatinization temperatures in contrast to the slender grain with a low
gelatinization temperature of the typical jasmine varieties KDML105 and PTT1. Only four of the
landraces shared the badh2-E7 haplotype with the elite varieties of KDML105 and PTT1, and the
previously selected BNM-CMU. The absence of the badh2-E7 allele in most of the accessions suggests
that the 2AP compound may not be the only determinant of aroma in rice as perceived by local
consumers. These locally recognized aromatic rice landraces make up a distinctive set of rice genetic
resources preserved on-farm. One with commercial potential is exemplified by the glutinous genotype
with pigmented pericarp, NDLP. Therefore, the landraces found to belong to the H1 group will be
considered for further evaluation and introduced as genetic resources for a fragrant rice breeding
program to develop highly palatable cultivars by pure-line selection or improving variety.

Factors affecting 2AP biosynthesis in fragrant rice will be identified in further work. Not only
the fragrant genes, but also the environmental factors and crop management practices [72,73] should
be examined to identify genes and develop functional markers for fragrant rice landrace breeding.
These badh2 alleles and functional markers are important for the development and identification of
new fragrant rice varieties using marker-assisted selection.
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