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Plants are the primary source of human food and animal feed
and also form the basis of numerous industrial and pharma-
ceutical products. �is special issue reflects the diversity of
modern research in the field of plant molecular genetics. It
covers a wide range of modern technologies and scientific
approaches that aim to achieve a better understanding of the
various aspects of molecular mechanisms underpinning the
key traits in major crops and other commercially important
plant species.

�ree papers in this issue deal with the development,
study, and application of molecular markers in plant breed-
ing. N. Kim et al. in “Development of Clustered Resistance
Gene Analogs-Based Markers of Resistance to Phytophthora
capsici in Chili Pepper” reported on 11 novel molecular mark-
ers targeting resistance to the soil-borne pathogen Phytoph-
thora capsici in chili pepper.�e markers developed through
high-resolution melting analysis, represent an excellent tool
for marker-assisted selection. Another type of molecular
markers, SSR, was used for the study of genetic diversity
in cultivated and wild melon (J. Hu et al. “Microsatellite
Markers Reveal Genetic Diversity and Relationships within a
Melon Collection Mainly Comprising Asian Cultivated and
Wild Germplasms”). �e authors found enormous genetic
variability within the collection, and deployment of the well-
known SSR markers enabled the generation of a phylogenetic
tree showing the relationships between melon accessions.
An investigation presented by R. Ben Ayed and A. Rebai
(“Tunisian Table Olive Oil Traceability and Quality Using
SNP Genotyping and Bioinformatics Tools”) revealed a sig-
nificant link between the five SNP markers analysed and the
biochemical composition and quality of olive fruits.

Several of the presented reports are related to the genetic
control of plant response to abiotic stresses. Drought is
one of the major challenges being faced in agriculture.
�e paper presented by N. M. Kamal et al. (“Stay-Green
QTLs Response in Adaptation to Post-Flowering Drought
Depends on the Drought Severity”) provides important find-
ings on QTLs identified in sorghum grown in Sudan (Africa)
under drought conditions. �e presented data, generated in
cooperation with the International Atomic Energy Agency
(IAEA), Austria, can be used for the improvement of grain
yield in drought-prone environments using a “stay-green”
approach through the application of QTL analysis. Tolerance
to aluminum toxicity represents an entirely different type
of abiotic stress, but this too is an important agricultural
problem, especially in acidic soils. �e paper “Aluminum
Responsive Genes in Flax (Linum usitatissimum L.)” pre-
sented by G. S. Krasnov et al. reported valuable results from
RNAseq analysis and candidate gene identification for flax
genotypes tolerant or sensitive to a high concentration of
Al.�e authors’ conclusions on glutathione metabolism, oxi-
doreductase, and transmembrane transporters can be further
applied both in academic study and in practical breeding.
Very few investigations have been conducted on plant growth
in the absence of gravity during space-shuttle orbit around
our planet. �e paper presented by O. Yu. Yurkevich et
al. (“Molecular Cytogenetics of Pisum sativum L. Grown
under Spaceflight-Related Stress”) describes a chromosome
analysis of pea progenies derived from plants grown in
space using a novel FISH approach. Minor chromosome
rearrangements were observed in response to “spaceflight-
related stress,” which could lead to better guidelines for
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biological experiments with plants during future space-
shuttle missions.

IAEA also supported a study on the generation of
mutant bread wheat with improved micronutrient content
in the grain. S. Kenzhebayeva et al. presented their paper
“Mutant Lines of Spring Wheat with Increased Iron, Zinc,
and Micronutrients in Grains and Enhanced Bioavailability
forHumanHealth,”where stable breeding lines of wheat were
produced from the M

7
generation. �e authors reported a

two-fold increase of Fe, Zn, and Ca, and reduced levels of
the anti-nutrient phytic acid in grains, which can be directly
used in practical wheat breeding. In addition to radiation or
chemical mutagenesis, inherited changes could be induced
by “genomic shock” in plants generated through interspecies
hybridization. �is phenomenon was studied in rye-wheat
hybrids named “secalotriticum” by Y. A. Lipikhina et al. in
their paper “Dynamics of the Centromeric Histone CENH3
Structure in Rye-Wheat Amphidiploids (Secalotriticum).”
�is is an extremely intricate cytogenetic study of the cen-
tromeric nucleosomes in dividing cells. �e authors pre-
sented some critical results from CENH3 gene analysis, a
central player in this very complex cytological trait, offering
promising potential outcomes.

A remarkable level of genetic polymorphism was found
in a germplasm collection of Phaseolus beans using diverse
characteristics derived from the seed morphology of these
species. L. Sinkovič et al. presented their paper “Morpholog-
ical Seed Characterization of Common (Phaseolus vulgaris
L.) and Runner (Phaseolus coccineus L.) Bean Germplasm: A
Slovenian Gene Bank Example,” which contained an interest-
ing comparison of seeds, accompanied by color images. �e
presented findings are essential for a better understanding of
the wide diversity of bean species, which can be directly used
for genetics and breeding of these nutritionally important
crop varieties. In contrast, another paper “In Silico Genome-
WideAnalysis of theATP-BindingCassette TransporterGene
Family in Soybean (Glycine max L.) and �eir Expression
Profiling,” presented by A. K. Mishra et al., reported on
computer analyses of available databases concerning the
important gene family of theATP-binding cassette transporter,
in soybean.�e authors provided a very accurate and detailed
analysis of all identified genes and protein isoforms, arrang-
ing these new findings within the context of other pertinent
information and comparisons.

P. Soundararajan et al. presented a detailed review entitled
“Insight on Rosaceae Family with Genome Sequencing and
Functional Genomics Perspective.” �e Rosaceae family is
one of the most significant plant families, and the fruits,
berries, flowers, and many other important parts of these
plants are familiar to each of us from early childhood. �e
authors have provided a comprehensive overview on the
modern level of genetic knowledge and technology employed
in comparative genomics and functional genome analysis for
many Rosaceae species. Whole genome sequences in this
plant family are so important for genetics, breeding, and
agriculture that the presented review will surely be of broad
general interest to future investigations in this area.

In conclusion, the review presented by N. Borisjuk et
al., entitled “Genetic Modification for Wheat Improvement:

From Transgenesis to Genome Editing,” summarizes the
attempts and results of wheat improvement using various
genetic engineering approaches. �e authors reflect the
progress achieved since the dawn of genetic transformation
up until the recent emergence of precise modern genome
editing using CRISPR/Cas9 and related systems in wheat.
�is comprehensive review can provide a strong stimulus for
both current and future researchers to pursue work on wheat
improvement, and deploy all available modern technologies
to secure a sustainable supply of quality agricultural produce
for our growing global population.

Yuri Shavrukov
Nikolai Borisjuk

Narendra K. Gupta
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Deficiency of metals, primarily Fe and Zn, affects over half of the world’s population. Human diets dominated by cereal products
cause micronutrient malnutrition, which is common in many developing countries where populations depend heavily on staple
grain crops such as wheat, maize, and rice. Biofortification is one of the most effective approaches to alleviate malnutrition.
Genetically stable mutant spring wheat lines (M

7
generation) produced via 100 or 200 Gy gamma treatments to broaden genetic

variation for grain nutrients were analyzed for nutritionally important minerals (Ca, Fe, and Zn), their bioavailability, and grain
protein content (GPC). Variation was 172.3–883.0 mg/kg for Ca, 40.9–89.0 mg/kg for Fe, and 22.2–89.6 mg/kg for Zn. In mutant
lines, among the investigated minerals, the highest increases in concentrations were observed in Fe, Zn, and Ca when compared to
the parental cultivar Zhenis. Some mutant lines, mostly in the 100 Gy-derived germplasm, had more than two-fold higher Fe, Zn,
and Ca concentrations, lower phytic acid concentration (1.4–2.1-fold), and 6.5–7% higher grain protein content compared to the
parent. Variationwas detected for themolar ratios of Ca:Phy, Phy:Fe, andPhy:Zn (1.27–10.41, 1.40–5.32, and 1.78–11.78, respectively).
The results of this study show how genetic variation generated through radiation can be useful to achieve nutrient biofortification
of crops to overcome human malnutrition.

1. Introduction

Nutrient malnutrition represents one of the major health
challenges worldwide and is characterized by an increasing
number of people manifesting the condition in its varying
forms [1–3]. Nearly 30% of humanity—infants, children,
adolescents, adults, and older persons in the developing
world—are currently suffering from one or more of the
multiple forms of malnutrition [2]. Undernutrition and low
dietary diversity are by far the biggest risk factors for this
global disease and each country faces a serious public health
challenge from malnutrition [3]. Iron (Fe) is a biologically

essential element for humans, participating in a wide variety
of metabolic processes, including oxygen transport, deoxyri-
bonucleic acid (DNA) synthesis, and electron transport [4].
About 70% of the body’s iron is bound to hemoglobin in
red blood cells and to myoglobin in muscle cells [5]. The
remaining iron is bound to other proteins (transferrin in
blood or ferritin in bone marrow) or stored in other body
tissues. Zinc (Zn) is another essential micronutrient for all
living organisms, as it performs both catalytic and structural
roles in a wide variety of proteins. One-tenth of the proteome,
which is about 3000 human proteins, binds Zn [6, 7].
Disorders of Fe metabolism are among the most common
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nutritionally linked diseases of humans and encompass a
broad spectrum of diseases with diverse clinical manifesta-
tions, ranging from anemia to iron overload, and possibly
to neurodegenerative diseases. In terms of global scale and
incidence of disease, iron deficiency ranks first and deficiency
of zinc is third [8]. Many human disorders are related to Zn
deficiency, such as impairment of development and growth,
reduced immunity, and disorders of the nervous system
[9].

Iron and zinc malnutrition, widely recognized as a major
health problem, is predominantly caused by cereal-based
diets that are deficient in micronutrients (Zn and Fe) and
is prevalent in low-income and middle-income countries
[10].The consequences of malnutrition and nutrition-related
diseases include impeded intrauterine growth, which affects
23.8% of all births per year, and protein-energy malnutrition
(underweight) in 26.7% of children under-five worldwide,
and over 60% of the world’s people are Fe deficient and over
25% are Zn deficient [11]. Since Fe and Zn are often derived
from the samenutrient-dense food sources in the human diet,
lacking these foods generally results in a deficiency of both
metals simultaneously.

The populations of the 22 developing countries of the
world receive 43-78% of dietary Fe and 56-88% Zn from
grains of C

3
-species and legumes [10]. Wheat (Triticum

aestivum L.) is consumed as one of the major human foods
and is a source of essential nutrients and protein for nutrition,
with demand increasing due to the growing population [2].
Currently, wheat provides 28% of the world’s edible dry
matter and up to 60% of the daily calorie intake in developing
countries [1, 12]. However, genetic gains in grain yield have
not changed over recent years and nutritional value and
particularly in the Fe and Zn grain protein content have been
difficult to improve through traditional breeding [13, 14]. It is
generally assumed that selective breeding narrowly focused
on increasing yields has resulted in grains with a lower
concentration of metals as result of a dilution effect [14, 15].
Furthermore, such a trend may worsen since some reports
have shown that the edible portions of food crops grown
in fields under elevated atmospheric CO

2
have significantly

decreased Fe contents by 4-10% [16].
Biofortification, or the process of genetic enhancement

directly targeting the mineral status in the grains of staple
food crops through breeding, is one of the most cost-
effective and environmentally safe approaches to prevent
and alleviate nutrient malnutrition in humans [17–20]. It
was demonstrated, for example, that, with the inclusion
of biofortified wheat in the human diet, Zn consump-
tion was substantially higher relative to the nonbiofortified
diet [21]. In addition, the biofortification of crops through
breeding has multiplicative advantages such as long-term
and sustainable means of delivering more micronutrients,
maintaining improved nutritional status of malnourished
people, and rise of the benefits of the initial investment
[18].

Along with increasing the concentration of nutrients
in food crops, a high bioavailability is also important for
human nutrition [22]. Wheat foods are rich in antinutri-
ents, especially phytic acid (Phy), which interferes with the

absorption or utilization of nutrients in the digestive system
[23]. In general, staple food crops and grains contain very
low bioavailable Fe and Zn (i.e., about 5% of the total grain
Fe and about 25% of the total Zn are bioavailable). To
increase the Fe bioavailability from 5 to 20% it is roughly
equivalent to increasing the total Fe four-fold [24]. It has
been noted that it is genetically much easier to significantly
improve the bioavailability of Fe and Zn in comparison
to increasing their total concentration by this magnitude
through conventional breeding [23]. Measuring mineral
bioavailability in the human diet, their molar ratio with Phy
has been widely used [4]. The regulation of Fe status in
the human body is controlled through absorption, whereas
Zn homeostasis is achieved through absorption but also
gastrointestinal secretion and excretion of endogenous Zn
[25].

Breeding for low phytic acid concentration is considered
to be a reasonable objective to enhance the nutrient bioavail-
ability of crop products. To reduce phytic acid, essential
efforts have been made to mutagenize crops. Low phytate
mutants (lpa) have been reported for several cereals using
chemical and physical mutagenesis [26–29]. Successful
breeding for yield-associated traits and increases in the
nutritional value of cereal foods require genetic variation,
which must be distinguishable from environmental effects.
The genetic diversity of crops has decreased primarily as a
consequence of breeding, including the repeated use of local
germplasms and the adoption of breeding schemes that do
not favour genetic recombination [27, 28]. Mutagenesis is
a powerful tool to broaden genetic variation and has been
used for yield increase but has been studied less for the
improvement of grain nutritional value [28, 29]. To date,
over 3275 mutant varieties in more than 220 plant species
have been officially released worldwide [28]. Mutagenesis
is especially valuable for inducing novel genetic variation
in major crops that have limited genetic variability [29].
Importantly, mutant resources developed in crop breeding
are not recognised as genetically modified organisms (GMO)
and are freely distributed in all countries without restriction
or public concern.

Medical studies have indicated that Phy inhibits Ca
absorption, but its effect on Ca bioavailability seems to be
less pronounced when compared to that of the bioavail-
ability of Fe and particularly Zn [30]. This is possibly
linked to the relatively high Ca concentration in cereal
foods, the capability of the bacterial flora in the colon to
dephosphorylate Phy, and the intake of Ca from the colon
[31].

The nutritional value of crops is highly dependent on
grain protein content (GPC), which has a significant impact
on the end products [32]. Breeding for improvement of GPC
is difficult due to the restricted range of GPC variation in
available cultivars.

This study was undertaken with the following objectives:
(1) to evaluate the variation in Ca, Fe, Zn, and Phy concen-
trations and grain protein content in spring wheat parental
cv. Zhenis and advanced mutant lines (M

7
) produced via

100- and 200 Gy-gamma dose treatments; (2) to estimate
the bioavailability of metallic nutrients; (3) to evaluate the
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correlations between thousand grain weight (TGW) and
quality parameters.The comparison ofmineral concentration
in cv. Zhenis, 100- and 200 Gy-derived mutant lines, with
recommended uptake from flour consumption was also
determined.

2. Materials and Methods

2.1. Plant Material. Grains of the spring bread wheat
(Triticum aestivum L.) cv. Zhenis were irradiated with 100
Gy and 200 Gy doses from a 60Co source at the Kazakh
Nuclear Centre, Almaty. After irradiation, seeds were sown
to raise M

1
plants [33]. The M

1
generation was grown in the

experimental field of the Kazakh Institute of Agriculture and
Breeding, Almaty district (43∘15N, 76∘54E, 550 m above sea
level). Single spikes from each plant for the M

2
generation

were harvested, and the best lines were selected based on the
yield of individual plants to continue to the M

7
generation.

The number of tillers and spikes per plant varied, but seeds
were gathered only from a single main spike. Seeds from
the best yielding mutant lines were individually selected in
each generation.The selection criteria for these lines included
grain weight per main spike (GWS) and per plant (GWP)
and these were measured in the M

3
andM

4
generations (2011

and 2012), and compared to the values for the parental cv.
Zhenis grown in the same trial conditions. In 2011, the parent
had a mean grain weight per main spike of 1.20 ± 0.51 g
and grain weight per plant of 1.85 ± 0.61 g. The threshold
criteria for selection in the M

4
generation were GWS > 1.4

g and GWP > 2.3 g for the mutant lines. The initial number
of lines in the M

1
generation was 2000 each for the 100

Gy and 200 Gy radiation doses. In the M
3
generation, 61

lines (20%) were selected from the 100 Gy irradiation dose
population and 48 lines (16%) were selected from the 200 Gy
dose.The same numbers of lines for each radiation dose were
selected for the M

4
-M
6
generations. After harvesting the M

7

plants, 23 lines and 8 lines from the original 100- and 200 Gy-
derived germplasm were selected, respectively. The 100 Gy-
dosed lines were numbered as follows: 6/9, 10/15, 11/6, 13/9,
15/1, 16/4, 17/7, 18/2, 20/10, 24/21, 26/5, 29/8, 36/13, 37/4, 39/2,
42/4, 43/43, 45/1, 47/2, 49/2, 52/1, 53/5, and 55/10; and 200Gy-
treated lineswere numbered 57/4, 58/8, 59/2/, 61/2, 62/2, 63/2,
64/2, and 65/3. These mutant lines, selected from the two
different levels of irradiation doses, were then used for further
analysis for nutritional quality. Grain samples from each
mutant line and the parent cv. Zhenis were sown together
in a field trial and plants were grown in three replicates of
three row plots, 2 m long x 1.2 m wide, and 20 cm between
rows with 30 seeds planted per row for further evaluation.
The trial was managed according to locally recommended
agronomic practices. Applied fertilizers and their time of
use, and soil conditions were as described earlier [33]. No
additional fertilizer containing Fe and Zn or other inputs of
these metals was applied. Ten randomly selected lines were
taken for analysis (five samples per row). To record the three
yield-associated traits, thousand-grain weight (TGW) was
measured as the mean weight of three sets of 100 grains per
line multiplied by 10.

2.2. Determination of Grain Protein Content. Grain protein
content was determined with near-infrared reflectance (NIR)
spectroscopy on whole grains (ZX50 Portable Grain 174 Ana-
lyzer, USA) using proprietary calibration software provided
(Zeltex Hagerstown, 175 Ma USA). The measurements of 25
grains per line were repeated in triplicate.

2.3. Analysis of Grain Calcium, Iron and Zinc Concentrations.
Grain samples (advanced M

7
mutant lines and parent, cv.

Zhenis) were washed with sodium dodecyl sulphate (0.1%),
rinsed in deionized water, dried to a constant weight at 65-
70∘C, and then ground with a mixer mill (Retsch MM400
GmbH). The digestion and extraction of the sample (0.2
g) were as described [33]. Calcium, iron, and zinc con-
centrations were measured using flame atomic absorption
spectroscopies Model NovAA350, AnalytikJena, Jena, Ger-
many. Measurements of all minerals were checked against
the certified reference values from the state standard samples
LLC “HromLab”, Ca-7475-184 98, Fe-7254-96, and Zn-7256-
96 diluted by 0.3% HNO

3
. Three extracts for analysis were

performed.

2.4. Phytic Acid Extraction and Determination, and Molar
Ratios of Phy:Metals and Ca:Phy. The extraction of Phy
from the milled grain samples (0.3 g) was performed as
described in [34]. A volume of 2.5 mL of the supernatant
was treated with 2 mL 0.2% FeCl

3
, and the mixture was

boiled for 30 min with further centrifugation after cooling.
The residue was washed twice with deionized water. A total
of 1.5 M NaOH were added to the precipitation, shaken
and the solution was centrifuged. Three mL of 0.5 M HCl
was added to the precipitation and then shaken until the
precipitation dissolved. The solution was diluted to 25 mL to
measure Fe residue by atomic absorption spectrophotometer
(AAS, Shimadzu AA6300, Japan). `hy sodium (Sigma St
Louis, Missouri, USA) was used to test the `hy recovery
rate. The `hy test results suggested that the recoveries were
between 96 and 99%. The determination of `hy was based
on the precipitation of ferric phytate and measurement of
Fe residue in the supernatant. The grain `hy concentration
was calculated by multiplying Fe content by a factor of
4.2. To calculate the molar ratios of Ca:Phy, Fe, and Zn,
the concentrations of `hy and the metals were converted
into moles by dividing by their respective molar masses
and atomic weights. The [Ca][Phy]/[Zn] (mol/kg) was also
calculated.

2.5. Statistical Analysis. One-way ANOVA was used for
comparisons; all data were evaluated in R 3.0.2 (R Core
Development Team 2013). Simultaneous tests of general
linear hypotheses and Dunnett’s contrasts were used for
multiple comparisons of the means. Summary data were
reported as mean values ± standard deviations. Correlation
coefficients between TGW and grain quality parameters and
Probability p-values were calculated using GenStat software
(10th edition). A p-value of less than 0.05 was considered
statistically significant.
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Table 1: Comparison between traitmeans and ranges for springwheat cv. Zhenis (parent) andM
7
derived from 100Gy- and 200Gy-irradiated

mutant lines. Data are shown as mean and range (n=93).

Trait cv. Zhenis 100 Gy-dosed lines 200 Gy-dosed lines
Mean Range Mean Range Mean Range

TGW (g) 40.75 40.35–41.45 42.46 36.25–57.4 41.15 33.25–52.15
GPC, % 13.00 13.0–13.1 13.85 13.6–14.3 13.34 13.2–13.7
CaC (mg/kg) 357.07 350.6–365.1 568.13 172.30–883.0 530.80 203.4–856.5
FeC (mg/kg) 33.20 31.10–35.10 57.20 40.95–88.83 65.09 44.57–89.03
ZnC (mg/kg) 36.1 33.1–39.3 56.03 22.2–89.60 56.40 22.2–88.10
PhyC (mg/g) 2.59 2.58–2.63 2.23 1.17–2.66 2.47 2.02–2.65
Ca:Phy 2.26 2.24–2.28 4.34 1.39–10.41 3.57 1.27–5.95
Phy:Fe 6.65 6.21–7.19 3.49 1.40–5.32 3.39 2.18–4.90
Phy:Zn 7.16 6.66–7.71 4.48 1.78–11.78 5.59 2.60–11.19
[Ca][Phy]/[Zn] (mol/kg) 0.97 0.92–1.05 1.01 0.21–3.01 1.15 0.30–3.32
Note. Each line was analysed by three replicates. TGW was measured for 15 replicates.

Table 2: Comparison of Ca, Fe, Zn, and phytic acid concentrations and Phy:microelements and Ca:Phy molar ratios of advanced M
7
mutant

lines and parent grain of spring wheat cv. Zhenis.

Source of variation cv. Zhenis x 100 Gy-dosed lines cv. Zhenis x 200 Gy-dosed lines 100 Gy- x 200 Gy-dosed lines
Df 83 38 92
CaC 23.13 ∗ ∗ ∗ 28.89∗ ∗ ∗ 0.74
FeC 64.97∗ ∗ ∗ 203.83∗ ∗ ∗ 7.15∗
ZnC 21.87∗ ∗ ∗ 26.98∗ ∗ ∗ 0.01
GPC 647.78∗ ∗ ∗ 149.29∗ ∗ ∗ 244.41∗ ∗ ∗
PhyC 16.20∗ ∗ ∗ 19.62∗ 9.79∗ ∗ ∗
Ca:Phy 27.18∗ ∗ ∗ 36.50∗ ∗ ∗ 4.49∗
Phy Fe 169.05∗ ∗ ∗ 468.55∗ ∗ ∗ 0.20
Phy:Zn 29.50∗ ∗ ∗ 10.08 4.29
Note. Data are presented as a percentage of the total sum from ANOVA analysis. The lines were significantly different from the parental line. Asterisks, ∗, ∗∗,
and ∗ ∗ ∗, denote significance at the P<0.05, 0.01, and 0.001 level, respectively.

3. Results

3.1. Variability in Ca, Fe, and Zn Concentrations in Grain
of Spring Wheat M7 Mutant Lines and Parent. Significant
differences in Ca, Fe, and Zn concentrations were found
among the new spring wheat M7 mutant lines developed
using dose radiation of 100 and 200 Gy and the parent cv.
Zhenis. Table 1 and Supplementary Table S1 show the means
and ranges of the parameters. The CaC varied from 172.3-
883.0 mg/kg in mutant lines (n = 93). Significantly enhanced
CaC exceeded the parent by 1.23 to 2.47-fold, with the highest
mean recorded in 100 Gy-treated lines identified in 15 M

7

lines (48.4%).
Significant variation was also found for the microele-

ments Fe and Zn between mutant lines derived from 100 and
200Gy-irradiated lines, withmeans of 40.95-89.03mg/kg and
22.2-89.6 mg/kg (n = 93), respectively. Significantly higher
FeC and ZnC than the parent by 1.23 to 2.66- and 1.45-
2.42-fold, respectively, were identified in 16 (51.6%) and 17
(54.8%) M

7
lines. The GPC varied from 13.1 to 14.3% with a

mean of 13.72± 0.26% (n = 93). Seventeen genotypes (54.8%),
from the 100 Gy-dosed lines, had a significantly 6.5 to 7.6%
higher GPC relative to the parent. Themutant lines exhibited

wide variations in PhyC, from 1.17 to 2.66 mg/g (Table 1
and Supplementary Table S1). When compared to the parent,
significantly lower PhyC by 1.25 to 2.02-fold was detected in
9 mutant lines (29%).

Analysis of variance (ANOVA) for differences in all
nutrient concentrations among cv. Zhenis and mutant lines
is shown in Table 2. These results revealed significant differ-
ences between the cv. Zhenis and 100Gy- and 200Gy-mutant
lines for all traits except that of Phy:Zn for cv. Zhenis and
the 200 Gy-treated lines (Table 2). However, the interactions
between the 100 Gy- and 200 Gy-dosed lines were significant
in terms of nutrient concentrations of FeC, GPC, and PhyC.
For metals bioavailability, significant correlation among the
100 Gy- and 200 Gy-dosed lines was revealed for the Ca:Phy
molar ratios. The radiation effect of 100 Gy was highest in
GPC, indicating its increased efficiency to generate mutations
in the genome associated with this trait. Traits such as FeC
and therefore Phy:Fe showed greater variation in 200 Gy than
100 Gy treatments, showing that the most influence for their
improvement was through the higher level of radiation.

Significant variations in the molar ratios of Phy:metals
(Ca, Fe, and Zn) were also noted between the parent and
mutant lines (Table 2). Variation was detected for the Ca:Phy,
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Table 3: R2 correlation coefficients between nutrient concentration, phytic acid, and thousand grains weight, with p-values denoted by
asterisks.

Parameters TGW GPC FeC ZnC CaC
cv. Zhenis
GPC, % 0.024
FeC (mg/kg) 0.002 0.000
ZnC (mg/kg) 0.622∗ ∗ ∗ 0.017 0.34∗
CaC (mg/kg) 0.011 0.000 0.98∗ ∗ ∗ 0.052
PhyC (mg/g) 0.454∗∗ 0.0128 0.504∗∗ 0.972∗ ∗ ∗ 0.646∗ ∗ ∗
100 Gy-derived lines
GPC, % 0.01
FeC (mg/kg) 0.081∗ 0.014
ZnC (mg/kg) 0.084∗ 0.000 0.11∗∗
CaC (mg/kg) 0.005 0.025 0.045 0.063∗
PhyC (mg/g) 0.092∗∗ 0.012 0.080∗ 0.043 0.021
200 Gy-derived lines
GPC, % 0.005
FeC (mg/kg) 0.220∗ 0.011
ZnC (mg/kg) 0.009 0.012 0.35∗∗
CaC (mg/kg) 0.03 0.014 0.036 0.004
PhyC (mg/g) 0.323∗∗ 0.254∗ 0.273∗∗ 0.027 0.011
Note.The lines were significantly different from the parent line. Each line was analyzed by three replicates. Asterisks, ∗, ∗∗, and ∗ ∗ ∗, denote significance at
the P<0.05, 0.01, and 0.001 probability level, respectively.

Phy:Fe, and Phy:Zn molar ratios, (1.27-10.41, 1.40-5.32, and
1.78-11.78, respectively) (Table 1 and Supplementary Table S1).
The lowest means of these characteristics and therefore their
highest bioavailability were present in the 100-Gy-derived
mutant lines. The most significant noticeable variation in
metal bioavailability between the parent andmutant lines was
found for the Phy:Fe molar ratios, followed by Ca:Phy and
Phy:Zn (Table 2). It was also observed that the 100 Gy-treated
lines are significantly differed from the ones developed by the
200 Gy treatment in the Ca:Phy molar ratios (Table 2).

3.2. Correlations between Nutrient Concentration, Phytic Acid,
and Thousand-Grain Weight. To examine the relationships
between nutrient concentrations, Phy content and yield, a
correlation analysis (R2) was conducted; data are presented
in Table 3. In the parent, several traits showed consistent
correlations between each other. For instance, among the
metals, a highly significant relationship was detected between
CaC and FeC and to a lesser degree between FeC and ZnC.
The correlations between PhyC and the metal concentrations
were highly significant for ZnC, CaC, and FeC.

Generally, the correlations between the investigated traits
were found to be lower for the 100 Gy- and 200 Gy-derived
lines than the cv. Zhenis. There was a significant and positive
association between FeC and ZnC (r2 = 0.11-0.35, respec-
tively, p<0.01) (Table 3). We revealed significant and positive
associations between FeC and TGW in the 100 Gy- and 200
Gy-derived lines, but not with the parent, with the highest
mean in the 200 Gy-dosed lines. The distinctive significant
feature in the 200Gy-dosed lines was the correlation between
PhyC with TGW, GPC, and also FeC, but not with ZnC.

Table 4: Association between Phy:nutrients and Phy:Ca molar
ratios and thousand grain weight and grain protein content for cv.
Zhenis spring wheat and advanced mutant lines (100 Gy- and 200
Gy-derived).

Trait Phy:Fe Phy:Zn Ca:Phy
cv. Zhenis
TGW, g 0.007 0.759∗ ∗ ∗ 0.126
GPC, % 0.00 0.013 0.002
100 Gy-derived lines
TGW, g 0.086∗ 0.02 0.03
GPC, % 0.025 0.005 0.00
200 Gy-derived lines
TGW, g 0.222∗ 0.033 0.003
GPC, % 0.0012 0.141∗ 0.014
Note.The lines were significantly different from the parent line. Each line was
analyzed by three replicates. Asterisks, ∗, ∗∗, and ∗ ∗ ∗, denote significance
at the p<0.05, 0.01, and 0.001 probability level, respectively.

The relations between Phy:microelements and Ca:Phy molar
ratios and TGW and GPC were also analysed (Table 4). In
the parent cv. Zhenis, there was only a significant relation
between TGW and Phy:Zn. The 100 Gy- and 200 Gy-derived
lines presented significant correlations between TGW and
the Phy:Fe molar ratio, with the mean more than two times
higher in 200 Gy-dosed lines. These results indicate highly
possible simultaneous improvement of Fe bioavailability with
the spring wheat productivity component. A significant
relationship between the Phy:Zn molar ratios and GPC was
only detected in the 200 Gy-treated mutant lines.
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3.3. Estimated Nutrient Bioavailability in Wheat Flours. To
determine whether the highest means of mineral concentra-
tions from the parent and mutant lines provided the required
daily intake of Fe, Zn, and Ca, we calculated the ratio of
grainmineral concentration from 200 g flour consumption to
the percentage of the recommended uptake (Table 5). These
calculations were based on the statistics from the FAO [35],
where the mean consumption of wheat flour is about 200 g
per person per day, and on the values for the recommended
intake for adults according to the DGE (German Nutrition
Society) [36].The results obtained in this study indicated that,
in the case of the parent cv. Zhenis, Fe deficiency was highly
manifested.The highest concentration of these minerals from
themutant lines that producedwhole grain flourwas revealed
to provide 1.28-1.32-fold more than the required daily intake
of Fe, Zn, and Mg. The Ca concentrations in the grain of
the parent and mutant lines supplied were 5.05-12.5 and 1.46-
2.44-fold higher, respectively, when compared to the required
daily consumption of these minerals.

4. Discussion

This study reported the production of genetically stable
advanced (M

7
)mutant lines of spring wheat derived from 100

Gy and 200 Gy irradiation treatment showing exceptionally
high concentrations of nutritionally important nutrients (Ca,
Fe, Zn, and GPC) with accompanying analysis of their
bioavailability (Table 1 and Supplementary Table S1). The
variation in grain nutrient content was 172.3-883.0 mg/kg
for CaC, 31.1-89.0 mg/kg for FeC, and 22.2–89.6 mg/kg for
ZnC. Of the minerals investigated, the greatest increase in
concentration in the mutant lines compared to the parent was
found in FeC, followed by CaC and ZnC with means of 2.66,
2.47, and 2.42, respectively. 17 genotypes (54.8%), of the 100
Gy-derived lines had a significant 6.5 to 7.6% higher GPC
relative to the parent.

The concentrations of minerals in the wheat mutant lines
exceeded those already reported earlier for hexaploid wheat
by 2.35-2.96-fold for FeC [14, 15, 37–39]. Although environ-
mental factors can influence grain metal concentrations, in
this work, all the mutant lines and the parent were grown
under the samefield conditions andwere treated equally, with
no specific fertilizer supplementation or other inputs of these
metals. Studies that compared historical and modern wheat
cultivars for the evaluation of grain yield and concentration
of Ca, Cu, Fe, Zn, Mg, Mn, P, and Se reported that, over
time, the concentrations of all minerals, except Ca, decreased,
while grain yield increased [14, 15]. Therefore, this situation
suggests that a greater consumption of wheat bread from
modern cultivars is required to achieve the same percentage
of recommended dietary allowance levels as was provided by
older cultivars with lower yield.

Micronutrient intake from wheat is essentially deter-
mined by the amount available for human absorption. High
micronutrient bioavailability can be achieved by the reduc-
tion of antinutritional agents. The Phy level is considered to
be one of the most important causative factors limiting metal
bioavailability through chelation [17, 20, 22]. However, it was

recently suggested that sulphur containing peptides rather
than Phy bind to Zn in barley [40]. The function of Phy is as
a phosphorus and energy store, and a source of cations and
myoinositol could be improved by decreasing PhyC.

Breeding for low PhyC is a reasonable objective to
enhance nutrient bioavailability in grain. To reduce PhyC
content, essential efforts have been made to mutagenize
crops. Low phytate cereal mutants (lpa) have been reported
using chemical and physical mutagenesis [26, 41, 42]. In
wheat, the lpa mutant was isolated by chemical mutagenesis
[43]. At the same time, lpamutations in several crops usually
lead to pleiotropic effects on plant and seed performance,
such as reduced germination and emergence rate, lower seed
filling, and susceptibility to stress [42]. Our study showed that
low Phy wheat lines generated from cv. Zhenis by 100 Gy
and 200 Gy radiation did not display any differences in seed
viability or shoot and root growth when compared with the
parent (data not shown).

The variation found for PhyC ranged from 1.17 to 2.66
mg/g (2.3-fold variation) in all of the mutant lines (Table 1
and Supplementary Table S1) with the lowest PhyC recorded
in the 100 Gy-derived line numbered 24(21), which was
two times lower relative to that of the parent. There were
significant differences between the 100 Gy- and the 200 Gy-
derived mutant lines (Table 2). In addition, a search for low
Phy lines among the M

7
mutant lines generated by 100 Gy on

the genetic background of cv. Erythrospermum 35 allowed us
to identify the lowest PhyC, whichwas 3.5-fold lower than the
parent [33].

Studies of natural wheat variation revealed huge dif-
ferences in PhyC content. The range of variation found
was of 5.9-45.4 mg/g [44–47]. However, it is possible that
these findings are inconsistent due to differences in the
methodology employed for determination of Phy levels, as
indicated by Gibson et al. [48], stressing that selection of the
most appropriate method for Phy analysis is critical.

The potential bioavailability of nutrients for human con-
sumption is estimated by Phy:metal molar ratios, or vice versa
for the microelements. In general, low molar ratio means
high mineral bioavailability and the same conversely. In the
current study, significant variability for the Ca:Phy, Phy:Fe,
and Phy:Zn molar ratios between the parent and mutant
lines was detected (Table 1 and Supplementary Table S1).
Among them, the most pronounced variation was for Ca:Phy
(more than 7-fold) and for Phy:Zn (around 7-fold) in the 100
Gy-dosed mutant lines. A high level of variation for Phy:Fe
(1.40-5.32) with a mean of about a 4-fold difference was also
detected. Therefore, it seems clear that the genetic variability
available inmutant lines of spring wheat is enough to warrant
their use as resources in breeding. To significantly increase
Fe and Zn absorption Phy:Fe molar ratios was estimated at
<1 or preferably <0.4 [49] and for the Phy:Zn molar ratio,
<5 was considered high Zn bioavailability, corresponding
to approximately 50% of the total Zn [50]. Phy:Fe ratios
with a reported range similar to that obtained in the current
study (1.96-3.86) were reported in 12 bread wheat varieties
[51]. Higher Phy:Fe molar ratios have been reported in the
literature, such as means of around 12 in two bread wheat
cultivars [52] and of 15.5-31.3 in a set of nine bread wheat
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varieties [53]. Concerning the Phy:Zn molar ratio, a range of
23.9-41.4was found in 65 bread wheat varieties fromPakistan
[54], and higher means of 29-178 were revealed in bread
wheat [55].

In medical studies, the molar ratio of [Ca][Phy]/[Zn] is
a better indicator of Zn bioavailability, as Ca strengthens
the effect of Phy on Zn absorption due to the existence of
a kinetic synergism between Ca and Zn ions that results
in the formation of a more insoluble Ca:Zn:Phy complex
when compared to the Phy complexes formed by either alone.
Therefore, the [Ca][Phytate]/[Zn] molar ratio is a better
index for predicting Zn bioavailability than the Phy:Zn ratio
because of this Ca-Phy interaction.

A [Ca][Phy]/[Zn] molar ratio greater than 0.5 mol/kg
may reduce Zn bioavailability [56]. The considerable vari-
ation found for the [Ca][Phytate]/[Zn] molar ratio (0.21-
3.32) in the current study in mutant lines (Table 1) was
below the critical level. This means that there was a 11.0-14.3-
fold variation across the lines, and the ones with the lowest
values for [Ca][Phy]/[Zn] fall in the category of high Zn
bioavailability according to the designation suggested by the
authors [56].

5. Conclusions

The data generated in the present study has shown consider-
able variation in nutrients (Ca, Fe, Zn, and GPC) and Phy in
new spring wheat mutant lines (M

7
) that were derived from

100 and 200 Gy treatment of the parent cv. Zhenis.The results
showed that among these mutant resources a great number
of lines (8 genotypes) have a significantly higher Phy:Zn and
Ca concentration than that of the parent. Of these, 4 lines
also recorded simultaneously high bioavailability of Zn, Fe,
and Ca. In addition to these valuable characteristics of grain
nutritional quality, the line 6/9 also recorded a high GPC.
The only correlation between TGW and nutrient content was
found for concentrations of Fe in the mutant lines; in addi-
tion, Ca and Phy contents were correlated, and a significant
correlation existed between GPC and the concentration of
Phy.Thus, consumption of whole wheat bread produced from
these new mutant lines could contribute a higher percentage
of recommended dietary allowance levels of these essential
nutrients. The promising mutant lines identified could be
useful to generate mutant varieties with appropriate levels
of bioavailable metals, which can lead to the development
of variety-based products rich in the desired minerals to
overcome deficiencies in human intake.
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Umschau/Braus, Frankfurt, Germany, 1st edition, 2001.

[37] M. H. Ryan, J. W. Derrick, and P. R. Dann, “Grain mineral
concentrations and yield of wheat grown under organic and
conventional management,” Journal of the Science of Food and
Agriculture, vol. 84, no. 3, pp. 207–216, 2004.

[38] F. J. Zhao, Y. H. Su, S. J. Dunham et al., “Variation in mineral
micronutrient concentrations in grain of wheat lines of diverse
origin,” Journal of Cereal Science, vol. 49, no. 2, pp. 290–295,
2009.

[39] H. Kirchmann, L. Mattsson, and J. Eriksson, “Trace element
concentration in wheat grain: Results from the Swedish long-
term soil fertility experiments and national monitoring pro-
gram,” Environmental Geochemistry and Health, vol. 31, no. 5,
pp. 561–571, 2009.

[40] D. P. Persson, T. H. Hansen, K. H. Laursen, J. K. Schjoerring,
and S. Husted, “Simultaneous iron, zinc, sulfur and phosphorus
speciation analysis of barley grain tissues using SEC-ICP-MS
and IP-ICP-MS,”Metallomics, vol. 1, no. 5, pp. 418–426, 2009.

[41] V. Raboy, P. F. Gerbasi, K. A. Young et al., “Origin and seed
phenotype of maize low phytic acid 1-1 and low phytic acid 2-
1,” Plant Physiology, vol. 124, no. 1, pp. 355–368, 2000.

[42] Q.-L. Liu, X.-H. Xu, X.-L. Ren, H.-W. Fu, D.-X. Wu, and Q.-
Y. Shu, “Generation and characterization of low phytic acid
germplasm in rice (Oryza sativa L.),” Theoretical and Applied
Genetics, vol. 114, no. 5, pp. 803–814, 2007.

[43] M. Guttieri, D. Bowen, J. A. Dorsch, V. Raboy, and E. Souza,
“Identification and characterization of a low phytic acid wheat,”
Crop Science, vol. 44, no. 2, pp. 418–424, 2004.

http://www.who.int/whr/en
http://www.who.int/whr/2002/chapter4/en/index3.html
http://faostat.fao.org
http://mvgs.iaea.org
http://faostat.fao.org/site/609/DesktopDefault.aspx.PageID=609


10 BioMed Research International

[44] R. K. Gupta, S. S. Gangoliya, and N. K. Singh, “Screening and
characterization of wheat germplasms for phytic acid and iron
content,” Journal of Agricultural Science and Technology, vol. 17,
no. 3, pp. 747–756, 2015.

[45] I. Ahmad, F. Mohammad, A. Zeb, I. R. Noorka, . Farhatullah,
and S. A. Jadoon, “Determination and inheritance of phytic acid
as marker in diverse genetic group of bread wheat,” American
Journal of Molecular Biology, vol. 03, no. 03, pp. 158–164, 2013.

[46] C. Frontela, G. Ros, and C. Mart́ınez, “Phytic acid content
and “in vitro” iron, calcium and zinc bioavailability in bakery
products:The effect of processing,” Journal of Cereal Science, vol.
54, no. 1, pp. 173–179, 2011.

[47] R. M. Garcı́a-Estepa, E. Guerra-Hernández, and B. Garcı́a-
Villanova, “Phytic acid content in milled cereal products and
breads,” Food Research International, vol. 32, no. 3, pp. 217–221,
1999.

[48] R. S. Gibson, K. B. Bailey, M. Gibbs, and E. L. Ferguson, “A
review of phytate, iron, zinc, and calcium concentrations in
plant-based complementary foods used in low-income coun-
tries and implications for bioavailability,” Food and Nutrition
Bulletin, vol. 31, no. 2, pp. S134–S146, 2010.

[49] R. Hurrell and I. Egli, “Iron bioavailability and dietary reference
values,”American Journal of Clinical Nutrition, vol. 91, no. 5, pp.
1461S–1467S, 2010.

[50] R. S. Gibson, “Zinc: The missing link in combating micronu-
trient malnutrition in developing countries,” Proceedings of the
Nutrition Society, vol. 65, no. 1, pp. 51–60, 2006.

[51] S. Akhter, A. Saeed, M. Irfan, and K. A. Malik, “In vitro
dephytinization and bioavailability of essential minerals in
several wheat varieties,” Journal of Cereal Science, vol. 56, no.
3, pp. 741–746, 2012.

[52] T. Eagling, A. A. Wawer, P. R. Shewry, F.-J. Zhao, and S.
J. Fairweather-Tait, ““Iron bioavailability in two commercial
cultivars of wheat: Comparison between whole grain and white
flour and the effects of nicotianamine and 20-deoxymugineic
acid on iron uptake into Caco – 2 cells,” Journal of Agricultural
and Food Chemistry, vol. 62, no. 42, pp. 10320–10325, 2014.

[53] R. Salunke, N. Rawat, K. Neelam et al., “Effect of grain hardness
on bioavailability of iron in wheat as determined using the
coupled invitro digestion/Caco-2 model,” LWT- Food Science
and Technology, vol. 59, no. 1, pp. 433–438, 2014.

[54] S. Hussain, M. Maqsood, and L. Miller, “Bioavailable zinc in
grains of bread wheat varieties of Pakistan,” Cereal Research
Communications, vol. 40, no. 1, pp. 62–73, 2012.

[55] I. Erdal, A. Yilmaz, S. Taban, S. Eker, B. Torun, and I. Cakmak,
“Phytic acid and phosphorus concentrations in seeds of wheat
cultivars grown with and without Zinc fertilization,” Journal of
Plant Nutrition, vol. 25, no. 1, pp. 113–127, 2002.

[56] N. T. Davies and S. Warrington, “The phytic acid mineral, trace
element, protein and moisture content of UK Asian immigrant
foods,” Human nutrition. Applied nutrition, vol. 40, no. 1, pp.
49–59, 1986.



Review Article
Genetic Modification for Wheat Improvement:
From Transgenesis to Genome Editing

Nikolai Borisjuk,1 Olena Kishchenko,1,2 Serik Eliby,3 Carly Schramm,3

Peter Anderson,3 Satyvaldy Jatayev,4 Akhylbek Kurishbayev,4 and Yuri Shavrukov 3

1 School of Life Science, Huaiyin Normal University, Huaian, China
2Institute of Cell Biology and Genetic Engineering, Kyiv, Ukraine
3College of Science and Engineering, Biological Sciences, Flinders University, Bedford Park, SA, Australia
4Faculty of Agronomy, S. Seifullin Kazakh AgroTechnical University, Astana, Kazakhstan

Correspondence should be addressed to Yuri Shavrukov; yuri.shavrukov@flinders.edu.au

Received 2 November 2018; Revised 8 February 2019; Accepted 21 February 2019; Published 10 March 2019

Academic Editor: Pulugurtha Bharadwaja Kirti

Copyright © 2019 Nikolai Borisjuk et al.This is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To feed the growing human population, global wheat yields should increase to approximately 5 tonnes per ha from the current
3.3 tonnes by 2050. To reach this goal, existing breeding practices must be complemented with new techniques built upon recent
gains from wheat genome sequencing, and the accumulated knowledge of genetic determinants underlying the agricultural traits
responsible for crop yield and quality. In this review we primarily focus on the tools and techniques available for accessing gene
functions which lead to clear phenotypes in wheat. We provide a view of the development of wheat transformation techniques
from a historical perspective, and summarize how techniques have been adapted to obtain gain-of-function phenotypes by gene
overexpression, loss-of-function phenotypes by expressing antisense RNAs (RNA interference or RNAi), and most recently the
manipulation of gene structure and expression using site-specific nucleases, such as CRISPR/Cas9, for genome editing. The review
summarizes recent successes in the application of wheat genetic manipulation to increase yield, improve nutritional and health-
promoting qualities in wheat, and enhance the crop’s resistance to various biotic and abiotic stresses.

1. Introduction

Cereals are a key component of human diets, providing a
significant proportion of the protein and calories consumed
worldwide. While rice and maize dominate global cereal
production, wheat is another vital crop consumed by humans,
contributing to approximately 20%of our energy needs (calo-
ries) and 25% of our dietary protein.TheGreen Revolution of
the 1970s achieved enormous yield gains via the introduction
of disease resistant semidwarf high yielding wheat varieties
developed byDr.N.E.Borlaug and colleagues. Since that time,
however, global wheat production has stagnated, and current
trends show that yields will not be sufficient to meet growing
market demands.

According to the United Nations’ Food and Agriculture
Organization (FAO), over 756 million tonnes of wheat grain
was harvested from over 220 million ha of arable land

in 2016/2017 (www.fao.org/faostat). Despite this, wheat lags
behind other major cereals such as maize and rice, both
in terms of yield, and the application of genomic tools
for its improvement [1]. While the average worldwide yield
grew almost 3-fold during the Green Revolution, driven by
the expansion of irrigation, intensive use of fertilisers and
advanced breeding [2]; the current average global wheat yield
of ∼3 tonnes per hectare is far below the crop’s potential [3].
In order to feed the population of 9 billion people predicted
for 2050, wheat yield should grow by over 60% while still
maintaining and/or improving its nutritional characteristics
[3, 4]. To achieve this goal without increasing the area of
cultivated land, which is simply not available, emphasis must
be concentrated on key traits related to plant productivity
and adaptation to environmental challenges. A deficit in this
key staple crop could present a serious threat to global food
security, so improved molecular-based breeding and genetic
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engineering techniques are necessary to break through the
current yield ceiling.

Existing modern breeding efforts now need to be comple-
mented with advanced crop functional genomics, which can
provide insights into the functioning of wheat genetic deter-
minants. The available tools for wheat genetic modification
provide the experimental means to functionally characterize
genetic determinants by suppressing or enhancing gene
activities. This knowledge can then be used for targeted
improvements tailored to the specific needs of the diverse and
changing environments in which wheat is grown across the
world. This offers the potential to tackle yield gaps wherever
they exist, for a variety of causes, enabling this global crop to
finally reach its full potential.

2. Progress in Wheat Genetic Transformation

Bread wheat (Triticum aestivum L.), the most widespread of
all wheat species, is an annual herb belonging to the family
Gramineae or Poaceae. Wheat was domesticated around
8,000 years ago [29] and has since undergone hybridization
and genome duplication events to generate its hexaploid
genome (2n = 6x = 42, AABBDD), which is more than
five times larger than the human genome. It was previously
estimated that the genome of common wheat contained over
128,000 genes [30], with over 80% of the genome consisting
of repetitive sequences of DNA [31]. However, more recent
estimates suggested a total of 107,891 high-confidence genes
with over 85% repetitive DNA sequences, representing a
threefold redundancy due to its hexaploid genome [32].

Genetic transformation, the fundamental tool of genetic
engineering, allows the introduction and expression of
various genes of interest in the cells of living organisms,
bypassing, when desirable, the barriers of sexual incompat-
ibility that exist in nature. Despite the considerable efforts
of the international research community, development of
wheat genetic engineering lags behind that of the other key
agricultural crops like rice and maize. This may be attributed
to the genetic characteristics of wheat, including its very large
(17,000Mbp) and highly redundant complex genome, as well
as the relative recalcitrance ofmost varieties to in vitro culture
and regeneration (reviewed recently in [33]).

The first successful genetic transformation of common
wheat was conducted at Florida University, USA [34], using
biolistics and financed by a research grant from Monsanto.
Scientists fromMonsanto were also the first to report the gen-
eration of transgenic wheat using Agrobacterium-mediated
transformation [35].

2.1. Wheat Transformation Methods. Presently, biolistics
and Agrobacterium-mediated transformation using imma-
ture embryos as explants remain the main methods for
genetic engineering of wheat. Each method has its own
advantages and drawbacks (Table 1). The main advantages of
Agrobacterium transformation are the relatively high ratio of
single copy gene inserts and relative simplicity of the transfor-
mation procedure. In contrast, biolistics offer benefits in their
capacity to transform organelles and deliver RNA, proteins,
nanoparticles, dyes, and complexes into cells. Utilization

of linear Minimal Expression Cassettes (MECs) in biolistic
transformation enables the production of plants carrying
much simpler patterns of transgene integration compared to
plasmid bombardment, with a higher proportion of single
copy inserts [36–38].

In addition, biolistic delivery ofMEC simplifies the simul-
taneous cotransformation of several genes and, in contrast
to Agrobacterium, does not introduce vector backbone DNA
or repetitive border sequences flanking the T-DNA into
the transformed plant cells. In experiments with the wheat
cv. @V12, transformation with MECs instead of plasmids
improved transformation frequency (TF) almost threefold
from 0.4% t] 1.1% [39]. A simplified method for DNA/gold
coating was described by Ismagul et al. [38] for the high-
throughput biolistic production of single copy transgenic
wheat utilizing diluted MECs. This method involves the
application of PM solution (42% PEG 2000 and 560 mM
MgCl

2
) instead of the spermidine and CaCl

2
used in the

standard Bio-Rad procedure.
Biolistics allow for the transfer into wheat of relatively

large DNA fragments. Partier et al. [40] conducted successful
biolistic transformation of wheat with a 53 Pb linear cassette
which contained a 44 Kb fragment of an Arabidopsis gene
flanked by selection and reporter genes. The intact cassette
was detected in f

1
and f

2
generation plants. The main

disadvantages of both Agrobacterium and biolistic transfor-
mation methods in wheat are genotype dependency, and the
requirement for lengthy periods of aseptic tissue culture.

2.2. Wheat Transformation Frequencies. Until recently, the
TF for most tested genotypes of common wheat remained
quite low at a level mostly below 5% [8]. Many research
groups use model wheat varieties such as Bobwhite SH98-
26 and Fielder in their experiments due to their amenability
to transformation via published protocols [8, 9]. The cultivar
Bobwhite SH98-26 was among 129 sister lines made from
crosses of cultivars Aurora//Kalyan/Bluebird 3/Woodpecker
at CIMMYT, and selected for its high TF of over 70%
by biolistic transformation [9]. Such high transformation
efficiency is yet to be reproduced by other researchers, and
although the reason for this remains unclear, it is possible that
not all of the finer details of the transformation protocol could
be described in the report. The success rate of this high TF
may be explained by the particular hybrid genotype used, or
simply the advanced skills and experience of the technicians
at CIMMYT. Since publishing [9], A. Pellegrineschi has been
employed by two big Biotech companies, Pioneer Hi Breed
andDuPont, which indirectly confirms that he has developed
a reliable wheat transformation protocol that allowed him
to produce the published results. The authors of the review
are therefore not sceptical; however the high TF presented in
[9] must be reproduced by other researchers in future if this
protocol is to be widely adopted. The cultivar Fielder, which
is the model variety in Agrobacterium transformation, was
preselected by the researchers of the JapanTobaccoCompany,
where the detailed protocol “PureWheat” was developed [8]
that allows TFs of 40–90%. In this protocol, positive selec-
tion through the application of phosphomannose isomerase
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(PMI), which converts mannose-6-phosphate into fructose-
6-phosphate, was found to facilitate a relatively highTF (20%)
in biolistic transformation of the spring wheat line UC703
[41].

2.3. Agrobacterium-MediatedTransformation. In recent years
several groups have reported efficient Agrobacterium trans-
formation of a number of wheat cultivars [8, 42–44]. Hensel
et al. [43] developed a protocol to transform the model
genotype Bobwhite SH98-26 with TFs up to 15%. In the
experiments of Richardson et al. [42] using the PureWheat
technology with the cv. Fielder, selection on 5-10 mg/l of
phosphinothricin resulted in a TF of 41.0%.Without selective
pressure, the TF was only around 2.3%. Similar results were
obtained for Chinese commercial cultivars of wheat byWang
et al. [44], whodemonstratedTF of 37.7% for cv.bj037, 22.7%
for cv. Kenong 199, and 45.3% for the model cv. Fielder. It
was shown by Ishida et al. [8] that centrifugation of immature
embryos before infection with Agrobacterium was one of
the critical requirements for successful transformation, while
heat shock, contrary to findings in other cereals, was not
efficient. At present, Agrobacterium strains EHA101, EHA105
[8], AGL0, AGL1 [43, 45], GV3101 [46], C58C1 [47, 48], and
LBA4404 [49] are the most popular in wheat transformation.

Transformation using mature wheat embryos is currently
characterized by relatively low TFs. Wang et al. [48] trans-
formed longitudinally cut mature embryos and observed TFs
of 0.06%, 0.67%, and 0.89% for the cultivars Bobwhite, Yumai
66, and Lunxuan 208, respectively. Aadel et al. [50] found
that, with the application of 200 𝜇V acetosyringone, the TFs
for the genotypes Rajae and Amal were 0.66% and 1.00%.
Theprotocol ofMedvecka andHarwood [51], using Bobwhite
SH98-56, allows production of transformants at a TF of 2.2%.
More information and a simplified protocol can be found in
[52].

In contrast to in vitro methods, the in planta approach
has the potential to overcome the problem of high genotype
dependency seen with the existing transformation meth-
ods. There have been several publications on the in planta
production of transgenic wheat, most involving the direct
injection of Agrobacterium. Supartana et al. [49] reported
agrobacterial transformation of wheat cv. Shiranekomugi
using seeds soaked overnight in water. Transformation was
achieved by double piercing the area where a shoot would
later emerge with a needle dipped into Agrobacterium inocu-
lum. This method used the Agrobacterium strains LBA4404
and an M-21 mutant strain, and no tissue culture steps were
used at any stage. The plants obtained were analysed for
antibiotic resistance, and by PCR, Southern hybridization
and plasmid rescue to confirm their transgenic status. Zhao et
al. [53] produced Agrobacterium-mediated transgenic wheat
by adding inoculum to an incision made at the base of wheat
seedlings. Their tissue culture-free method was reportedly
successful in transferring a powdery mildew-resistance gene,
with a TF of up to 9.82%. Similarly, in the experiments
of Razzaq et al. [54] with the wheat cv. GA-2002, the
apical meristems of imbibed wheat seeds were wounded and
inoculated with the Agrobacterium strain LBA4404 contain-
ing the binary vector pBI121 (35S-GUS, pNOS-NPTII). The

kanamycin resistant plants produced were analysed by PCR
and GUS histochemical staining of the embryos. Risacher et
al. [20] developed an efficient semi-in planta transformation
protocol (US patent 7803988 B2, 2010) that involves in
planta agrobacterial infection of immature embryos within
developing seeds. Spikes of the spring wheat line NB

1
were

harvested 16 to 18 days after anthesis and Agrobacterium
injected into the base of each spikelet. The spikes, with their
flag leaves still attached, were incubated in low light for 2 to 3
days before embryos were isolated and cultured in vitro. The
protocol achieved an average TF of 5% with 30-50% of plants
carrying a single transgene insertion.

The practice of dipping floral buds in a suspension of
Agrobacterium (Floral dip) is a routine and highly efficient
method of transformation in Arabidopsis, but it is rarely
successful in other plant species.However, Zale et al. [21] were
able to generate three independent transgenic lines of the
springwheat line, Crocus, by utilizing the floral dip approach.
The transformants were studied thoroughly at the molecular
level for three to six generations. In their most recent
publication, Hamada et al. [22] trialled a biolistic method
for in planta transformation. They found that bombarding
the exposed shoot apical meristems of the wheat cultivars
Fielder and Haruyokoi, using 0.6 𝜇m gold particles and 1350
psi pressure, resulted in the integration of the GFP reporter
gene into the germline cells in 62% of regenerated plants
(transformants), including possible chimeric individuals. The
full potential of the wheat in planta procedures published to
date is yet to be fully realized.

Microspore transformation using immature pollen grains
is a method that generates doubled haploid homozygous
wheat plants in a single generation. The great advantage of
this technique is that it by-passes the several years required
by other transformation methods to develop true-breeding
transformant lines. Current protocols for microspore-based
transgenic wheat production through electroporation, biolis-
tics, and Agrobacterium-mediated transformation are pre-
sented in [55–57]. Various wheat genotypes have been used as
donors. Express, Chris, Farnum, Hollis, Louise, Perigee, and
WestBred 926 have all performed successfully in microspore
transformation. Four genes were targeted for microspore
transformation, including 𝛽-glucuronidase (GUS), uidA;
bialaphos resistance, Bar; Trichoderma harzianum endochiti-
nase gene, �En42; and Bacillus subtilis 1,4-𝛽-xylanase gene
[55–57]. In general, Agrobacterium-mediated microspore
transformation produces the best outcome, generating stable
homozygous plants and fewer chimeric plants. Given the
value of doubled haploid lines in simplifying and accelerating
wheat breeding, it is likely that microspore methods will be
optimized in the future.

Recent advances in high-throughput sequencing tech-
nologies have allowed for more detailed information to
be obtained about the composition and fate of transgenes
introduced into plant cells through Agrobacterium-mediated
transformation. In one report, close to 0.4% of transgenic
Arabidopsis lines examined contained insertions of Agrobac-
terium chromosomal DNA [16]. Singer et al. [58] showed,
for the first time, the presence in transgenic plant cells of
the extra-chromosomal circular T-DNA that they named
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“T-circles”. In rice, 26% of 331 analysed transgenic lines
contained the transposon Tn5393, which was transferred
from the Agrobacterium strain LBA4404 [59]. This transpo-
son was not detected in the strains EHA105 and GV3101.
These data reflect the importance of detailed molecular
analysis of transgenic lines, and careful selection of the
appropriate agrobacterial strains for transformation. A better
understanding of the biological mechanisms of the transfer
and integration of transgenes during bacterial infection will
also permit the creation of new more efficient strains of
Agrobacterium [5, 60] or utilization of bacterial species that
are not pathogenic in nature [61].

2.4. Optimization of Tissue Culture Conditions. Tissue culture
conditions are important factors that impact the TF of
all plants, including wheat. Below we present information
reflecting the current trends inwheat tissue culture thatmight
be of interest to researchers working in the field. Changing
the composition of the macrosalts in the growth medium
can positively affect the TF. Callus induction on 6x DSEM
medium with an increased concentration of ammonium
nitrate (62.56mM) as the sole nitrogen source, resulted in the
sevenfold improvement of TF during biolistic transformation
of the elite wheat cv. Superb [62]. The authors point out that
thismodification of the mediumbrought about an increase in
the number of somatic embryoids and possibly also reduced
stress during the bombardment of the cells due to the elevated
osmolarity. Ishida et al. [8] identified some critical points in
the transformation process and developed a detailed protocol
for Agrobacterium-mediated transformation for both imma-
ture and mature wheat embryos from amenable genotypes.
The authors however did not discuss any work on media
improvements.

Antioxidants such as ascorbic acid, glutathione, lipoic
acid, selenite, and cysteine were found to decrease necrosis
and darkening of the tissues, improving plant regeneration
and TF during genetic transformation [63]. Lipoic acid at
25–50 𝜇V led to a twofold improvement in agrobacterial
transformation of the wheat cv. Bobwhite [64].

Arabinogalactan-proteins at a concentration of 5 mg/l
improved regeneration of bread (cv. Ikizce-96) and durum
(cv. Mirzabey) wheat from 77.77% and 72.11%, to 94.86%
and 89.73%, respectively [65]. Kumar et al. [66] were able to
achieve close to 100% plant regeneration from calli induced
from wheat mature and immature embryos on 2.0 mg/l
picloram, using a regeneration medium with 0.1 mg/l 2,4-
D, 5.0 mg/l zeatin, and 15 mg/l CuSO

4
. Miroshnichenko et

al. [67] developed a protocol for the regeneration of einkorn
wheat (f. monococcum L.), in which a combination of 3.0
mg/l dicamba, 50.0mg/l daminozide (an inhibitor of ethylene
synthesis), and 0.25 mg/l thidiazuron in the regeneration
mediumwas the most efficient.The authors presume that this
protocol may be useful for other wheat species as well.

2.5. Transient Transformation. Transient transformation
with the use of reporter genes such as GUS [68] and GFP
[69] is helpful for optimization of transformation conditions,
as well as the analysis of promoters and protein expression.
Transgene expression that is tightly targeted to specific

tissues and developmental stages is often desired for directed
modification of morphogenic traits. It can also be beneficial
for avoiding feedback mechanisms, transgene silencing, or
other unforeseen effects that can arise from constitutive
transgene expression. Transient assays using protoplasts can
also facilitate efficient analysis of gene regulatorymechanisms
through cotransformation of enhancer/represser elements
and promoter-reporter gene constructs [11]. Viral induced
gene silencing (VIGS) offers a fast and rapid transient assay
for silencing of gene expression. VIGS can be achieved
through a simple vacuum-aided cocultivation of germinated
wheat seeds with Agrobacterium carrying an appropriate
VIGS construct [70]. However, results from VIGS are
not comparable to results from stable transformation
experiments, but this does not mean that the VIGS findings
are false or of no value. Like RNAi, VIGS findings are useful
for increasing our understanding of gene function and may
lead to the development of a strategy that is more successful
than simple constitutive transgene overexpression.

2.6. Future Directions: Gene Stacking and Plant Artificial
Chromosomes. Gene stacking or pyramiding (defined as the
stacking of multiple transgenes at a single chromosomal loca-
tion) greatly expands the potential for genetic engineering of
traits in wheat [71]. Applications of this technology include
modifying complex and multigenic traits, or inserting entire
biosynthetic pathways, with integration at a single locus.
This significantly simplifies the subsequent breeding process.
Alternatively, for disease resistance traits, transgene stacks
can aid in generating broad spectrum resistance to multiple
threats, or more long-lasting defence to a single pathogen
via genes with differing modes-of-action. Construction of
a transgene stack is most often achieved using type II
restriction enzymes in the Golden-Gate cloning system,
or by Gibson Assembly. The integration of longer DNA
fragments carries certain risks, however, such as reduced
TF, fragmentation leading to only partial integration, and
transgene silencing if promoters or other regulatory elements
are used repeatedly. The magnitude of these risks differs
according to the nature of the vectors or transformation
cassettes, the transgene products, and the recipient genotype.
Much of the more recent work involving stacked transgenes
uses site-specific nucleases so that the transgene stack can
be directed to a favourable locus in the genome. Site-specific
nucleases will be covered in a later section of this review.

Plant artificial chromosomes or minichromosomes were
also developed for multigene transfer [72]. The main advan-
tage is that they generate a new genetic locus that segregates
independently of endogenous chromosomes, thus lessening
the disruption of existing genomic regions. Minichromo-
somes have been developed in mammalian cells through
a process named “Telomere-mediated chromosome trun-
cation” that targets highly conserved telomeric repeat
sequences. Analogous sequences have been identified in Ara-
bidopsis, but progress in developing plant minichromosomes
still lags behind the work in mammalian cells. Minichromo-
somes have the potential to act as “super-vector platforms”
for the organization and expression of foreign genes and may
even be designed with Cre/lox recombination sites to accept
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the introduction of new genes. This presents the option to
“add on” additional alleles or genetic elements at a later date.
Currently, the reliable transmission of minichromosomes to
the progeny of primary transformants presents the greatest
barrier to the application of this technology. However, initial
work has suggested that wheat’s allopolyploid nature makes it
more tolerant to chromosomal truncation than that of diploid
species, making this a very promising future prospect for
wheat genetic engineering [73].

3. Manipulating Agronomic Traits by
Transgene Expression in Wheat

Built on the progress made on techniques for genetic manip-
ulation of wheat, overexpression of endogenous and foreign
genes has tremendously enriched our understanding of the
functionality of numerous genes, contributing to the gener-
ation of many new and improved agronomically important
traits. This improved understanding of gene function has
led to the development of specific promoters to drive gene
expression in response to environmental stimuli and/or in
a tissue, organ, or developmental stage-specific manner [74,
75]. Various signals for directing expressed proteins to par-
ticular cellular compartments have also been used [76]. Also,
the field received another major stimulus through the use
of transcription factors that function as major regulators of
gene networks involved in numerousmetabolic/physiological
pathways. Transcription factors are often highly conserved
between different plant species, so the information obtained
from studying model plants like Arabidopsis or rice can be
applied to other plants such as wheat [77–79].

In pursuit of improved crop performance, wheat genetic
manipulations made by transgenic gene expression have
targeted all major agronomic traits including yield, grain
quality, and tolerance to abiotic and biotic stresses. The last
10 years have been characterized by acceleration in this field
and an increasing number of publications. In this review we
will focus primarily on attempts to improve yield and grain
quality, the two areas that have not been sufficiently reviewed
by other authors. For readers interested in improving wheat
stress responses, we refer to recent comprehensive reviews
on the topics of pathogen resistance [80–82] and abiotic
stress tolerance [83, 84], as well as a recent review of
transgenicwheat engineeredwith various genes of agronomic
importance [33].

3.1. Yield. Yield is determined by the number and size of
grains produced by the crop. The major genes controlling
yield-related traits in wheat have been identified by genetic
and genomics techniques, as reported in recent reviews [85–
87].

Grain size (GS) has long been a focus of wheat selection
and modern breeding [88]. Progress in comparative wheat
genomics has led to the identification of TaGW2 [89], a
wheat homolog of a rice gene that negatively influences
GS through regulation of cell division within the spikelet
hull [90]. The first experiments aimed at downregulating
TaGW2 in wheat have shown some controversial results.
Bednarek et al. [91] demonstrated that expression of a specific

RNAi to suppress three TaGW2 homologs A, B, and D, of
bread wheat cv. Recital, led to a decrease in grain size and
weight. In contrast, Hong et al. [92], in a similar series of
experiments, demonstrated a significant increase in the grain
width and weight of a Chinese bread wheat cv. Shi 4185 that is
typically characterized by small grains. Such differences in the
phenotypes obtained in these two studies may be explained
by a cultivar-specific reaction to experimental intervention,
and/or by the application of different transformation proto-
cols, as has been previously reported for barley [93].

Plant growth and productivity to a large extent relies on
the uptake of carbon, nitrogen, and phosphorus. Ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCo), themost
abundant protein on Earth, is the major enzyme assimilating
atmospheric carbon in the form of CO

2
into organic com-

pounds in photosynthetic organisms. However, the enzyme
has relatively low efficiency and a slow turnover rate [94].
Despite significant progress in characterizing the enzyme’s
properties [95] and improving RuBisCo efficiency in a range
of plant species [96, 97], little success has been achieved
so far in commercial crops, including wheat. Another area
for optimizing carbon assimilation in crops is to introduce
components of the C

4
photosynthetic apparatus into C

3

plants like wheat and rice. C
4
plants, such as maize, dis-

play definite advantages over plants with C
3
photosynthesis,

especially under high temperature and limited water con-
ditions [98]. These advantages rely on a number of specific
enzymes associated with RuBisCo, which provide higher
photosynthetic efficiency and CO

2
assimilation for the C

4

plants. Transferring genes encoding the C
4
-specific enzymes,

phosphoenolpyruvate carboxylase (PEPC), and pyruvate
orthophosphate dikinase (PPDK)has led to promising results
in rice [99] and wheat [100, 101]. As an example, Zhang et al.
[101] generated transgenic wheat plants overexpressing PEPC
and PPDK both separately and simultaneously in the same
transgenic lines. The authors showed a positive synergistic
effect onwheat photosynthetic characteristics and yield in the
latter design. The follow-up study on wheat expressing maize
PEPC demonstrated that, in addition to increased yield, the
transgenic lines had improved drought tolerance linked to
elevated expression of proteins involved in photosynthesis
and protein metabolism [102].

The maize gene encoding the transcription factor Dof1,
known to upregulate the expression of PEPC, was introduced
into wheat by Agrobacterium-mediated transformation [103].
Expression ofZmDof1under the control of the light-inducible
RuBisCo promoter, led to increased biomass and yield com-
ponents in transgenic wheat, while constitutive expression
resulted in the downregulation of photosynthetic genes and
a corresponding negative impact on crop productivity.

The Nuclear Factor Y (NF-Y) transcription factors are
recognized as important regulators of many plant develop-
mental and physiological processes [104]. NF-Ys are com-
posed of protein subunits from three distinct transcription
factor families (NF-YA, NF-YB, and NF-YC), with each
of them represented by multiple members [105]. TaNFY-
A-B1, a low-nitrogen- and low-phosphorus-inducible NF-
YA transcription factor, was overexpressed in wheat. This
led to a significant increase in nitrogen and phosphorus
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uptake and grain yield in a field experiment [106]. The
authors suggested that increased nutrient uptake resulted
from stimulated root development and upregulation of both
nitrate and phosphate transporters in the roots of the trans-
genic wheat. Our own work showed the positive role of the
second wheat gene, TaNF-YB4, in wheat grain yield [107].
Constitutive overexpression of the gene under the control
of the maize ubiquitin promoter in transgenic wheat cv.
Gladius, resulted in the development of significantly more
spikes, and a 20–30% increase in grain yield compared to the
untransformed control plants.

Overexpression of another wheat transcription factor,
TaNAC2-5A, which plays a role in nitrogen signalling,
enhanced root growth and the nitrate influx rate, conse-
quently increasing the root’s ability to acquire nitrate from
the soil. Transgenic wheat lines revealed higher grain yield
and higher nitrogen accumulation in aerial parts of the plant,
which was subsequently allocated to grains [108].

Recently, a US research group reported on the expression
of a rice gene encoding a soluble starch synthase gene (OsSS-
I) with increased heat stability. This lead to a significant, 21-
34%, yield increase in T

2
and T

3
generations of transgenic

wheat under heat stress conditions [109]. The expression of
OsSS-I also prolonged the duration of the photosynthetic
growth period in bread wheat. Similarly, overexpression of
an endogenous gene coding for the chloroplastic glutamine
synthase gene (TaGS2) in wheat led to prolonged leaf pho-
tosynthesis, and an increased rate of nitrogen remobilization
into grains, which translated to higher spike number, grain
number per spike, and total yield [110]. Taken together,
these reports on the modulation of carbon and nitrogen
pathways once again illustrate the tight link between nitrogen
assimilation and carbon metabolism [111] and resulting crop
productivity.

3.2. Grain Quality. Grain is the harvested part of the wheat
plant and its nutritional and health properties are determined
by its biochemical composition. Starch, making up 55–75%
of total dry grain weight, and storage protein 10–15%, are
the main reserves of the wheat seed. Therefore, starch and
protein greatly affect the quality of the products made from
wheat flour. Along with optimized starch and protein, an
adequate level of essential elements like iron, zinc, calcium,
phosphorus, and antioxidants is also essential for healthy
and balanced wheat products. Many of those quality traits
have been addressed in recent years by means of transgenic
interventions.

A number of studies have focused on the biosynthetic
pathways and composition of starch, as reviewed by Son-
newald and Kossmann [112] and more recently by Kumar et
al. [113]. Based on the insights gained, a number of biotech-
nological interventions have been undertaken in order to
both increase the amount of starch, and modulate its quality,
with mixed outcomes. In an attempt to increase the level
of precursors for starch synthesis in wheat, Weichert et
al. [114] overexpressed the barley sucrose transporter gene
(HvSUT1), which led to enhanced sucrose uptake and protein
content in wheat grains, but no significant modification

to starch levels. Expression of an optimized maize ADP-
glucose pyrophosphorylase (ZmAGPase) resulted in elevated
yield and enhanced photosynthetic rates in the transgenic
wheat lines [115]. Downregulation of the transcription factor
TaRSR1, a wheat homolog of Rice Starch Regulator (OsRSR1),
whichwas shown tonegatively regulate the gene expression of
some starch synthesis-related enzymes in wheat grains [116],
resulted in a significant 30% increase in starch content, and
also a ∼20% increase in yield in terms of 1000-kernel weight
[117]. The increases in starch and yield were underpinned by
the marked induction of expression of many key-genes in
sugar metabolism and starch biosynthesis.

Starch consumer quality depends mostly on the ratio
of amylose to amylopectin, the two main macromolecules
forming starch. Starch with increased amylose has attracted
much interest because of its contribution to resistant starch
(RS) in food, which confers beneficial effects on human
health. There is evidence that RS can provide protection
from several health conditions such as diabetes, obesity,
and cardiovascular diseases [118]. A number of experiments
focused on downregulation of starch branching enzymes,
SBEIIa, and SBEIIb, which led to substantially increased
amylose levels in wheat [119, 120]. High amylose starch has
demonstrated positive health-related effects in rats [119] and
more recently in a study involving obesity in humans [121].

Nitrogen is not only the most important plant nutrient
contributing to crop yield, but also plays a significant role
in defining the accumulation and, to some extent, the com-
position of storage protein in wheat grains [122]. Nitrogen is
supplied to the grain by two major pathways: remobilization
from the canopy (leaves and stems), and root uptake from
the soil. In their experiments, Zhao et al. [123] identified
a novel wheat gene, TaNAC-S, a member of the NAC
transcription factor family, that showed decreased expression
during leaf senescence but significant expression in a stay-
green phenotype. Transgenic overexpression of the gene in
wheat resulted in delayed leaf senescence and increased
protein concentration in grains, while the crop’s biomass and
grain yield remained unaffected. Another group of Chinese
researchers overexpressed a tobacco nitrate reductase gene
(NtNR) in two commercial winter wheat cultivars, ND146
and JM6358, following Agrobacterium-mediated transforma-
tion [124]. Constitutive overexpression of the gene remark-
ably enhanced foliar nitrate reductase activity and resulted in
significantly augmented seed protein content and 1000-grain
weight in the majority of the T

1
offspring analysed.

The main component of wheat storage proteins, gluten,
primarily determines the viscoelastic properties of wheat
dough [125]. Glutens consist of gliadins and glutenins, which
together comprise 70-80% of the total flour protein. There-
fore, genes encoding different classes of storage proteins have
been targeted in efforts to improve both the nutritional value
and bread-making quality of wheat. In fact, the genes cod-
ing for high-molecular glutenin subunits (HMW-GS) were
among the first introduced into wheat [126–129], with the aim
of improving dough functions following the first reports of a
method for wheat transformation. Specifically, introduction
of the subunits 1Ax1 and 1Dx5 into several common wheat
cultivars by genetic transformation has demonstrated the
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potential of the transgenes to enhance dough quality to
various extents [130–132]. In follow-up studies, the HMW-GS
genes were introduced into selected wheat cultivars, mostly
via the easily transformed cv. Bobwhite and then transferred
into selected elite commercial varieties. Improvements in
dough properties were obtained, demonstrating the feasibil-
ity of utilizing transgenic lines in wheat breeding programs
[133, 134].

In contrast to HMW glutenins, which form complex
polymer structures and are strongly correlated to dough elas-
ticity, gliadins are monomeric components that contribute
mainly to the extensibility and viscosity of the dough [135].
Based on their electrophoretic mobility, gliadins are grouped
into three structural types: 𝛼-, 𝛾-, and 𝜔-gliadins, each
encoded by tightly-linked multigene clusters. The interest
in genetic modification of gliadins has been stimulated, not
only by their contribution to dough quality, but also because
they include the majority of immunogenic epitopes related
to immune conditions such as wheat-dependent exercise-
induced anaphylaxis (WDEIA) and coeliac disease [136, 137].

Iron and zinc are essential micronutrients for human
nutrition. According to the World Health Organization, over
a billion people suffer from iron-deficiency anaemia, and
Zn-deficiency is estimated to be associated with an annual
death rate of almost half a million children under the age of
five. Modern elite wheat cultivars usually contain suboptimal
quantities of micronutrients [138], and because most of it is
accumulated in the outer husk, aleurone, and embryo, the
micronutrients are lost during milling and polishing [139].
Another problem is that phytic acid, a major antinutritional
factor for iron and zinc uptake in the human digestive tract, is
codeposited with the minerals in aleurone storage vacuoles.

Biofortification, the enhancing of crop nutritional quality,
is considered a promising approach to alleviatemicronutrient
deficiency. Transgenic studies have made significant headway
in the development of strategies aimed at improving the avail-
able content of micronutrients such as iron in wheat grains.
Plants store iron primarily in the form of ferritin structures
accumulated mainly in nongreen plastids, etioplasts, and
amyloplasts. Expression of a gene coding for an Aspergillus
niger phytase, a phytic acid degrading enzyme targeted to the
wheat aleurone [140], and endogenous [141] or soybean [142]
ferritin genes in wheat endosperm, were the first successful
attempts to transgenically biofortify wheat grains with iron.
Recently, Connorton et al. [143] have isolated, characterized,
and overexpressed two wheat Vacuolar Iron Transporter
(TaVIT) genes under the control of an endosperm-specific
promoter in wheat and barley. They reported that the intro-
duction of one of the genes, TaVIT2, resulted in a greater than
twofold increase in iron in the flour prepared from transgenic
wheat grains without other detected changes.

4. RNA Interference Applications in Wheat

RNA interference (RNAi) is a common regulatory mecha-
nism of gene expression in eukaryotic cells that has become
a powerful tool for functional gene analysis and the engi-
neering of novel phenotypes. The technique is based on
the expression of antisense or hairpin RNAi constructs, or

other forms of short interfering RNA molecules to direct
posttranscriptional gene silencing in a sequence specific
manner.

The vernalisation gene, TaVRN2, was the first wheat
gene to be targeted by RNAi in transgenic wheat plants
[144]. TaVRN1 mRNA in transgenic plants was reduced by
60%, which led to much earlier flowering. In another study,
Loukoianov et al. [145] suppressed expression of TaVRN1 by
up to 80%, delaying flowering time by 14 to 19 days and
increasing the number of leaves relative to the nontransgenic
controls. These two breakthrough studies provided essential
evidence for understanding the molecular mechanisms of
flowering timing and vernalisation requirements in wheat,
which may assist in diversifying the environments in which
wheat can be grown.

The application of RNAi has made a solid contribution
to manipulating wheat grain size [146–148] and quality [119,
149–151]. For example, Alterbach and Allen [152] used RNAi
silencing to suppress the expression of 𝜔-gliadins associated
withWDEIA in the US wheat cv. Butte 86.They later demon-
strated that transgenic wheat lines deficient in 𝜔-gliadins
had no changes in patterns of other grain proteins, and
even showed increased protein stability with improved dough
properties under various growth conditions [153]. Similarly,
Gil-Humanes et al. [154] downregulated the 𝛾-gliadin genes
in the wheat cv. Bobwhite and then transferred the trait into
three commercial wheat cultivars by conventional crossing.

The reduction of 𝛾-gliadins in wheat grains was com-
pensated by an increased amount of glutenins, which led
to stronger dough with better over-mixing-resistance. In
a recent comprehensive study, Barro et al. [149] used a
combination of sevenRNAi expressing plasmids to selectively
target 𝛼-, 𝛾-, and 𝜔-gliadins, and Low Molecular Weight
(LMW) glutenins in the wheat cv. Bobwhite, with the goal
to reduce gluten epitopes related to coeliac disease (CD).
The protein analyses showed that three RNAi plasmid com-
binations resulted in total absence of CD epitopes from the
most immunogenic 𝛼- and𝜔-gliadins in the transgenic wheat
lines.These very promising results pave theway to developing
wheat varieties with nonallergenic properties.

However, the major application of RNAi technology for
wheat has been in pathogen and pest control using virus-
and host-induced gene silencing platforms [155]. A recent
strategy, referred to as host-induced gene silencing (HIGS),
has been developed to silence pest or pathogen genes by
plant-mediated RNAi during their feeding or attempted
infection, thereby reducing disease levels. This strategy
relies on the host-plant’s ability to produce interfering RNA
molecules complementary to targeted pest/pathogen genes.
These molecules are then transferred to the invader, causing
silencing of the targeted gene. In wheat, HIGS has been
most widely applied to control fungal and insect diseases. As
an example, silencing of fungal glucanosyltransferase genes
(GTF1 and GTF2), and the virulence effector gene Avra10,
affects wheat resistance to the powdery mildew fungus
Blumeria graminis [156]. Three hairpin RNAi constructs
corresponding to different regions of the Fusarium gramin-
earum chitin synthase gene (Chs3b) were found to silence
Chs3b in transgenic F. graminearum strains. Coexpression
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of these three RNAi constructs in two independent elite
wheat cultivar transgenic lines, conferred high levels of stable
and durable resistance to both Fusarium head blight and
Fusarium seedling blight [157]. Stable transgenic wheat plants
carrying an RNAi hairpin construct against the 𝛽-1, 3-glucan
synthase gene FcGls1 of F. culmorum, or a triple combination
of FcGls1 with mitogen-activated protein kinase (FcFmk1)
and chitin synthase V myosin-motor domain (FcChsV), also
showed enhanced resistance in leaf and spike inoculation
assays under greenhouse and near-field conditions, respec-
tively [158].

In other examples of RNAi, targeting the myosin-5 gene
(FaMyo5) from F. asiaticum provided disease resistance in
wheat [159]. In further examples, wheat transformed with
a vector expressing a double-stranded RNA, targeting the
mitogen-activated protein kinase kinase gene (PsFUZ7) from
Puccinia striiformis f. sp. tritici exhibited strong resistance to
stripe rust [160]. Transgenic wheat plants expressing siRNAs
targeting the catalytic subunit protein kinase A gene from
P. striiformis f. sp. Tritici, displayed high levels of stable and
durable resistance throughout the T

3
to T
4
generations [161].

Stable expression of hairpin RNAi constructs with a sequence
homologous to mitogen-activated protein-kinase from P.
triticina (PtMAPK1), or a cyclophilin (PtCYC1) encoding
gene, in susceptible wheat plants showed efficient silencing of
the corresponding genes in the interacting fungus, resulting
in disease resistance throughout the T

2
generation [162].

The grain aphid (Sitobion avenae) chitin synthase 1 gene
(CHS1) was also targeted with HIGS. After feeding on the
representative T

3
transgenic wheat lines, CHS1 expression

levels in grain aphid decreased by half, and both total and
moulting aphid numbers reduced significantly [163]. Other
target genes used for the control of grain aphids by RNAi
in transgenic wheat were lipase maturation factor-like2 gene
from pea aphid Acyrthosiphon pisum [164], carboxylesterase
gene [165],Hpa1 [166], and a gene encoding a salivary sheath
protein [167]. Feeding on these transgenic plants resulted in
significant reductions in survival and reproduction of aphids.
It seems that the scope of RNAi-induced pest and disease
resistance is as broad as the number of different pathogen and
pest species that infect and cause damage to wheat.

5. Site-Specific Nucleases for Targeted Genome
Modifications in Wheat

Targeted genome engineering using nucleases, such as zinc
finger nucleases (ZFNs) and TAL effector nucleases (TAL-
ENs), were developed in the late 20th century as innovative
tools to generate mutations at specific genetic loci [168].
Nuclease-based mutagenesis relies on induced site-specific
DNA double-strand breaks (DSBs), which are either repaired
by error-prone nonhomologous end joining (NHEJ), or high-
fidelity homologous recombination (HR). The former often
results in insertions or deletions (InDels) at the cleavage
site leading to loss-of-function gene knockouts, whereas the
latter leads to precise genome modification. In 2012, the
field of eukaryotic genome editing was revolutionized by the
introduction of CRISPR/Cas9 (bacterial Clustered Regularly

Interspaced Short Palindromic Repeats) technology [169].
This technology confers targeted gene mutagenesis by a Cas9
nuclease that is guided by small RNAs (sgRNAs) to the
target gene through base pairing. This is in contrast to the
DNA-recognition protein domain that must be specifically
tailored for each DNA target in the case of ZFNs and TAL-
ENs. Because of its universality and operational simplicity
compared to ZFNs and TALEN genome editing systems,
CRISPR/Cas9 has rapidly superseded these earlier editing
systems and been adopted by the majority of the scientific
community [170, 171].

In wheat, the principal applicability of CRISPR/Cas9 was
demonstrated in protoplasts and suspension cultures, where
multiple genes were successfully targeted in the year follow-
ing the publication of the original CRISPR/Cas9 principle
[172–174]. Original methods for plant genome editing rely on
the delivery of plasmids carrying cassettes for the coexpres-
sion of Cas9 and sgRNA, either by Agrobacterium or particle
bombardment. For gene editing in wheat, a Cas9 protein
containing one or more signals for nuclear localization is
expressed from a codon optimized gene under the control of
RNA polymerase II promoters such as CaMV35S or ZmUbi,
while the sgRNA is usually expressed from a polymerase
III promoter (most commonly, rice or wheat U6 and U3
promoters).

One of the additional advantages of the CRISPR/Cas9
system is its potential for multiplexing, i.e., the simultaneous
targeting of several genes with a single molecular construct.
Multiple sgRNAs can be introduced either as separate tran-
scription units, or in polycistronic form [175]. In bread wheat,
editing has been reported in PEG-transfected protoplasts
[172, 173, 176–178], electroporated microspores [179], and
cell suspension cultures transformed by Agrobacterium [174].
Edited wheat plants have been regenerated from immature
embryos, immature embryo-derived callus, or shoot apical
meristems transformed via particle bombardment [176, 177,
180–184] or Agrobacterium [185, 186].

Recently, protocols for DNA-free editing of wheat by
delivering in vitro transcripts, or ribonucleoprotein com-
plexes (RNPs) of CRISPR/Cas9 by particle bombardment,
have been developed [176, 177]. The authors claim that
these methods not only eliminate random integration of
the CRISPR/Cas9 coding DNA elements into the targeted
genome, but also reduce off-target effects. Thus, these
advances allow for the production of completely transgene-
free mutants in bread wheat with high precision. The main
limitation of these transgene-free protocols is the lack of
selection in the transformation and regeneration process.
Another optimized delivery system has been developed by
Gil-Humanes et al. [177]. Here the authors used replicated
vectors based on the wheat dwarf virus (Geminiviridae)
for cereal genome engineering. It was shown that, due to
increased copy number of the system components, virus-
derived replicons increase gene targeting efficiency greater
than 10-fold in wheat callus cells and protoplasts, compared
to the nonreplicating control. The virus-based CRISPR/Cas9
system also promoted multiplexed gene targeted integration
in different loci of the polyploid wheat genome by homolo-
gous recombination.
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Since the advent of the principle of RNA guided nuclease
genome editing, a number of additional tools for genome
modifications and functional genomics studies have been
developed [187]. The DNA binding ability of Cas9 and Cas12
has been used to develop tools for various applications, such
as transcriptional regulation and fluorescence-based imaging
of specific chromosomal loci in plant genomes. Another
nuclease, Cas13, has been applied to degrade mRNAs and
combat viral RNA replication [188]. Orthologues of Cas9
found in other bacterial species such asNeisseriameningitides
[189], Staphylococcus aureus [190], and Campylobacter jejuni
[191] have different and more complex Protospacer adjacent
motif (PAM) sequences. These PAM sequences function
in their native bacterial hosts to direct the CRISPR/Cas9
complex to the target sequence and not to the CRISPR/Cas9
locus. Although the use of these orthologous Cas9 proteins
does limit the available target sequences for genome editing,
it also reduces off-target edits. Most recently, systems for
targeted base editing in wheat have been established by fusing
a cytidine deaminase [181] or adenosine deaminase [192], to
the Cas9 nickase for C/G to T/A or A/T to G/C conversion.
In these systems, the efficiency of base editing was enhanced
by using a Cas9-based nickase instead of an inactive Cas9.
As an example, the base editor Cas9-APOBEC3A was used
to edit TaMTL (MATRILINEAL) encoding a sperm-specific
phospholipase [182]. Loss of function ofMTL triggers haploid
induction in maize [193]. Ten base-edited wheat mutants
with TaMTL knock-out were identified at a frequency of
16.7%, with three being homozygous for all six alleles without
InDels. Functional analysis of wheat mutants with TaMTL
knock-out is still to be completed. Other nucleases with
similar editing functions to that of Cas9 have been iden-
tified [194]. Most notably, Cpf1 possesses both DNase and
RNase activity and cleaves DNA to generate four to five
bp 5-overhangs, potentially enhancing insertion of DNA
sequences by homologous recombination. The Cpf1-based
editing system has been successfully applied in plants, but not
in wheat at this stage [195, 196].

Although many agriculturally important traits of wheat
have been targeted by genome editing, some of the main ones
include the following: (i) resistance/tolerance to biotic and
abiotic stresses, (ii) yield and grain quality, and (iii) male
sterility.

(i) The first successful experiment using the CRISPR/
Cas9 system in wheat was editing of TaMLO, a powdery
mildew-resistance locus. Powdery mildew diseases caused
by Blumeria graminis f. sp. tritici result in significant wheat
yield losses, and knock-out of the TaMLO leads to disease
resistance. The mutation frequency of TaMLO in protoplasts
was 28.5% [172]. Further, Wang et al. [180] described editing
of the TaMLO-A1 allele by the CRISPR/Cas9 system and
simultaneous editing of three homoeoalleles of TaMLO in
hexaploid bread wheat using the TALEN nuclease. The
mutation frequency of regenerated TaMLO-edited wheat
(5.6%) was similar for both editing methods. More recently,
Zhang et al. [174] used CRISPR/Cas9 technology to generate
Taedr1 wheat lines by simultaneous knock-down of the three
homologs of wheat TaEDR1, a negative regulator of powdery
mildew resistance. The mutated plants were resistant to

powdery mildew and did not show mildew-induced cell
death [174].

The lipoxygenase genes, TaLpx1 and TaLox2, attracted
attention as potential subjects for gene editing in relation to
resistance to Fusarium, one of the most devastating fungal
diseases in wheat. Lipoxygenases hydrolyze polyunsaturated
fatty acids and initiate biosynthesis of oxylipins, playing a
role in the activation of jasmonic acid-mediated defence
responses in plants. Silencing of theTaLpx-1 gene has resulted
in resistance toFusariumgraminearum inwheat [197].TaLpx1
and TaLox2 genes were edited in protoplasts with a mutation
frequency of 9% and 45%, respectively [173, 183]. Wheat
plants with mutated TaLOX2 were obtained with a frequency
of 9.5%, of which homozygous mutants accounted for 44.7%
[198].

The CRISPR/Cas9 system was also used for editing a
wheat homolog of TaCer9 (ECERIFERUM9) with the goal
to improve drought tolerance and water use efficiency [199].
Mutation of the AtCer9 gene in A. thaliana, encoding an E3
ubiquitin ligase, causes elevated amounts of 18-carbon-length
cutin monomers and very-long-chain free fatty acids (C24,
C26) in cuticular wax, both of which are associated with
elevated cuticle membrane thickness and drought tolerance
[200].

The Cas9 nickase fused to a human cytidine deaminase,
APOBEC3A, was used to produce herbicide resistant wheat
plants through editing of TaALS [182]. ALS encodes acetolac-
tate synthase, the first enzyme of the branched-chain amino
acid biosynthesis. Amino acid substitutions in TaALS confer
resistance to the sulfonylurea class of herbicides. Wheat
plants with a mutated TaALS gene were obtained in high
frequency (22.5%, 27/120). Among them, two plants had six
alleles simultaneously edited and were nicosulfuron resistant.

(ii) With the aim of enhancing grain size and yield,
several genes have been edited by the CRISPR/Cas9 sys-
tem: TaGASR7 [176, 184, 198], TaGW2 [198, 199, 201], and
TaDEP1 [198]. TaGASR7, a member of the Snakin/GASA gene
family, has been associated with grain length in wheat. A
CRISPR/Cas9 vector designed to target TaGASR7 was deliv-
ered by particle bombardment into shoot apical meristems.
Eleven (5.2%) of the 210 bombarded plants carried mutant
alleles, and the mutations of three (1.4%) of these were
inherited in the next generation [184]. Transiently expressing
the CRISPR/Cas9 DNA and using the CRISPR/Cas9 RNP-
mediated method were also highly effective for TaGASR7
editing [176, 198]. The TaGW2 gene encodes a previously
unknown RING-type E3 ubiquitin ligase that was reported
to be a negative regulator of grain size and thousand grain
weight in wheat [198, 199, 201]. Recent studies detailing the
functionality of the allelic TaGW2 genes through genome-
specific knockouts [201], showed that the TaGW2 gene in
wheat acts by regulating the gibberellin hormone biosyn-
thesis pathway [202], principally confirming the parallel
functions of these genes in rice and wheat. T

1
plants carrying

knock-out mutations in all three copies of the TaGW2 gene
(genotype aabbdd) showed significantly increased thousand
grain weight (27.7%), grain area (17.0%), grain width (10.9%),
and grain length (6.1%) compared to the wild-type cultivar
[183].
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Another gene editing target is DENSE AND ERECT
PANICLE 1 (DEP1), which encodes a G protein gamma-
subunit in rice that is involved in the regulation of erect
panicles, number of grains per panicle, nitrogen uptake, and
stress tolerance through the G protein signalling pathway
[203]. Zhang et al. [198] applied the CRISPR/Cas9 system to
target TaDEP1 and TaNAC2 editing in wheat. CRISPR/Cas9-
induced mutation of TaNAC2 (a member of a plant specific
transcription factor family) and TaDEP1 in wheat plants was
successful in 2% of cases [198]. One possible outcome of the
loss of TaNAC2 function could be increased size of grain
and changes in stress responses. TaPIN1 (PINFORMED1)
was edited using CRISPR/Cas9 technology with a frequency
of 1% [198]. The plant specific PIN family of efflux car-
riers comprises integral membrane proteins and has been
associated with polar auxin transport during embryogenesis
and endosperm development. It should be noted that no
homozygous mutants were obtained for TaDEP1, TaNAC2,
and TaPIN1 by CRISPR/Cas9 editing [198] probably because
they were not viable.

CRISPR/Cas9 technology was also successful in
obtaining low immunogenic wheat. Sánchez-León et al.
[204] have shown that CRISPR/Cas9 technology can be
used to efficiently reduce the amount of alfa-gliadins in
the seeds, providing bread and durum wheat lines with
reduced immunoreactivity for consumers with coeliac
disease. Twenty-one mutant lines were generated (15 bread
wheat and 6 durum wheat), all showing a strong reduction
in 𝛼-gliadins. Up to 35 of the 45 different genes identified
in the wild-type were mutated in one of the lines, and
immunoreactivity, as measured by competitive ELISA
assays using two monoclonal antibodies, was reduced by
85%.

(iii) Male sterility and the induction of haploids can
provide a powerful tool in cultivar breeding and genetic
analysis. Generation of male-sterile and doubled haploid
plants can facilitate development of hybrid seed production
in wheat. In maize, the male-sterile gene 45 (Ms45)
encodes a strictosidine synthase-like enzyme that was
shown to be required for male fertility and required for
exine structuring and pollen development [185]. Genetic
analysis of mutated plants obtained by CRISPR/Cas9
technology demonstrated that all three wheat Ms45
homeologues contribute to male fertility. Mutant plants,
Tams45-abd, abort pollen development resulting in male
sterility.

These examples provide an insight into the many ways
in which modern genome modification technologies are
being used to mine the core research findings from model
plant transgenesis, and finally harness that understanding to
drive essential crop. The ability to enact targeted changes
to the genome has revolutionized genetic modification for
polyploid crop species such as wheat. There are now some
enticing indications that the nearest remaining hurdle, in the
form of low transformation frequencies in favoured breeding
genotypes, may soon be overcome. What remains is for
political entities, and the societies they represent, to adopt
a more receptive view to the very real and practical benefits
these technologies may provide.

6. Conclusions and Prospective Developments

Demand for wheat is projected to rise at a rate of 1.6%
annually until 2050 as a result of increased population and
prosperity. Consequently, average global wheat yields on a per
hectare basis will need to increase to approximately 5 tonnes
per ha from the current 3.3 tonnes [205]. Bread wheat has a
very complicated hexaploid genome and, therefore, further
progress in breeding of this crop is strongly dependent upon
knowledge of functional genomics. Thus, it is necessary
to identify the most important key-genes, their structure,
role, and function in the development of wheat plants and
finally for higher grain yield and better quality. Based on the
knowledge of functional genomics, plant biologists can alter
the structures and functions of selected key-genes through
“genetic manipulation”. Genetic transformation is a very
powerful tool for generating scientific proof of the roles and
functions of key-genes. The authors of this review are not
in a position to discuss the applications of GM-wheat in
world breeding practice, since this is beyond the scope of
this review. However, the term “genetic manipulation” is very
broad and includes other molecular approaches that generate
products that fall outside the traditional definition of “GM”.
RNA interference and CRISPR/Cas9 represent modern and
very advanced GM technologies that in a growing number
of countries, such as USA and Canada, result in products
that attract the same level of regulation as the products of
traditional breeding techniques. Such “end-product-based”
rather than “process-based” regulation, presents a far more
favourable environment for the progression of molecular-
based breeding technologies, which can and should change
the future of wheat breeding across the world. However, all
advanced methods will remain simply “laboratory tools” if
their application is not connected with wheat breeders cur-
rently working by traditional methods. Therefore, we see the
chance for real progress and positive future prospects through
effective collaborations between plant molecular geneticists
and wheat breeders. The application of novel methods and
analysis of genetically manipulated wheat plants for their util-
ity in breeding can be translated to the field through the intro-
gression of genetic traits into conventional wheat breeding
programs.

Awareness and concerns are also growing regarding
the huge economic gaps between developed and develop-
ing countries. Underdeveloped countries are more reliant
on agriculture for their overall economies, yet they have
fewer opportunities to develop or collaborate on projects
involving modern technologies for genetic manipulation in
wheat and most other crop plants. Therefore, researchers
in developed countries must take the lead and assume
responsibility for sharing and freely disseminating their
results and genetically manipulated wheat germplasm acces-
sions with breeders in the developing world. This act
of “research donation” can enrich lives and communities
where needs are the greatest and uphold the future secu-
rity and sustainability of wheat production, a key global
commodity.
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[16] B. Ülker, Y. Li, M. G. Rosso, E. Logemann, I. E. Somssich, and B.
Weisshaar, “T-DNA-mediated transfer of Agrobacterium tume-
faciens chromosomal DNA into plants,” Nature Biotechnology,
vol. 26, no. 9, pp. 1015–1017, 2008.

[17] A.Gadaleta, A.Giancaspro, A. Blechl, andA. Blanco, “Phospho-
mannose isomerase, pmi, as a selectablemarker gene for durum
wheat transformation,” Journal of Cereal Science, vol. 43, pp. 31–
37, 2006.

[18] A. Gadaleta, A. Giancaspro, A. E. Blechl, and A. Blanco, “A
transgenic durum wheat line that is free of marker genes and
expresses 1Dy10,” Journal of Cereal Science, vol. 48, no. 2, pp.
439–445, 2008.

[19] K. Wang, H. Liu, L. Du, and X. Ye, “Generation of marker-
free transgenic hexaploidwheat via an agrobacterium-mediated
co-transformation strategy in commercial Chinese wheat vari-
eties,” Plant Biotechnology Journal, vol. 15, no. 5, pp. 614–623,
2017.

[20] T. Risacher, M. Craze, S. Bowden, W. Paul, and T. Barsby,
“Highly efficient agrobacterium-mediated transformation of
wheat via in planta inoculation,”Methods in Molecular Biology,
vol. 478, pp. 115–124, 2009.

[21] J. M. Zale, S. Agarwal, S. Loar, and C. M. Steber, “Evidence for
stable transformation of wheat by floral dip in agrobacterium
tumefaciens,” Plant Cell Reports, vol. 28, no. 6, pp. 903–913,
2009.

[22] H. Hamada, Q. Linghu, Y. Nagira, R. Miki, N. Taoka, and R.
Imai, “An in planta biolistic method for stable wheat transfor-
mation,” Scientific Reports, vol. 7, article 11443, 2017.

[23] S. Martin-Ortigosa and K. Wang, “Proteolistics: a biolis-
tic method for intracellular delivery of proteins,” Transgenic
Research, vol. 23, no. 5, pp. 743–756, 2014.

[24] C. Remacle, P. Cardol, N. Coosemans, M. Gaisne, and N.
Bonnefoy, “High-efficiencybiolistic transformation of Chlamy-
domonas mitochondria can be used to insert mutations in
complex I genes,” Proceedings of the National Acadamy of
Sciences of the United States of America, vol. 103, no. 12, pp. 4771–
4776, 2006.

[25] L. Cheng, H. Li, B. Qu et al., “Chloroplast transformation
of rapeseed (Brassica napus) by particle bombardment of
cotyledons,” Plant Cell Reports, vol. 29, no. 4, pp. 371–381, 2010.

[26] Y. Gleba, V. Klimyuk, and S. Marillonnet, “Magnifection - a
new platform for expressing recombinant vaccines in plants,”
Vaccine, vol. 23, no. 17-18, pp. 2042–2048, 2005.



BioMed Research International 13

[27] S. Ueki, S. Magori, B. Lacroix, and V. Citovsky, “Transient gene
expression in epidermal cells of plant leaves by biolistic DNA
delivery,” in Biolistic DNA Delivery: Methods and Protocols,
Methods inMolecular Biology, S. Sudowe andA. B. Reske-Kunz,
Eds., vol. 940, pp. 17–26, 2013.

[28] P. Krenek, O. Samajova, I. Luptovciak, A. Doskocilova, G.
Komis, and J. Samaj, “Transient plant transformation mediated
by Agrobacterium tumefaciens: Principles, methods and appli-
cations,” Biotechnology Advances, vol. 33, no. 6, pp. 1024–1042,
2015.

[29] N. Goncharov and E. Kondratenk], “Origin, domestication and
evolution of wheats,” Vestnik VOGiS, vol. 12, pp. 159–179, 2008,
http://www.bionet.nsc.ru/vogis/pict pdf/2008/t12 1 2/vogis
12 1 2 15.pdf.

[30] J. D. Montenegro, A. A. Golicz, P. E. Bayer et al., “The
pangenome of hexaploid bread wheat,” �e Plant Journal, vol.
90, no. 5, pp. 1007–1013, 2017.

[31] P. L. Bhalla, A. Sharma, and M. B. Singh, “Enabling molecular
technologies for trait improvement in wheat,” inWheat Biotech-
nology, vol. 1679 of Methods in Molecular Biology, pp. 3–24,
Springer New York, New York, NY, USA, 2017.

[32] R. Appels, K. Eversole, C. Feuillet et al., “Shifting the limits in
wheat research and breeding using a fully annotated reference
genome,” Science, vol. 361, no. 6403, article eaar7191, 2018.

[33] A. K. Shrawat and C. L. Armstrong, “Development and appli-
cation of genetic engineering for wheat improvement,” Critical
Reviews in Plant Sciences, vol. 37, no. 5, pp. 335–421, 2018.

[34] V. Vasil, A.M. Castillo,M. E. Fromm, and I. K. Vasil, “Herbicide
resistant fertile transgenic wheat plants obtained by micro-
projectile bombardment of regenerable embryogenic callus,”
Nature Biotechnology, vol. 10, no. 6, pp. 667–674, 1992.

[35] M. Cheng, J. E. Fry, S. Pang et al., “Genetic transformation of
wheat mediated by agrobacterium tumefaciens,” Plant Physiol-
ogy, vol. 115, no. 3, pp. 971–980, 1997.

[36] Q. Yao, L. Cong, J. L. Chang, K. X. Li, G. X. Yang, and G. Y.
He, “Low copy number gene transfer and stable expression in a
commercial wheat cultivar via particle bombardment,” Journal
of Experimental Botany, vol. 57, no. 14, pp. 3737–3746, 2006.

[37] C. Tassy, A. Partier, M. Beckert, C. Feuillet, and P. Barret,
“Biolistic transformation of wheat: increased production of
plants with simple insertions and heritable transgene expres-
sion,” Plant Cell, Tissue and Organ Culture (PCTOC), vol. 119,
no. 1, pp. 171–181, 2014.

[38] A. Ismagul, N. Yang, E. Maltseva et al., “A biolistic method for
high-throughput production of transgenic wheat plants with
single gene insertions,” BMC Plant Biology, vol. 18, pp. 135–143,
2018.

[39] Q. Yao, L. Cong, G. He et al., “Optimization of wheat co-
transformation procedure with gene cassettes resulted in an
improvement in transformation frequency,” Molecular Biology
Reports, vol. 34, pp. 61–67, 2007.

[40] A. Partier, G.Gay, C. Tassy,M. Beckert, C. Feuillet, andP. Barret,
“Molecular and FISH analyses of a 53-kbp intactDNA fragment
inserted by biolistics in wheat (triticum aestivum L.) genome,”
Plant Cell Reports, vol. 36, no. 10, pp. 1547–1559, 2017.

[41] M. Wright, J. Dawson, E. Dunder et al., “Efficient biolistic
transformation of maize (Zea mays L.) and wheat (Triticum
aestivum L.) using the phosphomannose isomerase gene, pmi,
as the selectable marker,” Plant Cell Reports, vol. 20, no. 5, pp.
429–436, 2001.

[42] T. Richardson, J. Thistleton, T. J. Higgins, C. Howitt, and M.
Ayliffe, “Efficient agrobacterium transformation of elite wheat

germplasm without selection,” Plant Cell, Tissue and Organ
Culture (PCTOC), vol. 119, no. 3, pp. 647–659, 2014.

[43] G. Hensel, C. Marthe, and J. Kumlehn, “Agrobacterium-
mediated transformation of wheat using immature embryos,” in
Wheat Biotechnology, P. Bhalla and M. Singh, Eds., vol. 1679 of
Methods in Molecular Biology, pp. 129–139, Springer New York,
New York, NY, USA, 2017.

[44] K. Wang, B. Riaz, and X. Ye, “Wheat genome editing expedited
by efficient transformation techniques: progress and perspec-
tives,”�e Crop Journal, vol. 6, no. 1, pp. 22–31, 2018.

[45] G. R. Lazo, P. A. Stein, and R. A. Ludwig, “A DNA transfor-
mation-competent Arabidopsis genomic library in agrobac-
terium,” Nature Biotechnology, vol. 9, no. 10, pp. 963–967, 1991.

[46] N. R. Peters, S. Ackerman, and E. A. Davis, “A modular vector
for Agrobacterium mediated transformation of wheat,” Plant
Molecular Biology Reporter, vol. 17, no. 4, pp. 323–331, 1999.

[47] N. V. Larebeke, G. Engler, M. Holsters et al., “Large plasmid
in agrobacterium tumefaciens essential for crown gall-inducing
ability,” Nature, vol. 252, no. 5479, pp. 169-170, 1974.

[48] Y.Wang,M. Xu, G. Yin, L. Tao, D.Wang, andX. Ye, “Transgenic
wheat plants derived from Agrobacterium-mediated transfor-
mation of mature embryo tissues,” Cereal Research Communi-
cations, vol. 37, pp. 1–12, 2009.

[49] P. Supartana, T. Shimizu, M. Nogawa et al., “Development
of simple and efficient in planta transformation method for
wheat (triticum aestivum l.) using agrobacterium tumefaciens,”
Journal of Bioscience and Bioengineering, vol. 102, no. 3, pp. 162–
170, 2006.

[50] H. Aadel, R. Abdelwahd, S. Udupa et al., “Agrobacterium-
mediated transformation of mature embryo tissues of bread
wheat (triticum aestivum L.) genotypes,” Cereal Research Com-
munications, vol. 46, pp. 10–20, 2018.
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Flax (Linum usitatissimum L.) is a multipurpose crop which is used for the production of textile, oils, composite materials,
pharmaceuticals, etc. Soil acidity results in a loss of seed and fiber production of flax, and aluminum toxicity is a major factor
that depresses plant growth and development in acid conditions. In the present work, we evaluated gene expression alterations
in four flax genotypes with diverse tolerance to aluminum exposure. Using RNA-Seq approach, we revealed genes that are
differentially expressed under aluminum stress in resistant (Hermes, TMP1919) and sensitive (Lira, Orshanskiy) cultivars and
selectively confirmed the identified alterations using qPCR. To search for differences in response to aluminum between resistant
and sensitive genotypes, we developed the scoring that allowed us to suggest the involvement ofMADS-box andNAC transcription
factors regulating plant growth and development and enzymes participating in cell wallmodifications in aluminum tolerance in flax.
Using Gene Ontology (GO) enrichment analysis, we revealed that glutathione metabolism, oxidoreductase, and transmembrane
transporter activities are the most affected by the studied stress in flax. Thus, we identified genes that are involved in aluminum
response in resistant and sensitive genotypes and suggested genes that contribute to flax tolerance to the aluminum stress.

1. Introduction

Among abiotic stresses, aluminum (Al) toxicity is a major
constraint for crop production in acid soils worldwide [1].
In acidic conditions, the mineral form of Al dissolves to
release the soluble Al3+ form, which is capable of crossing
the plant membranes and is highly toxic to plants that
even micro concentrations can inhibit root growth within
minutes or hours in many agricultural plant species [2–5].
Al negatively affects cell elongation and division, uptake and
transport of nutrients, and Ca2+ homeostasis and disturbs the
structure and function of the plasmamembrane, cell wall, and
chromatin [6–10].

The mechanisms of resistance to Al are diverse in plants
and could be divided into exclusion, which decreases the
amount of phytotoxic Al3+ in the cells and internal tolerance,
which reduces Al toxicity in root and shoot symplast [6,
11–19]. Excretion of Al detoxifying organic acids (OAs) to
the apoplast or rhizosphere is the most common variant of
exclusion, in which genes encoding the OA transporters,
including aluminum-activatedmalate transporter 1 (ALMT1)
and members of the multidrug and toxic compound extru-
sion (MATE) citrate transporter gene family, are involved [13,
20]. Exudation of mucilage also binds Al ions and results in
the exclusion of Al and its detoxification [21–23]. Mechanism
of Al tolerance encompasses processes that result in chelation
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of cytosolic Al3+ with organic ligands, sequestration into
the vacuole, or transport of Al3+ to less-sensitive regions
of the plant [24–26]. Recovery from damages following
exposure to Al toxicity is mediated by the detoxification of
the reactive oxygen species (ROS) through ROS-detoxifying
enzymes, such as glutathione S-transferases, peroxidases, and
superoxide dismutases that confer Al tolerance [20, 27, 28].
Significant genetic diversity in Al resistance or tolerance
was found in crops that enable development of improved
cultivars, which maintain yield on acid soil [29, 30].

For flax (Linum usitatissimum L.), a crop grown world-
wide for fiber and seeds and also known for its health
benefits [31, 32], the mechanisms for Al tolerance are little
known, although Al toxicity in acid soils is a serious problem
for cultivation and rich harvest of flax [33]. Therefore,
it is imperative to understand the molecular mechanisms
underlying Al tolerance in flax. High-throughput sequencing
methods are extensively used for evaluation of expression
alterations of protein-coding genes or miRNAs in flax under
diverse stresses [34–41]. We have previously shown that
UDP-glycosyltransferases, glutathione S-transferases, and
Ca2+/H+-exchanger CAX3 are involved in flax tolerance
to aluminum [42, 43]. miR319, miR390, and miR393 also
participate in aluminum response via regulation of growth
processes [44]. However, Al tolerance mechanisms are com-
plex and could involve diverse strategies. In the present work,
we conducted comprehensive gene expression analysis of flax
cultivars grown under control and Al-treated conditions to
reveal genes that participate in Al response and to identify
differences in gene expression alterations between resistant
and sensitive to aluminum genotypes.

2. Materials and Methods

2.1. Plant Material. A laboratory method for evaluation
of flax tolerance to aluminum, whose results have high
correlation with field assessment, was taken as the basis for
creating aluminum treatment conditions [45]. Resistant and
sensitive cultivars for the study were chosen on the basis of
our field and laboratory experiments, in which productivity
indexes and root length were used for assessment of flax
genotype tolerance to soil acidity and aluminum [33]. For
the present study of gene expression alterations under short-
term (4 h) aluminum exposure (500 𝜇M AlCl3) at low pH
(4.5), resistant (Hermes and TMP1919) and sensitive (Lira
and Orshanskiy) to aluminum stress flax cultivars were used.
Flax seeds were germinated in Petri dishes on filter paper
and then were transferred into 50 mL Falcon tubes with filter
paper soaked in 0.5 mM CaCl2 pH 4.5 for 24 h. Seedlings
in control conditions were then grown for 24 h more, while
seedlings in stress conditions were grown for 20 h followed
by addition of 500 𝜇M AlCl3 for 4 h. After that, root tips, 8-
10 mm in length, were collected and immediately frozen in
liquid nitrogen. The samples were stored at -70∘b. RNA was
extracted using RNA MiniPrep kit (Zymo Research, USA)
and then used for transcriptome sequencing on HiSeq2500
(Illumina, USA) with paired-end 100-nucleotide reads in two
biological replicates as described in our previous work [42].

2.2. Identification of Differentially Expressed Genes. Tran-
scriptome assembly and annotation were performed using
Trinity and Trinotate as described earlier [42]. The reads
of each cultivar (Hermes, TMP1919, Lira, and Orshanskiy)
were mapped to the assembled transcripts of Hermes using
bowtie2 [46] and quantified using RSEM [47]. Then, read
count data were analyzed using edgeR package [48]. Genes
with read counts per million (CPM) below 1.5 were filtered
out. Normalization using the TMM method was performed
and genes with expression alterations under aluminum treat-
ment were identified within the following groups:

(1) pool of all analyzed flax genotypes;
(2) pool of resistant cultivars (Hermes and TMP1919);
(3) pool of sensitive cultivars (Lira and Orshanskiy);
(4) individual genotypes (Hermes, TMP1919, Lira, or

Orshanskiy).

To evaluate expression alterations for each transcript,
expression level fold change (FC) was calculated for each
gene as the ratio of CPM under Al3+ exposure to CPM under
control conditions.

To identify genes with diverse expression alterations in
resistant and sensitive to aluminum genotypes, we calculated
delta-score (𝑆Δ) that takes into account (1) consistency of gene
expression changes within each group (resistant or sensitive
cultivars), (2) magnitude of these changes, and (3) differences
between groups. To proceed this way, we derived consistency
scores for resistant and sensitive cultivars, which correspond
to the first component:

𝐶res. =
(∑res. 3√log𝐹𝐶𝑖)3
max (log𝐹𝐶𝑖)

(1)

where log𝐹𝐶 is the binary logarithm of FC, and i =
1, 2 (number of resistant genotypes). Hence, if aluminum-
induced gene expression changes are unidirectional and FC
values are close to each other, 𝐶res. would have the greatest
value. In the similar way, we calculated the consistency score
for sensitive cultivars (𝐶sens.). Finally, delta-scores (𝑆Δ) were
calculated as

𝑆Δ = (𝐶res. × 𝐶sens.) × ( max
res.,sens.
(mean (log𝐹𝐶𝑖)))

× (mean
res.
(log𝐹𝐶𝑖) −mean

sens.
(log𝐹𝐶𝑖))

2
(2)

Here, the 1st multiplier reflects the consistency of gene
expression changes, the 2nd one—theirmaximummagnitude,
and the 3rd one—differences between groups. We introduced
2-fold greater weight for the 3rd component because of its
prime importance.

2.3. Quantitative PCR (qPCR) Analysis. For validation of
high-throughput sequencing gene expression data, qPCRwas
used.The same RNA samples of Hermes, TMP1919, Lira, and
Orshanskiy that were used for high-throughput sequencing
were analyzed. RevertAid Reverse Transcriptase (Thermo
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Fisher Scientific, USA) was used to generate first-strand
cDNA. Transcripts for qPCR analysis were chosen on the
basis of transcriptome sequencing data. The selected tran-
scripts encode the following proteins: LHY (TR32133|c1 g1),
transcription factor (TF) LUX (TR44570|c0 g2), putative
lysine-specific demethylase JMJ30 (TR19190|c0 g1), high
mobility group B protein 1 (TR12175|c1 g1), zinc finger
protein CONSTANS-like 10 (TR53996|c0 g1), high-affinity
nitrate transporter 3.1 (TR26619|c0 g1), and two-component
response regulator-likeAPRR1 (TR32104|c0 g2). Primers and
probes were designed using ProbeFinder Software (Roche,
Switzerland) (Table 1). qPCR was performed on 7500 Real-
Time PCR System (Applied Biosystems, USA). Reaction
mix contained 1x PCR buffer (GenLab, Russia), 250 nM of
dNTPs (Fermentas, Lithuania), 300 nM of each primer, 200
nM of short hydrolysis probes from Universal ProbeLibrary
(Roche), 1 U of Taq polymerase (GenLab), and cDNA. The
following qPCR programwas used: 95∘C for 10min, 50 cycles
of 95∘C for 15 s, and 60∘C for 60 s. ETIF3E was used as a
reference gene [35, 49]. All reactions were performed in three
technical replicates. All the calculations were carried out
using our ATG tool [35, 50]. ΔΔ𝐶𝑡 values were calculated for
the assessment of gene expression level [35, 37]. Correlation
between qPCR (ΔΔ𝐶𝑡) and high-throughput sequencing
(log𝐹𝐶) data was evaluated by Spearman’s correlation coeffi-
cient.

2.4. Gene Ontology Analysis. The gene set enrichment anal-
ysis (GSEA) based on Gene Ontology (GO) data was
performed using Goseq package (http://bioconductor.org/
packages/release/bioc/html/goseq.html). Analysis of top lists
of up- and downregulated genes was carried out for the
pool of all analyzed genotypes, the pool of resistant cultivars,
the pool of sensitive cultivars, and individual genotypes for
identification of enriched GO terms. Heatmaps illustrating
gene expression alterations in selected GO terms were cre-
ated using R package pheatmap. Weighted gene correlation
network analysis was carried out using R package WGCNA
[51] for genes with CPM > 20 in at least 6 samples.

3. Results and Discussion

3.1. The Effects of Aluminum Exposure at Low pH on Flax
Plants. Soil acidity and Al3+ ions result in depression of
flax plants, inhibition of growth, changes in height, fiber
mass, and seed productivity both in resistant and sensitive
cultivars. However, the degree of changes varied between
genotypes [33]. For the present study, we used flax cultivars
with contrast extent of phenotypic changes in acid soils with
high aluminum content (pH 4.0, Al content – 11.07 mg/100
g of soil). Results of field experiments for Hermes, fV`1919,
Lira, and Orshanskiy cultivars under control conditions and
low pH with Al treatment are presented in Table 2. Cultivars
Hermes and fV`1919 showed greater tolerance compared to
Lira and Orshanskiy that was especially noticeable for fiber
mass and a number of seed pods.

In laboratory experiments, inhibition of root growth was
observed in flax plants under aluminum exposure at low

pH (pH 4.5, 500 𝜇M AlCl3). Negative effects were more
pronounced in sensitive cultivars, where 50-60% reduction
in root length was revealed after 5 days, while in resistant
cultivars reduction was less than 30% [45].

3.2. Genes with Differential Expression under Al3+ Exposure.
As shown in our previous works, even after 4 h of Al3+
exposure when phenotype changes were not yet noticeable,
significant gene expression alterations occurred in flax plants
[42, 44]. These results are consistent with the studies on
other plant species, for many of which short response time
to aluminum was revealed [19]. Therefore, in the present
work, we focused on the effects of short-term aluminum
treatment and evaluated gene expression alterations after 4 h
of aluminumexposure in resistant and sensitive to the studied
stress flax genotypes based on transcriptome sequencing data.
In this regard, in contrast to our previous study [42], we
compared gene expression levels in flax plants under control
conditions and after 4 h of Al3+ exposure in the pool of all
studied genotypes, groups of resistant and sensitive plants,
or individual cultivars. Results of our analysis are presented
in Supplementary Materials for the pool of all studied
genotypes (S1 table), pool of resistant (Hermes and TMP1919,
S2Table) and pool of sensitive (Lira andOrshanskiy, S3Table)
genotypes, and individual cultivars (S4, S5, S6, and S7 Tables
for Hermes, TMP1919, Lira, and Orshanskiy respectively),
where the genes are listed in the order of decreasing statistical
significance of expression alterations.

To validate high-throughput sequencing data, we evalu-
ated mRNA level of transcripts with significant expression
alterations under the studied stress in flax cultivars grown
under control conditions and Al3+ exposure using qPCR.
Expression of genes encoding protein LHY (TR32133|c1 g1),
TF LUX (TR44570|c0 g2), putative lysine-specific demethy-
lase JMJ30 (TR19190|c0 g1), high mobility group B pro-
tein 1 (TR12175|c1 g1), zinc finger protein CONSTANS-
like 10 (TR53996|c0 g1), high-affinity nitrate transporter 3.1
(TR26619|c0 g1), and two-component response regulator-
like APRR1 (TR32104|c0 g2) was analyzed. Reaction efficien-
cies were 95% or higher, and Ct (cycle threshold) values
varied from 23 to 32. As seen from Figure 1, the expression
data obtained by high-throughput sequencing (Figure 1(a))
and qPCR (Figure 1(b)) were highly consistent that indicates
the reliability of the sequencing data. Spearman’s correlation
coefficient was 0.89 (p < 0.01).

We performed the search for differences in transcrip-
tomic response to aluminum stress between resistant and
sensitive genotypes to identify genes potentially involved in
aluminum tolerance. We developed the scoring that takes
into account gene expression changes within resistant and
sensitive groups of genotypes, their consistency, and differ-
ences between groups. This allowed us to find out tran-
scripts with diverse expression alterations between groups
of resistant and sensitive to aluminum flax genotypes but
similar alterationswithin resistant or sensitive groups. Results
of the analysis are presented in S8 Table. Transcripts were
sorted by decreasing delta-score that reflects differences in
Al3+-induced transcriptomic response between resistant and
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Table 1: Primers and probes for qPCR.

Primer name Primer sequence Probe number from Roche Universal ProbeLibrary
LHY-F CAGGAATCGAAGTTGGGAGA 12
LHY-R CGCTGCTTCAAATCCTCTCTAA
LUX-F GGGGAGTGGATGCAAAGAG 69
LUX-R CGACTTTACCTCAAGAGGATGC
JMJ-F GAACCATCTTTGCCCTGAATC 48
JMJ-R AGGAGTGGAAGCAAGAGCTG
HMGB-F GCTTTCTCTGCACTAGACAAAGATT 7
HMGB-R AACAAAGCTGTCTCCGCTGT
COL-F CGTATGAATTCAATGCAGCAG 66
COL-R CAAACAGCTGGTTCGGTTTTA
NRT-F ATTTTGAACTGGCAGGTCTTG 69
NRT-R CGGTGAGCCAGAAGGACA
APRR-F CGCTGAAGTTGATCTTCCAAT 89
APRR-R GCAAATCCTTATGCCGAGTT
ETIF3E-F TTACTGTCGCATCCATCAGC∗ 53
ETIF3E-R GGAGTTGCGGATGAGGTTTA∗
Note. Primers were designed for genes encoding protein LHY (LHY, TR32133|c1 g1), TF LUX (LUX, TR44570|c0 g2), putative lysine-specific demethylase
JMJ30 (JMJ, TR19190|c0 g1), high mobility group B protein 1 (HMGB, TR12175|c1 g1), zinc finger protein CONSTANS-LIKE 10 (COL, TR53996|c0 g1), high-
affinity nitrate transporter 3.1 (NRT, TR26619|c0 g1), and two-component response regulator-like APRR1 (APRR, TR32104|c0 g2). ∗: Primer sequences for
ETIF3E are from Huis et al. article [47].

Table 2: Phenotype changes in flax plants under aluminum treatment at low pH.

Cultivar Condition Plant height, cm Decline, % Fiber mass, mg Decline, % Number of seed pods Decline, %

Hermes Stress 60.6±0.9 85.9 115.6±5.6 85.3 2.9±0.4 96.6
Control 70.5±0.9 135.6±8.2 2.8±0.4

fV`1919 Stress 69.4±1.6 94.2 93.7±3.8 86.0 3.5±0.3 81.4
Control 73.7±1.7 108.9±5.4 4.3±0.5

Lira Stress 56.2±1.2 75.3 54.4±5.8 41.3 2.5±0.3 56.8
Control 74.6±1.5 131.8±7.4 4.4±0.3

Orshanskiy Stress 61.2±1.4 86.2 52.8±4.4 63.1 3.2±0.3 59.3
Control 71.0±0.6 83.7±8.3 5.4±0.4

Note. Stress: aluminum exposure at pH 4.5.
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Figure 1: Expression alterations of 7 genes in flax cultivars Hermes, TMP1919, Lira, and Orshanskiy under aluminum exposure at low pH
evaluated by high-throughput sequencing (a) and qPCR (b).
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sensitive groups of genotypes.Within upregulated transcripts
in resistant genotypes compared to sensitive ones, transcripts
encoding Agamous-like MADS-box protein AGL62, poly-
galacturonase, NAC domain-containing protein 100, pro-
tein OSB1, GDSL esterase/lipase, beta-glucosidase 11, (+)-
neomenthol dehydrogenase, osmotin-like protein OSML13,
and 1-aminocyclopropane-1-carboxylate oxidase homolog 1
were in the top.

First of all, our attention was attracted by genes that were
upregulated only in resistant cultivars under Al3+ exposure.
In the top of S8 Table, two TFs are located: Agamous-like
MADS-box protein AGL62 and NAC domain-containing
protein 100. MADS-box genes control numerous aspects
of plant development and are involved in stress response
[52–55]. NAC TFs also participate in stress response and
their overexpression in transgenic plants enhances tolerance
to abiotic stresses and promotes development of lateral
roots [56–61]. Role of NAC in response to aluminum was
revealed in maize and rice; these TFs were involved in phy-
tohormone signaling and growth regulation [62–64]. In our
study, expression of transcript TR35721|c0 g1, which encodes
Agamous-like MADS-box protein AGL62, was induced by
Al only in resistant flax genotypes (the binary logarithm of
fold change, log𝐹𝐶, was equal to 2.3 and 3.0 in Hermes
and TMP1919, respectively). The same was true for transcript
TR25300|c0 g1 encoding NAC domain-containing protein
100: significant upregulation was revealed under aluminum
stress in resistant cultivars (log𝐹𝐶 was equal to 1.0 and 1.1
in Hermes and TMP1919, respectively), while some decrease
of the expression—in sensitive ones. Thus, overexpression
of genes encoding NAC domain-containing protein 100 and
Agamous-like MADS-box protein AGL62 only in resistant
flax genotypes under Al3+ exposure indicates that these
TFs could contribute to flax tolerance to aluminum. We
also analyzed mRNA level alterations of other TFs, whose
role in response to Al is known. The role of WRKY TFs
in Al tolerance in plants was shown to be ambiguous: in
Arabidopsis, WRKY46 was identified as a negative regulator
of ALMT1 and mutations in WRKY46 lead to increased
malate secretion and higher Al resistance [65]; on the
contrary, WRKY22 promoted aluminum tolerance in rice
through activation of FRDL4 (Ferric reductase defective 4)
and increased citrate secretion [66]. In flax, we revealed slight
upregulation of a number of WRKY-encoding genes but
did not observe differences between resistant and sensitive
cultivars. For genes encoding sensitive to proton rhizotoxicity
1 (STOP1) and Abscisic acid stress ripening (ASR), which
are also known TFs associated with aluminum response
[17, 20, 67–69], no significant expression alterations were
revealed by us in flax under aluminum stress. Thus, it can
be suggested that Agamous-like MADS-box protein AGL62
and NAC domain-containing protein 100 are the leading TFs
involved in Al tolerance in flax via regulation of plant growth
and development.

Besides TFs, we observedmore pronounced upregulation
of genes encoding polygalacturonase, cellulose synthase,
pectinesterase, beta-glucosidase, and GDSL esterase in resis-
tant to aluminum flax cultivars compared to sensitive ones.

These enzymes are involved in cell wall metabolism, which
plays important role in plant response to heavy metals and
other abiotic stresses [70]. Modification of cell wall and
changes in binding properties of the apoplast are known
to contribute to Al tolerance in plants [70, 71]. In flax,
upregulation of genes encoding cell wall-related proteins
was observed in resistant genotypes; therefore, cell wall
modification could be one of themechanisms of flax tolerance
to Al ions.

In the top of the list of transcripts that were differentially
expressed between resistant and sensitive genotypes (S8
Table), we also observed peroxidase and ABC transporter-
encoding genes, whose role in plant tolerance to aluminum
stress is known [20]. Peroxidases are involved in detoxifica-
tion of ROS and their overexpression in some plant species is
associated with Al tolerance [20]. Moreover, overexpression
of Arabidopsis peroxidase in tobacco plants improved their
tolerance to aluminum [72]. At the same time, peroxidase
expression was decreased under aluminum treatment in
Camellia sinensis [73]. In wheat, peroxidase expression was
induced by Al stress; however, their activity was lower in
resistant genotypes compared to sensitive ones [74, 75],
while in chickpea, peroxidase activity was almost similar
in tolerant and sensitive genotypes [76]. In our study on
flax, for TR33816|c0 g1 transcript encoding peroxidase 5,
a significant expression decrease was revealed in resistant
genotypes (log𝐹𝐶 was equal to -1.7 for both Hermes and
TMP1919), while slight decrease or retention was identified
in sensitive ones (log𝐹𝐶 = −0.2 for Lira and log𝐹𝐶 =
−0.5 for Orshanskiy). The role of ABC transporters in plant
response to aluminum stress is well characterized [8, 77–81].
In flax, ABC transporter-encoding transcript TR4576|c0 g2
had diverse expression changes between resistant and sen-
sitive to aluminum genotypes: strong expression decrease
was revealed in resistant cultivars (log𝐹𝐶 was equal to -
1.7 and -1.2 for Hermes and TMP1919, respectively) and
slight expression decrease was observed in sensitive ones
(log𝐹𝐶 = −0.3 for Lira and log𝐹𝐶 = −0.4 for Orshanskiy).
For ABC transporter, we did not find associations of flax
tolerance to Al with high expression levels of transcripts both
under stress and control conditions. Considering the fact that
expression of aluminum tolerance genes is usually higher
in resistant genotypes and often increased by Al treatment
[8], we suggested that peroxidase- and ABC transporter-
encoding genes are not the aluminum tolerance gene in
flax.

The scoring for identification of differentially expressed
genes in resistant genotypes compared to sensitive ones under
Al3+ exposure was shown to be the promising tool for revela-
tion flax genes that are involved in tolerance to aluminum.
Obtained results allowed us to suggest that some genes
(including STOP1-, ASR-, peroxidase-, and ABC transporter-
encoding ones), whose role in aluminum response was
revealed for several plant species, do not play the key role in
flax tolerance to the stress. At the same time, MADS-box and
NACTFs, which regulate plant growth and development, and
the enzymes that are involved in cell wall modifications are
likely important for flax tolerance to aluminum.
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Figure 2: Expression patterns for genes participating in water transmembrane transporter activity (GO 0005372) in flax cultivars Lira,
Orshanskiy, Hermes, and TMP1919 under control conditions and aluminum exposure. The heatmap represents Z-scores of normalized
read counts per million (CPM) for each gene: from blue (low expression level) to orange (high expression level). Row names show top BLAST
hits of the assembled gene transcripts.

3.3. GO Analysis and Gene Expression Profiles. For deeper
understanding of the mechanisms of flax response to alu-
minum, we performed GO enrichment analysis to identify
the processes in which genes with significant expression
alterations under Al3+ exposure are involved. Overrepre-
sented GO terms were assessed for top lists (tops) of up-
and downregulated genes in flax plants under aluminum
exposure. Tops of 50, 100, 300, and more than 300 differ-
entially expressed genes (maximum number of genes was
limited by the statistical significance of expression alterations
corresponding to p-value < 0.05 in S1, S2, and S3 Tables)
were used in the analysis. For the pool of all studied
cultivars, overrepresented GO terms for the tops of 50 and
100 upregulated genes were related to circadian rhythm,
multicellular organismal movement, and potassium: sodium
symporter activity, while for the top of 300 upregulated genes,
transferase activity had also appeared (S9 Table). For all
the tops of downregulated genes for the pool of all studied

genotypes, GO terms related to channel activity and transport
were themost abundant. Heatmap for “water transmembrane
transporter activity” GO term is presented in Figure 2 as an
example. In the pool of sensitive to aluminum flax genotypes,
we identified less number of significantly overrepresentedGO
terms compared to the pool of resistant ones for the tops
of upregulated genes (S10 and S11 Tables). These GO terms
were associated with apoplast, rhythmic processes, peptidase
and oxidoreductase activities. In resistant cultivars, over-
represented GO terms included oxidoreductase activity and
rhythmic processes too, but unlike sensitive genotypes, GO
terms related to glutathione metabolism, glucosyltransferase
activity, and response to stimulus were also overrepresented.

We also performedGO analysis for individual cultivars to
evaluate the similarity in response to aluminum of genotypes
of the same tolerance group (S12, S13, S14, and S15 Tables).
For the top of 50 upregulated genes, glutathione transferase
activity term was overrepresented in both resistant cultivars
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Figure 3: Expression alterations in flax plants under aluminum
exposure in Lira, Orshanskiy, Hermes, and TMP1919 cultivars
for genes involved in oxidoreductase activity (GO 0016491).
Each heatmap row corresponds to one gene (total 21 000 genes).
Color scale represents the binary logarithm of expression level fold
change (aluminumexposure/control conditions) from -2 (i.e., 4-fold
downregulation, blue) to +2 (4-fold upregulation, red).

(Hermes and TMP1919). However, for TMP1919, unlike Her-
mes, oxidoreductase activity term was also overrepresented
and, in this, it was similar to sensitive cultivar Orshanskiy.
When the top of 300 upregulated genes was used for analysis,
much more GO terms were overrepresented. Glutathione
transferase activity was in the top of the list not only in
resistant genotypes but also in sensitive cultivar Orshanskiy,
while oxidoreductase activity termwas overrepresented in all
studied genotypes. Gene expression profiles of particular GO
terms had no relation to the degree of tolerance to aluminum.
For example, expression alterations of genes related to oxi-
doreductase activity were more similar for pairs of cultivars
TMP1919/Lira and Hermes/Orshanskiy (Figure 3).

GO enrichment analysis allowed us to reveal biological
processes that are the most affected by aluminum stress in
flax. Summarizing the results of this analysis, it could be con-
cluded that Al3+ exposure had negative effects on transmem-
brane transport in flax. It is not surprising since aluminum
disturbs ion transport in plants [19]. It is known that oxidase

overexpression confers aluminum tolerance of plants [82, 83]
and genes related to oxidoreductase activity GO term were
upregulated in response to aluminum in flax. For glutathione
transferase activity GO term, alterations in gene expression
were more pronounced in resistant cultivars. Their role in Al
response was discussed in our previous study [42].

To reveal coexpression gene networks in flax under
aluminum stress, weighted gene coexpression network anal-
ysis (WGCNA) was performed for 8986 genes with CPM
more than 20 in 6 or more samples. We identified 23
clusters (modules) of coexpressed genes based on similarity
in gene expression (S16 Figure). Modules included from
46 to 1831 genes: module 1 was formed by 1831 genes
enriched for RNA metabolic process and proton antiporter
activity; module 2—organelle membrane and oxidation-
reduction process; 3—ribosome and macromolecule biosyn-
thetic process; 6—transporter activity and rhythmic pro-
cess; 7—regulation of cellular process and macromolecule
biosynthesis; 8—phosphorus metabolic process, ion binding,
and oxidation-reduction process; 9—nucleolus, ribosome,
and RNAmetabolic process; 13—mitochondrial part; 14—ion
transport; 16—lipid metabolic processes. Genes from the
same module are probably coregulated, and the processes, in
which they are involved, may be related to each other. For
other modules, we did not reveal significant enrichment in
genes of particular GO terms.

4. Conclusions

We analyzed transcriptomes of flax cultivars with diverse
tolerance to aluminum under control conditions and Al
stress and identified genes that were significantly up- or
downregulated. A number of genes whose expression alter-
ations differed between resistant and sensitive cultivars were
revealed, including those encodingMADS-box andNACTFs
and cell wall biogenesis related enzymes, suggesting them
to be involved in aluminum tolerance in flax. These results
indicate that, for flax, the internal tolerance to aluminum via
reduction of Al ions toxicity is inherited. GO enrichment
analysis led to the identification of processes that are affected
by aluminum in both resistant and sensitive flax genotypes.
The genotype effect on the response to Al3+ exposure was
strong enough; although resistant and sensitive cultivars had
diverse gene expression changes under the stress, significant
impact of a particular genotype on stress response was also
observed. Understanding the mechanisms of flax response
to Al and identification of tolerance genes is the basis for
the development of improved cultivars which will retain high
productivity on acid soils that ismore preferable strategy than
liming the soils.

Data Availability

Sequencing data used to support the findings of this study
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downloaded from the following link: http://194.226.21.15/.
Flax.Aluminium/. Gene expression data used to support the

http://194.226.21.15/Flax.Aluminium/
http://194.226.21.15/Flax.Aluminium/


8 BioMed Research International

findings of this study are included in the Supplementary
Files.

Conflicts of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as potential conflicts of interest.

Authors’ Contributions

George S. Krasnov, Alexey A. Dmitriev, and Alexander V.
Zyablitsin contributed equally to this work.

Acknowledgments

The authors thank All-Russian Research Institute for Flax
for the selection and provision of characterized plant mate-
rial. This work was performed using the equipment of
“Genome” Center of Engelhardt Institute of Molecular Biol-
ogy (http://www.eimb.ru/rus/ckp/ccu genome ce.php). This
work was financially supported by the Russian Science
Foundation [Grant number 16-16-00114].

Supplementary Materials

S1 Table. Gene expression alterations in all analyzed flax
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genotypes under aluminum stress. S4 Table. Gene expression
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cultivar TMP1919 under aluminum stress. S6 Table. Gene
expression alterations in sensitive flax cultivar Lira under
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S15 Table. GO enrichment analysis for tops of up- and
downregulated genes in sensitive flax cultivar Orshanskiy
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weighted gene coexpression network analysis (WGCNA) for

flax under aluminum stress. Symbols in Supplementary
Tables: Gene-gene identifier (generated by Trinity). Tran-
script lengths: comma-separated lengths of all predicted
transcripts. Blast symbol: gene symbol of top BLAST hit(s).
Blast name: gene name of top BLAST hit(s). Blast species:
organism to which top BLAST hit(s) belongs. KEGGOrthol-
ogy: KEGG BRITE gene/protein identifier (pan-organismal)
of the top BLAST hit. KEGGA.Thaliana: KEGG gene/protein
identifier (𝐴𝑟𝑎𝑏𝑖𝑑𝑜𝑝𝑠𝑖𝑠 𝑡ℎ𝑎𝑙𝑖𝑎𝑛𝑎) of the top BLAST hit. Gene
Ontology: Gene Ontology annotation of the top BLAST
hit. logFC: binary logarithm of gene expression level fold
change between intact and Al-treated plants (an average
across all four cultivars). logCPM: binary logarithm of read
counts per million (average across all the samples). LR:
likelihood ratio from edgeR’s likelihood ratio test (LRT).
PValue: LRT p-value. FDR: adjusted LRT p-value. Hermes-
C: CPM (Hermes, control). Hermes-Al4: CPM (Hermes, Al-
treated for 4 hours). TMP-C: CPM (TMP1919, control). TMP-
Al4: CPM (TMP1919, Al-treated for 4 hours). Lira-C: read
counts per million (CPM) per gene (Lira, control). Lira-
Al4: CPM (Lira, Al-treated for 4 hours). Orshanskiy-C: CPM
(Orshanskiy, control). Orshanskiy-Al4: CPM (Orshanskiy,
Al-treated for 4 hours). (Supplementary Materials)
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[62] G. M. A. Cançado, F. T. S. Nogueira, S. R. Camargo, R. D.
Drummond, R. A. Jorge, and M. Menossi, “Gene expression
profiling in maize roots under aluminum stress,” Biologia
Plantarum, vol. 52, no. 3, pp. 475–485, 2008.
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Rosaceae is one of the important families possessing a variety of diversified plant species. It includes many economically valuable
crops that provide nutritional and health benefits for the human.Whole genome sequences of valuable crop plants were released in
recent years. Understanding of genomics helps to decipher the plant physiology and developmental process. With the information
of cultivating species and its wild relative genomes, genome sequence-basedmolecular markers andmapping loci for economically
important traits can be used to accelerate the genome assisted breeding. Identification and characterization of disease resistant
capacities and abiotic stress tolerance related genes are feasible to study across species with genome information. Further breeding
studies based on the identification of gene loci for aesthetic values, flowering molecular circuit controls, fruit firmness, nonacid
fruits, etc. is required for producing new cultivars with valuable traits. This review discusses the whole genome sequencing reports
ofMalus, Pyrus, Fragaria, Prunus, and Rosa and status of functional genomics of representative traits in individual crops.

1. Introduction

Rosaceae consists of 100 genera and 3,000 species. It is one
of the most economically important families which com-
prised the fruit, nut, ornamental, aroma, herb, and woody
plants. Edible crops domesticated for human consumption
in Rosaceae include apple, strawberry, pear, peach, plum,
almond, raspberry, sour cherry, and sweet cherry. Though
most of the choices are dietary based, some of the vital
phytochemicals and antioxidants in fruits of Rosaceae have
potential to inhibit cancer. For instance, ellagic acid abundant
in strawberry, red raspberry, and arctic bramble was shown to
prevent cell proliferation and induce apoptosis of cancer cells
[1, 2].

Rosaceae consist of highly distinctive fruit types such as
drupe, pome, drupelet, and achene. Conventionally, Rosaceae
has beendivided into four subfamilies based on the fruit types
such as Rosoideae (several apocarpous pistils mature into
achenes), Amygdaloideae/Prunoideae (single monocarpel-
late pistil mature into a drupe), Spiraeaoideae, (gynoecium
consists of two or more apocarpous pistils mature into
follicles), andMaloideae/Pomoideae (ovary is compound and

inferior where floral receptacle is fleshy edible tissues) [3].
Recently, the phylogeny of Rosaceae has been divided into
three basal groups based on nuclear and chloroplast loci,
namely, Amygdaloideae, Rosoideae, and Dryadoideae [1].
Amygdaloideae has included the other subfamilies such as
former Amygdaloideae (n=8) (plum, cherry, apricot peach,
almond, etc.), Spiraeaoideae (n=9) (Spiraea, Aruncus, Sor-
baria, etc.), and Maloideae (n=17) (apple, pear, cotoneaster,
etc.). Rosoideae (n=7) includes Fragaria,Potentilla, Rosa, and
Rubus. Dryadoideae (n=9) includes Cercocarpus, Chamaeba-
tia, Dryas, and Purshia.

Exhaustive breeding on fruit trees offered different types
of variety with variant alleles of genes controlling the key
traits. To produce the sustainable cultivars we need to
extend functional genomics studies in Rosaceae. As Rosaceae
consists of highly distinctive types of fruits and diversified
growth patterns, multiple genome models are required to
improve the agronomic practices, produce high-yield and
disease resistance varieties, overcome self-incompatibility,
and reduce juvenile period, long-lasting postharvest self-life,
tolerant to chilling (storage), firmness against transportation
damage, and higher nutritional content and health benefit
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values. An emergence of next-generation sequencing (NGS)
technologies revolutionize biological field with its feasibility
to assemble and annotate any size and number of the
genome(s) [4]. High-throughput genome sequencing offers
the substantial advantages for the explicit understanding
of genetics and genomics [5]. Recent breakthrough in the
sequencing technologies and the availability of tools improve
the accuracy of de novo genome sequencing. Unveiling the
genome information gives us an invaluable insight into the
epigenetic characteristics [6]. Genes responsible for traits
of agronomic importance are rapidly identified and char-
acterized with the forward and reverse genetics studies on
many plants [4]. Genome-wide association studies (GWAS)
characterize the functional role(s) of gene [5]. Genotyping-
by-sequencing (GBS) and marker assisted selection (MAS)
helps the precise breeding program [4]. Genomics provides
huge amount of information in convenient manner for evo-
lutional studies. Comparative analysis among diverse plant
families helps to know about the evolutionary details of the
gene(s)/plant(s) [7]. Candidate gene mapping in one species
serves as a substrate for comparative analysis of other related
species [5].

Therefore, this review will cover the progress of NGS of
important commercial and model plants in Rosaceae such
as apple, pear, strawberry, peach, sweet cherry, apricot, and
rose. Brief information about the functional genomics studies
conducted on critical key traits of the above-mentioned
plants are also covered in this review.

2. Genome Assembly and Annotation

Genome-scale study gives rich candidate genetic resource
to deciphering the functional and regulatory networks for
growth and development. NGS is the perfect platform
to know about the genomic information which has wide
application in crop improvement and evolutionary studies.
Genome sequencing details of apple, pear, strawberry, peach,
and rose have been given in Table 1. Desirable key traits will
be discussed in functional genomics section.

2.1. Apple. Apple fruit has higher nutritional values. For
several centuries, humans consumed apple-based beverages
such as ciders [8]. Malus x domestica or M. pumila is the
widely growing apple tree. Ancestor of domesticated M.
domestica is M. sieversii. It is originated in Central Asia
(Southern China). Wild M. pumila tree bearing smaller
sized fruits is still covered 80% of Tian Shan Mountains.
Microsatellite markers study showed that M. domestica is
genetically similar to European crabapple M. sylvestris than
to the Asian wild appleM. sieversii [9, 10].

So far three genomes have been released in apple. Firstly,
Velasco et al. (2010) covered 81.3% (603.9Mb) of M x
domestica Borkh “Golden Delicious” genome. In that, 57,386
geneswere identified. Almost 67.4% ofM x domestica genome
consists of repetitive sequences [11]. Secondly, Li et al. (2016)
covered about 90% (632.4Mb) of M. x domestica Borkh
“Golden Delicious” genome. A total number of identified
protein-coding and noncoding genes were 53,922 and 2,765,
respectively [12]. Thirdly, Daccord et al. (2017) assembled

genome ofM x domestica Borkh “Golden Delicious doubled-
haploid” line (GDDH13). Estimated genome size of GDDH13
is 651Mb, from which 649.7Mb (99.8%) was assembled.
However, only 42,140 protein-coding genes and 1,965 non-
protein coding genes were identified in GDDH13 genome
[6]. Major burst of transposable elements (TEs) happening
around 21MYAwas correlatedwith the uplift of theTian Shan
mountains as well as the diversification of apple and pear
[11]. Study on structural and functional evolution of genome
cannot be completed without characterizing the TEs. Around
59.5% of the GDDH13 genome was covered with the TE
elements. Most interestingly, HODOR (High-Copy Golden
Delicious repeat), TE consensus sequences are present at
about 22.3 Mb (3.6% of genome) [6].

2.2. Pear. Pear is one of the most important temperate fruit.
It is originated in Western China. In spite of thousands of
cultivars, based on the habituation, Pyrus species are divided
into two major groups such as Occidental pears or European
pears (P. communis) and Oriental pears or Asiatic pears
(P. bretschneideri) [13]. Nevertheless commercially important
cultivars were domesticated from the wide range of wild
species; still pear cultivation faces challenges such as suscepti-
bility to the pear scab, black spot disease, self-incompatibility,
early ripening, short shelf life, firmness, sucrose content,
grit/stone cells, color and odor of fruit, and inbreeding
depression [14].

Recently 97.1% of P. bretschneideri Rehd. (Chinese pear)
genome, i.e., 512.0Mb (42,812 genes), has been annotated
by Wu et al. [15]. Following it, 577.3Mb of P. communis
(European pear) was sequenced. It covered around 98.4% of
genome containing 43,419 genes [16]. Pear is phylogenetically
closer towards the apple [1]. Hence higher collinearity was
existed between the chromosomes of pear and apple. Pear
and apple divergence could have happened only 5.4-21.5
MYA [15]. Presence of repetitive sequence about 53.1% in P.
bretschneideri [15] and 34.5% in P. communis [16] hampered
the investigation of uncharacterized regions.

2.3. Strawberry. Strawberry comes under the category of
soft fruit. It is widely attracted for its aroma, bright red
color, texture, and taste. Preserved/processed strawberries are
largely used for ice creams, milkshakes, chocolates, etc. It is
considered to be difficult to propagate.

2.3.1. Fragaria vesca. Fragaria vesca is a diploid species
generally called woodland strawberry. It has unique char-
acteristics such as day neutrality, nonrunning, and yellow
colored fruits. It is self-compatible and has short generation
time. It is indigenous to northern Eurasia andNorth America
[17].

Small genome (240.0Mb) of strawberry (Fragaria vesca
“Hawaai4”) showed the absence of whole genome duplica-
tions. Though all members of rosids shared the ancient tripli-
cation, no evidence of whole genome duplication was found
in F. vesca. About 99.8% (239.5Mb) of genome was covered
with identification of 33,264 genes [17]. Later, Darwish et al.
done the reference based reannotation and assembly of wood-
land strawberry F. vesca “YW5AF7” genome [18]. Similar
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to the macrosyntenic relationships between pear and apple,
Fragaria shared the synteny with Prunus. Lesser genome size
of F. vesca could be mainly due to the lack of highly abundant
LTR retrotransposons (< 2,100 copies). Based on the obtained
genome sequences, 389 rosaceous conserved orthologous set
(RosCOS) markers were developed in Rosaceae [19].

2.3.2. Fragaria x ananassa. F. x ananassa is commonly
cultivated species that play an important role in the straw-
berry production worldwide. Interestingly, F. x ananassa was
reported as an accidental hybrid rose in France during mid-
1700 between F. chiloensis (Chile) and F. virginiana (North
American cultivar) [17].

Genome size of this octoploid species F. x ananassa
was estimated between 708Mb and 720Mb. F. x ananassa
shared the genome information with wild diploids such as
F. iinumae, F. nipponica, F. nubicola, and F. orientalis and
their genome size is 221Mb, 208Mb, 202Mb, and 349.3Mb,
respectively.The octaploid genome, F. x ananassa,was assem-
bled about 697.7Mb, and its wild relatives are as follows: F.
iinumae 199.6 Mb (90.3%), F. nipponica 206.4Mb (99.2%), F.
nubicola 203.6Mb, and F. orientalis 214.2 Mb (61.3%) [20].
In total, the number of genes identified from F. x ananassa
was 230,838. Protein-coding genes identified in wild relatives
are 76,760 in F. iinumae, 87,803 in F. nipponica, 85,062 in
F. nubicola, and 99674 in F. orientalis. About 47.1% (328.2
Mb) of F. x ananassa genome consists of repeats. In case of
wild relatives, 31.7% (63.3Mb) in F. iinumae, 25.5% (52.6Mb)
in F. nipponica, 24.5% (49.9Mb) in F. nubicola, and 26.3%
(56.2Mb) in F. orientalis are repeat regions in genome [20].

2.4. Prunus. Prunus fruit has attractive bright shiny skin
color, subtle flavor, and sweetness. It has long generation time
and bigger plant size. It needs 3-5 years for flowering/fruit
production from planting. Processed cherry product is sold
worldwide.

2.4.1. Chinese Plum and Japanese Apricot (Prunus mume).
Prunus mume is the first plant in Prunoideae subfamily
to be sequenced. Domestication of P. mume could have
started 3,000 years ago in China [21]. This woody perennial
is considered as the first tree to be bloomed during the
transition from winter to spring at lesser than 0∘C [22].

Out of 280Mb of the genome size, 237.0Mb (84.6%)
was sequenced. Totally 31,390 protein-coding genes were
characterized in the P. mume. Genome of P. mume pro-
vides information about the 1,154 candidate genes involved
in flower aroma, flowering time, and disease resistance.
Assembled genome contains 106.8Mb (45.0%) of repetitive
sequences. Investigation of P. mume genome with the Vitis
vinifera, paleohexaploid ancestor showed that 27,819 gene
models aligned with its seven ancestral chromosomes. It is
noteworthy that 2,772 orthologs’ (78.1%) collinearity blocks
were present in the P. mume genome (Table 1). Comparative
analysis of P. mume chromosome with the Rosaceae ancestral
chromosome showed that 4, 5, and 7 chromosomes of P.
mume does not undergo any changes and they are direct
Rosaceae ancient chromosomes such as III, VII, and VI,
respectively [23].

2.4.2. Peach (Prunus persica). Peach is one of great fruit
that provides vitamins, minerals, fiber, and antioxidant com-
pounds. Peach fruit is also called nectarine due to smooth
skin without fuzz or short hairs. Selection and domestication
of peach could have started in Yangzi River valley, China,
around 7,500 years ago [24].

Whole genome analysis of P. persica L. “Lovell” covered
224.6Mb (84.7%) of genome (estimated total size 265Mb)
and represented 27,852 protein-coding genes. Repetitive
sequences present in peach were estimated as 84.41Mb
(37.14%) which is lesser than the apple (42.4%) and grape
(44.5%). 67.26Mb (29.60%), 20.56 Mb (9.05%), and 17.14Mb
(7.54%) appeared as TEs, DNA transposons, and unclassified
repeats, respectively [25]. Recently, P. persica “Lovell” double
haploid genome version 2.0 was released with deep rese-
quencing approach. Assembled genome of 227.4Mb (85.8%)
contains 26,873 genes [26].

2.4.3. Sweet Cherry (Prunus avium). Prunus avium generally
called sweet cherry is an important drupe fruit in the Rosacea
family. Sweet cherry is used for human consumption andwild
cherry trees for wood which is also called mazzards. Sweet
cherry and sour cherry are the most commercial and edible
crops in Prunus genus [27].

Genome size of P. avium is about approximately 350Mb.
Shirasawa et al. (2017) assembled about 77.8% (272.4Mb) of
the P. avium “Satonishiki”. About 43.8% (119.4Mb) of the P.
avium genome were covered with the repetitive sequences.
Among the 119.4Mb of repeats, 85.1Mb of repeats are unique
to P. avium “Satonishiki”. Identified genes clustered with the
P. persica, P. mume, M. domestica, and F. vesca. 75,627 genes
clusters are formed. 3,459 clusters (4,535 genes) fromP. avium
are present in all the investigated species and 16,151 clusters
(21,642 genes) were found only in the P. avium with the
absence of 869 clusters [28].

2.5. Rose. Roses are one of the most essential ornamental
plants worldwide. Ornamental value of rose enjoyed since
the dawn of civilization. Cultivation of roses traced back to
3000 years ago. It consists of 200 species and most of them
are polyploid. It has also been cultivated for its cosmetic
values such as perfumes and antiques and also some of the
phytochemicals of roses have high therapeutic values. Rose
hips can be used to cure osteoarthritis [29].

2.5.1. Rosa chinensis. Rosa chinensis is one of the important
pot-type rose cultivars. Recently, Raymond et al. (2018)
sequenced the whole genome of R. chinensis “Old Blush”
and resequenced the major genotypes contributed for rose
domestication. Totally, 503Mb (97.7%) of the genome was
assembled. Genome results comprised 36,377 protein-coding
genes, 3,971 long noncoding RNAs, and 207 miRNAs. In the
genome TEs were present about 67.9%. From that, 50.6%
were identified as long-terminal-repeat retrotransposons
[30]. From the doubled-haploid rose line of R. chinensis
“Old Blush” (“HapOB”) about 90.1 to 96.1% (512Mb) of
genomewas assembled. About 466 Mbwas anchored to seven
pseudo-chromosomes and the remaining were assigned
to the chromosome 0 (Chr0). Totally 44,481 genes were
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identified including 39,669 protein-coding and 4,812 noncod-
ing genes. Repeats covered about 279.6Mb of genome [31].
Rosa and Fragaria genomes shared the eight chromosomes
of ancestral Rosaceae with one chromosome fission and two
fusions. Divergence of Rosa, Fragaria, and Rubus could have
occurred within a short period [30]. Synteny analysis showed
that chromosomes 1, 4, 5, 6, and 7 of R. chinensis have
higher collinearity with chromosomes 7, 4, 3, 2, and 5 of F.
vesca. Interestingly, chromosomes 2 and 3 of R. chinensiswere
detected as reciprocal translocation with chromosomes 6 and
1 of F. vesca [31].

2.5.2. Rosa multiflora. Rosa multiflora is a five-petal plant
belongs to the section Synstylae. It is native to the eastern
Asian regions [32]. R. multiflora was used for breeding
purpose to the modern roses. Especially, its resistance locus
(Rdr1), tolerance against powdery mildew was introgressed
with the R. hybrida [33].

Genome size of R. multiflora was estimated as 750Mb
and about 711Mb was sequenced. Assembled genome was
characterized with 67,380 genes (54,893 complete genes
and 12,487 partial genes). Repeat regions covered 56.4%
(417.2Mb) of assembled genome. Out of 18,956 gene clusters
in R. multiflora 1,287, 904, and 241 clusters were shared with
the F. vesca, P. persica, and M x domestica, respectively. R.
multiflora shared more number of gene clusters with the
F. vesca than the other two plants of Rosaceae. However,
unique gene clusters and genes of R. multiflora are 2.5 (3,482
of R. multiflora and 1,397 of F. vesca) and 3.3 (14,663 of R.
multiflora and 4,482 of F. vesca) times higher than the F. vesca,
respectively [34].

3. Functional Genomics

3.1. Fruit Development and Sucrose Metabolism in Apple.
Pome is a unique nature of false fruit formation from the
basal part of sepals and receptacles. Velasco et al. (2010)
suggest that pome could have evolved recently from Maleae
specific WGD which could be a major factor contributing to
apple development and its specificity [11]. Genes encoding
for like-hetero chromatin protein 1 (LHP1) such asMdLHP1a
and MdLHP1b regulate the flowering time of apple [35].
Flowering locus T1 (MdFT1) can promote flowering whereas
terminal flower (MdTFL1 and MdTFL2) expressed in the
vegetative part could repress flowering and maintains the
vegetative meristem identity [36]. Soon after fertilization,
higher expression of two cyclin-dependent kinase (CDK)b
genes and one cyclin-dependent kinase regulatory subunit
(CKS) 1 indicates the active cell division of fruits [37]. Tran-
scription factors such asAgamous (AG), Fruitfull (FUL), AG-
like (AGL)1/AGL5, Spatula (SPT), Crabs Claw (CRC), and
Ettin (ETT) regulate the carpel identity and differentiation
[38]. Microarray data on apple reported that SPT, ETT/Auxin
Response Factor (ARF) 3, FUL/AGL8, and CRC transcripts
were abundant during the fruit enlargement stage. However,
most of their expressions are downregulated in cell division
stage [39]. In apple, fruit development-related gene families
such asMADS-box genes, carbohydrate metabolism, sorbitol
assimilation, and transportation were expanded more than

the cucumber, soybean, poplar, A. thaliana, grape, rice,
Brachypodium, sorghum, and maize [11]. Expression of 𝛼-
expansin (𝛼-EXP)was detected only during the cell expansion
phase of apple [39]. MdMADS2.1 and MdMADS2.2, orthol-
ogous to FUL-like genes in A. thaliana, were progressively
involved in the fruit developmental process. Among two
candidate genes, MdMADS2.1 was closely associated with
fruit flesh firmness [40]. ARF106 gene expressed during
cell division and cell expansion stages is consistent with a
potential role in the control of fruit size [41]. Methylation of
DNAplays an essential role in the fruit size [12]. Comparative
study between the bigger size apple (Golden Delicious) and
smaller size apple (GDDH18) showed that twenty-two genes
found as responsible for small size have lesser methylation in
the promoter region [6].

After pollination, the small amount of starch present in
the floral buds starts to metabolize. Conversion of carbon
to sucrose was mediated by the tonoplast monosaccharide
transporters (TMTs), MdTMT1 and MdTMT2. Expansion of
fruit cells is associated with the starch accumulation. Higher
expression of sorbitol dehydrogenase (SHD), cell wall invertase
(CIN), neutral invertase (NIN), sucrose synthase (SS), fruc-
tokinase (FRK), and hexokinase (HK) indicates the metabo-
lization of sorbitol and sucrose [42]. In the early period of
cell expansion, starch accumulation was higher, and it starts
to decline in the later phase [11]. Transcript of SS genes in
apple is correlated with the starch accumulation [39]. Sorbitol
dehydrogenase (SDH) converts carbohydrate into fructose.
Nine SDH genes were identified in apple fruit [43]. In young
fruit, MdSDH1 expression was higher than in mature fruit
[42]. Other genes significantly upregulated during ripening
stage are isopentenyl pyrophosphate (IPP) isomerase, catalase
(CAT), histone 2B (H2B), and the ripening-inhibitor (RIN)
MADS-box gene [39]. During the ripening process, a decrease
of starch synthesis is vice versa with the sugar level [44].
Expression profiles of sucrose-phosphatase phosphatase (SPP)
and sucrose-phosphate synthase (SPS) were active in the ripen-
ing stage [42], suggesting that these enzymesmay be involved
in starch degradation pathway. Polygalacturonase 1 (MdPG1)
and aminocyclopropane-1-carboxylate oxidase (MdACO1)
were involved in the fruit softening and ethylene biosynthesis
in apple, respectively [45]. Decrease in the expression of
PG1 alters the firmness, tensile strength, and water loss in
apple M x domestica fruit [46]. Meanwhile,MdFT1,MdACS1
(1-aminocyclopropane-1-carboxylic acid synthase), MdACO1,
and MdExp7 are regulating the fruit softening. Among
them, MdExp7 and MdACO1 control firmness in apple [45].
Gene coding for MYB TF in apple, MdMyb1, increases the
anthocyanin content and is responsible for the red skin color
[47]. Acidity in apple is due to the malic acid, and mama
recessive gene is responsible for low acidity [48].

In apple, fruit size, sugar content, and palatability are
essential qualities determining its marketability. Knowledge
of genes governing the fruit quality could be essential for
screening better lines/genotypes for breeding.

3.2. Lignin Metabolism and Stone Cell Formation in Pear.
Stone cell content is the main quality determinant of pear
fruit. Deposition of lignin on the primary cell wall of
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Figure 1: Simple heuristic representation of genes/transcription factors involved in lignin synthesis and stone cell formation in pear
fruit. Pb, Pyrus bretschneideri; hydroxycinnamoyl transferase, HCT; p-coumaroyl-shikimate/quinate 3-hydroxylases, C3H; caffeoyl-CoA O-
methyltransferase, CCOMT; NAM, ATAF1/2, and CUC2, NAC; Lin11/Isl1/Mec3, LIM; myeloblastosis, MYB; cinnamyl alcohol dehydrogenase,
CAD; and cinnamoyl-CoA reductase, CCR. Red colored dots represent the stone cells.

parenchyma cell followed by the secondary sedimentation on
a sclerenchyma cell forms the stone cells. Majority of stone
cells present in pear is branchy sclereids comprised lignin and
cellulose. Lignins are synthesized by twoways, one starts with
p-coumaric acid and second with phenylalanine precursor
to cinnamic acid and then p-coumaric acid. Other forms of
lignin monomers are caffeic acid, ferulic acid, 5-hydroxy-
ferulic acid, and sinapinic acid [49–51]. Finally,monomers are
polymerized to form lignin products. Monomers of lignin are
categorized into three types, syringly lignin (S-lignin), guaia-
cyl lignin (G-lignin), and hydroxyphenyl lignin (H-lignin).
From the gnome analysis, a total of 66 lignin synthesis-
related gene families were characterized in P. bretschneideri.
It signifies the high demand for lignin synthesis in pear [15].
In “Dangshan Su” pulp, milled wood lignin was identified
as guaiacyl-syringyl-lignin. It was observed that “Dangshan
Su” lignin possesses more guaiacyl units than the syringyl
units [49]. Hydroxycinnamoyl transferases (HCT) play a
significant role in the lignin synthesis [52]. Accumulation of
G-lignin and S-lignin is interrelated with theHCT expression
especially at early fruit developmental stage [15].

Cinnamoyl-CoA reductase (CCR) and cinnamyl alco-
hol dehydrogenase (CAD), belonging to medium-or-short-
chain dehydrogenase/reductase, are key enzymes for lignin
monomer synthesis [53]. Totally 31 CCRs and 26 CADs
genes were identified in P. bretschneideri “Dangshan Su”. All
members of CCR and CAD identified in P. bretschneideri are
not involved in the lignin biosynthesis [54]. Among them,

PbCAD2, PbCCR1, PbCCR2, and PbCCR3 were identified to
participate in the lignin synthesis of stone cells [15]. NAC
(NAM, ATAF1/2, and CUC2) and LIM (Lin11/Isl1/Mec3) are
an important TF influencing the lignin pathway [55, 56].Most
of theCCR andCADmembers present in the pear possess SPL
(squamosal promoter binding-like) light-responsive element
on their upstream. Functions of PbCCR and PbCAD are
related to the light signaling. Presence of MYB-binding AC
cis elements in some promoter of the PbCCRs suggested
that phenylpropanoid metabolism of lignin synthesis was
regulated by MYB transcription factors. Similarly, TGACG-
motif on some PbCCRs and all PbCAD’s promoter regions
revealed their involvement in the abscisic acid, jasmonic
acid, andmethyl jasmonic acidmetabolism [15].The pictorial
illustration of genes/TFs required for the lignin synthesis as
well as stone cell formation is mentioned in Figure 1.

There are many internal and external factors involved in
the stone cell formation of pear. Identification of candidate
genes of lignin biosynthesis and stone cell formation will
be very much useful to improve the cultural practices for
producing pear fruits with different palatable level of stone
cells.

3.3. Fruit Aroma and Softness in Strawberry. Strawberry is
widely appreciated for its delicate flavor, aroma, and nutri-
tional value. Aroma of strawberry is due to esters, alcohols,
aldehydes, and sulfur compounds. Hundreds of volatile esters
have been correlated with strawberry ripening and aroma
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[57]. Volatile esters are the major constituents of floral scent.
Wild species such as F. vesca and F. virginiana have much
stronger aroma than the cultivated types. Compared to the
regular octoploid strawberry, unique phenolic compounds
were found inF. vesca fruits, such as taxifolin 3-O-arabinoside
and peonidin 3-O-malonylglucoside [58]. Pinene synthase
(PINS) is primarily expressed in wild strawberry while
insertional mutation reduced its expression in cultivated
species. F. vesca contains high amounts of ethyl-acetate and
lower methyl-butyrate, ethyl-butyrate, and furanone levels. F.
nilgerrensis possesses higher ethyl-acetate and furanone but
lower methyl-butyrate and ethyl-butyrate. Hybrids between
F. vesca and F. ananassa have intermediate contents of fra-
grance and aroma related compounds while crosses between
F. nilgerrensis and F. ananassa more closely resemble F.
nilgerrensis [17]. Volatile compounds found to be responsible
for general strawberry smell are 2, 5-dimethyl-4-hydroxy-
3(2H)-furanone, linalool, and ethyl hexanoate. Nevertheless,
ethyl butanoate, methyl butanoate, 𝛾-decalactone, and 2-
heptanone are represented as cultivar specific aroma com-
pounds [59]. O-methyltransferase of strawberry (FaOMT) is
vital for the biosynthesis of vanillin and furaneol [60].Alcohol
acyltransferase (AATs) in strawberry (SAAT) is involved in
the last step of volatile esters synthesis and vital for flavor
biogenesis in ripening fruit. SAAT catalyzes esterification
of an acyl moiety from actyl-CoA to alcohol [61]. Straw-
berry quinone oxidoreductase (FaQR) is required for the
biosynthesis of furaneol. Furaneol and its methoxy derivative
(methoxyfuraneol and mesifuran) are catalyzed by OMT. All
three furaneol compounds are highly accumulated during
fruit ripening stage [62]. Though two types of pyruvate
decarboxylase (PDC) were identified in strawberry, only
FaPDC1 was induced during fruit ripening [63].

Strawberry is highly perishable even with controlled
atmospheric storage. Higher proportion of fruit last occurred
due to its softness and sensitivity to fungal disease. Red
colored strawberry showed the higher level of anthocyanin-
related transcripts [64]. FcMYB1 could regulate branching-
point of the anthocyanin/proanthocyanidin biosynthesis.
FaWRKY1 mediate defense response and FaPE1, encoded
for pectin methyl esterase, are conferred at least with a
partial resistance of ripened fruit against Botrytis cinerea
[65, 66]. Polygalacturonase 1 of F x ananassa (FaPG1) is
critical for fruit softening [67]. In strawberry fruits beta-
D-glucosyltransferase (FaGT) correlated with the relevant
phenylpropanoid glucosides [68].D-xylose reductase (FaXyl1)
and beta-xylosidase activity were higher in “Toyonaka” (soft)
than in the “Camarosa” (firm) showing the correlation
between FaXyl1 expression and fruit softening [69]. Fruit-
specific rhamnogalacturonate lyase 1 (FaRGLyase) is involved
in the firmness and postharvest life [70]. A lesser activity of
beta-galactosidase (𝛽Gal) and 𝛽Xyl activity were correlated
with decreased fruit firmness in F. chiloensis and F. ×
ananassa, respectively [71]. Expression of FaCCR is higher
in soft fruit cultivar (Gorella) whereas FaCAD is higher in
firm fruit cultivar (Holiday) [72]. Expression of five expansin
genes (FaEXP1, FaEXP2, FaEXP4, FaEXP5, and FaEXP6) was
studied in cultivars with different firmness “Selva” (hard),
“Camarosa” (medium), and “Toyonaka” (soft). Higher level

of FaEXP1, FaEXP2, and FaEXP5 expression was found
in fruit with less firmness (“Toyonaka”) than the other
two cultivars (“Selva” and “Camarosa”). Fruit firmness
is identified to be associated with pectate lyase (FaPel1)
identified. Expansin activity was characterized by cell wall
modification [73]. Polysaccharides were modified by five
different genes such as FasPG, FaPG-like, FaPel1, FaPel2, and
FaEXP2 [74]. Sorbitol dehydrogenase (FaSDH) and sorbitol-6-
phosphate dehydrogenase (FaS6PDH) genes are involved with
the sorbitol synthesis in leaves, fruits, and shoot tips [75].
SEPALLATA (SEP)4-like gene FaMADS9 is responsible for
the fruit ripening [76].

Apart from the aesthetic and taste, mechanisms of flower-
ing and its response to the light signaling in strawberry need
to be studied in detail. Cultivars with continuous flowering
and growing underminimal light energy are beneficial for the
strawberry growers as most of the commercial cultivation is
carried out in the controlled greenhouse.

3.4. Early Blooming and Fruit Ripening in Prunus. Prunus
is the first plant to bloom in later winter/early spring. So,
it is the best model plant to study early flowering as well
as chilling tolerance. Dehydrins are known as 2 or D-11
family late-embryogenesis-abundant (LEA) proteins. They
play a vital role in plant growth and cold tolerance [77]. In
P. mume, 30 LEA genes were characterized and classified
into eight groups LEA1, LEA2, LEA3, LEA4, LEA5, PvLEA18,
dehydrin, and seed maturation protein. Out of 30 identified
genes, 22 were expressed in flowers, and 19 were induced
by abscisic acid (ABA) treatments [78]. Molecular cloning
of PmLEA8, PmLEA10, PmLEA19, PmLEA20, and PmLEA29
showed that, except PmLEA8, all other genes enhanced
the freezing-tolerance. Interestingly, among all cold-resistant
LEA genemembers studied, only PmLEA19were upregulated
four timeswhen the branches of P.mumewere exposed to 4∘C
[79].Downregulation inP.mume dormancy associatedMADS
(PmDAM) 4, PmDAM5, and PmDAM6 expression releases
the endodormancy [80]. Among the six DAM genes, except
PmDAM3, all other genes are responsive to the photoperiod
and seasonal (cold) responses [81]. In P. persica from six iden-
tified DAM genes, PpDAM5 and PpDAM6 were character-
ized to be involved in the lateral bud dormancy breakage [82].
DAM5 and DAM6 were identified as homologous to Short
Vegetative Phase (SVP)/AGL 24 in A. thaliana. Both SVP
and AGL-24 are required for floral meristem identity [83].
AGL24 is well known for promoting early flowering and floral
transition in plants [58]. Transcriptome analysis between
cold sensitive (“Morettini”) and cold tolerant (“Royal Glory”)
cultivars in P. persica showed that 𝛽-D-xylosidase (BXL)
and pathogen-related protein 4b (PR-4B) were significantly
expressed only in resistant variety [84]. Other candidate
genes identified as required to control flowering time are
suppressor of phyA (SPA), COP1 interacting protein8 (CIP8),
phytochrome A (phyA), and phytochrome interacting factor 3
(PIF3) [85]. Figure 2 demonstrates the important key genes
involved in cold tolerance, early blooming, and flowering
time control of P. mume. Higher number of aesthetic prop-
erties related genes such as benzyl alcohol acetyltransferase
(BEAT) (34) are identified in P. mume. Only, 16 in Malus x
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Figure 2: Factors involved in the early blooming of Chinese plum/Japanese apricot. Prunus meme, Pm; late-embryogenesis-abundant, LEA;
dormancy associated MADS, DAM; 𝛽-D-xylosidase, BXL; pathogen-related protein 4b, PR-4B; suppressor of phyA, SPA; COP1 interacting
protein8, CIP8; phytochrome A, phyA; and phytochrome interacting factor3, PIF3. The lower arrow represents downregulation.

domestica, 14 in F. vesca, 4 inVitis vinifera, 17 in P. trichocarpa,
and 3 inA. thaliana of BEAT genes were identified.Therefore,
in P. mume BEAT genes are considered as key factor to
determine its exclusive floral fragrance [23].

In Prunus, UDP-glucose-flavonoid-3-O-glucosyltransfer-
ase (UFGT) expression was higher during the initial period
and it is reduced on the developmental process. During
the ripening process,MYB10, MYB123, and basic-helix-loop-
helix (bHLH3)were upregulatedwhereasMYB16 andMYB111
were downregulated. Higher anthocyanin and Proantho-
cyanidin levels were correlatedwith theMYB10 andMYBPA1,
respectively. Stimulation of TFs is responsive for the devel-
opment and external stimuli [86]. Gene encoding ethylene-
responsive transcription factor (ERF)4 is necessary for the fruit
maturity [87]. Though 74 EFR genes were predicted in the
peach genome, only one copy of ERF4 has existed. Therefore,
ERF4 is vital to control the fruit maturity and ripening in
peach [85]. An initial stage of fruit has higher aldehyde and
alcohol production whereas later stages have lesser content
which is correlated with the ester production. Abundance of
alcohol dehydrogenase (ADH) and lipoxygenase (LOX) gene
is constant in the fruit development stages. Expression ofAAT
was sharply increased in the later stage of harvest [88]. Rapid
softening of fruits was related to the ethylene production
in P. persica. It is correlated with expression of PpACS1 (1-
aminocyclopropane-1-carboxylic acid synthase) [89]. Ripened
sweet cherry P. avium has unique fragrance. In the sweet
cherry (“Hongdeng”, “Hongyan”, and “Rainier”) 97 volatile
compounds were identified. Alcohols and terpenes were the
predominant components of bound volatiles. Benzyl alcohol,
geraniol, and 2-phenylethanol are the major bound volatile
constituents. Free volatile compounds majorly present in
sweet cherry are hexanal, 2-hexenal, 2-hexen-1-ol, benzyl

alcohol, and benzaldehyde. Free volatiles are responsible for
floral aroma and bound volatiles involved in fruit freshness.
Depending on the level of free and bound volatiles, aroma and
glycosidically bound compounds aroma and fruit firmness
were varied between the cultivars of sweet cherry [90].

In Prunus, apricot, peach, sweet cherry, and sour cherry
are widely used for human consumption. Comparative
genomics study between the species offer the candidate gene
to produce hybrids with more preferable qualities.

3.5. Blooming and Scent Pathways in Rose. Continuous flow-
ering (CF)/recurrent blooming (RB) genotypes flowers in all
favorable seasons, whereas once-flowering (OF) genotypes
only flowers in spring. Recurrent blooming is an important
trait required by breeders. R x hybrida “La France” was the
first hybrid combined with the growth vigor of European
species and recurrent blooming of Chinese species. It has
the complex genetic pool combination of three ancestral
genotypes such as Cinnamomeae, Synstylae, and Chinenses.
Insertion of TE in the TFL1 encodes gene Ksncopia (KSN)
was found as responsible for the recurrent blooming of “La
France” [30]. Previously, Horibe et al. (2013) reported that
KSN gene regulates the CF behavior of R. rugosa [91]. Wang
et al. (2012) studied recurrent flowering character and the
expression patterns of TFL1 homologs in R. multiflora, R.
rugosa, R. chinensis, and other species/cultivars. Among the
three orthologs, RTFL1c was highly expressed at all four
flowering stages in R. multiflora and R. rugosa (nonrecurrent
flowering species) and barely detected in R. chinensis (a
recurrent flowering species) at any stage. Therefore, it can be
considered that lower expression of RTFL1c is required for
recurrent flowering of roses [92]. Iwata et al. (2012) elucidate
that occurrence of TE insertion and point mutation in the
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TFL1 ortholog on rose and strawberry correlate with recur-
rent blooming [93]. Higher expression of TFL1 in seasonal
flower is associated with the repression of LEAFY (LFY) and
activating protein-1 (AP1), a downstream gene of FT [94].
Expression of flowering locus T of rose (RoFT) was pro-
gressively increased after floral bud formation. CONSTANS
TF induces the FT, and, upon induction, FT was suggested
to move from leaves to shoot apical meristem (SAM) via
phloem [95–97]. Additionally, suppressor of Ty (SPT) and
delay of germination (DOG)1 are other important candidates
determining recurrent blooming in roses [31].

Rose scent is a complex trait involved with hundreds
of volatile molecules. Rose floral scent contains phenolic
derivatives, terpenoids, and fatty acid derivatives. Several
genes have been identified to be related to rose scent pro-
duction. Floral scent of roses contains higher germacrene
D synthase. Cyanidin and germacrene D were identified to
be involved in the color and scent pathways. Sesquiterpene
synthase catalyzes the production of germacrene D [98].
Phenylacetaldehyde synthase (PAAS) and phenylacetaldehyde
reductase (PAR) are responsible for the synthesis of 2-
phenylethyl alcohol, a typical rose scent compound [99].
Anthocyanin synthesis on rose was linked with the pig-
mentation and volatile (scent) compounds related pathways.
Anthocyanin and volatile compound have been generated
by enabling the formation of MYB-bHLH-WD40 protein
complex. Orcinol-o-methyltransferase (RhOOMT) 1 and 2 is
responsible for synthesis of 2OMT. Alcohol acyltransferase
of R. hybrida (RhAAT1) gene converts alcohol geraniol into
geranyl acetate [62]. Major scent compound of Euro-
pean roses is 2-phenylethanol and monoterpenes [100, 101].
RhOOMTs catalyze the orcinol to synthesize two important
volatiles such as 3,5-dimethoxy toluene (DMT) and 1,3,5-
metoxy benzene (TMB) biosynthesis in R. hybrida [62].
From the study of interhybrid cultivars of rose, DMT was
concluded to come from Chinese rose, as ancient European
roses such as R. damascena and R. gallica do not produce
DMT [102]. Geraniol, a hydrolyzed product and its down-
stream monoterpene volatile metabolites, are responsible
for the aroma of rose petals. Nudix hydrolase (NUDX)1 is
involved in synthesis of geraniol and other geraniol-derived
monoterpenes [103]. Still, there are many pathways rose scent
need to be elucidated.

Genome released in rose will be helpful for decoding
the metabolic networks of scent pathway, floral transition,
and flowering pattern. Therefore, irrespective of complex and
cumbersome heterozygous nature, interspecific hybridiza-
tion can be accelerated to produce hybrid with valuable traits
in rose.

4. Conclusions

Complete genome information of plant reduces effort and
time required for conventional MAS approach. Identification
and characterization of genes controlling important traits and
taggingmolecularmarkers for introgression to produce a new
variety are feasible with available genome information. Along
with abiotic and biotic stress resistance, several fruit quality
traits can be improved with genomics-based studies. Fruit

firmness is one of the desirable quality traits. It depends on
the postharvest shelf life, cell turgor pressure, and intrinsic
characteristics of the cell wall. Modification and turnover
of the primary cell wall are required for both size and
softness of fruits. New varieties/cultivars with small/larger
size, good-flavored fruits, attractive color, sugar and acid
levels, reduced juvenile phase, massive and constant yields,
reduced susceptibility to fruit cracking, self-compatibility,
and improved resistance or tolerance to disease are now
feasible with the completion of the whole genome sequence.
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Melon, Cucumis melo L., is an important horticultural crop with abundant morphological variability, but the genetic diversity and
relationships within wild and cultivated melons remain unclear to date. In this study, thick-skinned (TC) (cultivated subspecies
melo), thin-skinned (TN) (cultivated subspecies agrestis), and wild accessions were analyzed for genetic diversity and relationships
using 36 microsatellite markers. A total of 314 alleles were detected with a mean allelic number of 8.72 and polymorphism
information content of 0.67. Cluster analysis of the accessions resulted in four distinct clusters (I, II, III, and IV) broadly matching
with the TC, TN, and wild groups. Cluster I contained only two Indian wild accessions. Cluster II was consisted of 49 South Asian
accessions, 34 wild accessions, and 15 TN accessions. Cluster III was a typical TC group including 51 multiorigin TC accessions
and one wild accession. The remaining 88 accessions, including 75 TN accessions, 6 wild accessions, and 7 TC accessions, formed
the cluster IV, and all the TN and wild accessions in this cluster were from China. These findings were also confirmed by Principal
component analysis and STRUCTURE analysis. The South Asian subspecies agrestis accessions, wild and cultivated, had close
genetic relationships with a distinctive genetic background. Chinese wild melons showed closeness to cultivated subspecies agrestis
landraces and could be a return from the indigenous cultivated melons. The AMOVA and pairwise F statistics (𝐹ST) presented
genetic differentiation among the three groups, with the strongest differentiation (𝐹ST = 0.380) between TC and TNmelons. These
results offer overall information on genetic diversity and affiliations within a variety of melon germplasms and favor efficient
organization and utilization of these resources for the current breeding purpose.

1. Introduction

Melon (Cucumis melo L., 2n=2x=24) is an economically
important horticultural crop widely distributed in tropical
and subtropical areas. This species is highly diverse in mor-
phology, particularly for the fruits, leading to its multiple
applications. In China, the sweet fruits of melon are conven-
tionally consumed as a dessert (called “Tiangua”) and some
medium-size nonsweet fruits as vegetables (called “Caigua”),
whereas some large-size nonsweet fruits are commonly
used as animal fodder. Also, the abundant diversity in this
species attracts a number of studies concerning phylogenetics
and taxonomy [1–5]. Although there appear to be some
taxonomic methods and several of them have been in
controversy or contradiction, an intraspecific taxonomy in C.

melo proposed firstly by Pitrat [3] is now generally accepted.
This taxonomic criterion divides C. melo into two subspecies
on the basis of ovary pubescence, melo and agrestis. Mostly,
subspeciesmelo bears comose ovaries and subspecies agrestis
has ovaries with glabrous skins or short hairs. Subspecies
melo, conventionally known as thick-skinned (TC) melon in
China, is characterized by large or medium fruits and grown
widely around the world, while subspecies agrestis, also called
thin-skinned (TN)melon, carries smaller fruits and is limited
in East Asia, especially in China [6]. The TC and TN melons
simply refer to the cultivated forms excluding the wild or feral
accessions.

Wild melons or the feral forms are mainly found in the
centers of origin, Africa and South Asia [7, 8]. These wild
accessions are commonly considered as subspecies agrestis
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but not assigned to the specific varietas. Most wild forms have
small leaves and flowers and carry small and oval fruits with
thin flesh and small-size seeds [8]. Morphological differences
are easily distinguished between cultivated and wild melons;
however, the genetic differences at DNA level between them
still remain unclear. In addition, most of the available wild
melons are found in the Indian subcontinent, and whether
they act as the pioneers or ancestors of the modern cultivated
melons lacks sufficient evidences yet. Clarification of these
issues depends not only on the phenotypic statistics but also
on the genotypic data of different accession types.

Genetic diversity and relationships of C. melo accessions
have received an enormous amount of studies [9–14], most of
which focused on a certain melon group (mostly subspecies
melo) or the accessions from a certain region. Using different
marker systems, several studies analyzed the genetic diversity
of melon accessions including wild melons but with a limited
accession size; most of the wild accessions were found to
be more close to subspecies agrestis [15–17]. In this study,
we aimed to analyze the genetic diversity and relationships
of cultivated and wild melon accessions mainly from an
Asian collection using a set of 36 core microsatellite markers.
These melon accessions were collected from the probable
origin regions ofC. melo ensuring an exact examination from
the analysis. The information from our results will favor
dissecting the lineage relationship of various melon groups
and promote the utilization of these diverse plant resources.

2. Materials and Methods

2.1. PlantMaterials. A total of 191melon accessionswere used
in this study (Supplemental Table 1), of which 90 were TN
accessions, 58 were TC accessions, and 43 were wild acces-
sions. All the accessions were classified into 133 subspecies
agrestis accessions (TN and wild types) and 58 subspecies
melo accessions and covered eight countries in the world
including the major origin regions of melon, such as India,
Iran, Turkey, and China. A majority of the accessions (137,
71.73%) were landraces and the remaining were commer-
cial cultivars (11, 5.76%) and wild accessions (43, 22.51%).
Among them, 88 were requested from theNational Mid-term
Genebank for watermelon and melon (Zhengzhou, China),
86 were fromUSDA-ARSNational Plant Germplasm System,
and the remaining 17 were from the Research Group of
Watermelon and Melon at Henan Agricultural University.

2.2. Microsatellite Marker Genotyping. Genomic DNA was
extracted from young leaf samples of all the accessions using
a CTAB procedure described by Doyle and Doyle [18]. SSR
markers were used for genotyping. Initially, we collected 300
SSR primer pairs from the published reports [19, 20] and then
developed 70 SSR markers from the melon lines DHL92 and
TopMark genome assembly to fill up the marker gaps in the
melon chromosomes. These markers were screened using 10
diverse accessions (four subspecies agrestis accessions, three
subspeciesmelo accessions, and three wild accessions). Also,
this screening took into account even distribution across the
melon chromosomes. Finally, a set of 36 high-polymorphism

SSR markers were obtained, with each chromosome contain-
ing three markers at the top, medium, and bottom of the
chromosomes. As a result, 15 SSRs were coming from the
report of Zhu et al. [19], 13 were from the consensus linkage
map of Diaz et al. [20], and the remaining 8 were newly
developed by our research group according to the method of
Zhu et al. [19]. Detailed information of the 36markers is listed
in Supplementary Table 2.

PCR amplification was carried out in a Thermal Cycler
(BIORAD C1000�) with the reaction system and amplifica-
tion program being same to the report of Wang et al. [14].
The amplification products were analyzed by electrophoresis
on 6% polyacrylamide gels (19: 1 acrylamide: bis). The band
patterns were visualized by silver staining and recorded with
a digital camera.The band sizes for each locus were estimated
by reference to a DNA ladder (pUC19 DNA/Mspl marker,
Sangon Biotech, Shanghai).

2.3. Data Analysis. All the markers were scored as codom-
inant data according to the amplicon size. This resulted in
a genotypic matrix that was used to calculate the genetic
parameters with the software PowerMarker v3.51 [21], i.e.,
the number of observed alleles (Na) and effective alleles
(Ne), Shannon’s information index (I), observed (Ho), and
expected (He) heterozygosity. Polymorphic information con-
tent (PIC) for each marker was calculated using an online
program PICcalc [22] that adopted the formula described by
Botstein et al. [23].

To analyze the genetic diversity and relationship of
the melon accessions, the genotypic data were imported
into the software MEGA6 [24] to construct a neighbor-
joining (NJ) dendrogram. Also, confirmation of the genetic
relationships among the accessions was performed using a
principal component analysis (PCA) implemented in the
software NTSYSpc 2.20e [25] and a model-based program
available in STRUCTURE 2.3.1 [26]. The former resulted in
a two-dimensional PCA plot showing clustering patterns of
the accessions by performing the DCENTER and EIGEN
modules in NTSYSpc 2.20e, and the latter offered the clusters
for all the K values. The optimal K values (the number
of subpopulations in the whole collection) was determined
using Markov Chain Monte Carlo (MCMC) algorithm in
STRUCTURE HARVESTER. Briefly, each of the probable K
was run 10 times with K=1 to 10, and the length of burn-
in period was separately set at 10,000 and 100,000 MCMC
repeats after burn-in with an admixture and allele frequency
correlated model. The optimal K was determined by the log
probability of data [Lnp(D)] from the output and the Evanno’s
ΔK between successive K values [27].

Genetic differentiation among the different groups was
measured by calculating pairwise F statistics (𝐹ST), genetic
distance [28], and analysis of molecular variance (AMOVA)
using GeneAlEx 6.5 [29].

3. Results

3.1. Characterization of Microsatellite Marker Polymorphism.
All the 36 SSR markers produced clear band patterns,
revealing single-locus variation among the melon accessions.
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Table 1: Statistics of genetic variation as measured for 36 SSRs estimated from 191 melon accessions.

Marker Na Ne Ho He PIC
CM07 7 5.83 0.04 0.83 0.60
CMCT505 8 3.89 0.09 0.75 0.71
SSR011330 9 3.63 0.11 0.73 0.69
SSR012562 9 3.39 0.12 0.71 0.68
gSSR4959 6 1.95 0.03 0.49 0.46
SSR013487 16 3.41 0.16 0.71 0.69
SSR014660 14 4.75 0.05 0.79 0.78
SSR015784 6 3.69 0.11 0.73 0.68
SSR016829 9 3.97 0.14 0.75 0.71
HNM33 10 4.32 0.10 0.77 0.74
HNM12 11 5.92 0.11 0.83 0.81
SSR020162 5 2.46 0.05 0.60 0.54
SSR020947 5 2.31 0.06 0.57 0.50
DE1557 12 5.25 0.03 0.81 0.79
SSR023138 8 4.20 0.16 0.76 0.74
HNM41 7 1.94 0.13 0.48 0.45
DE1103 7 2.40 0.09 0.58 0.55
CMAGN52 9 3.54 0.02 0.72 0.70
CMAGN75 13 7.67 0.05 0.87 0.86
gSSR22419 6 3.15 0.04 0.68 0.63
SSR029474 5 4.21 0.03 0.76 0.72
SSR029716 9 4.47 0.02 0.78 0.75
HNM31 8 4.04 0.09 0.75 0.71
HNM40 8 4.11 0.15 0.76 0.73
CMTC47 8 3.08 0.18 0.68 0.64
SSR033639 8 4.70 0.02 0.79 0.76
CMATN22 7 3.32 0.07 0.70 0.65
CM38 9 4.81 0.11 0.79 0.76
CMTCN8 10 2.56 0.05 0.61 0.58
HSSR010 9 5.16 0.05 0.81 0.79
DM0673 12 6.08 0.11 0.84 0.82
SSR038372 5 2.29 0.05 0.56 0.47
CMGA104 9 3.68 0.05 0.73 0.69
SSR040314 10 3.51 0.06 0.72 0.67
SSR041311 11 3.56 0.04 0.72 0.70
CMGAN80 9 2.54 0.11 0.61 0.58
Mean 8.72 3.88 0.08 0.72 0.68
Na: the number of observed alleles.
Ne: the number of effective alleles.
Ho: observed heterozygosity.
He: expected heterozygosity.
PIC: polymorphic information content.

Five genetic parameters (Na, Ne, Ho, He, and PIC) were
calculated for the 36 markers estimated from the 191 melon
accessions, as shown in Table 1. In total, 314 alleles were
detected varying from 5 (SSR020162, SSR020947, SSR029474,
and SSR038372) to 18 (SSR013487) with amean of 8.72. Ne, an
important parameter to measure genetic diversity in a finite
population, averaged 3.88 ranging from 1.94 (HNM41) to
7.67 (CMAGN75).Noheterozygosity deficiencywas observed
in the accession collection; the Ho values were quite low
(<0.20) at the loci with a mean of 0.08. He means expected

heterozygosity in a certain population and averaged 0.72 in
the accession collection. The highest (0.87) and lowest (0.56)
He values were observed for CMAGN75 and SSR038372,
respectively. For each locus, He value was much higher than
Ho value, revealing a high homozygosity at the given loci
among the accessions. PIC is generally used for characteriza-
tion of marker polymorphism and the values ranged between
0.45 (HNM41) and 0.86 (CMAGN75) (mean=0.68) in the
accession collection. All the genetic parameters revealed a
high level of polymorphism for the 36 markers, favoring
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Figure 1: A neighbor-joining dendrogram showing the genetic affiliations of the 191 melon accessions. All the accessions were divided into
four clusters (I, II, III, and IV). Numbers indicate the accession codes as listed in Supplementary Table 1.

the establishment of the genetic affiliations within the melon
collection.

3.2. Establishment of Genetic Relationship for the Accession
Collection. With the SSR genotypic data, a NJ dendro-
gram (Figure 1) was constructed based on Nei’s similarity

coefficients [30] showing the genetic relationship among the
accessions. The dendrogram clustered the 191 accessions into
four distinct clusters (I, II, III, and IV). Cluster I contained
only two Indian wild accessions (No. 10 and 25), which were
highly diverse and distinguished from the other accessions.
Cluster II was consisted of 34 wild accessions and 15 TN
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landraces (momordica accessions) with the pairwise genetic
distances (GDs) varying from 0.23 to 0.78 (mean = 0.63).
Most of the accessions (32 wild accessions and 14 TN lan-
draces) in this cluster derived from India and only three from
Maldives, two wild accessions (No. 99 and 100) and one TN
landrace (No. 77). Clearly, the wild and TN accessions in this
cluster from the two adjacent countries had close lineages.
Cluster III was a typical TC group (GDs ranging from 0.20 to
0.67, mean = 0.54), containing 51 TC accessions (subspecies
melo) and one wild accession (No. 120). These accessions in
this cluster weremorphologically diverse belonging to at least
five varietas suggested by Pitrat [3], such as cantalupensis,
reticulatus, inodorus, ameri, and chandalak, and also, their
origins covered a wide geographical distribution (China,
India, Tunisia, Japan, Afghanistan, and Iran). Although these
subspeciesmelo landraces in cluster III derived fromdifferent
regions, they had close genetic relationships and similar
genetic backgrounds, probably implying their same origin.
The wild accession in this cluster III (No. 120) was an excep-
tion since it was clustered together with the subspecies melo
accessions, and therefore it could involve in gene exchange
with the subspecies melo plants.

The remaining 88 accessions formed cluster IV that
covered both the two subspecies (TC, TN, and wild groups),
mainly representing by East Asian TN melons (i.e., 75 sub-
species agrestis accessions). The TN accessions in this cluster
included 48 chinensis accessions, 13 conomon accessions, 7
makuwa accessions, 6 momordica accessions and one acidu-
lous accession, most of which derived from China. Except
for the TN accessions, cluster IV possessed 7 TC accessions
(No. 57, 66, 145, 146, 169, 181, and 188) and 6 wild accessions
(No. 96, 97, 98, 133, 134, and 135). This fact indicated close
affiliations of these accessions. The seven TC accessions were
clustered into this cluster, perhaps due to the introgression
of the subspecies agrestis lineages during their domestication
processes. It should be noted that six wild accessions were
also included in this cluster, in contrast to most of the wild
accessions assigned to cluster II. Of these wild accessions, 4
were from China and the other two from Costa Rica and the
US, which were markedly different from the wild accessions
in clusters I and II with South Asian origin. A lower level of
variation was observed for cluster IV with the GDs ranging
from 0.18 to 0.72 (mean = 0.45), indicating a comparatively
narrow genetic basis in this cluster.

Furtherly, two methods, principal component analysis
(PCA) and STRUCUTRE analysis, were used to offer an
alternative view of the relationships within the accession col-
lection. On the PCA dendrogram (Figure 2(a)), all the melon
accessions, which were labelled with different symbols and
colors according to the accession classification, tended to
form three clusters, i.e., the red, blue, and green regions.
Most of the TC accessions were positioned to the red region
while the TN accessions were mainly to the blue region.
These two regions were not separated absolutely because
some TN and TC accession (e.g., No. 28, 42, 61, 66, 57, 146,
181, and 188) were mixed together. The wild accessions (green
triangles) were scattered across a wide area, even some (e.g.,
No. 96, 97, 98, 133, 134, and 135) seeping into the blue region.
This implied the complex genetic background of the wild
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Figure 2: Genetic structure of the 191 melon accessions revealed by
principal component analysis (PCA) (a) and STRUCTURE analysis
(b).The symbols and colors for the accessions correspond to those of
the Figure 1. TC, TN, andW represent thick-skinned, thin-skinned,
and wild accessions, respectively.

forms. Similarly, the STRUCUTRE analysis positioned all
the accessions into three subpopulations (Figure 2(b)), which
represented TC (red), TN (blue) and wild (green) groups,
respectively.Obviously, the threemethods gave similar results
on positioning of the melon accessions.

3.3. Comparison of Genetic Diversity for Wild, TC, and TN
Groups. Since distinct divergences were found among the
different groups, the six genetic parameters (Na, Ne, Ho, He,
I, and PIC) were computed for each group to compare their
diversity levels. As shown in Table 2, TN and wild groups
had more Na than TC group demonstrating a higher level of
allelic polymorphism. Wild group showed the highest values
of Ne (4.08) and He (0.72) indicating a wide heterogenicity
at the genome level. The sample size of wild accessions
was the smallest among the three groups; however, the
three parameters (He, I, and PIC) that reflect diversity level
revealed the highest values in wild group and verified its
abundant diversity. According to the parameter values (Ne,
He, and PIC) in Table 2, TC group was more slightly diverse
than TN group. In addition, the alleles that are specific to
a certain group and the ones shared by the two or more
groups were shown in Figure 3. Both TN and wild groups
had 14 group-specific alleles, whereas TC group possessed
such 11 genes. Certainly, the shared alleles among the groups
accounted for the main part, 143 alleles shared by all the three
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Table 2: Comparison of genetic diversity for the thick-skinned (TC), thin-skinned (TN), and wild (W) groups.

Accession group Na Ne Ho He I PIC
TC 226 2.93 0.04 0.63 1.26 0.58
TN 256 2.87 0.07 0.59 1.26 0.55
W 250 4.08 0.18 0.72 1.51 0.67
Na: the number of observed alleles.
Ne: the number of effective alleles.
Ho: observed heterozygosity.
He: expected heterozygosity.
I: Shannon’s information index.
PIC: Polymorphic information content.

Table 3: Molecular analyses of variance (AMOVA) among the accession groups and origin regions.

Source of variation df Variance components Percentage of variation P value
Among groups 2 58.03 28.70 <0.01
Among regions 2 61.54 30.44 <0.01
Among individuals 176 75.67 37.42 <0.01
Within individuals 191 6.96 3.44 <0.01
Groups were defined by the thick-skinned, thin-skinned, and wild accessions.
Regions were defined by South Asia (India and Maldives), East Asia (China, Malaysia, and Japan), West Asia (Iran and Turkey), and Africa (Tunisia).

Table 4: Pairwise estimates of genetic differentiation among the three accession groups using pairwise 𝐹ST (above the diagonal) and Nei’s
genetic distance (below the diagonal). Permutation tests confirmed that all the 𝐹ST values were significant at P < 0.01.

Accession group TC TN W
TC — 0.380 0.293
TN 0.102 — 0.319
W 0.083 0.100 —
TC, TN, and Wmean the thick-skinned, thin-skinned, and wild groups.

14
39

60

143

11

33

14

TN TC

W

Figure 3: A Venn diagram showing the number of alleles specific to
a certain group or shared by different groups. TC, TN, andWmean
the thick-skinned, thin-skinned, and wild groups, respectively.

groups and 33–60 alleles by each two groups. Combination of
the findings from the genetic parameters and group-specific
alleles demonstrated the highest level of diversity present
within wild accessions, following by cultivated subspecies
melo and agrestis accessions.

3.4. Examination of Genetic Differentiation for the Collection.
To analyze the genetic differentiation of the collection,
AMOVA was conducted using accession groups and geo-
graphic origins as sources of variation, and showed that
28.70% of the total variation was attributed to the differen-
tiation between groups and 30.44% was to the differentiation
between geographic regions (Table 3).The highest percentage
(37.42%) occurred among the accessions while the variation
within accessions was quite lowwith the percentage of 3.44%.
Given that the geographic origins were basically related to
the melon classification (Supplemental Table 1), the accession
type was an important factor leading to genetic differenti-
ation. Also, the differentiation among the three groups was
measured by pairwise𝐹ST andNei’s genetic distance (Table 4).
Each of the pairwise 𝐹ST among the three groups was higher
than 0.25, a threshold for existence of a very high level of
genetic differentiation suggested by Wright [31]. That indi-
cated that each of the melon groups was clearly differentiated
from the others. The highest pairwise 𝐹ST value of 0.380 was
found between the TC and TN groups and displayed a strong
genetic differentiation. This was also confirmed by the maxi-
mumgenetic distance (0.102) between theTCandTNgroups.
Theminimum genetic distance (0.083) occurred between TC
and wild groups. Of the 36 marker loci, 15 showed clear
differentiation among the groups with the pairwise 𝐹ST value
of >0.15 (Figure 4), such as SSR013487, SSR014660, HNM33,
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Figure 4: Pairwise 𝐹ST values among the thick-skinned (TC), thin-skinned (TN), and wild (W) accessions at the 36 marker loci.

HNM12, SSR023138, DE1103, SSR029716, HNM31, CMTC47,
CMATN22, HSSR010, SSR038372, SSR040314, SSR041311,
and CMGAN80. These loci could reflect evolutionary forces
(e.g., artificial selection) affecting domestication of cultivated
melons.

4. Discussion

A diversity of plant germplasms is valuable resources for
present and future commercial producers and researchers;
they can be used for breeding of new cultivars to meet the
demand for food and studying the origin, evolution, and
taxonomy of plant species. Melon is such a horticultural
crop with abundant diversity. During the past decades,
it earned worldwide attentions in scientific research (e.g.,
developmental biology and genetics) [32, 33] and agricultural
production as its yield of fresh fruits frequently entered the
top ten of the main fruits in the world (FAO Statistics from
2007-2016, http://www.fao.org/faostat/en/#data/QC).

C. melo has a large number of morphotypes, cultivated
and wild [8]; cultivated melons scatter around the world
and wild melons are mainly concentrated in North Africa
and South Asia [34, 35]. In China, cultivated melons are
commonly distinguished into TC and TN groups, which
respectively correspond to the two subspecies, melo and
agrestis. TN melons (subspecies agrestis group) are special
morphotypes mainly distributed in East Asia, especially in
central and eastern China, the important diversity center of
subspecies agrestis in the world [14, 35]. This kind of melons
has attracted wide attentions these years for the striking
characteristics, such as adversity tolerance, early maturity,
vigorous growth and good fruit set. TC melons (subspecies
melo group), having a large number of commercial cultivars
in the world, are the main cultivated forms. To utilize
efficiently these melon resources in modern agriculture, we
adopted 36 coremicrosatellitemarkers to examine the genetic
diversity and relationships present within an Asian melon
collection. Our assays detected 314 alleles (mean=8.72) with
a mean PIC value of 0.67, showing a high level of variation

in the melon genome. The mean allelic number and PIC
value were much higher than those of available reports with
the experimental materials being a certain group or from a
certain region [11–14]. This could be due to the diverse
accessions used in the present study. Gao et al. [36] expanded
the sample size to 471melon accessions and detected a higher
level of variation, a mean allelic number of 9.0 per SSR locus
and PIC value of 0.68.

To date, genetic diversity and relationships in C. melo
have been frequently reported mainly focusing on culti-
vated accessions. These results showed that subspecies melo
accessions were obviously distinguished from subspecies
agrestis accessions [4, 36–39], implying an existence of genetic
divergence at the subspecies level. Also, several other reports,
which involved some wild melon accessions mainly from
Africa, India, and America, showed that African and Indian
wild accessions were close to conomon, chito, dudaim, and
momordica, but far from American and European cantalu-
pensis and inodorus [2, 15–17]. Based on the combination of
phenotypic characters and molecular marker data, American
wildmelons also showed genetic affinities toAsian subspecies
agrestis [17]. These American wild accessions were assumed
to be the introduction from India. As expected, the wild
melon accessions in the present research, especially for
Indian wild accessions, were highly diverse (Table 2) and
most of them were distinctly different from the cultivated
accessions (TC and Chinese TN accessions) (Figures 1 and
2; Table 4). Indian subspecies agrestis landraces were clus-
tered closely with the wild accessions showing their close
genetic relationship, as a probable result of the frequent gene
exchanges (e.g., mutual pollination). From the records of
USDA-ARS National Plant Germplasm System (Data not
shown), these Indian subspecies agrestis accessions have
similar morphological features to the wild species and are
probably old indigenous landraces or semiwild forms. Since
there are a variety of wild melons and semiwild forms or
landraces in India, it is reasonable to assume that Indian
subcontinent acts as the center of origin of this crop [7].
This view is supported by the present results as well as the
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previous reports. Interestingly, the Chinese wild accessions
were genetically close to the cultivated subspecies agrestis
accessions (Chinese TN accessions) in group IV. The same
finding was also described in our previous study [40]. A view
proposed by Pitrat [8] is that the “wild melon” from the New
World is not true wild form but a return to a wild status
from cultivated melons. Chinese wild melons are likely to
be such a case. There are numerous wild melons scattering
across Central China, particularly in Henan province, which
are customarily called “Mapao”, a common weedy fruit in
crop field. It bears a large number of small-size fruits (∼
20 g) but with domesticated characters, e.g., yellow skin,
sweet flesh, and aroma. This kind of “wild melons” could be
an escape from indigenous cultivated melons, probably the
subspecies agrestis. Therefore, East Asian subspecies agrestis
melons probably originated in Indian subcontinent and were
intensively domesticated in Central China, as the indigenous
wild melons could not be their pioneers or ancestors. The
similar view has been suggested in several studies that
East Asian subspecies agrestis melons benefited from Indian
introduction (perhaps viaMyanmar, Laos, and easternChina;
∼100 BC) and were domesticated inHuang-Huai-Hai plain in
China [37, 41].

The strongest differentiation occurred between TC and
TN melons (𝐹ST = 0.380); such a high level of differentiation
could be supported by a fact that TC and TN accessions
belong to two different subspecies, melo and agrestis [3, 5].
Also, the subspecies divergence inC.melo have been reported
in several studies [2, 36–38], although the accessions of
the two subspecies were of multiple-origin. As worldwide-
distribution cultivated forms, subspecies melo (TC melons)
were initially considered to originate from Africa [1, 34,
35] but the later researches evidence their Asian origin [7].
According to the taxonomy of Pitrat [3], subspecies melo
possesses 11 varietas and is richer in morphological diver-
sity than subspecies agrestis (containing 5 varietas), as also
evidenced from our result (Table 2). This could be due to
undergo different selection patterns; subspecies melomelons
underwent selections over the worldwide regions while selec-
tion of subspecies agrestis melons was mainly restricted in
Central China.

In the present research, we used SSR markers separated
by polyacrylamide gel. It would be interesting to compare
phylogenetic relationships among studied melon accessions
using another method like capillary electrophoresis or even
othermolecular approaches including SNP orDArTmarkers.
Such new researches can confirm or show a conflict with
current study for the genetic clustering and it will be the next
step for the investigation.

5. Conclusions

Genetic diversity and relationship are crucial for plant breed-
ing as they determine the efficient utilization of the genetic
materials and selection of potential parents. Accurate mea-
surement of genetic diversity and relationship present within
an accession collection relies on the molecular markers (e.g.,
SSR) with stability and even distribution across the genome.
The present study revealed an existence of distinct population

structure in 191 melon accessions. Indian wild accessions,
revealing a close relationship to the local subspecies agrestis
landraces, had a high level of variation and were distin-
guished from the cultivated accessions, subspecies melo and
subspecies agrestis. Chinese wild melons also showed close
lineages to the local subspecies agrestis accessions. Genetic
differentiations occurred among wild accessions, cultivated
subspecies melo, and subspecies agrestis accessions; the
strongest differentiation was between cultivated subspecies
melo and agrestis accessions indicating a subspecies-level
divergence. The information of the genetic diversity and
relationships among the cultivated and wild melons will
be helpful for efficient organization and utilization of these
genetic materials in current breeding programs.
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To enhance and highlight the authentication and traceability of table olive oil, we considered the analysis of 11 Tunisian table
olive cultivars based on seven SNP molecular markers (SOD, CALC, FAD2.1, FAD2.3, PAL70, ANTHO3, and SAD.1) localized
in six different genes. Accordingly, we assessed the potential genotype-phenotypes links between the seven SNPs, on the one hand,
and the quantitative and qualitative parameters, on the other. The obtained genotypes were analyzed with computational biology
tools based on bivariate analysis, multinomial logistic regression, and the Bayesian networks modeling. Obtained results showed
that PAL70 SNP marker was negatively influenced by the phenol rate (r = -0.886; p <0.001), the oxidative stability (r = -0.884; p
<0.001), traducing a direct effect of the PAL70 genotype deviations on the proportion of total phenol for each variety. Additionally,
we revealed a significant association of SAD.1 marker with the content of the linolenic unsaturated fatty acids (C18:3; p=0.046).
Moreover, SAD.1 was positively correlated with the saturated stearic acid C18:0 (r = 0.644; p = 0.032) based on multinomial logistic
regression and Bayesian networks modeling, respectively. This research work provides better understanding and characterization
of the quality of Tunisian table olive and supplies a significant knowledge and data information for table olive traceability and
breeding.

1. Introduction

In the Mediterranean basin countries, olive is one of the
most important agricultural products. It is used for olive oil
extraction or processed as either table olives. These latter are
chosen from cultivated olive trees (Olea europaea L.) with
regard to their size, volume, taste, and other organoleptic
properties that make them suitable for table consumption.

According to the current data provided by the Inter-
national Olive Oil Council [1], the world production of
table olive is evaluated at 2,953,500 tons in the 2017/2018
season showing an impressive increase of 211 % in the global
production of table olives in the period between 1991 and
2018. The most dramatic raises have been noted in Egypt,
Turkey, Spain, Algeria, Greece, Argentina, Iran, andMorocco.

Initially, table olive production was restricted to the
producing regions, mainly European Union, Egypt, Turkey,
Algeria, Morocco, Argentina, and Syria. However, nowadays,

table olive production and exports have extended to other
countries like USA and Jordan with 6 and 5 tons, respec-
tively [1]. In recent years, several countries such as Tunisia,
Argentina, Jordan, and Morocco have enhanced their pro-
duction of table olives compared to the previous season
unlike some producer countries that remained constant or
sustained a cutback, like Syria by 47 % and Peru by 1 % [1].

According to our previous results from studies performed
on main world table olive varieties [2], the genetic diversity
and distribution of table olive varieties are related to several
qualitative and quantitative parameters. Additionally, biolog-
ical and organoleptic markers together with computational
biology tools could help characteristics determination of table
olives and hence start resolving its authenticity. Moreover,
this study highlighted that some varieties could be more
suitable as olive oil cultivars than table olive consumption
regarding their high yield and consistent oil fruit content
(22%) [2]. For these reasons, it is crucial to develop strategies
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and procedures of traceability and authentication that allows
rapid and relevant identification and then valorisation of
cultivars. Generally, traceability, authenticity, and detection
of fraudulency in olive oil are performed by analytical
techniques. However, biochemical approach and analyses
are not sufficient to assess olive oil authenticity due to the
influence of environmental conditions on oil components [3–
5].

More recently, the use of DNA molecule-based analyses
in olive oil becomes of a great interest to meet the needs of
consumers and will be essential for studying the traceability
of olive oil because of their several advantages, particularly,
the reliability and reproducibility of results.

Seven SNPs localized in five different genes: fatty acid
desaturase, anthocyanidin synthase (ANS), calcium-binding
protein, stearoyl-acyl carrier protein desaturase (SAD), and L-
phenylalanine ammonia lyase. The FAD2.1 and FAD2.3 SNPs
are both harboured by the FAD2 gene which is involved in
the biosynthesis of highly unsaturated fatty acids (HUFA)
from the precursor polyunsaturated fatty acids (PUFA)
[6]. The third studied SNP, named ANTHO3, is localized
in the anthocyanidin synthase gene, a 2-oxoglutarate iron-
dependent oxygenase, and catalyzes the penultimate step in
the biosynthesis of the anthocyanin class of flavonoids [7].
The CALC SNP is carried by the calcium-binding protein
gene that is involved in response to abiotic constraints
(salinity, cold, and drought) [8]. The fifth SNP localized in
the Stearoyl-acyl carrier protein desaturase gene is involved
in the desaturation of C18:0 to C18:1, monounsaturated oleic
acid intermediates [9]. The sixth SNP, named SOD, is an
insertion/deletion polymorphism type localized in Cu–Zn
superoxide dismutase gene associated with the oxidative
stress response [10, 11]. The last SNP is the PAL70, located in
the L-phenylalanine ammonia lyase gene that is implicated in
phenolic biosynthesis, including the formation of flavonoids,
lignin, and hydroxycinnamic acids [12].

Our study aims to assess the correlations between the
seven SNPs and table olive oils quality parameters and their
efficiency in the authentication and traceability of Tunisian
table olive oil.

2. Materials and Methods

2.1. PlantMaterial. Eleven Tunisian table olive cultivars were
selected from north to south geographical regions of Tunisia
(Chetoui, Tounsi, Meski, Oueslati, El Horr, Fakhari, Zarrazi,
Chemchali, Besbessi, Fougi, and Toffehi). Two trees were
sampled for each cultivar, and olive oil was extracted from
each sample, followed by DNA extraction [13].

2.2. Olive Oil Extraction. Fully ripened fruits coming from
different dual purpose and table Tunisian olive varieties
served for olive oil extraction. Olive fruit samples were imme-
diately after harvest carried and stored into the laboratory
for further oil extraction. In order to obtain olive oil, 2.5 kg
of stoned olives was grinded, and olive oil was extracted by
mechanical press. Standard methods commonly used in oil
factories were followed in the procedure of monovarietal oil
extraction and obtention, including milling, mixing at 25∘C

for 30 min, and centrifugation for 3 min at 2000g and the
final step for olive oil obtention was by natural decantation.
Samples were stored at 4∘C into dark glass bottles until
analysis.

2.3. DNA Isolation. DNA extraction from olive oil was
performed by using the QIAmp DNA tool mini kit (Qiagen)
according to the protocol described by Ben Ayed et al.
(2012) [12] with slight modifications. DNAquantification was
carried out by spectrophotometry (Tecan GENIOS Plus spec-
trofluorometer) and with Hoechst H33258dye incorporation.
Dilution series of Lamda DNA (D150A Promega) were used
with standard calibration. Finally, genomic DNA was diluted
in TE buffer (10 mM Tris–HCl pH 8.1 mM EDTA pH 8) and
stored at -20∘C.

2.4. SNP Genotyping. We considered seven SNPs (FAD2.1,
FAD2.3, ANTHO3, CALC, ACP1, SOD, and PAL70) in our
study; all SNPs were selected in the coding regions of
FAD2, ANTHO, CALC, SAD1, SOD, and PAL70 genes, all
of them being involved in fruits pomology and associated
with olive oil composition and therefore easily correlatable to
phenotypic characters.

The SNP SOD (insertion/deletion type) was genotyped
by a simple polymerase chain reaction followed by revela-
tion through agarose gel electrophoresis, whereas the other
six SNPs (FAD2.1, FAD2.3, ANTHO3, CALC, ACP1, and
PAL70) were genotyped by a polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP)
method (Table 1). The PCR product (171 bp) of the SNP
(ANTHO3) was digested by MspI restriction enzyme (Fer-
mentas, LIFE SCIENCES) at 37∘C overnight. This restriction
enzyme recognizes the sequence AA/GG. The G-allele carry-
ing PCR product was cleaved once by the enzyme generating
two fragments (64 and 107 bp). The PCR product (476 bp)
of SNP (CALC) was digested by BstZI restriction enzyme
(Promega) at 50∘C overnight. This restriction enzyme rec-
ognizes the sequence CC/GG. The C-allele carrying PCR
product was cleaved once by the enzyme producing two
fragments (316-160 bp). The two other SNPs (FAD2.1 and
FAD2.3) were analyzed using PCR-RFLP. The PCR product
241bp of the SNP FAD2.1 and 240 bp of the SNP FAD2.3
were digested by BamHI restriction enzyme (Fermentas, Life
Sciences) and Alw26I, respectively, at 37∘C overnight. The
sizes of the restriction fragments of PCR product were 224
and 17 bp and 130 and 110 bp for CC genotype of FAD2.1
SNP and FAD2.3 SNP, respectively. The PCR product (330
bp) of SNP (SAD.1) was digested by TaqI restriction enzyme
(Vivantis) at 65∘C for 16 hours. This restriction enzyme
recognizes the sequence CC/TT. The C-allele carrying PCR
product was cleaved twice by the enzyme producing four
fragments (263, 158, 105, and 67 bp). The PCR product (400
bp) of the SNP (PAL70) was digested by HinfI restriction
enzyme (Fermentas, Life Sciences). The size of the restriction
fragments of PCR product was 308, 52, and 40 bp for AA
genotype of PAL70 SNP.

All digestion products were separated by electrophoresis
on 3% Nusieve ethidium bromide-stained agarose gels and
visualized under UV light.
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Table 1: Characteristics of SNP studied markers.

Gene name GenBank Accession Number SNP code Tma H0 He PIC𝛼

Phenylalanine ammonia lyase AY738639 PAL70 (A/G) 60 0.545 0.396 0.496
Calcium Binding Protein AF078680 SNP-H(C/G) 60 0.727 0.462 0.396
Anthocyanidin synthase AF384050 SNP-I(G/A) 57 0.636 0.433 0.463

Fatty acid desaturase AY083163 FAD2.1(T/C) 57 0.909 0.495 0.165
FAD2.3(C/G) 0.636 0.433 0.463

Stearoyl-ACP desaturase U58141 SAD.1(A/G) 57 0.363 0.297 0.463
Cu-Zn-superoxide dismutase AF426829 SOD (InDel) 57 0.545 0.495 0.595
Mean 0,545 0.492 0.488
a: annealing temperature for PCR amplification.
𝛼: for each locus the polymorphism content information (PIC).

2.5. Statistical Analysis. The analysis of the correlation
between SNP markers and the studied parameters was
performed in different steps including numerous statistical
methods. In the beginning, the Chi-square test was used
to evaluate the differences between the classes of qualitative
traits in allele and genotype frequencies. Subsequently, a
student test was used for quantitative traits, to assess the
significant difference between the means of genotype groups
for each SNP. R software packages were used to study
the association between SNP markers and quantitative and
qualitative parameters. All tests were declared statistically
significant when P values are <0.05. Thereafter, to study the
relationship of the studied seven SNPswith quantitative traits,
a variance multiway analysis was carried out. In addition,
multinomial logistic regression was applied in order to test
the associations of the seven SNPs with qualitative traits
independently.

To draw the directed acyclic graph (DAG), we used the
R language and the ‘grow shrink’ algorithm. The algorithm
proficiently filters links out of a full skeletal DAG, in which
all nodes are primarily connected (excluding those having
no relationships with others), based on tests of conditional
independence between a pair of nodes given all possible
subsets of the rest. Logical rules are applied to create the direc-
tion of links (conditional dependence between variables), so
that cycles are not introduced and patterns of conditional
independence are found in the data match the generated
DAG. We predicted association power in the final DAG by
calculating approximately the beta-coefficient for a regression
for each potential causal effect in which the variable at the
base of the arrow (‘cause’) was considered a covariate, and the
variable at the head of the arrow (‘effect’) was considered the
outcome or dependent variable [14].

3. Results and Discussion

3.1. Genotyping and Characteristics of the SNP Markers.
The observed heterozygosity for the studied SNP markers
ranged from0.363 (SAD.1) to 0.909 (FAD2.1) (0.545 average),
whereas the expected heterozygosity ranged from 0.297 to
0.495 with an average of 0.492 indicating a high level of
heterozygosity for all markers (Table 1).

Polymorphism Information Content (PIC) value was
determined for the studied table olive cultivars.

Table 1 shows that SOD Indel (PIC=0.595) and PAL70
SNP (0.496) markers have higher PIC values than the other
studied markers, meaning that SOD and PAL70 are the
most informative markers and therefore able to distinguish
between our table olive cultivars. This result, together with
mean value observed across the loci and table olive cultivars
in the present study, is in accordance with the results
previously obtained by Ben Ayed et al. (2014) [15]. SOD
gene, for superoxide dismutase, encodes for an antioxidant
enzyme that plays a pivotal role in protecting cells against
superoxide radicals accumulation [16]. Phenylalanine ammo-
nia lyase PAL70 catalyzes the reaction of trans-cinnamic acid
formation via L-phenylalanine deamination and is there-
fore associated with phenolic compounds content in olives
[17].

The highest discriminating power (DP) value 0.528 was
shown for FAD2.3 marker. The mean value is 0.464. Using
SSR markers, Reale et al. (2006) [18] and Muzzalupo et al.
(2009) [19] obtained similar values, respectively, with DNA
samples extracted from 65 olive cultivars and 39 Italian
cultivars (0.38). However, the average values are lower than
those found byCipriani et al. (2002) [20] in 12 Italian cultivars
(0.44) using SSR markers (0.71). Fatty acid desaturase 2
gene which is involved in the biosynthesis of HUFA from
PUFAprecursor has been demonstrated to be associated with
oleic/linoleic acid ratio content of olive oils from Tunisian
olive oil cultivars [21].

The allele frequencies of the seven studied SNPs revealed a
dominance of all markers, except for PAL70whose two alleles
displayed similar frequencies.

3.2. Association between SNP Polymorphisms and Olive Oil
Quality Parameters. In order to illustrate the association
between quality of the table olive cultivars and gene infor-
mation, we applied the likelihood ratio test (LRT). Thus, a
genome-wide association was carried out to identify table
olive fruit quality susceptibility alleles. We studied 7 SNPs
located in 6 genes for 11 table olive samples. Then, we
evaluated the 𝑝 values of the LRT and Ki

2
tests. The results

are summarized in Table 2 and demonstrated the absence
of any significant associations between the seven SNPs
(SOD, FAD2.1, FAD2.3, ANTHO3,CALC, SAD.1, and PAL70)
genotypes and none of the qualitative traits is considered in
this work.
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Table 2: Association between ANTHO3 and PAL70 genotypes and qualitative parameters.

Polymorphisms ANTHO3 PAL70

Qualitative parameters GA AA Chi-square AA AG Chi-square
(%) (%) LRT∗ (%) (%) RLT∗

Fruit Form Ovoid 1.9 1.1 3.592 1.1 1.9 1.946
Elongate 4.5 2.5 0,166∗ 2.5 4.5 0.378∗

Spherical 0.6 0.4 0.4 0.6
Stone Form Elongate 4.5 2.5 5.135 3.2 3.8 3.221

elliptic 1.3 0.7 0.052∗ 0.9 1.1 0.2∗

ovoid 1.3 0.7 0.9 1.1
Symmetry stone Asymmetric 3.8 2.2 5.238 2.7 3.3 7.639

Slightly asymmetric 1.9 1.1 0,155∗ 1.4 1.6 0.054∗

Symmetric 0.6 0.4 0.5 0.5
Slightly symmetric 0.6 0.4 0.5 0.5

Bold values: each variable that has statistical significance for all tests was declared when 𝑃 values are <0.05.

As shown in Table 3, significant associations between
CALC SNP and one parameter which is palmitic acid (C16:0)
were found. However, the average rate of C16:0 between
the heterozygote varieties with CG-CALC and GG-CALC
genotypes (p = 0.04) was significantly different. This pos-
itive association among CALC polymorphisms and C16:0
parameter suggests that the heterozygote varieties with CG
genotypes produce, on average, higher levels of C16:0 than
GG genotypes varieties. As shown in Table 5, this significant
correlation is proved by multinomial logistic regression
modeling (𝑝 = 0.039).

Regarding the FAD2.1 SNP, a highly significant associ-
ation with 𝛽-sitosterol (p=0.018) quantitative parameter is
proved. Similar result is generated by multinomial logistic
regression (𝑝=0.022) (Table 5).

Besides, FAD2.3 SNP was found to be highly asso-
ciated with three quantitative parameters, namely, acidity
(𝑝=0.024), rate of carotene (p=0.013), and cholesterol content
(p=0.048) (Table 3).The homozygous varieties (CC- FAD2.3)
were the main genotypes concerned by these positive asso-
ciations. FAD gene is known to be involved in the synthesis
pathway of the unsaturated fatty acid [6], suggesting a
direct effect of FAD2.3 genotypic variations on the rate of
PUFA (such as C18:2 and C18:3) for each variety and hence
influenced the acidity parameter. In fact, the homozygous
varieties CC (Toffehi, Fakhari, and Fougi cultivars) have a
higher acidity than the heterozygous varieties CG (other
cultivars). Nevertheless, the cholesterol rate was significantly
higher in the varieties carrying the homozygous genotype
CC-FAD2.3 (particularly Toffehi with a cholesterol rate of
1.98, and Fakhari with 2.17), than the heterozygous genotypes
(Table 3). Moreover, CC varieties contain more carotene pig-
ment than the heterozygous genotypes.Moreover, the FAD2.3
SNPmarker is significantly associatedwith the acidity and the
cholesterol rate by using the analysis of variance (𝑝=0.006,
p<0.001) (Table 4) and the multinomial logistic regression
modeling (𝑝=0.026, p<0.001) (Table 5), respectively.

The study of ANTHO3 SNP led to the identification of
two genotypes: AA and AG, with a level of AG-ANTHO3

heterozygosity of 63.63%.A significant associationwas estab-
lished with the rate of total sterols (p = 0.042), which has a
higher average for heterozygous cultivars (AG) (representing
63.63% % of all samples) (Table 3). This significant correla-
tion is proved bymultinomial logistic regressionmodeling (𝑝
= 0.04) (Table 5).

Moreover, PAL70 SNP is clearly associated with 3 param-
eters, namely, chlorophyll, total phenol contents, and the
oxidative stability (Table 3). However, a variability of the rate
of chlorophyll pigment among the heterozygote varieties with
AG-PAL70 and AA-PAL70 genotypes (p=0.002) was noted.
A positive correlation between the total phenol content and
the genotype variation for this marker (p<0.001) could also
be observed, where the varieties withAAgenotypes displayed
the highest total phenolic content. Regarding the relationship
with oxidative stability (p<0.001), the homozygous varieties
AA behaved with better oil stability than the heterozygous
varieties AG. Moreover, the PAL70 SNP marker is signifi-
cantly associated with the chlorophyll rate (p=0.031) by using
the analysis of variance (Table 4).

Additionally, multivariate analyses were used to study
the association between olive oil parameters and the PAL70
SNP marker, showing an important significant association
between this SNP marker and the acidity parameter (Tables
4 and 5). The 𝑝 values of this association were 𝑝=0.004 and
𝑝 = 0.036 using the analysis of variance and the multinomial
logistic regression modeling, respectively.

The association between total phenol rate and the PAL70
SNP marker is biologically relevant since the PAL70 marker
is located in the L-phenylalanine ammonia lyase gene that is
involved in the biosynthesis of phenylpropanoid compounds
[12].

The relationship between the PAL70 SNP and the phenol
level was assessed by Bayesian networks modeling. The
derived DAG (directed acyclic graph) is shown in Figure 1
where directed arrows indicate the direction of ‘causal’ influ-
ence between variables. Three direct influences are identified:
effect of PAL70marker on the phenol rate, oxidative stability,
and chlorophyll content. In fact, Figure 1 shows that the
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Table 4: P values of Fisher tests for the association study between SNP markers and the oil quality characteristics.

Model
SOD CALC ANTHO3 FAD2.1 FAD2.3 PAL70 SAD.1

FWM -- 0.894 0.022 -- 0.008 0.017 0.012
MG/fruit -- 0.955 0.028 -- 0.009 0.027 0.018
acidity -- 0.341 0.082 -- 0.006 0.004 0.001
C16:0 -- 0.877 0.782 -- 0.011 0.844 0.606
C16:1 -- 0.088 0.783 -- 0.215 0.640 0.351
C18:0 -- 0.227 0.853 -- 0.175 0.140 0.205
C18:1 -- 0.799 0.562 -- 0.059 0.364 0.294
C18:2 -- 0.963 0.336 -- 0.182 0.289 0.185
C18:3 -- 0.033 0.651 -- 0.687 0.026 0.058
C20:0 -- 0.107 0.910 -- 0.079 0.149 0.174
I/S -- 0.557 0.899 -- 0.066 0.794 0.592
Polyphenol -- 0.035 0.048 -- 0.18 0.895 0.487
Oxidative Stability -- 0.696 0.054 -- 0.012 0.935 0.229
chlorophyll -- 0.625 0.832 -- 0.168 0.031 0.9
carotene -- 0.065 0.169 -- 0.188 0.065 0.195
𝛽-sitosterol -- 0.275 0.273 -- 0.503 0.632 0.880
Campesterol -- 0.458 0 -- 0.702 0.56 0.715
Δ-5-avenasterol -- 0.906 0.136 -- 0.844 0.991 0.838
cholesterol -- 0.125 0.018 -- 0 0 0
Total Sterols -- 0.694 0.182 -- 0.564 0.92 0.956
(Uvaol+erythro)/total sterol -- 0.744 0.217 -- 0.172 0.292 0.095
Bold values: each variable that has statistical significance for all tests was declared when P values are < 0.05; ∗: each variable that has statistical significance for
all tests was declared when P values are <0.05 and has biological relevance.

Table 5: 𝑃 values given by the binary logistic regression analysis.

Model
SOD CALC ANTHO3 FAD2.1 FAD2.3 PAL70 SAD.1

FWM -- 0.599 0.102 0.107 0.246 0.134 0.102
MG/fruit -- 0.493 0.064 0.103 0.213 0.183 0.149
acidity -- 0.261 0.565 0.970 0.026 0.036 0.082
C16:0 -- 0.039 0.943 0.514 0.345 0.682 0.784
C16:1 -- 0.051 0.159 0.657 0.071 0.462 0.497
C18:0 -- 0.647 0.226 0.791 0.212 0.231 0.055
C18:1 -- 0.146 0.519 0.173 0.710 0.351 0.607
C18:2 -- 0.501 0.497 0.144 0.778 0.261 0.451
C18:3 -- 0.728 0.321 0.808 0.288 0.147 0.043
C20:0 -- 0.889 0.629 0.914 0.138 0.317 0.246
I/S -- 0.065 0.574 0.570 0.170 0.870 0.952
polyphenol -- 0.176 0.378 0.194 0.498 0.795 0.880
oxidative Stability -- 0.273 0.141 0.365 0.729 0.407 0.823
chlorophyll -- 0.723 0.057 0.203 0.798 0.420 0.057
carotene -- 0.662 0.857 0.844 0.017 0.096 0.010
𝛽-sitosterol -- 0.267 0.074 0.022 0.884 0.439 0.805
Campesterol -- 0.753 0.101 0.275 0.334 0.390 0.33
Δ-5-avenasterol -- 0.194 0.462 0.066 0.338 0.208 0.342
cholesterol -- 0.354 0.186 0.896 0.044 0.096 0.049
total sterols -- 0.225 0.04 0.204 0.905 0.054 0.861
(Uvaol+erythro)/sterol totaux -- 0.803 0.913 0.283 0.389 0.962 0.584
Bold values: each variable that has statistical significance for all tests was declared when P values are < 0.05; ∗: each variable that has statistical significance for
all tests was declared when P values are <0.05 and has biological relevance.
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Table 6: Pearson’s correlations of SAD.1 marker with fatty acid
compositions and the PAL70marker with olive oil parameters of the
studied olive oil cultivars.

Parameters SAD.1
r p

Acidity 0.684 0.02
C16:0 -0.083 0.809
C16:1 0.205 0.546
C18:0 0.644 0.032
C18:1 0.155 0.649
C18:2 -0.227 0.501
C18:3 -0.610 0.046
C20:0 0.350 0.291

PAL70
r p

Phenol -0.886 <0.001
Oxidative Stability -0.884 <0.001
Chlorophyll -0.814 0.002
Sterol 0.223 0.510
Bold values: each variable that has statistical significance was declared when
𝑃 values are <0.05.
P: 𝑃 value. r: correlation coefficient.

PAL70

Sterol

Polyphenol

Chlorophyll

Oxidative.Stability

Figure 1: Directed acyclic graph representing possible PAL70
SNP marker connections with total phenol, oxidative stability, and
chlorophyll.

PAL70 SNP was negatively influenced by the phenol rate (r=-
0.886; p<0.001), the oxidative stability (r=-0.884; p<0.001),
and the chlorophyll (r=-0.814; p=0.002). Furthermore, PAL70
nodewas not influenced by the sterol level (r=0.223; p=0.510).

The oxidative stability of the olive oil samples is directly
influenced by the total phenol level. Besides, total phenol
amount is directly influenced by the PAL70marker.The latter
plays a key role in the total phenol level of each of the olive
oil varieties. This finding could be explained by the fact that
PAL70 SNP is located within a gene involved in the phenolic
biosynthesis (Balsa et al. 1979), suggesting the direct effect
of the PAL70 genotype variations on the percentage of total
phenol for each variety.

SAD.1

C18.0 C18.1

Figure 2: Directed acyclic graph representing possible SAD.1 SNP
marker connections with stearic acid C18:0 and oleic acid C18:1.

For SAD.1 SNP study, two genotypes were identified: TT
and CT. About 64 % of the varieties were homozygous TT-
SAD.1 and including both two dual-use cultivars (Chemchali
and Oueslati) and two table olive cultivars (Toffehi and
Fakhari). Two significant associations of this marker were
shown with the accumulation of the linolenic unsaturated
fatty acids (C18:3; p=0.046) and with the rate of carotene
(p=0.005) (Table 3).

The two significant correlations between SAD.1 SNP
marker and the content of carotene pigments (𝑝=0.01)
and C18:3 (𝑝=0.043) are confirmed by multinomial logistic
regression modeling (Table 5).

The relationship between the molecular marker SAD.1
and fatty acid composition was also analyzed by Bayesian
networks modeling.

Firstly, 3 nodes were considered as represented in
Figure 2. Pearson correlation coefficients among fatty acid
compositions in olive oil varieties are presented in Table 6.
Moreover, SAD.1 was positively influenced by the saturated
stearic acid C18:0 (r = 0.644; p = 0.032).

SAD gene is known to be associated with the trans-
formation of the saturated stearic fatty acid C18:0 to the
monounsaturated oleic fatty acid C18:1, therefore, suggesting
the direct effect of the SAD.1 genotype variations on the fatty
acid content [6].

4. Conclusions

SNP genotyping is a valuable approach for marker assisted
selection in crops. For this reason, we studied in this
current work the correlations between the six SNPs and
table olive oils quality parameters and their usefulness in
the traceability of Tunisian table olive oil. We revealed that
PAL70 SNP marker was negatively influenced by the phenol
rate (r=-0.886; p<0.001) and the oxidative stability (r=-
0.884; p<0.001). Besides, we reported a significant association
of SAD.1 marker with the accumulation of the linolenic
unsaturated fatty acid (C18:3; p=0.046) and that SAD.1 was
positively influenced by the saturated stearic acid C18:0
(r=0.644; p=0.032) based on multinomial logistic regression
and Bayesian networks modeling, respectively. To the best of
our knowledge, this is the first work that analyses the SNP
markers of Tunisian table olive oil and the quality of the oil.
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lation between oleic acid content and SAD gene polymorphism
in olive oil samples through statistical and bayesian modeling
analyses,” Lipids in Health and Disease, vol. 17, no. 1, 2018.

http://www.internationaloliveoil.org/estaticos/view/132-world-table-olive-figures
http://www.internationaloliveoil.org/estaticos/view/132-world-table-olive-figures


Research Article
Morphological Seed Characterization of Common
(Phaseolus vulgaris L.) and Runner (Phaseolus coccineus L.)
Bean Germplasm: A Slovenian Gene Bank Example

Lovro SinkoviI ,1 Barbara Pipan,1 Eva SinkoviI,2 and Vladimir MegliI1

1Crop Science Department, Agricultural Institute of Slovenia, Hacquetova Ulica 17, 1000 Ljubljana, Slovenia
2Department of Agronomy, Biotechnical Faculty, University of Ljubljana, Jamnikarjeva 101, 1000 Ljubljana, Slovenia

Correspondence should be addressed to Lovro Sinkovič; lovro.sinkovic@kis.si
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Genetic resources comprised of 953 accessions of common (Phaseolus vulgaris L.) and 47 accessions of runner (Phaseolus coccineus
L.) bean from the national Slovene gene bank were characterized using fourteen morphological seed descriptors. Seeds of each
accession were evaluated for six quantitative characteristics: seed length, seed thickness, seed width, seed length/width ratio, seed
width/thickness ratio, and 100 or 10 seed weight. Furthermore, seeds were evaluated using eight qualitative characteristics: seed
colour; number of seed colours; primary/main seed colour; predominant secondary seed colour; distribution of secondary seed
colour; seed veining; seed shape; and seed colour (primary and secondary) and coat pattern. For each, common, and runner bean
collection, first four components within principal component analysis explained 75.03% and 80.16% of morphological variability,
respectively. Regarding Ward’s method and squared Euclidian distance, three clusters with the most distinct characteristics were
established for each species. The results of morphological seed characterization indicate the origin (Andean, Mesoamerican,
putative hybrids between gene pools) and domestication pathways of common and runner bean. This is the first study describing
morphological seed characteristics of the entire common and runner bean germplasm conserved in one of the Central European
bean collections. The results obtained in this study are serving as the useful information on genetic diversity of common and
runner bean accessions at the Slovene gene bank, which could be used for development of new bean varieties for studied seed
characteristics.

1. Introduction

Genetic diversity or variation between different populations
belonging to the same genus resulted from the evolution of
crops through the history, in response to different environ-
ments and husbandry practices [1]. Phaseolus spp. beans are
valued grain legumes or pulse crops of worldwide impor-
tance in terms of human and animal consumption [2–4].
Common bean (Phaseolus vulgaris L.) is the most important
Phaseolus spp. worldwide, while the runner bean (Phaseolus
coccineus L.) is the third, right after lima bean (Phaseolus
lunatus L.) [5, 6]. Cultivated common and runner beans were
domesticated independently within two centres of diversity,
giving rise to two gene pools, i.e., Mesoamerican and Andean
[4, 7]. The lack of characterization of the Phaseolus coccineus

L. germplasm restricts its utilization as donor species for
interspecific hybridization and consequently limits its use in
other Phaseolus spp. breeding programs, i.e., common bean
[6].

Ensuring the preservation of future sources is a big
challenge for plant geneticists and breeders. Seed gene banks
are intended to enable the conservation of the world’s crop
genetic diversity against the genetic erosion of crops as an
unintended consequence of the global uptake of new high-
yielding green revolution agricultural varieties [8]. Seed gene
banks are facilities dedicated to the medium-term storage,
i.e., for a few decades in storage at 5–10∘C, or long-term
storage, i.e., for many decades in storage at −18 ± 3∘C, of
samples of seeds as a means of conserving crop or species
diversity. A seed gene bank conserving crop varieties is often
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called a gene bank as the seed samples, i.e., accessions, are
used as a source of genes conferring desirable characteristics
[9].

Genetic diversity of common bean from Central Europe
was studied at the Agricultural Institute of Slovenia by AFLP
and microsatellite markers [10–12]. The surveys revealed
that extensive diversity resides in common bean cultivated
in this area and includes variation beyond the two gene
pools, i.e., Andean and Mesoamerican. As revealed by the
analysis of a large set of European common bean landraces
using chloroplast microsatellites (cpSSRs) and two unlinked
nuclear loci (phaseolin; PvSHP1) a relatively high proportion
of the European bean germplasm might have derived from
hybridization between the two gene pools [13, 14]. Recently,
300 Croatian common bean landraces have been evaluated
by phaseolin and microsatellite markers. The majority of the
studied landraces belong to Andean gene pool, similarly as
was found for Slovenian landraces [10]. Genetic diversity of
runner beanhas been less extensively investigated.The largest
set of European landraces, more than 300, was evaluated by
cpSSRs and a smaller setwas studied also for phenotypic traits
[15].

Twomain gene pools, Mesoamerican and Andean associ-
ated with these two geographical areas, have been described
in wild and cultivated common beans. As a result of the
domestication process, a great number of varieties show-
ing differences in morpho-agronomical quantitative traits
including seed size, seed quality, and plant growing period,
were obtained, and this variation has been extensively used in
breeding programs or diversity studies [16]. Large ormedium
seed morphology characteristic was reported for Andean
and mostly small seeds for Mesoamerican group genotypes
[17]. Purple seed colour was found to be exclusively Andean,
while pink, brown, and black predominantly Mesoamerican
pool origin. Cream, yellow, and red seed colours were
found in both gene pool groups. Andean beans having a
tendency for higher iron seed concentration and lower seed
zinc concentration than Mesoamerican and putative hybrids
between gene pools [18].

In Slovenia, the majority of the bean production is based
on local populations and varieties grown by small-scale
farmers in low input production systems. Populations are well
adapted to the specific growing conditions and microclimate
agroenvironments and show a great seed morphological
diversity. The aim of the present study was to evaluate
the common and runner bean germplasm collections from
Slovene gene bank using seed characteristics and to establish
clusters of the most distinct genetic resources, based on
morphological seed evaluation. Common and runner bean
information based on seed descriptors would be the first
step for the assessment, description and classification of large
bean germplasm collections, to enable better and faster use in
future research and development of new varieties.

2. Materials and Methods

2.1. Plant Material. The plant material used in the present
study comprised a total of 1000 accessions of bean germplasm
from Slovene gene bank at the Agricultural Institute of

Slovenia (46∘03N, 14∘31E; 297m above sea level), being part
of the National plant gene bank. Majority of the studied bean
germplasm, i.e., 936 accessions, is Slovenian origin, while the
minority Slovakian (60 accessions) or Hungarian origin (4
accessions). Bean germplasm, which consists of common and
runner bean collections, was evaluated using morphological
seed characteristics. Several Phaseolus spp. seed descriptors,
which have been adopted by International Union for the
Protection of New Varieties of Plants (UPOV), Community
Plant Variety Office (CPVO), International Board for Plant
Genetic Resources (IBPGR), and Improvement of sustainable
Phaseolus production in Europe for human consumption
(Phaselieu), were applied to characterize a total of 953
accessions of common and 47 accessions of runner bean.
Both bean germplasm collections are conserved in glass jars
undermedium-term storage conditions at the temperature of
4∘C.

Additionally, we have also observed 24 accessions with
known phaseolin type (previously determined by SDS-
PAGE) as standards/anchors for the Andean/Mesoameri-
can/mixed germplasm within whole collection. Standards for
the Andean germplasm (9) are representing the accessions
with T (“Tandergreen”) phaseolin type and standards for
Mesoamerican germplasm (7) are representing the accessions
with S (“Sanilac”) phaseolin type. Subset group with putative
hybrids between both gene pools (8) are associated with C
(“Contender”) phaseolin type which originated fromAndean
gene pool but also represents mixed germplasm between
combination of T and S phaseolin types. Table with the
standard/anchor accessions are added to the supplementary
data (Table S1).

2.2. Seed Evaluation Using Quantitative Characteristics.
Quantitative seed descriptors included the evaluation of the
following six characteristics: seed length (L) [mm]; seed
thickness (T) [mm]; seedwidth (W) [mm]; seed length/width
ratio (L/W); seed width/thickness ratio (W/T); and 100 (for
common bean) or 10 (for runner bean) seed weight [g]. For
each accession the three principal axial dimensions (L, T, W)
on 10-randomly selected fully developed undamaged seeds
were measured using a digital Vernier calliper (Mitutoyo
500-181-30, Japan) reading to 0.1mm. L was measured as
the highest parallel to the hilum, T as lowest parallel to the
hilum, and W from hilum to the opposite side. The L/W and
W/T were calculated from raw seed size data. For common
bean the 100 seed weight was measured in four repetitions
using an electronic seed counter (Condator, Pfeuffer GmbH,
Germany) and electronic balance weighing to 0.01 g. Since
there was a limited quantity of seeds available in runner
bean germplasm collection, the 10 seed weight within each
accession was measured in one repetition only.

2.3. Seed Evaluation Using Qualitative Characteristics. Qual-
itative seed descriptors included visual assessment of the fol-
lowing eight characteristics: seed colour (light, dark, colour
mixture); number of seed colours (one, two, more than
two); primary/main seed colour (white, green, grey, yellow,
beige, brown, red, violet, black, and additionally beige/brown,
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Table 1: Summary statistics for six quantitative seed characteristics in 953 accessions of common (Phaseolus vulgaris L.) and 47 accessions of
runner bean (Phaseolus coccineus L.).

Characteristics Range Mean ± SD CV (%)
Common bean
L (mm) 8.06 – 19.98 13.63 ± 1.86 13.63
T (mm) 4.24 – 9.56 6.70 ± 0.94 13.97
W (mm) 5.06 – 12.63 8.22 ± 1.08 13.09
L/W 1.08 – 2.64 1.69 ± 0.28 16.57
W/T 0.97 – 2.49 1.24 ± 0.16 12.64
100 seed weight (g) 19.32 – 98.39 51.13 ± 13.84 27.06
Runner bean
L (mm) 17.50 – 27.16 20.53 ± 2.06 10.05
T (mm) 5.16 – 10.95 8.70 ± 0.89 10.25
W (mm) 10.03 – 16.46 12.71 ± 1.17 9.20
L/W 1.42 – 1.89 1.62 ± 0.10 5.88
W/T 1.27 – 2.17 1.48 ± 0.16 10.79
10 seed weight (g) 7.56 – 26.70 13.47 ± 3.45 25.62
SD, standard deviation; CV, coefficient of variation; L, seed length; T, seed thickness; W, seed width; L/W, seed length/width ratio; W/T, seed width/thickness
ratio.

beige/violet and beige/grey); predominant secondary seed
colour (grey, yellow, beige, brown, red, violet, black, and
additionally white, green or greenish, light/dark brown and
brown/red); distribution of secondary seed colour (around
hilum, on half of seed, on entire seed); seed veining (weak,
medium, strong); seed shape (round/circular, oval/circular
to elliptic, cuboid/elliptic, kidney shaped, truncated); seed
colour (primary and secondary) and coat pattern (assessment
includes a description of seed colour, shape, size and code)
[19–21].

2.4. Statistical Analysis. The differences among the com-
mon and runner bean accessions were analysed through
a general linear model procedure and least-squares mean
tests (Statgraphics Centurion XVI 2009), at 0.05 level of
significance. Statistics included mean, range (min, max),
standard deviation (SD), coefficient of variation (CV), and
analysis of variance (ANOVA). Correlations were obtained
as Pearson’s correlation coefficients. Principal component
analysis (PCA) and cluster analysis were performed to reveal
the most influential seed characteristics that discriminated
among the accessions. Biplots for common and runner bean
germplasms were constructed for two principal compo-
nents, showing the accessions and the most influential seed
characteristics. Dendrograms were conducted to combine
individual variables into larger clusters using Ward’s method
and squared Euclidian distance.

3. Results and Discussion

3.1. Seed Characterization of Common Bean (Phaseolus vul-
garis L.) Germplasm. A total of fourteen seed morphological
characteristics, i.e., quantitative (L; T; W; L/W; W/T; and 100
seed weight) and qualitative (seed colour; number of seed
colours; primary/main seed colour; predominant secondary
seed colour; distribution of secondary seed colour; seed

veining; seed shape; and seed colour (primary and secondary)
and coat pattern), were evaluated. In the upper part of Table 1
are presented summary statistics for six quantitative common
bean seed characteristics. The mean values for seed size
characteristics based on all 953 accessions in common bean
germplasm collection were for L 13.63 ± 1.86mm, for T
6.70 ± 0.94mm and for W 8.22 ± 1.08mm (see Table 1).
The minimum and maximum values ranged between 8.06
and 19.98mm for L, 4.24 and 9.56mm for T, and 5.06 and
12.63mm for W. For characteristic 100 seed weight the mean
value of all 953 accessions was 51.13 ± 13.84 g, while the
minimum and maximum values ranged between 19.32 and
98.39 g.The highest coefficient of variation was calculated for
the 100 seedweight (27.06%) and the lowest forW/T (12.64%).
As discussed by Rana et al. [22] for 4274 common bean acces-
sions conserved in Indian gene bank, L ranged 5.0–20.3mm,
W 2.0–12.0mm and 100 seed weight 3.5–96.3 g. Similarly,
Kara et al. [23] reported for 12 registered Turkish common
bean genotypes L 9.1–17.8mm,W5.8–10.0mm,T4.6–6.0mm
and 100 seed weight 18.0–65.6 g. As discussed by Giurcă [24]
for 9 common beans originating from northern Romania and
western Ukraine, L ranged 11.8–18.0mm, W 7.4–9.7mm, T
4.4–6.9mm and 100 seed weight 34.3–54.2 g. Logozzo et al.
[4] evaluated 533 accessions of the European common bean
germplasm and reported accessions with L 12.0–13.9mm
(35.5%), W 7.1–8.0mm (33.0%) and T 5.0–5.9mm (37.1%)
were the most frequent.

All seed characteristics measured quantitatively or
assessed qualitatively showed wide range of variation
among all common bean accessions evaluated. Frequency
distribution graphs of 953 common bean accessions for
quantitative seed characteristics are shown in Figure 1.
Figure 2 shows photo examples for common bean accessions
groups distribution according to L (a, b, c) and 100 seed
weight (d, e, f). Based on quantitative measurements, the
common bean accessions were classified according to the
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Figure 1: Frequency distribution of 953 common bean accessions (Phaseolus vulgaris L.) for quantitative seed characteristics.

(a) (b)

(c) (d)

(e) (f)

Figure 2: Photo examples for common bean accessions (Phaseolus vulgaris L.) groups distribution according to seed length: (a) small, (b)
medium, and (c) large; and 100 seed weight: (d) low-weight, (e) medium-weight, and (f) high-weight.

L into three groups, i.e., small, medium and large (see
Figure 2). The first group included accessions with small
seeds and the L < 10.0mm (18 accessions or 2%); the second
group accessions with medium seeds measuring from
10.0 to 15.0mm (734 accessions or 77%); and the third
group accessions with large seeds and L > 15.0mm (201

accessions or 21%). Similarly, the common bean accessions
were classified according to the 100 seed weight into three
groups, i.e., low-weight, medium-weight and high-weight
(see Figure 2). Low-weight seeds group included common
bean accessions with 100 seed weight < 35.0 g (112 accessions
or 12%); the medium-weight seeds group accessions with 100
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seed weight measuring from 35.0 to 75.0 g (801 accessions or
84%); and the high-weight seeds group accessions with 100
seed weight > 75.0 g (40 accessions or 4%).

Frequency distribution graphs of 953 common bean
accessions for qualitative seed characteristics are shown in
Figure 3. For characteristic seed colour 479 common bean
accessions or 50.3% belonged to the colour mixture class, 251
accessions or 26.3% had dark-coloured seeds (brown, purple,
black, etc.), and 223 accessions or 23.4% light-coloured seeds
(white, pale yellow, pale brown, etc.). For characteristic
number of seed colours 474 common bean accessions or
49.7% had one colour, 446 accessions or 46.8% two colours,
and 33 accessions or 3.5% more than two colours per seed.
Themost abundant primary/main seed colours among all 953
common bean accessions were brown (300 accessions), beige
(222 accessions), white (151 accessions), black (79 accessions)
and red (66 accessions). The most abundant predominant
secondary seed colours among 479 common bean accessions
with colour mixture were red (139 accessions), beige (85
accessions), brown (80 accessions) and violet (70 accessions).
Distribution of secondary seed colour was for 398 accessions
on the entire seed, for 53 accessions around the hilum and
for 28 accessions on the half of seed. The seed shape was
oval/circular to elliptic for 315 accessions, cuboid/elliptic
for 296 accessions and truncated for 196 accessions. For
characteristic seed veining 596 accessions had weak, 195
accessions medium and 162 accessions strong seed veining.
The characteristic seed colour (primary and secondary) and
coat pattern was divided into nine classes with additional
subclasses. Among one-colour class the most accessions were
categorized according to Phaselieu descriptor into B 13, i.e.,
brown round large seeds (110 accessions), followed byWH22,
i.e., white long medium seeds (59 accessions), and BL 12, i.e.,
black roundmedium (58 accessions). A total of 455 accessions
were classified into bicolour class, among which 261 were
Pinto type (BIP), 103 broad striped type and 91 constant
mottled type. Finally, a total of 22 accessions were classified
into tricolour class. Regarding results by Logozzo et al. [4] on
533 accessions of the European commonbean germplasm, the
accessions with cuboid seed shape (34.9%),maroon (i.e., dark
brownish red; 44.3%) and white (28.1%) seed darker colour
were the most frequent. Additionally, the maroon seeds were
90.3%Andean, while the white seeds were 52% phaseolin “S”
types. As discussed by Piergiovanni and Lioi [25] among 168
Italian common bean landraces according to the seed coat
types, white coat seed populations and Borlotto types were
the most represented.

3.2. Seed Characterization of Runner Bean (Phaseolus coc-
cineus L.) Germplasm. A total of fourteen seed characteris-
tics, i.e., qualitative (L; T; W; L/W; W/T; and 10 seed weight)
and quantitative (same as for common bean), were evaluated.
In the lower part of Table 1 are presented summary statistics
for six quantitative runner bean seed characteristics. The
mean values for seed size characteristics based on all 47
accessions in runner bean germplasm collection were for L
20.53 ± 2.06mm, for T 8.70 ± 0.89mm and for W 12.71 ±
1.17mm (see Table 1). The minimum and maximum values
ranged between 17.50 and 27.16mm for L, 5.16 and 10.95mm

for T, and 10.03 and 16.46mm for W. For characteristic 10
seed weight was the mean value of all 47 accessions 13.47
± 3.45 g, while the minimum and maximum values ranged
between 7.56 and 26.70 g. The highest coefficient of variation
was calculated for 10 seed weight (25.62%) and the lowest for
L/W (5.88%). As discussed elsewhere [6, 24] runner bean L
ranged 18.6–25.0mm,W 12.1–14.0mm; T 7.7–12.3mm and 10
seed weight 10.0–14.0 g.

Similarly to common bean, all seed characteristics mea-
sured quantitatively or assessed qualitatively showed wide
range of variation among runner bean accessions evaluated.
Frequency distribution graphs of 47 runner bean accessions
for quantitative seed characteristics are shown in Figure 4.
Figure 5 shows photo examples for runner bean accessions
groups distribution according to L (a, b, c) and 10 seed
weight (d, e, f). Based on the quantitative measurements, the
accessions of runner bean were classified according to the L
into three groups, i.e., small, medium and large (see Figure 5).
The first group included runner bean accessions with small
seeds and the L< 20.0mm (20 accessions or 43%); the second
group accessions with medium seeds measuring from 20.0
to 25.0mm (23 accessions or 49%); and the third group
accessions with large seeds and L > 25.0mm (4 accessions
or 8%). Similarly were accessions of runner bean classified
according to the 10 seed weight into three groups, i.e., low-
weight, medium-weight and high-weight (see Figure 5). Low-
weight seeds group included common bean accessions with
10 seed weight < 10.0 g (4 accessions or 9%); the medium-
weight seeds group accessions with 10 seed weight measuring
from 10.0 to 20.0 g (41 accessions or 87%); and the high-
weight seeds group accessions with 10 seed weight > 20.0 g
(2 accessions or 4%).

Frequency distribution graphs of 47 runner bean acces-
sions for qualitative seed characteristics are shown in Fig-
ure 6. For characteristic seed colour 36 runner bean acces-
sions belonged to the colour mixture class, 10 accessions had
light-coloured seeds and 1 accession dark-coloured seeds.
For characteristic number of seed colours 11 runner bean
accessions had one colour and 36 accessions two colours per
seed. The most abundant primary/main seed colours among
all 47 runner bean accessions were black (12 accessions),
brown (11 accessions) and white (11 accessions). The most
abundant predominant secondary seed colours among 36
runner bean accessions with colour mixture were brown
(16 accessions) and black (13 accessions). Distribution of
secondary seed colourwas for 35 accessions on the entire seed
and for 1 accession around the hilum. The seed shape was
cuboid/elliptic for 25 runner bean accessions, oval/circular to
elliptic for 14 accessions, kidney shaped for 7 accessions and
truncated for 1 accession. For characteristic seed veining 38
accessions had weak, 8 accessions medium and 1 accession
strong seed veining. The characteristic seed colour (primary
and secondary) and coat pattern was divided into nine classes
with additional subclasses. Among one-colour class the most
accessionswere categorized according to Phaselieu descriptor
into WH 23, i.e., white long large seeds (6 accessions) and
WH 13, i.e., white round large seeds (3 accessions). A total
of 36 accessions were classified into bicolour class, among
which 18 were Pinto type (BIP), 12 constant mottled type and
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Figure 3: Frequency distribution of 953 common bean accessions (Phaseolus vulgaris L.) for qualitative seed characteristics.
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Figure 4: Frequency distribution of 47 runner bean accessions (Phaseolus coccineus L.) for quantitative seed characteristics.
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Figure 5: Photo examples for runner bean accessions (Phaseolus coccineus L.) groups distribution according to seed length: (a) small, (b)
medium, and (c) large; and 10 seed weight: (d) low-weight, (e) medium-weight, and (f) high-weight.

6 broad striped type. As described by Rodriguez et al. [15]
within runner bean (Phaseolus coccineus L.) three botanical
varieties exist, i.e., var. albiflorus with white seed colour, var.
bicolour with beige seed and brown pattern colour, and var.
coccineus with purple seed and black pattern colour.

3.3. Multivariate Analyses. The relationship between all four-
teen seed characteristics, i.e., quantitative and qualitative,

was evaluated for common and runner bean germplasm
with the Fisher’s least significant difference (LSD) method.
The test was performed in order to determine which seed
characteristics are significantly different from others. The
results showed that characteristic seed colour (primary and
secondary) and coat pattern was in statistically significant
correlation with all the seed characteristics, in both bean
germplasm collections.
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Figure 6: Frequency distribution of 47 runner bean accessions (Phaseolus coccineus L.) for qualitative seed characteristics.

The purpose of PCA analysis was to obtain a small
number of linear combinations for fourteen variables which
represent the majority of variability in the data within
each bean germplasm collection. Based on an eigenvalue of
greater than or equal to 1.0, 4 components were obtained for
common bean germplasm (953 accessions), which together

comprise 75.03% of the variability of the original data. PCA
biplot in Figure 7 (top) defined Components 1 and 2, which
together explained 52.09% of the total variance for fourteen
variables in common bean germplasm. The Component 1
represented 32.90% and Component 2 19.19% of the total
variance. The qualitative seed characteristics distribution of



BioMed Research International 9

−4,1 −2,1 −0,1 1,9 3,9 5,9
−4,4

−2,4

−0,4

1,6

3,6

5,6

L

T
W

L/W

W/T
Seed colour

No. of colours

Main colour

Predominant secondary colour
Distribution of secondary colour

Veining

Seed shape

100 seed weight
Seed colour and coat pattern

−5,3 −3,3 −1,3 0,7 2,7 4,7
−2,2

−0,2

1,8

3,8

5,8

L

T

W

L/WW/T

Seed colour

No. of colours

Main colour

Predominant secondary colour

Distribution of secondary colour

Veining

Seed shape

10 seed weight

Seed colour and coat pattern

Component 1 (32.90 %)

C
om

po
ne

nt
 2

 (1
9.

19
 %

)

Component 1 (36.18 %)

C
om

po
ne

nt
 2

 (1
7.

11
 %

)
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secondary seed colour, seed colour, number of seed colours
and the secondary seed colour were the major contributors
to Component 1. The quantitative seed characteristics L/W,
T, and W were the major contributors to Component 2. The
accessions of common bean germplasm were well separated
into 3 major groups (see Figure 7).

Based on an eigenvalue of greater than or equal to 1.0,
4 components were obtained for runner bean germplasm
(47 accessions), which together comprise 80.16% of the
variability of the original data. PCA biplot in Figure 7 (bot-
tom) defined Components 1 and 2, which together represent
53.29% of the total variance for fourteen variables in runner
bean germplasm. The Component 1 represented 36.18% and
Component 2 17.11% of the total variance. The qualitative
seed characteristics number of seed colours, distribution of
secondary seed colour, seed colour, secondary seed colour

and seed veining were the major contributors to Component
1. The quantitative seed characteristics 10 seed weight, L, and
T were the major contributors to Component 2.

Based on the cluster analyses performed on fourteen
seed characteristics, all 953 common bean accessions were
grouped into 3 clusters and each cluster was found to have
varied number of accessions (see Figure 8 and Table 2)
indicating the gene pool of origin (Mesoamerican gene pool
origin, Andean gene pool origin and one subset group with
putative hybrids between both gene pools). Dendrogram for
accessions of common bean germplasm is presented in Fig-
ure 8 (top), where the combination of 14 individual variables
established three main clusters of genotypes with standard
accessions for the phaseolin type included. For this reason, it
was not necessary to include pure American genotypes while
we had internal standards for phaseolin type already within
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Table 2: Means or descriptive characters of different variables in 3 clusters for 953 accessions of common bean (Phaseolus vulgaris L.).

Cluster variables Cluster 1 Cluster 2 Cluster 3
Quantitative seed characteristic
L (mm) 12.84 13.95 13.65
T (mm) 7.36 6.91 5.68
W (mm) 8.73 8.37 7.39
L/W 1.48 1.69 1.85
W/T 1.19 1.22 1.33
100 seed weight (g) 55.15 54.41 41.06
Qualitative seed characteristic
Seed colour Dark colour (83.70∗) Colour mixture (99.58∗) Light colour (75.10∗)
Number of seed colours One (100.00∗) Two (93.05∗) One (99.59∗)
Primary/main seed colour Brown (51.98∗) Brown (28.63∗) White (36.33∗)
Predominant secondary seed colour None (99.56∗) Red (29.05∗) None 99.59∗)

Distribution of secondary seed colour Without secondary colour
(100.00

∗
)

On entire seed (82.95∗) Without secondary colour
(99.59∗)

Seed veining Weak (75.33∗) Weak (73.68∗) Strong (40.82∗)
Seed shape Oval/circular to elliptic (55.07∗) Oval/circular to elliptic (36.63∗) Cuboid/elliptic (39.59∗)
Seed colour and coat pattern One-colour: Brown (48.90∗) Bi-colour: Pinto T type (54.53∗) One-colour: White (35.92∗)
Number of accessions 227 475 245
∗,% of main characteristic within each cluster; L, seed length; T, seed thickness; W, seed width; L/W, length/width ratio; W/T, width/thickness ratio.

the collection. The highest number of accessions were ranked
in cluster 2 (475), followed by cluster 3 (245) and cluster 1
(227). The quantitative seed characteristics mean values of
accessions grouped into each cluster showed that accessions
in cluster 1 had the lowest L (12.84mm), L/W (1.48) andW/T
(1.19), and the highest T (7.36mm), W (8.73mm) and 100
seedweight (55.15 g). Furthermore, accessions in cluster 2 had
the highest L (13.95mm), while accessions in cluster 3 had

the lowest T (5.68mm), W (7.39mm) and 100 seed weight
(41.06 g), and the highest L/W (1.85) and W/T (1.33). Among
qualitative seed characteristics all accessions in cluster 1 had
only one seed colour, which was for most accessions dark
(83.70%), while most of accessions in cluster 2 had seeds with
colour mixture (99.58%). The most of accessions in cluster 3
had one seed colour (99.59%),which was for most accessions
(75.10%) light (Table 2). Comparing to the Indian common
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Table 3: Means or descriptive characters of different variables in 3 clusters for 47 accessions of runner bean (Phaseolus coccineus L.).

Cluster variables Cluster 1 Cluster 2 Cluster 3
Quantitative seed characteristic
L (mm) 24.38 19.88 20.17
T (mm) 9.71 8.78 8.01
W (mm) 14.66 12.49 12.26
L/W 1.69 1.60 1.66
W/T 1.51 1.39 1.57
10 seed weight (g) 20.08 12.50 12.54
Qualitative seed characteristic
Seed colour Colour mixture (100.00∗) Colour mixture (100.00∗) Light colour (83.33∗)
Number of seed colours Two (100.00∗) Two (100.00∗) One (91.67∗)
Primary/main seed colour Beige (66.67∗) Black or brown (37.93∗) White (91.67∗)
Predominant secondary seed colour Brown (66.67∗) Black or brown (37.93∗) None (91.67∗)
Distribution of secondary seed colour On entire seed (100.00∗) On entire seed (96.55∗) None (91.67∗)
Seed veining Weak (83.33∗) Weak (100.00∗) Medium (58.33∗)
Seed shape Cuboid/elliptic (83.33∗) Cuboid/elliptic (62.07∗) Oval/circular to elliptic (41.67∗)
Seed colour and coat pattern Bi-colour: Pinto T type (50.00∗) Bi-colour: Pinto T type (48.28∗) One-colour: White (83.33∗)
Number of accessions 6 29 12
∗,% of main characteristic within each cluster; L, seed length; T, seed thickness; W, seed width; L/W, length/width ratio; W/T, width/thickness ratio.

bean collection, 10 genetically diverse clusters were obtained
regarding the phenological, morphological, and agricultural
traits of common bean [21].

Similarly to the common bean, based on the cluster
analyses performed on fourteen seed characteristics, all 47
runner bean accessions were grouped into 3 clusters with
varied number of accessions (see Figure 8 and Table 3).
Dendrogram for accessions of runner bean germplasm is
presented in the Figure 8 (bottom). The highest number of
accessions were ranked in cluster 2 (29), followed by cluster
3 (12) and cluster 1 (6). The quantitative seed characteristics
mean values of accessions grouped into each cluster showed
that accessions in cluster 1 had the highest L (24.38mm),
T (9.71mm), W (14.66mm), L/W (1.69) and 10 seed weight
(20.08 g). Furthermore, accessions in cluster 2 had the lowest
L (19.88mm), L/W (1.60), W/T (1.39) and 10 seed weight
(12.50 g), while accessions in cluster 3 had the lowest T
(8.01mm) and W (12.26mm), and the highest W/T (1.57).
Among qualitative seed characteristics all accessions in clus-
ter 1 had seeds with colour mixture (100.00%), mainly with
beige as primary/main seed colour and brown as secondary
seed colour (66.67%). Accessions in cluster 2 had seeds
with colour mixture (100.00%), mainly with black or brown
as primary/main and secondary seed colour. The most of
accessions in cluster 3 had one seed colour (91.67%) which
was formost accessions (83.33%) light (Table 3). As discussed
by Schwember et al. [6] extensive characterizations of runner
bean germplasm are great challenges and opportunities in the
future that would increase its cultivation on a broader scale
worldwide.

4. Conclusion

This manuscript describes for the first time large-scale mor-
phological seed characterization of the common and runner

bean collection germplasm conserved in the Slovenian gene
bank. The germplasm evaluated has a wide range of mor-
phological variability based on fourteen seed characteristics.
The study encompassed 953 accessions of common and 47
accessions of runner bean. Seeds of each accession were eval-
uated for quantitative characteristics: L (range 7.3–27.2mm);
T (range 4.2–11.0mm); W (range 0.3–16.5mm); L/W (range
0.4–2.6mm);W/T (range 0.6–2.2mm); and 100 for common
(range 19.3–98.4mm) or 10 for runner (range 7.6–26.7mm)
bean seed weight. Furthermore, seeds were evaluated using
qualitative characteristics: seed colour (50.3% of common
beans and 76.6% of runner beans were colour mixture),
number of seed colours (49.7% of common beans had one
colour and 76.6% of runner beans two colours per seeds),
primary/main seed colour (31.5% of common beans were
brown and 25.5% of runner beans black), predominant
secondary seed colour (14.6% of common beans had red
colour and 34.0%of runner beans brown colour), distribution
of secondary seed colour (41.8% of common beans and
74.5% of runner beans had secondary colour distributed
on the entire seed), seed veining (62.5% of common beans
and 80.9% of runner beans had weak seed veining), seed
shape (33.1% of common beans had oval/circular to elliptic
and 53.2% of runner beans cuboid/elliptic seed shape), and
seed colour and coat pattern (11.5% of common beans had
large and one-colour brown seeds; 25.5% of runner beans
had bicolour constant mottled seeds). The results of seed
characterization indicate the origin (Andean, Mesoamerican,
putative hybrids between gene pools) and domestication
pathways of common and runner beans. To date, this is the
first study reporting the morphological characteristics and
comparisons of whole common and runner bean germplasm
conserved in one of the Central European collections. The
results obtained in this study are serving as the useful
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information on genetic diversity of common and runner
bean accessions at the Slovene gene bank, which could be
used for development of new bean varieties for studied seed
characteristics. Nondestructive screening test based on the
seed characterization of large bean germplasm is shown to be
an informative, noninvasive, and suitable tool for distinction
of bean accessions according to the gene pool origin.
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J. C. Carrillo-Rodŕıguez, A. M. Vera-Guzmán, and E. Heredia-
Garcı́a, “Anthocyanin, polyphenol, and flavonoid contents and
antioxidant activity in Mexican common bean (Phaseolus

vulgaris L.) landraces,”Emirates Journal of Food andAgriculture,
vol. 28, no. 8, pp. 581–588, 2016.

[3] P. H. Graham and P. Ranalli, “Common bean (Phaseolus
vulgaris L.),” Field Crops Research, vol. 53, no. 1-3, pp. 131–146,
1997.

[4] G. Logozzo, R. Donnoli, L. Macaluso, R. Papa, H. Knüpffer, and
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[10] J. Šustar-Vozlič, M. Maras, B. Javornik, and V. Meglič, “Genetic
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diversity and dissemination pathways of common bean in cen-
tral Europe,” Journal of the American Society for Horticultural
Science, vol. 138, no. 4, pp. 297–305, 2013.
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ATP-binding cassette (ABC) transporters constitute one of the largest gene families in all living organisms, most of which mediate
transport across biologicalmembranes by hydrolyzingATP.However, detailed studies of ABC transporter genes in the important oil
crop, soybean, are still lacking. In the present study, we carried out genome-wide identification and phylogenetic and transcriptional
analyses of the ABC gene family inG.max. A total of 261G.maxABC (GmABCs) genes were identified and unevenly localized onto
20 chromosomes. Referring to protein-domain orientation andphylogeny, theGmABC family could be classified into eight (ABCA-
ABCG and ABCI) subfamilies and ABCG were the most abundantly present. Further, investigation of whole genome duplication
(WGD) signifies the role of segmental duplication in the expansion of the ABC transporter gene family in soybean.TheKa/Ks ratio
indicates that several duplicated genes are governed by intense purifying selection during evolution. In addition, in silico expression
analysis based on RNA-sequence using publicly available database revealed that ABC transporters are differentially expressed in
tissues and developmental stages and in dehydration. Overall, we provide an extensive overview of the GmABC transporter gene
family and it promises the primary basis for the study in development and response to dehydration tolerance.

1. Introduction

Active transport mechanisms require the intake of energy
and can be operated by either of two mechanisms: (1) free
energy change associated with ATP hydrolysis (primary
transport), or (2) assisted by the potential energy of
the chemical gradient of another molecule (secondary
transport). Depending on structural homology and transport
mechanism, primary transporters are subdivided into three
classes — rotary motor ATPases (F-, V-, and A-ATPases),
P-type ATPases, and a large family of integral membrane
proteins namedATP-binding cassette (ABC) transporters [1].
The ABC transporters represent one of the largest families of
membrane proteins, ubiquitously found within the kingdoms
of eukarya, eubacteria, and archaea [1–3]. These proteins
employ ATP hydrolysis to transport various substrates (e.g.,
heavy metals, endogenous metabolites, inorganic anions,
drugs, lipids, sterols, hormones, amino acids, peptides,
vitamins, and sugars) in and out of cells across biological

membranes [2, 4]. Primarily, plant ABCs transporters are
recognized only in detoxification processes [5]. Afterwards,
an abundant number of plant ABCs have been characterized
in physiological and developmental processes. So far, more
than 100 ABC transporters encoding genes have been char-
acterized across plant genome. The numbers of plant ABC
transporters are more than those of most other organisms,
suggestive of their involvement in a broad range of biological
functions [6, 7]. The Arabidopsis genome contains 131 ABC
genes, whereas 121 ABC genes were reported in the rice
genome [8, 9]. For instance, white brown complex (WBC)
homolog, pleiotropic drug resistance (PDR), multidrug
resistance (MDR), and MDR-associated protein (MRP) are
best-exemplified subfamilies among plant ABC transporters.
However, genome-wide surveys and expression analysis of
this gene family have not been performed in G.max.

ABC transporters are a family of membrane-bound pro-
teins that mediate transport across biological membranes
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by hydrolyzing ATP. They contain conserved cytoplasmic
domains termed as nucleotide-binding domains (NBD) (also
referred to as ATP-binding cassettes). These NBD are ∼200
amino acids coupled with ATPase and often serve as energy
suppliers for substrate translocation as well as nontransport
processes [10]. Apart from this domain, ABC proteins also
consist of one or two hydrophobic transmembrane domains
(TMDs). Based on the transporter class, each TMD com-
prises 6-10 transmembrane 𝛼-helices (frequently 6 helices
present among most of the exporters). TMDs determine
substrate specificity and are responsible for the translocation
of a substrate across the lipid bilayer [8, 11]. The NBDs
hydrolyze ATP and drive conformational changes in the
attached TMDs, thus allowing substrates to cross the lipid
bilayer of the membrane and be either imported into or
exported out of the cytoplasm. Further, members of the
ABC superfamily are classified into exporters, importers, and
nontransporting proteins. Exporter and importer types of
ABC proteins comprise at least two TMDs and two NBDs.
Exporters are present in all kingdoms and importers solely
in bacteria and plants [12]. Hence, coming to sequence
comparison, there are 3 classes of ABC systems present
among the last common ancestors (archaea, bacteria, and
eukarya). Class 1 comprises ABC proteins in which TMDs
and NBDs are fused to form a single polypeptide (exporters)
(found in eukaryotes), class 2 includes nontransport ABCs
lacking TMDs (nontransporters; found in both eukaryotes
and prokaryotes), and class 3 includes mainly transporters
withNBDs and TMDs formed by separate polypeptide chains
(canonical importers; exclusively found in prokaryotes) and
some bacterial exporters [13, 14].

According to sequence similarity, ABC transporter pro-
teins are classified according to structure (full, half, or
quartermolecule) and orientation (forward or reverse).Three
structural types are defined as follows. A full transporter
comprises two TMDs along with two NBDs and can be
either in forward (TMD1-NBD1-TMD2-NBD2) or in reverse
(NBD1-TMD1-NBD2-TMD2) orientation. Half transporters
are composed of one TMD and one NBD and can be
in forward (TMD1-NBD1) or reverse orientation (NBD1-
TMD1). They usually constitute a feasible unit by forming a
virtual full transporter as homo- or heterodimers [15, 16].The
third type of transporter has no TMDs, but two NBDs [17].
Owing to the lack of TMD, they are not usually involved in
the transmembrane transport mechanism. Few transporters
consist of single NBDs and are similar to prokaryotic ABC
proteins, referred to as quarter transporters. The protein is
either a half-size or full-size transporter, but the majority of
subfamilies comprise both types of transporters [17, 18].

NBD is present among all three structural types and
includes several highly conserved motifs within the domain:
Walker A (also called a phosphate-binding loop), Walker B,
Q-loop, D-loop, switch H-loop, and a signature motif or C
motif (LSGGQ) [19].Themajor function of D-loop is holding
dimers together such as the switch H-loop interacting with
the transmembrane domain. Both Walker motifs A and B
form the P-loop, which binds to ATP, and, at last, the Q-loop
and H-loop include special residues crucial for interacting
with the 𝛾-phosphate of the ATP [13]. Furthermore, signature

motifs exclusively found in ABC proteins make them dis-
cernible from another type of ATPase [20, 21].

HumanGenomeOrganization (HUGO) schemehas been
presently accepted and well documented for categorization of
human as well as plant ABC proteins [22]. In accordance with
eukaryotes, eight basic subfamilies (A–H) identified based
on the domain organization and homologous relationship.
However, ABCH subfamily has been reported in arthro-
pod genomes and absent in fungi, mammals, and plants
[23, 24], apart from another prokaryotic-like ABC protein
with a single NBD domain called subfamily I. They are
highly soluble and found only in plants but are absent in
most animal genomes [17]. Hence, in total, nine subfamilies
(ABCA-ABCI) have been identified, and eight of them
(ABCA-ABCG and ABCI) are present in plant genomes
[6]. Furthermore, proteins which belong to ABCA-ABCD
subfamilies have a forward direction for domain organization
(TMD-NBD) whereas ABCG and ABCH subfamilies have
reverse domain organization (NBD-TMD). Proteins of ABCE
and ABCF include only two NBDs and are designated as
soluble proteins. They do not participate in any transport-
related processes (but their NBDs can cluster with those
of other ABC proteins). ABCI proteins possess only one
single domain, predominantly NBD, rendering them difficult
to identify and categorize. This genetic fact points out that
some of ABCI proteins can bind together into systemic
multisubunit ABC transporters and this subfamily is also
designated as soluble proteins. Considering similar domain
organization, ABCI subfamily transporters are evolved due
to the movement of genes frommitochondria and plastids to
the nucleus [7, 17, 18].

Proteins of the ABCA subfamily possess several half-size
(ABC2 homolog, named ATH) variants and, so far, one full
size (ABC1 homolog, named AOH) has been reported. Full-
size variants are likely associated with the transportation of
sterols, whereas the function of half-size ABC2 homologs
remains unclear. ABCB subfamily possesses both full size
(MDR; also known as p-glycoprotein) and half size such
as transporter associated with antigen processing (TAP)
and ABC transporter of the mitochondria (ATM). Full-size
variants of ABCB proteins are known for detoxification and
transport of auxins. Half-size ABCB is involved in heavy
metal tolerance. Typically ABCC subfamily proteins are full-
size ABC transporters and called MDR-associated protein.
They are thought to be associated with the transportation
of organic anions and xenobiotic anions into the vacuole.
Few half-size ABCC are also reported in Arabidopsis and
rice. ABCD subfamily proteins are generally half-size (perox-
isomal membrane protein) transporters. Some exceptionally
full-size ABCD variants are found in Arabidopsis and Vitis
vinifera. They are implicated in the transport of fatty acids
into the peroxisome. ABCG subfamily has both full- and half-
size variants. Full-length members, also referred to as PDR
transporters, have been implicated in heavy metal resistance
and auxin transport [8, 25, 26]. WBC transporters are half-
length members of the ABCG subfamily and requirements
for the export of cuticular lipids and alkanes [27, 28]. Both
ABCE and ABCF proteins are extremely conserved among
all living organisms during evolution. ABCE are also referred
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to as RNase L inhibitors (RLI), associated with ribosome
biogenesis. In most eukaryotes including human, single
ABCE have been identified [29]. ABCF subfamily is conven-
tionally known as the general control nonrepressible (GCN)
subfamily and is found to be involved in stress tolerance in
plants [18]. ABCI subfamily transporters have single NBD
domain. A few well-studied examples of ABCI subfamily are
closely associated with iron-sulfur center biogenesis complex
and cytochrome C maturation complex [7, 17, 18]. Moreover,
previous studies revealed that the ABCB, ABCC, and ABCG
subfamilies possess a relatively higher number of genes in the
plant, in comparison to other eukaryotes such as human and
yeast [17].

Soybean [Glycine max (L.) Merr.] is one of the most
frequently cultivated crops in the world and belongs to the
Leguminosae subfamily. Seeds are an important source of
human food, cooking oil, and animal feed, because of their
abundant protein and oil content. Soybean plants also play
a significant role in soil fertility, as they fix atmospheric
nitrogen during symbiosis. In addition, they are the predom-
inant source of isoflavonoids and play a significant role in
human diet and health [30].The first draft genome of soybean
(Glycine. max var. Williams 82) was reported in 2010 [31],
and the latest version of the genome assembly, version 2.0 (G.
maxWm82.a2.v1), contains 56,044 protein-coding genes; yet
their functional contribution to crop traits remains mostly
unidentified. A large number of soybean coding genes are
presently annotated for Gene Ontology biological process
(GOBP) terms with experimental evidence. In this study,
we screened the new soybean genome database (G. Max
Wm82.a2.v1; https://phytozome.jgi.doe.gov/pz/portal.html)
for ABC transporter genes. We performed a detailed analysis
of their classification, chromosome distribution, physico-
chemical properties, phylogenetic analysis, and duplication.
Finally, we verified the differential expression profiles of
all GmABC genes in nine different G. max tissues, seven
developmental stages, and various stress conditions. This
study provides important information about the origin and
evolution of the GmABC family in G.max and lays the foun-
dation for further studies of the functions of this gene family.

2. Materials and Methods

2.1. Identification of ABC Transporter Genes in Soybean.
There are different types of putative ABC proteins such as
ABC transporter domain (PF00005), the ABC-2 transporter
domain (PF01061), the ABC transporter transmembrane
region domain (PF00664), the CYT domain (PF01458), or
the mce-related protein domain (PF02470). The Hidden
Markov Model (HMM) profiles of all the abovementioned
proteins were downloaded from the Pfam 27.0 database
(http://pfam.xfam.org/; [32]). Proteomes of soybean were
searched against all the abovementioned HMM profiles to
detect all ABC transporter domains with an E-value cut-off
< 1E−4 in the new soybean genome database (Glycine max
Wm82.a2.v1) derived from phytozomev12 (https://phy-
tozome.jgi.doe.gov/pz/portal.html; [33]), with default set-
tings. In addition, corresponding genomic and coding
sequences along with their chromosomal positions were

also retrieved from Phytozome. Based on Verrier et al. [17],
identification and classification of these ABC proteins were
performed.

The protein sequences retrieved from the above ap-
proaches were collected together. Further redundancy of
sequences was eliminated in order to generate a unique set of
putative ABC transporter proteins. Additionally, the presence
of ABC transporter domains in all these proteins was con-
firmed by domain search via SMART (http://smart.embl-
heidelberg.de/; [34]) and PROSITE (https://prosite.expasy
.org/scanprosite/; [35]). Physicochemical properties such as
molecular weight (Mw) and isoelectric point (pI) for each
GmABC protein were calculated using the ExPASy pro-
teomics server (https://web.expasy.org/compute pi/; [36].

2.2. Chromosomal Distribution, Gene Structure Prediction,
and Gene Duplications in GmABCs. The chromosomal posi-
tion of all GmABC genes was retrieved from G. Max
Wm82.a2.v1 genome database in Phytozome using BLASTN
searches. MapChart 2.3 (Wageningen UR, Wageningen, the
Netherlands; [37]) was used to map the ABC transporter
genes onto chromosomes from short-arm to long-arm
telomeres, in ascending order of physical position (bps).
Tandem duplications of ABC transporter genes in G. max
were identified in Plant Tandem Duplicated Genes Database
(PTGBase) (http://ocri-genomics.org/PTGBase/; [38]. Fur-
ther, GmABCs in duplicated genomic regions were obtained
for syntenic mapping from the batch download option of
Plant Genome Duplication Database (PGDD; http://chibba
.agtec.uga.edu/duplication/; [39]. Synonymous substitution
(Ks) and nonsynonymous substitution (Ka) rates for each
segmentally duplicated GmABCs were retrieved. Subse-
quently, the period of duplication incidents in soybean was
predicted according to the equation T=Ks/2𝜆; here the mean
synonymous substitution rate (𝜆) was taken as 6.1∗10−9 [40,
41]. The numbers and positions of exons and introns within
GmABC gene were detected by comparing the full-length
cDNA sequences with the corresponding genomic DNA
sequences using an online tool: gene structure display server
(http://gsds.cbi.pku.edu.cn/index.php; [42].

2.3. Phylogenetic Tree Analysis and Functional Classification of
ABC Proteins. Multiple sequence alignments were executed
with the deduced amino acid sequences of GmABCs by
usingClustalW [43]. Afterwards, a phylogenetic treewas con-
structed using the Maximum-Likelihood (ML) [44] method
provided in the Molecular Evolutionary Genetics Analysis
(MEGA) 6.0 software tools [45] based on the Jones, Taylor,
andThornton (JTT) matrix-based model.The accuracy of an
inferred tree was checked with bootstrap analysis (with 1,000
replications).

2.4. Gene Ontology Annotation and In Silico Expression
Analysis through RNA-Sequencing Data. TheGene Ontology
(GO) analysis of soybean ABC transporters was performed
using the Blast2GO program (https://www.blast2go.com/;
[46]. The full-length amino acid sequences of GmABC
proteins were uploaded to the program for the blast, followed
by mapping and annotation. The analysis was carried out in

https://phytozome.jgi.doe.gov/pz/portal.html
http://pfam.xfam.org/
https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://prosite.expasy.org/scanprosite/
https://prosite.expasy.org/scanprosite/
https://web.expasy.org/compute_pi/
http://ocri-genomics.org/PTGBase/
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
http://gsds.cbi.pku.edu.cn/index.php
https://www.blast2go.com/
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three categories: biological process, molecular function, and
cellular component.

We downloaded the RNA-seq data of nine different
soybean tissues and analyzed the expression levels of all
261 GmABC genes based on their fragments per kilo-
base of transcript per million mapped reads (FPKM) val-
ues. FPKM values for each GmABC were computed to
assess the transcript level of GmABCs across nine tissue
genes and the data were normalized across tissues. The
heatmap for GmABC genes was generated using TIGRMulti-
Experiment Viewer (MeV4) software package [47]. To obtain
expression patterns of GmABCs in different development
stages and perturbation, we have used the publicly available
mRNA sequence data from Genevestigator V3 database
(https://genevestigator.com/gv/doc/intro plant.jsp; [48]. We
downloaded the program from the Genevestigator homepage
and used academic license for analysis in the local computer.
Using plant biology tool, we first identified 238 probes for
development and perturbation conditional search for all
261 GmABC genes. Seven different developmental stages of
soybean are germination, main shoot growth, inflorescence
formation, flowering, fruiting, bean development, and final
ripening. In the case of perturbation, light intensity, germi-
nation, dehydration, and ozone irradiation are included for
transcript data analysis. All data represent the log2 ratio of
relative expression pattern.

2.5. Homology Modeling for 	ree-Dimensional Structure.
All the GmABC proteins were investigated against the
Protein Data Bank (PDB) [49] by BLASTP (with the
default parameters) to recognize the best template hav-
ing a similar sequence and known three-dimensional
structure. Further, three-dimensional (3D) structures of
GmABCs were generated by intensive protein modeling
using Phyre2 server (Protein Homology/AnalogY Recogni-
tion Engine; http://www.sbg.bio.ic.ac.uk/phyre2; [50]). The
intensive mode uses the multitemplate alignment of exper-
imentally solved protein structures. In addition, it incorpo-
rates ab initio folding simulation termed as Poing [51] to
model regions of proteins with no apparent homology to
known structures.

2.6. Cis-Elements Analysis. The upstream sequences of the
GmABCs, which were 2 kb upstream from the trans-
lation start site, were retrieved from Phytozome. These
sequences were analyzed for the identification of regulatory
cis-elements important for gene expression under abiotic
stress, development, and hormone signaling using PlantPAN
2.0 (http://plantpan2.itps.ncku.edu.tw/; [52].

3. Results

3.1. Identification of GmABC Transporter Genes and 	eir
Physicochemical Properties. We identified 261 proteins with
ABC transporter domains in the G. max genome. Different
transcripts of the same gene were not considered. Among
261 GmABCs, there were 114 full transporters, 116 half
transporters, and 31 soluble putative ABC proteins. ABCA,
ABCB, ABCC, ABCD, and ABCG subfamilies contain full

transporters, as well as half transporters. As in most eukary-
otes, soybean has only one ABCE gene [53]. The details of all
261 soybean ABC transporter proteins, including gene iden-
tifier, genomic location, domain organization, description,
protein length, molecular weight, isoelectric point (pI), and
their subfamily, are listed in Table S1. The lengths of ABC
transporter proteins range from 67 (Glyma.16G125700) to
1826 (Glyma.03G136000) amino acids, specifying that there
are huge variations within the soybean ABC transporter gene
family. The predicted molecular weights of GmABC proteins
ranged from 7.72 to 203.97 kDa and the pI values were
between 4.41 and 10.5.

3.2. Chromosomal Distribution, Gene Structure, and Gene
Duplication of GmABCs. Aswas previously mentioned, there
are more than double ABC transporters present in soybean
as compared to Arabidopsis or rice and that was likely due
to recent WGD in soybean. Concerning gene duplication,
it includes segmental/WGD and tandem duplication (TD)
events [54]. To evaluate the expansion of the GmABC
transporter gene family, a chromosomemap was constructed
based on the locations provided by Phytozome 12 (G.
max Wm82.a2.v1). The 261 GmABC transporter genes are
unevenly distributed throughout all 20 soybean chromo-
somes (2n=40, Figure 1). The largest number of GmABCs
was found on chromosome 13 (34 genes), followed by
chromosome 08 (26 genes) and chromosome 03 (19 genes).
Both chromosomes 10 and 19 comprise 16 GmABCs each,
whereas one gene could not be anchored onto any specific
chromosome. It signifies that each subfamily of GmABCswas
also unevenly distributed. Gene structures of the 261 soybean
ABC transporters reveal high complexity with intron number
ranging from 1 to 38 (Figure S1). The detailed chromosomal
locations of GmABC genes and the number of introns in the
gene are shown in Table S1.

Generally, tandem duplication is defined as two paralogs
separated by less than five genes in the same chromosome.
For detection of tandem duplication, we investigated tandem
arrays of 261 GmABCs using PTGBase. Tandem arrays are
described as multiple members of genes appearing inside
the same or neighboring intergenic regions. We detected 28
GmABC clusters containing 69 tandemly duplicated genes
(genes are depicted in a rectangle box in Figure 1 and arrays
are shown in Table S2), which were identified on 15 chro-
mosomes. Gene duplications are considered a prime factor
in the evolution of genomes and expansion of gene families
[55, 56]. Recent studies indicated that soybean has undergone
two WGD events (approximately 59 and 13 million years
ago), which resulted in ∼75 % paralogous gene pairs [31, 57,
58]. Polyploidy introduces immense duplications, ultimately
leading to the vital source of genetic innovation [59, 60].
Here, we identified a total of 190 duplicated gene pairs within
261 GmABC genes by using the Plant Genome Duplication
Database (Table S3). The nonsynonymous/synonymous sub-
stitution ratio (Ka/Ks) explains the selective evolutionary
pressure acting on a gene. The Ka/Ks ratio for majority
(94.74%) of the gene pairs was found < 1, recommending that
most of GmABCs are evolved under purifying selection with
limited functional divergence after duplication (as shown in

https://genevestigator.com/gv/doc/intro_plant.jsp
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Figure 1: Graphical representations of locations for putative ABC transporter genes on each soybean chromosome. Genes within the
rectangle box are putatively tandemduplicated.The chromosome size is indicated by its relative length using the information fromPhytozome.
The scale (in megabase) on the left depicts the relative lengths of the different chromosome in G. max. The gene names are depicted on the
right side of each chromosome corresponding to the position of each gene. The figure was produced using the MapChart program. One
GmABC could not be anchored onto any specific chromosome.

Table S3, the Ka/Ks value of most of the duplicated gene pairs
ranged from 0.021 to 0.682). The Ka/Ks value of ten pairs of
duplicated genes was more than 1, which signifies positive
selection pressure. Thus, it concluded that segmental along
with tandem duplication was involved in the expansion of the
ABC transporter gene family in the soybean genome [61–63].

3.3. Phylogenetic Analysis of Soybean ABC Transporter Genes.
To elucidate the evolutionary relationships of soybean ABC
transporter genes, an unrooted phylogenetic analysis was
constructed fromall 261GmABCproteins usingMLmethods
with 1,000 bootstraps. Genes from each subfamily (ABCA-
ABCG and ABCI) are depicted with different bullet point
colors (Figure 2). Referring to the ML phylogenetic tree
analysis, the ABC family is grouped into eight subfamilies.
Among ABCG, ABCB, and ABCC were the largest sub-
families containing 117, 52, and 48 members, respectively,
accounting for a total of 83% of all GmABCmembers. ABCI,
ABCF, ABCA, and ABCD included 20, 10, 8, and 5 members,
respectively. There is only one member in ABCE subfamily
identified (Table S1). All subfamilies were clustered together
in the phylogenetic tree, except ABCI. In fact, ABCI genes
were scattered throughout the tree. Our analysis corroborates
previous studies, which indicated that the ABCG subfamily
has the highest number of members and is accountable for
the expansion of this gene family in comparison to other
eukaryotes [7, 64].

3.4. In Silico Expression Analysis of GmABCs

3.4.1. Expression Analysis of GmABC Genes Exhibits a Differ-
ential Pattern in Tissues. RNA-sequencing is a robust tool for
exploring the transcription patterns of certain genes using
high-throughput sequencing approach. Expression levels of
all 261 GmABC genes based on their FPKM values analyzed
in nine different tissues and heatmap of all genes displayed
differential tissue-specific expression patterns (Figure 3).
Noticeably, thirty-one genes showed higher-level of tran-
script accumulation in all the tissues under this study sug-
gesting that these have a unique role. They belong to all class
of ABC subfamily, but, among these genes, most belong to
soluble typeABC transporters (7ABCF, 7ABCI, and 1ABCE)
followed by 4 ABCD. Above all, 46 GmABC genes in pods,
40 genes in flower, 37 genes in leaf, 23 genes in the stem,
27 genes in shoot apical meristem, 41 genes in the root, and
17 in nodule accumulated the highest level of transcripts.
Expressions of 20 genes were found to be lowest in all tissues.

3.4.2. GmABC Genes Showed Diverse Levels of Expression at
Various Developmental Stages. Plant development is a very
complex phenomenon that altered the expression of a num-
ber of genes to meet physiological and metabolic demand.
To investigate the developmental regulation of GmABC
transcripts, expression of genes was checked at seven differ-
ent developmental stages, namely, germination, main shoot
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Figure 3: Expression profiles of 261 soybean ABC transporter genes in nine different tissues derived from RNA-seq data of Phytozome
database. FPKM values of GmABC transporters genes were transformed by log2, and the heatmap was constructed with MeV 4. Expression
levels are illustrated by graded color scale, representing relative expression pattern ranging from 0 (downregulated) to 3 (upregulated). Red,
green, and black represent positive, negative, and zero, respectively. Gene IDs are given on the top. Genes with similar profiles across arrays
are grouped on top by hierarchical clustering method.

growth, inflorescence formation, flowering, fruit formation,
bean development, and final ripening. Expression of all these
GmABC genes was investigated using Genevestigator based
mRNA-seq data. Among 261 GmABC genes, 43 GmABC
showed the highest level of expression at all the developmen-
tal stages of soybean (Figure S2A). About 37 genes were not
detected in any of the seven development stages.

3.4.3. Expression Patterns of the GmABC Genes in Response
to Abiotic Stress and Light and during Germination. The
Genevestigator analysis showed expression of all 261 GmABC
genes based on mRNA-sequence data. Based on the analysis,
it was observed that twenty genes were highly expressed in
all three dehydration study conditions (6 hr., 12 hr., and 24
hr.) in two soybean cultivar Benning and PI-416937. Thus,
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they might have a role in dehydration tolerance in plants.
More than 40 genes were dominantly expressed during
germination in soybean cultivar Williams (Figure S2B).
Remarkably, almost all genes were found to be unexpressed
in both light intensity condition (mature and immature leaf)
as well as in ozone study. Overall, the analyses revealed that
GmABCs highest level of expression in dehydration suggests
dehydration regulatory function in soybean.

3.5. Gene Ontology Annotations. The GO slim analysis con-
ducted using Blast2GO and result showed the putative partic-
ipation of GmABCs proteins in diverse biological processes
(Figure 4). The majority of proteins were involved in trans-
port, cellular component assembly, and metabolic process.
Cellular localization prediction showed that GmABC pro-
teins are equally localized in the cell membrane and in the
nucleus.

3.6. Homology Modeling. Sixteen ABCs proteins having
higher homology were selected and, consequently, Phyre2
was used to predict the homology modeling (Figure 5).
Remarkably, these 16 proteins belong to diverse subfamily.
The protein structure of all the GmABCs is modelled at
>90% confidence (% residue varied from 71 to 99; Table S4).
All the predicted protein structures are considered highly
reliable and offer a preliminary base towards understanding
the molecular function of GmABC proteins.

3.7. Cis-Regulatory Elements in the Promoters of Soybean
ABC Genes. Expression of the gene can be regulated at
various levels, such as transcription and posttranslational
modification level. Cis-regulatory elements are present in the
upstream region and specifically control the gene expression
in higher plants [65]. Two kb promoter regions for each
of the 261 GmABCs were retrieved. Then, we applied the
PlantPan2.0 website to analyze the cis-elements and total
of 298 different cis-elements identified in all GmABCs.
The analysis identified the presence of several stress-related,
development and hormone inducible motifs, such as Homeo
Box/ leucine Zipper, MBS (MYB Binding Site), WRKY-
domain, NAC-domain, GT1consensus, dehydration respon-
sive element binding factors (DREB), ABRE (Abscisic Acid-
Responsive Element), GATA-box, AT-hook containing tran-
scription factors, DNAbinding with one finger (DOF), GCN-
4, TC-rich, and Skn-1. Identified cis-regulatory elements are
known to regulate various stress responses, developmental
processes, and hormonal signaling. Further, they are found to
be distributed randomly in both positive and negative strands
of the promoters of these genes. A total of 13 common cis-
regulatory elementswere observed in all GmABCs and highly
conserved among all genes (Table S5).

4. Discussion

In the present study, 261 ABC transporter genes were identi-
fied in the genome of soybean; among them, 31 members are
recognized as soluble proteins without TMDs. Immense vari-
ation in size (from 298 to 49491 bps) and gene structure (vari-
able introns number from 1 to 38) indicates divergence within

the soybean ABC transporters gene family. The intron/exon
organization also signifies their evolutionary history across
gene families. The ABC transporter family has been exten-
sively characterized in other plants, with 131 ABCs genes in
Arabidopsis [17], 121 in rice [21, 66], 130 in Zea mays [67], 179
Brassica rapa [68], 135members inVitis vinifera [69], and 154
members in tomato [70]. As compared with these plants, G.
max contains more ABC transporter genes, which is not sur-
prising since G. max is a paleopolyploid and has undergone
twoWGD events, as there is a significant number of segmen-
tal and tandem duplicated genes and they also contributed to
the expansion of the gene family. Further, phylogenetic anal-
ysis revealed that 8 subfamilies, among all subfamilies, were
clustered together, except ABCI. ABCI were clustered into
different clades, suggesting more diverged gene members.
Among 261 GmABC proteins, members of ABCG were most
abundant followed by ABCB and ABCC. Our analysis cor-
roborates with previous studies, which indicated that ABCG
subfamily is the largest and is accountable for the expansion
of this gene family in comparison to other eukaryotes [7,
64]. It has been reported that ABCG transporters are also
concerned with the adaptation to the land environment [71].

To elucidate the significance of GmABCs gene, we
have performed the in silico expression analysis in three
aspects based on their transcript data: (1) tissue-specific, (2)
development stage, (3) germination and stress condition.
Tissue-specific expression patterns have been determined via
FKPM data, while development and stress conditions are
represented bym-RNAsequence data.There are 31 host genes
(Table 1 and Figure 3), whichwere highly expressed in all nine
tissues; among them, 15 belong to soluble ABC proteins.

These aforementioned genes may play a key role in tissue
development. Furthermore, seven genes are exclusively
expressed in nodules. Similarly, three genes are exclusively
detected in flowers and have some important role in flower
development. Correspondingly, Glyma.02G163200 and
Glyma.19G202200 are only expressed in leaves and Glyma
.13G044000 and Glyma.16G172400 are only expressed in
roots. Glyma.06G154500, Glyma.13G142100, and Glyma
.17G041400 are exclusively expressed in seeds, suggesting
that they may play some roles in seed development. In
addition, 20 genes were found to have no detectable level of
expression values possible due to the very low abundance of
the RNAs of these host genes.

Approximately 43 show expressions in all seven devel-
opment stages and few have a high level of expression
(shown in Table 2 and Figure S2A). Overall, the analysis
revealed that the highest number of genes (∼40 genes) was
expressed during inflorescence formation stage, suggesting
their role in inflorescence development. It is noteworthy that
the expression of 37 host genes was not observed in any
developmental stage; this may be due to inducible features of
these host genes.

Some genes are expressed in the dehydration stage in
cultivar Benning and PI-416937 (shown in Table 2 and Figure
S2B). Hence, these ABC genes can play a potential role in
dehydration tolerance mechanism. Most of these genes also
possess stress-responsive cis-acting element in their promoter
region. Analogously, at germination stage of some genes in
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Figure 4: GO annotation of GmABC transporter proteins. The annotation was performed on three categories: (a) biological process, (b)
molecular function, and (c) cellular component.
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Table 1: List of highly expressed ABC transporter genes in different tissues.

Expressed tissue Genes

All nine tissues

Glyma.03G136000, Glyma.05G178900, Glyma.05G221600, Glyma.08G028100,
Glyma.08G055000, Glyma.08G136400, Glyma.08G194600, Glyma.09G044500,
Glyma.11G042400, Glyma.11G090900, Glyma.11G194700, Glyma.11G239800,
Glyma.12G079400, Glyma.13G002500, Glyma.13G063700, Glyma.13G074600,
Glyma.13G124700, Glyma.13G158600, Glyma.13G163700, Glyma.13G220000,
Glyma.13G323500, Glyma.14G207200, Glyma.15G092400, Glyma.17G080400,
Glyma.17G107200, Glyma.17G112700, Glyma.18G017600, Glyma.19G021500,

Glyma.19G169000, Glyma.20G048400, Glyma.20G066600

Only in Nodules Glyma.02G159900, Glyma.04G172900, Glyma.04G173000, Glyma.06G269300,
Glyma.08G071200, Glyma.12G135300, Glyma.U001700

Only in flowers Glyma.07G033500, Glyma.08G070700, Glyma.13G222000
Only in leaves Glyma.02G163200 Glyma.19G202200
Only in roots Glyma.13G044000, Glyma.16G172400
Only in seeds Glyma.06G154500, Glyma.13G142100, Glyma.17G041400

Table 2: List of GmABC transporter genes expressed during development stage, dehydration, and germination.

Expression condition Genes

Development stage

Glyma.01G016500, Glyma.03G136000, Glyma.03G167800,
Glyma.03G183600, Glyma.04G218900, Glyma.05G178900,
Glyma.06G146900, Glyma.07G121900, Glyma.07G233900,
Glyma.08G136400, Glyma.08G550000, Glyma.08G194600,
Glyma.09G044500, Glyma.09G160000, Glyma.10G019000,
Glyma.10G145200, Glyma.11G093900, Glyma.11G239800,
Glyma.12G020400,Glyma.12G079400, Glyma.13G163700,
Glyma.13G323200, Glyma.15G092400,Glyma.16G209400,

Glyma.18G017600, Glyma.18G080900, Glyma.19G021500, Glyma.20G066600

Dehydration

Glyma.02G008000, Glyma.3G101000, Glyma.07G033500,
Glyma.07G233900, Glyma.08G136400, Glyma.10G019000,
Glyma.10G217300, Glyma.11G194700, Glyma.12G020400,
Glyma.12G079400, Glyma.12G177500, Glyma.13G127500,
Glyma.15G012000, Glyma.12G0192000,Glyma.16G076900,
Glyma.16G110100, Glyma.17G039200, Glyma.17G041200,

Glyma.17G112700, Glyma.20G174800

Germination stage

Glyma.01G016500, Glyma.01G026000, Glyma.02G038800,
Glyma.02G0298400, Glyma.03G183600, Glyma.04G128900,
Glyma.05G011900, Glyma.05G019400, Glyma.05G221600,
Glyma.08G000800, Glyma.08G028100, Glyma.08G070700,
Glyma.08G160900, Glyma.08G194700, Glyma.08G201300,
Glyma.09G206300, Glyma.10G086800, Glyma.10G145200,
Glyma.10G203000, Glyma.12G177200, Glyma.13G063700,
Glyma.13G142100, Glyma.13G323200, Glyma.17G080400,
Glyma.17G120100, Glyma.18G240700, Glyma.19G021500,
Glyma.19G184300, Glyma.20G048400, Glyma.20G125600
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Figure 5: Predicted structures of 16 GmABC proteins.

cultivar Williams, few host genes showed higher level of
expression (shown in Table 2 and Figure S2B). Still, more
experimental evidence is required to find out the specific
functions of the ABC transporter gene.

5. Conclusions

TheABC transporter gene family is one of the largest known
proteins, ubiquitously present in all living organisms and
playing a diverse function such as regulation of growth and
resistance processes across the plant kingdom. In the present
study, we conducted in silico genome-wide annotation of
soybean ABC transporter gene family. In total, 261 putative
ABC transporter genes were identified and these genes
were located unevenly in 20 chromosomes. The number of
genes was approximately double that in Arabidopsis and
rice. Since segmental duplication, tandem duplication along
with WGD might have contributed to the expansion of
this gene family. Further, these proteins were classified into
8 key subfamilies and results of our phylogenetic analysis
corroborated those of previous studies in another plant. Data
files of the physicochemical properties of ABC transporter
gene display great variation in gene structure, their length,
and domain orientation. The GO analysis revealed multiple
functions for the GmABC transporter proteins, including
their role in transport and metabolic process. The RNA-seq

and Genevestigator data illustrated that GmABC genes were
expressed in various tissues, development stages, and the ger-
mination stage, as well as in response to dehydration stresses
on the transcriptional level, signifying their diverse function.
Besides, cis-regulatory element analysis of GmABCs also
suggests their role in the development and various abiotic
stresses. The results provide comprehensive information for
the further functional study of the GmABC gene family.
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Supplementary 1. FIGURE S1: Gene structure of soybean
ABC transporter genes. Gene structures were made using
online tool GSDS (Hu et al., 2015; http://gsds.cbi.pku.edu
.cn/). As shown in the legend, blue bars stand for untranslated
regions (UTR). One yellow bar represents an exon and one
black string represents an intron. The scale on the bottom is
in kilobase (kb).
Supplementary 2. FIGURE S2A: Hierarchical cluster of
expression profiles of 261 soybean ABC transporter genes in
seven different development stages derived from Geneves-
tigator software (https://www.genevestigator.com/). Expres-
sion levels are illustrated by graded color scale, representing
the log2 ratio of relative expression pattern ranging from 0 to
100%. For the maroon/white scale, all gene-level profiles were
normalized for coloring such that, for each gene, the highest
signal intensity obtains the value 100% (maroon), and absence
of signal obtains the value 0% (white).
Supplementary 3. FIGURE S2B: Heatmap representation of
261 differentially expressed ABC transporter genes during
perturbation derived from Genevestigator V3 (https://www
.genevestigator.com/). Expression levels are illustrated by
graded color scale, representing the log2 ratio of relative
expression pattern ranging from -2.5 (downregulated) to
2.5 (upregulated). Red, green, and black represent positive,
negative, and zero, respectively. Gene IDs are given on the top.
Supplementary 4. TABLE S1: List of GmABC transporter
genes identified and their basic physical properties.
Supplementary 5. TABLE S2: The ratio of Ka/Ks and dis-
tribution of duplicated soybean ABC transporter genes in
respective blocks as obtained from Plant Genome Duplica-
tion Database (PGDD).
Supplementary 6. TABLE S3: Tandemly duplicated soybean
ABC transporter genes obtained from PTGBase database.
Supplementary 7. TABLE S4: Characteristics of 16 GmABC
proteins selected for homology modeling.
Supplementary 8. TABLE S5: Common putative cis-elements
identified in the promoter sequences of GmABCs.
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The soil-borne pathogen Phytophthora capsici causes severe destruction of Capsicum spp. Resistance in Capsicum against P. capsici
is controlled by numerous minor quantitative trait loci (QTLs) and a consistent major QTL on chromosome 5. Molecular markers
on Capsicum chromosome 5 have been developed to identify the predominant genetic contributor to resistance but have achieved
little success. In this study, previously reported molecular markers were used to reanalyze the major QTL region on chromosome
5 (6.2 Mbp to 139.2 Mbp). Candidate resistance gene analogs (RGAs) were identified in the extended major QTL region including
14 nucleotide binding site leucine-rich repeats, 3 receptor-like kinases, and 1 receptor-like protein. Sequence comparison of the
candidate RGAs was performed between two Capsicum germplasms that are resistant and susceptible, respectively, to P. capsici. 11
novel RGA-based markers were developed through high-resolution melting analysis which were closely linked to the major QTL
for P. capsici resistance. Among the markers, CaNB-5480 showed the highest cosegregation rate at 86.9% and can be applied to
genotyping of the germplasms that were not amenable by previous markers. With combination of three markers such as CaNB-
5480, CaRP-5130 and CaNB-5330 increased genotyping accuracy for 61 Capsicum accessions. These could be useful to facilitate
high-throughput germplasm screening and further characterize resistance genes against P. capsici in pepper.

1. Introduction

Hot pepper (Capsicum spp.) is an economically important
crop that belongs to the Solanaceae family alongwith tobacco,
potato, and tomato. Hot pepper provides many essential
vitamins, and capsaicin is used as a major spicy flavoring in
most global cuisines [1]. In 2016, the main pepper-producing
countries grew 38 million tons on about 3.7Mha [2]. The
world production and trade value of hot pepper consistently
increased during the last decade.

Pathogenic fungi, oomycetes, bacteria, and viruses cause
economic damage and crop loss. Pepper production in
negatively impacted by approximately 87 different pathogens
and diseases [3]. Among them, Phytophthora capsici is a
highly destructive, broad-host-range oomycetes that was
first described in pepper in New Mexico in 1922 [4]. The
host range of P. capsici includes Solanaceae, Cucurbitaceae,

lima beans, and other plants. P. capsici is found in North
America, South America, Asia, Africa, and Europe. P. cap-
sici causes severe disease symptoms such as foliar blight,
stem blight, and root, stem, fruit, and foliar rot. The eco-
nomic impact of P. capsici on worldwide vegetable produc-
tion has been valued at over one billion dollars per year
[5].

P. capsici forms oospores that survive for years in the
soil and can migrate through water and wind during warm
(25–28∘C) and wet conditions such as those during rainy
seasons [6]. After P. capsici becomes established at a location,
it can be very difficult to control. There is no effective chem-
ical and agricultural strategy. Resistance against P. capsici
has been reported in cultivated peppers including cultivars
‘AC2258,’ ‘PI201232,’ ‘PI201234,’ and ‘CM334’ [7, 8]. Among
the resistant cultivars, Capsicum annuum ‘CM334’ shows a
very high degree of resistance to multiple races of P. capsici
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and reported resistance to root rot, crown rot, fruit rot, and
foliar blight [9–11].

Previous studies indicated that resistance of pepper to
P. capsici is under polygenic control governed by complex
quantitative trait loci (QTLs) [12–15]. Identification and QTL
mapping of genes conferring partial resistance against P. cap-
sici in pepper is essential for breeding cultivars with P. capsici
resistance. The majority of QTLs for P. capsici resistance are
conserved onCapsicum chromosome 5.Numerousmolecular
markers have been developed within the major QTL region,
but little progress has been made in developing functional
gene-based markers of P. capsici resistance, and no P. capsici-
resistance gene (R gene) has yet been characterized. Recently,
high-quality de novo sequenced Capsicum genomes, includ-
ing the ‘CM334’ genome, were reported [16, 17].This genomic
information from the hot pepper could be applied to plant
breeding and the selection of crops with specific traits such
as disease resistance or large fruit size [16, 18, 19]. The devel-
opment of functional gene-based markers and the further
characterization of genes that confer resistance against P. cap-
sici is key factor for efforts to breed disease-resistant pepper
cultivars.

Plants have multiple layers of defense against pathogen
attacks, including preformed barriers for continuous defense
and programmed immune responses based on pathogen
recognition [20–22]. Resistance gene analogs (RGAs) are
proteins involved in plant immune responses. RGAs have
highly conserved structures, which include nucleotide bind-
ing site leucine-rich repeat (NBS-LRR) proteins, receptor-like
proteins (RLPs), and receptor-like kinases (RLKs) [21, 23, 24].
RGAs have been cloned as resistance genes in various plants
such as wheat (Lr10 to pathogen), barley (Mla6), rice (Xa1),
maize (Rp1-D), Arabidopsis (RPM1), lettuce (Rgc2), tobacco
(N), and tomato (Prf ) [25–32]. RGAs can be used to identify
and characterize 𝑅 genes.

In this study, the sequences of previously developed
markers were screened to extend the major QTL region
on Capsicum chromosome 5 and the RGAs were reana-
lyzed within that region to identify candidate resistance
genes. Marker development on candidate genes was per-
formed by comparing single nucleotide polymorphisms
(SNPs) between the P. capsici-resistant cultivar C. annuum
‘CM334’ and the P. capsici-susceptible cultivar C. annuum
‘Daepoongcho’. A total of 61 Capsicum accessions were used
to validate the newly developed RGA-based markers through
high-resolution melting (HRM) analysis. These markers
could be useful to validate the genotyping of germplasms
and to further characterize resistance genes against P.
capsici.

2. Materials and Methods

2.1. Plant Materials. 61 Capsicum accessions (44 resistant, 3
moderately resistant, and 14 susceptible cultivars; Table S1)
[33–38] were used to validate cosegregation of molecular
markers. All plants were grown in 32-cell trays filled with
soil. The plants were kept in a growth chamber at 25∘Cwith a
16 h/8 h (light/darkness) photoperiod.

2.2. Pathogen Preparation and Plant Inoculation with P. cap-
sici. Thepreparation of the P. capsici inoculumwas described
in previous study [11]. P. capsici was grown for 7 days in
potato dextrose agar medium at 27∘C and mycelial plugs
(6mm in diameter) were transferred on V8 agar medium for
zoospore production. After 5 days, the mycelia grown on V8
agar medium were damaged using spreader and incubated
under fluorescent lights for 2 days. The zoosporangia were
shocked by incubating at 4∘C with sterile water for 1 h
30min to initiate release zoospores, followed by 30min at
28∘C for equilibration. The zoospores were collected and
the concentration was adjusted to 1 × 105 zoospores ⋅ mL−1
counted by hemocytometer, and 2mL of suspension was
drenched at the root of each six-true-leaf stage of pepper
plant. The inoculated pepper plants were kept at 25∘C with
a 16-h light photoperiod condition. Evaluation of disease
symptoms was assessed using disease index of 0 to 3 scale
(0 = no symptom; 1 = leaf wilting but no necrosis or less
than 30% of the leaf wilted; 2 = leaf wilting and slightly
necrosis stem or less than 60% of the leaf wilted; 3 = plant
dead) [37]. The classification of the pepper lines, as resistant,
moderately resistant or susceptible, was made based on the
average disease index of each line, where if the scale was < 1,
the pepper line was considered as resistant (R), 1 ≤ disease
index < 2 confer as moderately resistant (MR), and if the
scale was < 3 as susceptible (S). The results of the phenotype
correspond to those as shown in Kim et al., 2017 [38].

2.3. Genomic DNA Extraction. Genomic DNA was extracted
from the young leaves of plant samples using a slightly mod-
ified cetyltrimethylammonium bromide (CTAB) method
[39]. First, the leaves were grinded using a pestle and
mixed them with CTAB buffer, polyvinylpyrrolidone, and
𝛽-mercaptoethanol. The samples were incubated at 65∘C
for 1 h, added chloroform with isoamyl alcohol (24:1), and
centrifuged them at 4∘C 15,814 g for 15min. Supernatant was
transferred to a new 1.5mL tube and incubated it for 30min
at −20∘C with isopropyl alcohol. The precipitated genomic
DNA was washed using 70% ethanol and centrifuged it at
4∘C 15,814g for 10min. DNApellet was dissolved in deionized
water and treated it with ribonuclease A. Concentration of
genomic DNA was measured by a NanoDrop� Spectropho-
tometer (ND-2000, ThermoFisher Scientific, Waltham, MA,
USA) and then diluted the sample to a final DNA concentra-
tion of 20 ng⋅𝜇L−1.

2.4. Major QTL-Related Marker Analysis. The DNA sequen-
ces of 5 simple sequence repeat (SSR), 8 cleaved amplified
polymorphic sequence (CAPS), and 18 SNP markers from
the published maps of pepper chromosome 5 were used
and compared with the C. annuum ‘CM334’ genome version
1.55 (http://genome.pepper.snu.ac.kr/) using BLASTn. The
major QTL region on chromosome 5 was extended including
all of the previously identified molecular markers and then
candidate resistance genes from the extended major QTL
region were selected.

2.5. Candidate Gene Selection and High-Resolution Melting
Analysis. RGAs were identified according to the domain

http://genome.pepper.snu.ac.kr/
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structure of the genes in the extended major QTL region.
Domain structure analysis was conducted using SMART
(http://smart.embl-heidelberg.de/) and Pfam (http://pfam
.xfam.org/). The RGA sequences were expanded including
an additional 1 kb from both ends of the sequences using
an in-house pipeline. A multiple sequence alignment tool
MUSCLE (http://www.ebi.ac.uk/) was used to identify SNPs
between C. annuum ‘CM334’ and C. annuum ‘Daepoongcho’
for developing RGA-based markers. The candidate genes
were selected based on the locations of the SNPs within the
expanded QTL region.

Peptide and DNA sequences were downloaded from the
Pepper Genome Platform (http://genome.pepper.snu.ac.kr/)
and designed primers using primer3plus (http://www.bioin-
formatics.nl/cgi-bin/primer3plus/primer3plus.cgi; Table 1)
for HRM analysis of molecular markers. HRM analysis was
performed to validate the cosegregation of the newly devel-
oped RGA-based markers among 61 Capsicum accessions
using LightCycler� Real-Time PCR (Roche, Basel, Switzer-
land). The reaction solution had a total volume of 20 𝜇L and
contained 40 ng genomic DNA, 1 𝜇L each of two primers
at 10 pmol⋅𝜇L−1, 0.1 𝜇L EasyTaq� DNA polymerase (Trans-
gene Biotech, Beijing, China), 2𝜇L 10× EasyTaq� buffer
(Transgene Biotech, Beijing, China), 1 𝜇L 2.5mM dNTPs
(Transgene Biotech, Beijing, China), 1 𝜇L SYTO�9 green
fluorescent nucleic acid stain (Life Technologies, Carlsbad,
CA, USA), and sterilized water. The PCR conditions were
5min denaturation at 95∘C followed by 10 s at 95∘C and
annealing with extension 20 s at 60∘C for 40 cycles. The
melting curve stage was a progression of 95∘C for 1min, 40∘C
for 1min, and 65∘C for 1 s with fluorescence estimated at 0.2∘C
intervals. Genotyping of the molecular markers was analyzed
through High-Resolution Melt software version 1.1 (Roche,
Basal, Switzerland).

3. Results and Discussion

3.1. Candidate RGA Markers with Integration of Genetic
and Genomic Data on Pepper Chromosome 5. Genetic and
genomic data on pepper chromosome 5 were integrated to
determine the extended region of a major resistance QTL.
The following DNA sequences and QTL information were
used in this study: CAPSmarkersmapped to the Pc.5.2, Pc.5.3
region of ‘H3’× ‘Vania’ (HV), and ‘Perenial’ × ‘YoloWonder’
(PY) [40]; SNP markers within the Pc5.1 region of ‘Early
Jalapeno’ × ‘CM334’ (EC), the Phyto5 region of ‘YCM334’
× ‘Tean,’ and the Pc5.2 region of ‘CM334’ × ‘Chilsungcho’
(CC) and ‘NB1’ × ‘Bhut Jolokia’ [41–44]; and SSR markers
mapped to the Pc5.1 region of ‘Manganji’ × ‘CM334’ [45].
The genomic locations of the previously developed markers
were identified using BLASTn with the C. annuum ‘CM334’
genome. The primer sequences and the genomic location of
several representative markers are shown in Table 1.

A physical map of chromosome 5 was drawn including
the locations of the markers and obtained the extendedmajor
QTL region for the selection of candidate resistance genes.
The extended QTL region spanned from 6.2 Mbp (U196349)
to 139.2 Mbp (P5-SNAP-CM) and contained 10 QTLs and
845 genes from 56 scaffolds (Table 1 and Figure 1). The

genes included NB-ARC domain containing protein, GRAS
family transcription factor, cytochrome P450, and proteins of
unknown function.

Using the domain analysis tool, 18 RGAs in the extended
QTL region including 14 NBS-LRR proteins, 3 RLKs, and
1 RLP were identified (Table S2). Previously, Rehrig et al.,
2014, reported several RGAs nearby QTL peak on chro-
mosome 5 using ‘CM334’ genome (ver.1.5), but they did
not developed RGA-based markers to evaluate P. capsici-
resistance resources. In this study, additional five RGAs were
identified from the updated ‘CM334’ genome (ver. 1.55) as
shown in Table S2. The 14 NBS-LRR proteins consisted of
seven partial type NBS-LRRs and seven full type NBS-LRRs.
All three RLKs had a kinase-TM-kinase domain. The RLP
had a signal peptide-LRR domain. The majority of candidate
genes that have been cloned as 𝑅 genes in plant species are
RGAs. To date, more than 314 functional 𝑅 genes have been
identified in plants [46]. Among them, 80% encode NBS-
LRRproteins (191/314) or RLPs/RLKs (60/314). In Solanaceae,
all of the cloned 𝑅 genes against Phytophthora infestans
were identified RGAs such as Rpi-blb1, Rpi-blb2, R2, R3a,
and ELR [47–51]. Therefore, the identification of RGAs and
development of RGA-based markers could be useful in the
further characterization of P. capsici-resistance genes.

3.2. Development of SNPMarkers. Eighteen RGAswere rean-
alyzed to identify SNPs between resistant and susceptible P.
capsici germplasms by multiple sequence alignment. Among
the 18 RGAs, 11 had SNPs and were selected as candidate
genes for the development of molecular markers (Table 2 and
Table S2).The RGA-based markers had four SNP types (A/C,
A/G, T/C, and T/G) and had from one to three SNPs between
the resistant and susceptible germplasms (Table 2). Using
HRM analysis, nine NBS-LRR-based markers (CaNB-5390,
CaNB-5410, CaNB-5440, CaNB-5480, CaNB-5550, CaNB-
5720, CaNB-5330, CaNB-5530, and CaNB-5170), one RLK-
based marker (CaRK-5470), and 1 RLP-basedmarker (CaRP-
5130) were developed. The HRM curves clearly distinguished
among three genotypes for each of the markers: resis-
tant homozygous, resistant heterozygous, and susceptible
homozygous (Figure 2).

The RGA-based SNPmarkers were applied to genotyping
of 61 Capsicum accessions with previously developedmarkers
such as 142964 [42] and Phyto5SAR [43]. In a previous
report, the region spanning from 20.2 Mbp to 29.29 Mbp
on chromosome 5 was reported as the major core QTL
region [43]. Phyto5SAR was closely linked to the major core
QTL, and was used to assess the genotyping accuracy of the
new developed markers. The genotyping results of the newly
developed markers are shown on Table 3 and Table S3, which
were divided into four groups as genotyping accuracy on
cultivars. The phenotypes in cultivars belong to Group 1 and
Group 2werematched with genotyping results by sixmarkers
(Table 3).The cosegregation rates varied from 37.7% to 86.9%
(Figure 3(a)). Several markers adjacent to Phyto5SAR had
a tendency to show a high cosegregation rate, which were
CaRP-5130 (82%), CaNB-5330 (83.6%), CaRK-5470 (72.1%),
and CaNB-5530 (82%). Although far from Phyto5SAR on the
physical map, CaNB-5480 showed the highest cosegregation
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Figure 3: Cosegregation rate obtained by genotyping RGA-based markers in 61 cultivars. (a) The cosegregation rate of the each marker. The
x-axis shows the names of the molecular markers. The y-axis shows the cosegregation rate. Newly developed markers are indicated by grey
bars.White bars show previously developedmarkers 142964 and Phyto5SAR. (b)The genotyping accuracywhen applied with combination of
RGAmarkers at 61 cultivars.The x-axis shows combination of themarkers and y-axis shows genotyping accuracy. Grey bars show genotyping
accuracy of resistant and moderately resistant cultivars. Genotyping accuracy of susceptible cultivars is indicated by white bars.

rate (86.9%) except for eight cultivars (13.1%). CaNB-5480
could be applicable to genotyping of germplasms that are not
amenable to genotyping (R31-33; R35-37) using Phyto5SAR.
In a previous study, the combination of molecular markers
increased genotyping accuracy of Cf-9 locus in tomato
cultivars [52]. In our study, by combining two or three
markers, the genotyping accuracy was increased compared

to that in single RGA maker (Figure 3). Combination of
three markers such as CaNB-5480, CaRP-5130, and CaNB-
5330 cosegregated with the resistance and susceptible pheno-
types in pepper accessions used in this study (Figure 3(b)).
Genotyping results of CaNB-5480 and Phyto5SAR showed
98.4% genotyping accuracy except for one cultivar (R43) and
CaNB-5130 can apply to the genotyping of the R43 cultivar.
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The genotyping accuracy of combination of two or three
markers ranged from 78.6% to 100% (Figure 3(b)). Taken
together, combination with highly linked markers could be
used efficiently for genotyping of pepper varieties for further
pepper breeding.

The variation of the cosegregation rate (37.7% to 86.9%)
suggested the conversion of the major QTL region between
the genetic and physical maps. Kim and associates [17]
constructed pseudomolecules using a high-density map
with 6,281 markers derived from C. annuum ‘Perennial’
and C. annuum ‘Dempsey’. Scaffold anchoring was con-
ducted with genetic maps of a cross between C. annuum
‘NuMexRNAKY’ and C. frutescens acc. 2814-6 [53]. Neither
previous study used ‘CM334’-related populations. Genomic
variation between ‘CM334’ and other pepper germplasms
could represent differences in cosegregation [54]. Fur-
ther reanalyses of the pepper genomic structure could
reveal reanchoring or rearrangement within or among
chromosomes.

To date, several markers linked to the major resistance
QTL in pepper have been developed including restriction
fragment length polymorphisms (RFLPs), randomly ampli-
fied polymorphic DNA (RAPD), amplified fragment length
polymorphisms (AFLPs), and SNPs, which could lead to
marker-assisted selection for breeding P. capsici-resistant
lines [55, 56]. Wang and associates [57] also developed SSR
markers that tightly linked to the resistance gene in pepper
line ‘PI201234’. However, the previously developed markers
from the different genetic maps could be insufficient to
determine whether the QTL region includes a QTL that is
conserved among different progenies. P. capsici isolates with
different virulence factors and/or inoculation concentrations
also have variable disease phenotypes, which cause variation
in cosegregation rates of molecular markers [43, 57]. Rehrig
and associates [44] reported cosegregatedCaDMR1withQTL
Pc5.1 as a candidate for resistance toP. capsici in pepper, but its
function was not determined yet. Here, newly closely linked
RGA-based markers of P. capsici resistance were developed,
which can be used to genotype breeding sources and to
further characterize 𝑅 genes. Our markers may be used in
combination with other markers such as CaNB-5480, CaRP-
5130, and CaNB-5330 to efficiently determine the phenotypes
of pepper germplasms. Such data would also be sufficient to
determine the resistance gene spectrum in the QTL region on
chromosome 5.

4. Conclusion

In this study, 11 novel RGA-based markers were devel-
oped that are linked to major QTL for P. capsici resis-
tance. Among the markers, CaNB-5480 showed the most
closely linked marker to major QTL. With combination
of CaNB-5480, CaRP-5130 and CaNB-5330 provide the
most accurate assessment of genotyping among 61 Capsicum
accessions. Together, as combination with other markers, it
could be more efficiently phenotyping of pepper germplasms
and to further characterize resistance genes against P.
capsici.
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The ontogenesis and reproduction of plants cultivated aboard a spacecraft occur inside the unique closed ecological systemwherein
plants are subjected to serious abiotic stresses. For the first time, a comparative molecular cytogenetic analysis of Pisum sativum L.
(Fabaceae) grown on board the RS ISS during the Expedition-14 and Expedition-16 and also plants of their succeeding (F1 and F2)
generations cultivated on Earth was performed in order to reveal possible structural chromosome changes in the pea genome.The
karyotypes of these plants were studied by multicolour fluorescence in situ hybridization (FISH) with five different repeated DNA
sequences (45S rDNA, 5S rDNA, PisTR-B/1, microsatellite motifs (AG)

12
, and (GAA)

9
) as probes. A chromosome aberration was

revealed in one F1 plant. Significant changes in distribution of the examined repeated DNAs in karyotypes of the “space grown”
pea plants as well as in F1 and F2 plants cultivated on Earth were not observed if compared with control plants. Additional oligo-
(GAA)

9
sites were detected on chromosomes 6 and 7 in karyotypes of F1 and F2 plants. The detected changes might be related to

intraspecific genomic polymorphism or plant cell adaptive responses to spaceflight-related stress factors. Our findings suggest that,
despite gradual total trace contamination of the atmosphere on board the ISS associated with the extension of the space station
operating life, exposure to the space environment did not induce serious chromosome reorganizations in genomes of the “space
grown” pea plants and generations of these plants cultivated on Earth.

1. Introduction

The presence of growing plants aboard a spacecraft is
important for creating and supporting a sustainable living
environment during long-term space missions, and in the
near future plant systems will become important components
of any long-duration exploration scenario. At the same time,
the ontogenesis and reproduction of plants occur inside the
unique closed ecological systemwherein plants undergo seri-
ous abiotic stresswhich can be induced by a number of factors
including changes in gravity, radiations, vibration, aboard
air composition with limited exchange of gases, humidity,
nutrients, temperature, and light. They are often associated
with reprogramming of gene expression and can influence
plant growth, development, and yield [1–3]. Specifically, seed

size reduction was observed in Arabidopsis thaliana (L.)
Heynh, Brassica rapa L., and Triticum aestivum L. grown
for full life cycles under microgravity conditions aboard the
International Space Station (ISS) [4–7]. Changes in the cell
wallmetabolismwere revealed inA. thaliana cultivated under
microgravity conditions in space [8]. In Hordeum vulgare
L., A. thaliana, and B. rapa, overexpression of some genes
associated with stress response proteins (heat shock proteins
(HSP), pathogenesis-related proteins, and antioxidant pro-
teins) was detected under space environment [9–12]. Besides,
differential organ-specific proteome responses to spaceflight
environment were revealed in leaves and roots from A.
thaliana [13]. Also, chemical contamination of the artificial
atmosphere aboard a spacecraft can influence the growth and
development of plants cultivated there [1, 5, 14].
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The “Lada” space greenhouse installed inside the Rus-
sian Segment of the International Space Station (RS ISS)
provides optimal conditions for plant growth and develop-
ment [15, 16]. It was shown that plants of Pisum sativum
L. (Fabaceae) cultivated in the “Lada” greenhouse during
four successive expeditions (Expeditions-7–Expeditions-10)
maintained their reproductive functions and viable seeds for
four full life cycles [17]. Analysis of genetic polymorphism by
random amplified polymorphic DNA (RAPD) did not reveal
changes in “space” plants compared to the ground control
[17, 18]. In karyotypes of these “space” samples, significant
chromosomal rearrangements were also not detected though
polymorphic organization of constitutive heterochromatin
(C-band polymorphism) was observed [19]. However, the
results of the 15-year monitoring of volatile organic com-
pounds in the air onboard the ISS demonstrated that, with
the extension of the space station operating life, the total
chemical contamination gradually built up and diversity and
toxicity of the compounds increased [20]. Over time, this
process can influence the ontogenesis of the plants cultivated
there and/or induce changes (e.g., chromosome aberrations)
in their genomes [1, 5, 14].

In eukaryotes, heterochromatin plays a key role in epi-
genetic regulation of gene expression. It was shown that het-
erochromatin gives rise to small interfering RNAs (siRNAs)
derived from transposable elements or DNA repeats [21, 22].
In plants, heterochromatic siRNAs are the most abundant
class of small RNAs which play important roles in gene regu-
lation by means of RNA-directed DNAmethylation [22–25].
Environmental stress factors can induce structural changes
in heterochromatin [22, 26]. C-heterochromatin comprises
different repeated DNA sequences including highly repeated
(satellite) DNA, transposable elements and also microsatel-
lites, or simple sequence repeats (SSRs) which consist of
tandem duplications of 1–6 bpmotifs [27, 28]. Microsatellites
play diverse functional roles in eukaryotic genome (e.g.,
modulation of gene expression, regulation of chromatin
organization, DNAmetabolic processes, and RNA structure)
[29]. Besides, SSRs are effective genetic markers due to their
common length polymorphism, and they are widely used
in genetic studies [30]. Microsatellites in coding sequences
can be directly linked to gene function, and mutations in
microsatellites may induce the functional genomic changes
providing a basis for quick adaptations to environmental
changes [31–33].

The rRNA genes can serve as excellent markers in phy-
logenetic and cytogenetic studies of plants. These genes are
organized into two distinct families (i.e., 45S and 5S rDNA)
that occur as tandem repeat arrays at specific chromosomal
regions. Due to high copy number, detection of rDNAs is
highly reproducible and provides valuable information con-
cerning chromosomal evolution [34]. In plant genomes, the
copy numbers and chromosomal distribution of rDNAs can
vary rapidly even within intraspecific taxa and can therefore
provide chromosomal landmarks for genome plasticity [34–
36].

Thus, DNA repeated sequences play a significant role in
plant genome adaptation to stress factors, and therefore it is
important to investigate the karyotype polymorphism and

chromosomal distribution of these DNA fractions in plants
cultivated aboard a spacecraft. In the present study, molecular
cytogenetic characterization of P. sativum plants grown on
board the RS ISS during Expedition-14 and Expedition-
16 (ISS-14 and ISS-16) and also plants of the succeeding
generations cultivated on Earth was performed in order
to reveal possible chromosome changes in the P. sativum
genome. The karyotypes of these plants were studied by
multicolour fluorescence in situ hybridization (FISH) with
five different repeated DNA sequences (45S rDNA, 5S rDNA,
PisTR-B/1, microsatellite motifs (AG)

12
, and (GAA)

9
) as

probes.

2. Materials and Methods

2.1. Plant Material. Seeds of line 131 of P. sativum (2n=14)
(generation F0) were obtained from the collection of Depart-
ment of Biology ofM.V. LomonosovMoscow State University
[18].

During the ISS Expedition-14 and Expedition-16, these
seeds (generations F0-14 and F0-16, correspondingly) were
grown in the Lada space greenhouse installed inside the RS
ISS [17]. The seeds were germinated after irrigation with
water, and the seedlings were cultivated in Lada at 23 ±
1∘C and 40 to 50% humidity under 24 h lighting. Fluores-
cent bulbs of the lighting unit generate photosynthetically
active radiation with the flux at the root module surface of
250𝜇molm−2 s−1 minimum at a distance of 150mm away
from the light emitting surface. The moisture supply to
the substrate was controlled at a constant, optimal level
by the Lada system using in situ moisture sensors. The
substrate consisted of the porous ceramic soil conditioner
Turface (Profile Products, Buffalo Grove, IL) fertilized with
Osmocote (14N-14P-14K) (Scotts Professional, Geldermalsen,
Netherlands).

During the ISS-14, the experiment was being carried out
for 78 days (11/01/2007–13/04/2007) by a flight engineer M.
Tyurin. During the ISS-16, the experiment was being carried
out for 79 days (10/01/2008–13/04/2008) by a flight engineer
Yu. Malenchenko. After completion of each experiment, the
seedpods with the “space grown” seeds (F1 generations (F1-14
and F1-16)) were harvested and transported back to Earth for
further analyses.

The “space grown” seeds were stored until use under
aseptic conditions at 3-4∘C and a relative humidity of
13-14 % which enabled successful long-term seed storage
[37, 38].

Then “space grown” seeds were germinated and used for
chromosome spread preparation and also further postflight
planting (F2 generations (F2-14 and F2-16)). The seeds of
line 131 cultivated only on Earth were used as a control.
Ground control and postflight cultivation were carried out
using the same substrate and similar greenhouse and at the
same conditions.

2.2. Chromosome Slide Preparation. For FISH, the modified
technique of chromosome spread preparation from pea root
tips was applied [39]. The seeds were germinated in Petri
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dishes on the moist filter paper at room temperature. Root
tips (of 0.5 cm) were excised and treated overnight (16-
20 h) in ice-cold water. After the pretreatment, the root tips
were fixed in ethanol:acetic acid (3:1) for 3–24 h at room
temperature. Before squashing, the roots were transferred
into 1% acetocarmine solution in 45% acetic acid for 15min.
The cover slips were removed after freezing in liquid nitro-
gen. The slides were dehydrated in 96% ethanol and then
air-dried.

2.3. DNA Probe Preparation. The following probes were used
for FISH:

(1) pTa71: a 9-kb-long sequence of commonwheat encod-
ing 18S, 5.8S, and 26S rRNAgenes including spacers [40].This
DNA probe was labelled directly with SpectrumAqua and
SpectrumRed fluorochromes (Abbott Molecular, Wiesbaden,
Germany) by nick translation according to manufacturers’
protocols.

(2) pTa794: a 420-bp-long sequence of wheat containing
the 5S rRNA gene and intergenic spacer [41]. This DNA
probe was labelled directly with SpectrumRed fluorochrome
(AbbottMolecular,Wiesbaden,Germany) by nick translation
according to manufacturers’ protocols.

(3) The oligo-(GAA)
9
probe labelled with fluorescein-

12-dUTP (Roche Diagnostics, Mannheim, Germany) and
oligo-(AG)

12
probe labelled with Cy3-dUTP (DNA Synthe-

sis, Moscow, RF). These probes were synthesized using a
synthesizer ABI 394 (Applied BioSystems, Redwood City,
USA) in the laboratory of biologicalmicrochips of Engelhardt
Institute of Molecular Biology of RAS, Moscow, RF.

(4) The PisTR-B/1 repeat sequence (GenBank number
AF300830.1) (Invitrogen, California, USA) used for identi-
fication of P. sativum chromosomes [42]. This DNA probe
was labelled directly with fluorochromes PlatinumBright 415
and PlatinumBright 495 by Nucleic Acids Labeling Kits
(Kreatech Diagnostics, Amsterdam, Netherlands) according
to manufacturers’ protocols.

2.4. FISH Procedure. Before FISH procedure, chromosome
slides were pretreated with 1mg/ml of RNase A (Roche Diag-
nostics, Mannheim, Germany) in 2xSSC at 37∘C for 1 h and
then washed three times for 10min in 2xSSC.The slides were
dehydrated in a series of 70%, 85%, and 96% ethanol solu-
tions and then air-dried. The hybridisation mixture (22 𝜇l)
containing 40 ng of each labelled probe was added to each
slide. Coverslips were placed on the slides and sealed with
rubber cement. Slides with DNA probes were codenatured at
74∘b for 5min, placed in a moisture chamber, and hybridised
overnight at 37∘C. After removing the coverslips, the slides
were washed with 0.1xSSC at 44∘C for 8min and with 2xSSC
at 44∘C for 8min with the final 5min wash in 2xSSC at
room temperature. For oligo-(GAA)

9
probe labelled with

fluorescein-12-dUTP, fluorescent signal amplification using
FITC-Alexa 488 antibodies (VectorLabs, Youngstown, USA)
was performed. After incubation for 60min at 37∘C with the
detection mixture, the slides were washed two times with
2xSSC for 5min and once in 1xPBS for 5min each at room
temperature. The slides were dehydrated and air-dried in

the dark. After FISH procedure, the slides were stained with
0.125𝜇g/ml DAPI (Serva, Heidelberg, Germany) dissolved in
Citifluor anti-fade solution (UKC Chem. Lab., Canterbury,
UK).

2.5. Chromosome Analysis. For identification of pea chromo-
somes, we used the molecular cytogenetic marker PisTR-B/1,
developed earlier for cytogenetic classification of P. sativum
in which the chromosome numbering was brought in line
with the genetic (linkage group) identification [43, 44]. For
investigation of possible chromosomal polymorphism, the
oligonucleotide (AG)

12
and (GAA)

9
probes were used for

F1 and F2 plants (ISS-14 and 16). At least 8-10 individual
plants from each specimen (control, F1, and F2 plants (ISS-
14 and ISS-16)) were used for the karyotype analyses. At
least 15 metaphase plates from each individual were analyzed.
The slides were examined using an Olympus BX-61 epifluo-
rescence microscope (Olympus, Tokyo, Japan). Images were
captured with monochrome charge-coupled device camera
(Cool Snap, Roper Scientific, Inc., Sarasota, FL, USA). Then
they were processed with Adobe Photoshop 10.0 software
(Adobe, Birmingham, USA).

3. Results

3.1. Plant Vegetation Period and External Features of the
Plants. The experiment carried out during the ISS-14 showed
that the plant vegetation period was about 80 days which was
10-12 days longer than it had been observed in the control
ground experiments. This period of the seed-to-seed cycle
was found to increase due to slower initial vegetation stages.
The experiment carried out during ISS-16 showed that the
plant vegetation period was about 65-70 days which was
roughly comparable with the results of the control ground
experiments. External features of the plants did not differ
essentially from the control specimens (Figure 1).

3.2. Chromosomal Markers Revealed by FISH. For the first
time, a comparative molecular cytogenetic analysis of pea
plants grown on board the RS ISS during the Expedition-
14 and Expedition-16 and also their succeeding (F1 and
F2) generations cultivated on Earth was performed using
multicolour FISH with five different repetitive DNAs (45S
rDNA, 5S rDNA, the PisTR-B/1 repeat, microsatellite motifs
(AG)
12
, and (GAA)

9
).

In karyotypes of all studied P. sativum specimens, FISH
procedure revealed 45S rDNA sites in the distal regions of
the long arms of the satellite chromosome pairs 4 and 7.
These chromosomes pairs can easily be distinguished as a
larger satellite and a larger site of (GAA)

9
was revealed on

chromosome 7 than on chromosome 4 (Figures 2 and 3).
Hybridization sites of 5S rDNA were detected in three

chromosomepairs: in the subtelomere region of the short arm
of chromosome 1, in the subtelomere region of the short arm
of chromosome 3 (colocalized with a large site of the oligo-
(AG)
12
probe), and also in the median region of the short arm

of chromosome 5 (Figures 2 and 3).
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Figure 1: P. sativum plants in the Lada greenhouse aboard the RS ISS. Initial vegetation stages of pea plants were longer during the ISS-14
(a) compared to the ISS-16 (c). Adult plants came into flower and formed seedpods during both the ISS-14 (b) and ISS-16 (d).

The PisTR-B/1 repeat was mostly localized in subtelom-
eric regions of chromosomes (except for chromosome 5) and
also in pericentromeric regions of chromosomes 3, 4, and 5.

In karyotypes of all studied P. sativum specimens,
hybridization sites of (AG)

12
were clustered in the intercalary

regions of both arms of all chromosome pairs. Besides, a
polymorphic (AG)

12
site was revealed in the distal region of

the long arm of chromosome 3 (Figure 3).
In nearly 50% of the studied F1-14 plants, multi-

ple hybridization signals of the oligo-(GAA)
9
probe were

detected in the short arm of satellite chromosome 7 while
only one (GAA)

9
site was observed in karyotypes of F2-14, F1-

16, and F2-16 plants and also control specimens (Figure 4). In
some F1 and F2 plants (ISS-14 and 16), (GAA)

9
signals were

also detected on chromosome 6 (Figures 3 and 4) which were
absent in the control specimens.

Based on distribution patterns of the examined molec-
ular cytogenetic markers, all chromosomes in the studied
P. sativum plants were precisely identified (Figure 2). The
karyograms of the control and experimental plant specimens
(F1 and F2 generations) as well as the generalized idiogram
showing the chromosomal distribution of the examined
markers were constructed (Figure 3).

In the studied P. sativum plants, significant chromosomal
aberrations were not revealed with the exception of one F1-
14 plant bearing a reciprocal translocation between chromo-
somes 2 and 3 (Figure 2).

4. Discussion

P. sativum is a valuable nutritive crop having considerable
natural genetic diversity though the pea evolution from its
wild ancestor to the cultivated species involved selection
for thousands of years [45]. P. sativum is a genetically well-
characterized species which has long been used as a classic
model in genetic studies [45].

The pea karyotype has a relatively low chromosome
number (2n=14) and the chromosome lengths range from
of 3 to 6 𝜇m [46, 47]. The genome of P. sativum is rather
large (1C = 4.45 Gbp) [47], and repetitive sequences make
up 50-60 % of the total DNA [45, 48]. Repetitive DNA
is an important component of the plant genome that is
involved in genome reorganization during evolution and
adaptation [34, 49]. It was shown that environmental stress
factors could be responsible for quantitative changes in
plant DNA (particularly, changes in satellite DNAs) [35].
Dynamic changes in the heterochromatin structure which
occur during plant adaptation to a new environment can
result in amplification of transposable elements as well as
recombination events between repeats within satellite DNAs
[50]. For instance, in Arabidopsis plants subjected to long-
term heat stress, the increased level of transcription of
satellite DNAs was observed [51]. These processes can induce
structural genomic changes and formation of new structural
domains and regulatory units [50]. Spaceflight-related stress
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Figure 2: FISH-mapping of five different DNA repeated sequences on chromosomes of experimental and control P. sativum samples.
Metaphase spreads of the F1-14 plant (a), F2-14 plant (b), F2-16 plant (c), F1-16 plant (d), control plant (e), F1-14 plant bearing translocation
t(2;3) (f), and its karyogram (g) after FISH with 45S rDNA, 5S rDNA, PisTR-B/1, (AG)
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, and (GAA)
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. Arrows point to the chromosomal

translocation.Heads of arrows point to (GAA)
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on the right. Bar: 5 𝜇m.
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Figure 3: Generalized idiogram of P. sativum chromosomes showing the chromosomal distribution of the examined markers and
karyograms of the control and experimental samples. Chromosome numbers and linkage groups are denoted with Arabic and Roman
numerals, correspondingly. Asterisks indicate polymorphic (GAA)

9
and (AG)

12
sites. The correspondent probes and their pseudocolours are

specified on the left.

factors can induce different genetic disorders in plants. For
example, it was shown that space radiation resulted in various
chromosomal aberrations andmitotic abnormalities in plants
[52, 53]. In this study, the presence of a chromosomal
aberration in one F1-14 plant can be related to peculiarities
of seed formation occurring on the mother plant under
space environment which were described earlier [4, 6, 7].
Alternatively, it might be a result of long-term seed storage
that could induce chromosomal aberrations [37, 54].

It was reported earlier that number of mono-, di-, tri-,
tetra-, penta-, and hexa-nucleotide repeat motifs in genomes

of different plant species could be species-specific [55]. A
number of microsatellites (00f)n, (AT)n, (GAA)n, and
(AG)n were found to be frequent in the pea genome [48]. In
the present study, the use of a combination of two microsatel-
lites ((GAA)

9
and (AG)

12
) with a pea specific PisTR-B as

well as 5S and 45S rDNA probes allowed us to identify all
the pea chromosomes as well as perform the chromosome
comparison of the plants grown from the “space grown” seeds
with the plants of ground control. In the P. sativum plants
examined here, chromosomal distribution of 45S rDNA, 5S
rDNA, and PisTR-B/1 mainly corresponded to the patterns
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Figure 4: FISH-based localization of 45S rDNA, 5S rDNA, and (GAA)
9

on the metaphase spreads of F1 (ISS-14) and F2 (ISS-16) P.
sativum plants. Metaphase spread of a F1 pea plant (ISS-14) after FISH with 5S rDNA, (GAA)

9
(a) and 45S rDNA, 5S rDNA, (GAA)

9
(b).

Metaphase spread of a F2 pea plant (ISS-16) after FISH with 5S rDNA, (GAA)
9
(c) and 45S rDNA, 5S rDNA, (GAA)

9
(d). Arrows point to the

polymorphic (GAA)
9
sites on chromosomes 6 and 7.The correspondent probes and their pseudocolours are specified on the right. Bar: 5𝜇m.

reported earlier [42, 45, 56] with the exception of the only
report of four chromosome pairs bearing 5S rDNA sites in
the karyotype of one P. sativum variety [57] which is probably
due to the intraspecific variability and/or particularity of
that variety. Precise chromosome identification allowed us to
specify the localization of the (GAA)

9
and (AG)

12
sites on P.

sativum chromosomes.
In all pea specimens studied here (including the ground

control), we observed a low level of polymorphism in
chromosome distribution of (AG)

12
and PisTR-B/1. How-

ever, we revealed more sites of the oligo-(AG)
12

probe
in karyotypes of the studied of P. sativum than it was
reported earlier [57]. This might indicate the presence of
the intraspecific variability in chromosome distribution of
the (AG)n motif in P. sativum. Moreover, in karyotypes of
F1-14 plants, we observed multiple hybridization signals of
(GAA)

9
on satellite chromosome 7 which were absent in

the control plants. Besides, in karyotypes of some F1 and
F2 plants (ISS-14 and ISS-16) additional (GAA)

9
sites were

also detected on chromosome 6. Considering the fact that
intraspecific polymorphism in chromosomal distribution of
AG and GAA motifs was described earlier for other plants
(e.g., Hordeum marinum and Brassica rapa ssp. chinensis)
[58, 59], the detected changes might also be an example of
intraspecific genomic polymorphism. Alternatively, they can
be related to plant cell adaptive responses to spaceflight-
related stress factors. Microsatellites are shown to be involved
in the processes of fast adaptation of plant populations
to environmental changes and also phenotypic plasticity
within and between generations, and gene-associated tandem
repeats provide diverse variations promoting rapid devel-
opment of new forms [31]. Some microsatellites act as cis-
regulatory elementswhich can be recognized by transcription
factors. For instance, it was shown that (GA)n and (GAA)n
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repeats were included in promoters of several plant genes and
participated in regulation of processes of transcription and
translation [60–63].

Plant adaptation to spaceflight conditions is known to
correlate with activation of genetic and epigenetic antistress
mechanisms. Large-scale analyses of transcriptome in several
plant species (B. rapa, H. vulgare) showed that spaceflight-
related stress factors led to oxidative stress in plants and
caused an increase in expression of the genes related to abiotic
and biotic stresses and also in production and activities of
antioxidant enzymes [9, 10, 12]. Operating experience of
hermetically sealed objects showed that artificial atmosphere
is known to be a multicomponent mixture involving harmful
micro impurities related to various structural classes [20, 64],
and an increased level of ethylene is considered to be a major
cause of oxidative stress in plants [1, 5, 14]. For example,
phytotoxic influence of ethylene (1.1-2.0mg/m3), which was
early detected in the air aboard the Space StationMir, resulted
in changes in the productivity and morphometric character-
istics of dwarf wheat cultivated there [5]. Spaceflight-related
stress factors might induce plant cell adaptive responses
manifested at the genomic level as changes in a copy number
of microsatellite motifs. In support of this view, changes in
plant vegetation period were observed during the ISS-14.
Unfortunately, the other karyotypic studies of plants grown
from the “space” seeds are next to none. This issue needs
further investigations as the “Lada” space greenhouse is too
small in size to produce a great number of seeds.

5. Conclusions

Significant changes in distribution of the examined repeated
DNAs in karyotypes of the “space grown” P. sativum plants
as well as in F1 and F2 pea plants cultivated on Earth were
not observed if compared with control plants. The revealed
changes in chromosomal distribution of the oligo-(GAA)

9

probe in karyotypes of F1 and F2 plants might be an example
of intraspecific genomic polymorphismor related to plant cell
adaptive responses to spaceflight-related stress factors.

Our findings suggest that, despite gradual total trace
contamination of the atmosphere onboard the ISS associated
with the extension of the space station operating life, expo-
sure to the long-term spaceflight-related stress factors did not
induce serious chromosome reorganizations in genomes of
the “space grown” pea plants and generations of these plants
cultivated on Earth.
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“Chromosome sorting and PCR-based physical mapping in pea
(Pisum sativum L.),” Chromosome Research, vol. 10, no. 1, pp.
63–71, 2002.
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[47] J. Doležel and J. Greilhuber, “Nuclear genome size: Are we
getting closer?” Cytometry Part A, vol. 77, no. 7, pp. 635–642,
2010.

[48] J. Macas, P. Neumann, and A. Navrátilová, “Repetitive DNA in
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The centromeres perform integral control of the cell division process and proper distribution of chromosomes into daughter cells.
The correct course of this process is often disrupted in case of remote hybridization, which is a stress factor. The combination
of parental genomes of different species in a hybrid cell leads to a “genomic shock” followed by loss of genes, changes in gene
expression, deletions, inversions, and translocations of chromosome regions. The created rye-wheat allopolyploid hybrids, which
were collectively called secalotriticum, represent a new interesting model for studying the effect of remote hybridization on the
centromere and its components. The main feature of an active centromere is the presence of a specific histone H3 modification
in the centromeric nucleosomes, which is referred to as CENH3 in plants. In this paper the results of cytogenetic analysis of the
secalotriticum hybrid karyotypes and the comparison of the CENH3 N-terminal domain structure of parent and hybrid forms
are presented. It is shown that the karyotypes of the created secalotriticum forms are stable balanced hexaploids not containing
minichromosomes with deleted arms, in full or in part. A high level of homology between rye and wheat enables to express both
parental forms of CENH3 gene in the hybrid genomes of secalotriticum cultivars.The CENH3 structure in hybrids in each crossing
combination has some specific features.The percentage of polymorphisms at several amino acid positions is much higher in one of
the secalotriticum hybrids, STr VD, than in parental forms, whereas the other hybrid, STr VM, inherits a high level of amino acid
substitutions at the position 25 from the maternal parent.

1. Introduction

Many species of the Triticeae tribe are natural allopolyploids
and attractive objects for obtaining synthetic hybrids, which
are promising material for practical breeding. Themost com-
mon and studied examples of such hybrids are allopolyploid
triticale. The synthetic allohexaploid triticale has a genome
structure similar to hexaploid bread wheat except that it
has rye as one of its progenitor instead of the D genome
donor Aegilops tauschii. Triticale is an important model for
studying the rapid changes that occur subsequent to poly-
ploidization involving genomic remodeling and changes in
gene expression [1]. However, selection and genetic analysis
of the triticale gene pool showed that the genetic potential
of rye adaptability is insufficiently realized. At the molecular

level, it was found that 9% of genes in octoploid triticale
and up to 30% of genes in hexaploid triticale become silent
[2], which may be one of the reasons for the incomplete
realization of hybrid genetic potential.

The synthesis of rye-wheat amphidiploids, which have
wheat (Triticum L.) as the pollinator and rye (Secale L.) as
the maternal form, can offer better setting for enhancing
rye gene expression and for the creation of hybrids valuable
for breeding [3]. Crosses like these are normally difficult to
achieve due to incompatibility, and so rye-wheat amphiploids
are not yet studied. Overcoming this barrier is usually associ-
ated with severe rearrangements in the genomes of parental
forms, which is the most vivid manifestation of the “genomic
shock” that occurs when parents’ genomes are combined in
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a hybrid cell [4] and is accompanied by various chromoso-
mal abnormalities, including those affecting the centromere
structure. It has been previously determined that using an
intermediary species triticale as a source of wheat genomes
in crosses with rye proved to be effective for overcoming
the barrier of unidirectional progamic incompatibility of
parent species [3]. As a result, these rye-wheat amphidiploid
hybrids were created by crossing tetraploid rye (S/RRRR, 2n
= 4x = 28) with hexaploid triticale (T/RRAABB, 2n = 6x =
42) and were named secalotriticum (×Secalotriticum, syn.
×Secalotriticum = Secale L. × Triticum L., S/RRAABB, 2n =
6x = 42). The presence of rye maternal cytoplasm in hybrids
was proved by analyzing restriction fragments of species-
specific mitochondrial DNA18S/5S-repeated sequences and
the ndhH-region of chloroplast DNA, which showed a pat-
tern characteristic of chloroplast DNAand rye mitochondrial
DNA [3]. The created secalotriticum hybrids are charac-
terized by a wider variability range of morphological and
economically valuable traits compared to the original triticale
forms [3]. Secalotriticum creates more advantageous condi-
tions for enhancing the expression of rye genetic systems and
the manifestation of its valuable adaptive traits.

The process of the hybrid genome formation and its
subsequent stabilization are directly related to the normal-
ization of meiosis and proper segregation of chromosomes.
Incompatibility of centromeres of different species seems to
be the main reason of the chromosome elimination of one
of the parental genomes in hybrids [5, 6]. The pivotal role
in the proper chromosome segregation during meiosis and
mitosis lies with centromeres, their identity being defined by
the presence of the centromere-specific variant of histone H3
known in plants as centromere-specific histone H3 variant
CENH3 [7, 8]. This is due to the fact that at the molecular
level the most specialized and universal characteristic of the
active centromere is the presence of CENH3 instead of the
canonical histone H3 in the nucleosomes of centromeric
chromatin. As it has been shown in somemammalian species
andDrosophila, in case of centromeric histone loss, there is no
kinetochore formation and no correct chromosome segrega-
tion during cell division for some reason [9].Unlike canonical
histone X3, which has a conserved structure, CENH3 nor-
mally shows considerable variability across species [5, 10, 11].
Different domains of this molecule are diverging differently.
An extended N-terminal tail (NTT) domain and loop 1 of
the histone fold domain (HFD) putatively interact with cen-
tromeric DNA [12] and show signatures of positive selection
in some animal and plant species [13], while the part of the
HFD that lies outside loop 1 is generally conserved [14, 15].

Because of a special role CENH3 has in the formation
and function of centromeres, we explore effects of remote
hybridization using an unusual combination of parental
forms on the structure of this protein and perform a cyto-
genetic analysis of the karyotypes.

2. Materials and Methods

Two secalotriticum combinations (×Secalotriticum Rozenst.,
S/RRAABB, 2n = 6x = 42) Verasen’ ×Mikhas’ (STr VV) and

Verasen’ ×Dubrava (STr VD) were developed by hybridizing
the tetraploid rye cultivar Verasen’ (𝑆/RRRR, 2n=4x=28)
with the hexaploid triticale cultivars Mikhas’ and Dubrava
(𝑇/AABBRR, 2n=6x=42). Triticale acted as an intermediary
species, a source of wheat genomes and an inhibitor of
rye S-RNases, which allowed overcoming the rye progamic
incompatibility with wheat. Stabilization of karyotypes was
facilitated by a single backcross of rye-triticale pentaploid
F1 hybrids (S/RRABR, 5x=35) on triticale followed by self-
pollination within 15 generations and constant selection for
cytological stability and phenotypic homogeneity.

Karyotyping of secalotriticum, identification of the orig-
inal species chromosomes was carried out by means of
root apical meristem squashed preparations and differential
staining using a Giemsa technique (C-banding) [16].

Molecular analysis was conducted on plants of parental
forms and hybrids grown in a greenhouse. The total RNA
was isolated from leaves of 10-12-day-old seedlings from
4-5 plants of parental forms. RNA of hybrid forms was
isolated from each plant separately. Isolation of RNA was
performed using the TRI Reagent (MRC, Ink., USA) [17].
To avoid contamination with genomic DNA, total RNA was
treated with RQ-RNase Free DNase (Promega, Madison,
USA). To synthesize cDNA, a RevertAidTM H Minus
First Strand cDNA Synthesis Kit (Thermo Scientific, USA)
was applied. The resulting cDNA was used as a template
in a series of PCR reactions with primers synthesized
specifically to amplify the CENH3 N-terminal tail (NTT).
The primer sequences are 5 – ATGGCCCGCACCAAGC
(F) and 5 – GAAACTCGACCGACTTCTG (R). The
product size was 268 bp. PCR products were cloned
into the pTZ57R/T plasmid (InsTAclone PCR cloning
kit, Thermo Scientific, bd0) and analyzed by Sanger
sequencing using BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, USA). The reaction products
were separated on the 3500 Genetic Analyzer (Applied
Biosystems, USA). The sequences of individual clones
obtained for each sample were analyzed using the UniPro
Ugene software (http://ugene.net) and FASTA software
package [18]. The search for the identity of the nucleotide
sequences was carried out using the BLAST algorithm in
the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Amino acids alignments were performed online using
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo)
and used for downstream analysis and visualization
(http://www.jalview.org). Graphic images were prepared
using the Jalview program (http://www.jalview.org/).

3. Results and Discussion

The STr VM (Verasen’ × Mikhas’) and STr VD (Verasen’
× Dubrava) (S/RRAABB, 2n=6x=42) secalotriticum kary-
otypes were analyzed by differential staining (C-banding)
[16]. This method reveals the pattern of heterochromatic
regions localization, which is specific for each chromosomeof
rye and wheat, thereby allowing identification of each chro-
mosome in a hybrid karyotype. Figures 1(a) and 1(b) show
that the karyotypes of the STr VM and STr VD hybrids are
stable balanced hexaploids not containing minichromosomes

http://ugene.net
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/Tools/msa/clustalo
http://www.jalview.org/
http://www.jalview.org/
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(a) (b)

Figure 1: The STr VM (a) and STr VD (b) karyotypes of hybrid secalotriticum following C-banding appear with the whole sets of R, A, and
B genomes.

with deleted arms, in full or in part. The hybrids and the
original rye and wheat forms have an identical C-banding
pattern.

One of the genomic shock manifestations, which arise
from the combination of two parental genomes in a hybrid
cell in case of remote hybridization, is various chromosomal
aberrations. Deletions and translocations of individual chro-
mosomal regions and chromosome arms are among the most
common changes and have been found in the cytogenetic
analysis of both wheat-rye substitution and addition lines
[19, 20] and in triticale and offspring fromcrosses of triticale×
wheat [21, 22].The disorders herewith have been documented
in the chromosomes of both parental forms. Stabilization of
secalotriticum karyotypes was assisted by a single backcross
of rye-triticale pentaploid F1 hybrids (S/RRABR, 5x=35) on
triticale with subsequent self-pollination during 15 gener-
ations and constant selection for cytological stability and
phenotypic homogeneity. Diploid RR-rye genome in rye-
triticale F1 hybrids is a factor of meiosis stabilization and
provides functionality of gametes with different chromosome
composition. The formation of the secalotriticum genome
takes place in F1BC1 on the basis of partially unreduced
21-chromosome gametes of F1 pentaploids with balanced
chromosome sets of the original species haplogenomes (7(R),
7(A), 7(B)). Equation division (division into chromatids) of
asynaptic univalents in anaphase I (AI) is the main source
of chromosomal abnormalities during the second meiosis
division (MII): individual chromatids are not included in the
metaphase plate in MII; in anaphase II they often lag behind
other chromosomes in division, segregate randomly, undergo
fragmentation, and form micronuclei in the microspore
tetrads, which leads to the elimination of genetic material
and aneuploidy and the genomic instability [3, 23, 24]. Sta-
bility of the secalotriticum genome and its genetic diversity
are determined by the cytoplasm type and some factors,

apparently related to the structural and functional state of
centromeres in its genome. Analyzing meiosis in hybrids,
we observed the formation of (pseudo)univalents mainly as
a result of desynapsis [23, 24]. Desynapsis here means the
early decomposition of bivalents into univalents of desynaptic
origin (pseudounivalents) that occur in the late prophase
(prometaphase I) of meiosis. Unlike the asynaptic univalents
characteristic of triticale, the pseudounivalents maintain
their unipolar centromere orientation in the reductional (I)
division of meiosis. The equational (II) division of meiosis
was characterized by regular polar segregation and a low level
of chromosome elimination [23, 24].

The secalotriticum forms created underwent rapid stabi-
lization inmeiosis during selection for productivity. Stabiliza-
tion was due to the narrowing of the spectrum and a rapid
decrease in the frequency of the chromosome abnormalities
in the secondmeiotic division (by 15-50%) in F1-F3, including
the level of chromosome elimination (from30% to 6% tetrads
with micronuclei). In F3-5 and subsequent secalotriticum
generations, the normalization of the first division of meiosis
was more pronounced: the average level of anomalies in MI
metaphase decreased from 57.3% in F3 to 16.9% in F5 and also
from 25-30% up to 8-10% in AI-AII anaphases and reached
less than 5% at the tetrad stage [3, 23, 24]. The fact that
the chromosomal changes mentioned above tend to occur
quickly andmost intensively in the first generations, up to the
fifth, inclusive, and especially in F1 before the chromosome
doubling, is probably a general trend in remote hybridization
of cereals [3, 21, 23, 24]. Thus, continuous cycles of crosses
in the secalotriticum production played a significant role in
stabilizing the hybrid karyotype and replacing possible lost
parts of the parental genomes in the first generations after
hybridization.

Differences in the CENH3 structure between the parents
allow estimating the expression level of the parental forms
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Verasen' MART KHP AVR KT KV PPKK KLG TRP PG GT QRRQ DTD GAG TS AT PRRA GRA AAP GA AE GATG QPK QRK PH RF R
Mikhas' MART KHP AVR KT KV PPKK KLG TRP SG GT QRRQ DTD GAG TS AT PRRA GRA AAP GA AE GATG QPK QRK PH RF R
Verasen' x Mikhas' MART KHP AVR KT KV PPKK KLG TRP PG GT QRRQ DTD GAG TS AT PRRA GRA AAP GA AE GATG QPK QRK PH RF R

Verasen' MART KHP AVR KT KV PPKK KLG TRP PG GT QRRQ DTD GAG TS AT PRRA GRA AAP G A AE GATG QPK QR K PH RF R
Dubrava MART KHP AVR KT KV PPKK KLG TRP SG GT QRRQ DTD GAG TS AT PRRA GRA AAP G A AE GATG QPK QR K PH RF R
Verasen' x Dubrava MART KHP AVR KT KV PPKK KLG TRP SG GT QRRQ DTD GAG TS AT PRRA GRA AAP G A AE GATG QPK QR K PH RF R

∗

∗ ∗ ∗ ∗

Figure 2: The amino acid consensus sequences of 𝛼CENH3 NTT domain derived from parental forms of rye (Verasen’), triticale (Mikhas’,
Dubrava), and secalotriticum amphidiploids (STr VM and STr VD). The asterisks indicate the positions of nonsynonymous amino acid
substitutions. Amino acid polymorphic positions are color-coded according to their frequency: white, if below 50%; light-gray, if above 50%.
In the positions 41, 54, 56, and 66, the percentage of substitutions does not exceed 50%, although it has high values for Dubrava and the hybrid;
therefore the amino acids with the highest percentage are shown in these positions. The exact quantification of amino acid substitutions in
the polymorphic positions is provided in Figure 3.
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Figure 3: Quantitative determination of amino acid polymorphism in the NTT domain of 𝛼CENH3, leading to nonsynonymous amino
acid substitutions. On the x-axis, the position in the amino acid sequence; on the y-axis, the percentage of clones having substitutions in
polymorphic positions to the total number of clones sequenced. (a) Parental forms: Verasen’ and Mikhas’; hybrids: Verasen’ × Mikhas’. (b)
Parental forms: Verasen’ and Dubrava; hybrids: Verasen’ × Dubrava.Note: fifteen cDNA clones were sequenced for each parental plant and
the deduced amino acid sequences were obtained. About 40-45 clones were sequenced for each hybrid plant.

of the protein in a new genomic environment that arises
in a hybrid cell under remote hybridization. The first work
on studying possible connection between differences in the
CENH3 structure in parental forms and the processes of
parental genomes chromosome segregation during hybrid
cell division was carried out on hybrids obtained from the
crossing of cultured barley H. vulgare and its closest wild
relative H. bulbosum [5]. The CENH3 molecules were not
incorporated in the centromeres of H. bulbosum chromo-
somes, which were herewith inactivated and eliminated from
hybrid embryos. Perhaps the absence of CENH3 in the
centromeres of H. bulbosum chromosomes is caused by per-
ceptible differences in the structure of this protein between
barley species, especially in the structure of the N-terminal
tail (NTT) [5]. Unlike barley species, DNAsequences of𝛼 and
𝛽 CENH3 forms of various rye and wheat species have a very
high identity (95-99%) [25], which significantly complicates

the search for interspecific differences and, accordingly, the
identification of the nature of their inheritance in hybrid
genomes.

Consensus amino acid sequences derived from
sequenced cDNA clones obtained from the 𝛼CENH3
NTT of Verasen’ and Mikhas’ parental forms differ only in
one nonsynonymous substitution of amino acid serine to
proline at position 25 (Figure 2). It was found in 73.3% of
the analyzed clones in the Verasen’ variety (Figure 3(a)),
but only in 7.7% of the paternal variety Mikhas’ clones. The
secalotriticum cultivar Verasen’ × Mikhas’ inherits a high
content of proline from the maternal form Verasen’ (67.4%,
Figure 3(a)). However, a different cross does not support
this tendency: Verasen’ × Dubrava has as low percentage of
substitutions (2.6%) as the donor triticale cultivar Dubrava
(6.7%). On the other hand, Dubrava typically has more
polymorphism than the donor Verasen’ at several nucleotide
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positions, leading to the following amino acid substitutions:
alanine to valine, alanine to glycine, glutamine acid to
glutamine, and lysine to asparagine (Figures 2 and 3(b)).
Interestingly, although the percentage of substitutions does
not exceed 50% (of the total number of clones sequenced),
this value is much higher in the secalotriticum cultivar
Verasen’ × Dubrava than in Dubrava, something like a case
of heterosis (Figure 3(b)). Thus, the results obtained indicate
that both parental genomes participate in the production
of the CENH3 protein in the secalotriticum hybrids. At the
same time, comparison of the nucleotide and amino acid
sequences of the most variable N-terminal tail of the CENH3
molecule in parental forms and hybrids does not reveal a
definite tendency in inheritance.

Published data on the regulation of the expression of
different genes and other classes of DNA sequences in hybrid
genomes obtained by crossing different species or contrast
populations of one species indicate a complex and hetero-
geneous inheritance pattern. The phenomenon of nucleolus
dominance, characteristic for the expression of ribosomal
RNA genes in triticale, as an example of genomic dominance,
consists in the repression of rye rRNA genes by means of
cytosine methylation [26]. However, this type of inheritance,
namely, the genomic dominance of one of the parents, is not
typical of most other examples.The results of gene expression
study in hybrids between different ecotypes of Arabidopsis
are contradictory. In one case, a general maternal dominance
has been identified [27], while in the other it has been found
that the maternal and paternal genomes are transcription-
ally equivalent [28]. Also, it has been demonstrated that
various hybrid combinations show significant variations in
activation of parental alleles [29]. In some hybrids between
Arabidopsis ecotypes heterosis for biomass and seed yield
has been documented [30]. In these hybrids, 95% of active
genes show an intermediate expression level. Among most
other nonadditively expressed genes, the expression shift was
towards the maternal parent [30]. When studying transcrip-
tion and epigenetic adaptation of maize chromosomes in
supplemented oat-maize lines containing the complete oat
genome and individual maize chromosomes, most maize
genes showed transcription specific for maize, but repression
of gene activity was a more common trend than activation
[31].

The level of parental gene expression in allopolyploid
hybrids obtained by crossing wheat and rye species is of
significant interest for us. We do not know such studies
conducted on secalotriticum; however, an extensive analysis
of rye gene expression using cDNA isolated from various
tissues of hybrid plants has been carried out on allohexaploid
triticale obtained from the T. turgidum × S. cereale cross [1].
The classes of absent or silent rye genes have been identified.
A comparison between diploid rye and hexaploid triticale
revealed 112 rye cDNA contigs (∼ 0.5% of the total amount),
which were not determined by expression analysis in any of
the triticale tissues, though their expression was relatively
high in rye tissues. The average DNA sequence identity
between rye genes not detected in triticale and their most
similar contigs in the A and B genomes in T. aestivum was
only 81%.This degree of identity was significantly lower than

the global average of 91% identity between the set of 200
randomly selected rye genes and their best matches in the
A and B genomes of T. aestivum. Thus, rye genes with a
low similarity to their homeologs in Triticum genomes have
a higher probability of being repressed or absent due to
deletions in the genomes of allopolyploids. This conclusion
is in good agreement with our results. High identity of rye
and wheat CENH3 sequences (99%) enables a high level of
expression of both parental forms in secalotriticum hybrid
genomes.
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Stay-green trait enhances sorghum adaptation to post-flowering drought. Six stay-green backcross introgression lines (BILs)
carrying one or more stay-green QTLs (Stg1-4) and their parents were characterized under non-stress (W

100
: 100% of soil field

capacity (FC)) and two levels of post-flowering drought (W
75
: 75% FC;W

50
: 50% FC) in a controlled condition. We aimed to study

the response and identify the drought threshold of theseQTLs under different levels of post-flowering drought andfind traits closely
contributing to grain yield (GY) under different drought severity. W

50
caused the highest reduction in BILs performance. From

W
100

to W
50
, the GY of the recurrent parent reduced by 70%, whereas that of the BILs reduced by only 36%. W

75
and W

50
induce

different behavior/response compared to W
100

. Harvest index contributed to the GY under the three water regimes. For high GY
under drought transpiration rate at the beginning of drought andmid-grain filling was important atW

75
, whereas it was important

atmid-grain filling and late-grain filling atW
50
. Stay-green trait can be scored simply with the relative number of green leaves/plants

under both irrigated and stress environments. QTL pyramiding might not always be necessary to stabilize or increase the GY under
post-flowering drought.The stay-green QTLs increase GY under drought by manipulating water utilization depending on drought
severity.

1. Introduction

The global population will increase to 9 billion by 2050
and most of the increase will occur in sub-Saharan Africa
[1], increasing the risk of food insecurity in this region
[2]. Therefore, making plants resilient to the challenges
of a water-scarce planet where climate change and global
warming threaten food supplies is the major challenge facing
the humanity [3]. Drought is perhaps the most important
abiotic stress limiting crop productivity in the rain-fed
agriculture around the world [4]. Sorghum (Sorghum bicolor
(L.) Moench) is a grain crop that is well adapted to hot
and dry climates. The productivity of sorghum, the major

cereal crop grown for food, feed, and fuel, is usually under
threat of terminal drought, which is likely to occur in rain-
fed environments during grain filling [5]. It is reported that
stay-green genotypes that exhibited the ability to retain green
leaf area during grain filling under terminal drought produce
higher grain yield than the non-stay-green genotypes [6–10].
Over the last 30 years, the stay-green trait has been used in
breeding programs for improvement of sorghum terminal
drought tolerance [11, 12]. Several sources for stay-green have
been identified, including B35, SC56, and E-36 [13–15]. The
quantitative trait loci (QTLs) that contribute to the stay-green
trait have been mapped in a range of populations, mostly
derived from crosses with B35, a derivative of an Ethiopian
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dura landrace [16–23]. Xu and Sanchez [23, 24] identified
four major QTLs in B35, including Stg1 (Stay-green QTL
1) and Stg2 both located on the linkage group SBI-03, Stg3
on SBI-02 and Stg4 on SBI-05. These QTLs explain 20, 30,
16, and 10%, respectively, of the phenotypic variation of the
stay-green under post-flowering drought stress. Reddy [25]
validated thoseQTLs reported in earlier studies and indicated
that Stg2 and Stg3 were prominent in their expression.

The exact physiological mechanism of stay-green and
the role of each individual QTL on the final phenotype of
the stay-green genotypes under post-flowering drought stress
are still unclear. However, a number of reports increased
our understanding of this complicated drought adaptation
mechanism. Borrell and Hammer [26, 27] explained the
delayed onset and reduced rate of leaf senescence in stay-
green genotypes by the high specific leaf nitrogen and
nitrogen uptake during grain filling. Harris [28] reported
that, under post-flowering water deficit, Stg2, Stg3, and Stg4
near isogenic lines (NILs) exhibited delayed onset of leaf
senescence compared with the non-stay-green genotype,
RTx7000, while significantly lower rates of leaf senescence in
relation to RTx7000 were displayed by all of the stay-green
NILs to varying degrees, but particularly by the Stg2 NIL.
The Stg1 and Stg4 NILs exhibited greener leaves at flowering
relative to RTx7000, indicated by higher SPAD values. Borrell
[29] reported that hybrids containing B35, the source of stay-
green, have higher transpiration efficiency (TE) than other
eight hybrids examined. They suggested that the higher TE
was due to increased photosynthetic capacity associated with
higher specific leaf nitrogen, rather than reduced stomatal
conductance. Vadez [9] studied the effect of different stay-
green QTLs on modification of tillering and leaf area at
flowering, transpiration efficiency, water extraction, harvest
index, and grain yield under both terminal drought and fully
irrigated conditions in 29 introgression lines with different
stay-green QTLs in two backgrounds. They concluded that
StgB and Stg1 modify the TE and water extraction depending
on the background. Stay-greenQTLs decrease the canopy size
before flowering to conserve soil water for use during grain
filling; the increased water uptake during grain filling in stay-
green NILs relative to the non-stay-green parent RTx7000
resulted in higher biomass production, grain number, and
yield [5, 30]. Moreover, Jaegglia [31] explained that tiller
leaf area rather than transpiration efficiency, or transpiration
per leaf area, was the main driver of weekly transpiration
and the reduced pre-flowering water use in stay-green lines.
According to Vadez and Borrell [5, 9, 30], the differences in
TE are still unexplained and work is ongoing to investigate
traits that might be related to leaf conductance aspects. In
soils with good water-holding capacity, any water savings
during the pre-flowering period increases water availability
during the post-flowering period, therefore allowing plants
to retain the photosynthetic capacity for longer by ‘staying
green’ during grain filling [31].

The effect of the stay-greenQTLs onmodification of plant
parameters under different levels of post-flowering drought
is not extensively studied. Effect comparison between single
QTL and QTL pyramiding under a specific level of drought
severity has not been investigated adequately. Previously, we

introgressed the stay-green trait into the Sudanese sorghum
cultivar ‘Tabat’ [32, 33] and evaluated the response of the
BC
2
F
4
stay-green lines under irrigated and drought condi-

tions; we concluded that identification of the drought thresh-
old is needed for better understanding the physiological
reactions under specific drought severity. In this study, we
analyzed the effect of single or more stay-green QTLs on
modification of plant performance under controlled, non-
stress condition and two levels of post-flowering drought
stress by examining the plant physiological status through
direct measurement of the leaves activity under drought.
Also, we aimed to identify the level of drought to which those
stay-green QTLs can confer drought tolerance. Moreover,
we studied traits that mostly contribute to grain yield under
different drought severity.

2. Materials and Methods

2.1. Plant Materials. Six BC
3
F
3
stay-green backcross intro-

gression lines (BILs) derived from a cross of drought sensitive
cultivar ‘Tabat’ (abbrev. TAB, the recurrent parent) and stay-
green donor B35 were used in this study. The backcross lines
were produced at Agricultural Research Corporation, Sudan
[32, 33]. Out of the six BILs, four carry a single stay-green
QTL (Stg1, Stg2, Stg3, and Stg4, respectively), one BIL carries
two QTLs (Stg1+4), and the other BIL carries three QTLs
(Stg1+2+4). TAB is an improved Sudanese variety released
for irrigated areas [34, 35] and B35 is a partially converted
selection of the durra sorghum IS12555 from Ethiopia [13].
There was no big variation in the flowering of the genotypes
and all flowered in the range from 70 to 76 days after sowing.

2.2. Pot Experiment. A pot experiment was conducted in
a glasshouse in the Arid Land Research Center (ALRC),
Tottori University (Tottori, Japan; 35∘32N, 134∘13E) from
June to November. The pots were filled with 15 kg of
Tottori sandy soil. The chemical properties were reported by
Fujiyama and Nagai [36]. As reported by Sohail et al. [37], we
used three inorganic fertilizers: compound macronutrients
N : P : K (16 : 16 : 16) in a rate of 0.4g/Kg (Central Glass Co.,
Ltd, Tokyo, Japan) and Ca :Mg (21 : 0.6) (Hitachi Chemical
Co., Ltd, Tokyo, Japan) at a rate of 0.7g/Kg andmicronutrients
Mg :Mn : B (8.4 : 0.3 : 0.3) (MC Ferticom Co., Ltd, Tokyo,
Japan) at a rate of 0.3g/Kg.

Five seeds were sown per pot, and two weeks after sowing
the seedlings were thinned and only one plant was allowed
to grow beyond until maturity stage. After flowering, we
applied three different drought levels (soil water regimes):
W
100

(100% of soil field capacity (FC); water content was
120 ml/kg soil); W

75
(75% of soil FC; water content was

90 ml/kg soil) representing moderate drought; and W
50

(50% of soil FC representing severe drought; water content
was 60 ml/kg soil). The experiment was arranged in a
completely randomized design with three replications. The
position of each pot was randomized and changed weekly in
the glasshouse to ensure uniform environmental conditions.
Usually, the pots were weighted every day and irrigated with
tap water to keep the specific FC; usually, pots in W

100
were
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irrigated before reaching the FC of the pots in W
75
, and pots

in W
75

were irrigated before reaching the FC of the pots
in W
50
, whereas pots in W

50
were irrigated before reaching

FC of 35%. During the experiment, the average maximum
temperature in the glasshouse ranged from 34 to 23∘C and
the minimum ranged from 19 to 10∘C.

2.3. Morphological Traits. Days to heading (DTH) were
calculated as the number of days between the sowing date
and the date when 50% of all the shoots in a pot had
fully emerged spikes. At physiological maturity, plant height
(PH) was measured in centimeters (cm) from the ground to
the tip of the spike in each pot before harvesting. Days to
maturity (DTM) were calculated from sowing date to 50%
senescence of the spikes. Finally, grain yield per pot (GY)
was determined as the weight (grams) of the grain from each
pot; Biomass (BM) was determined as the weight (grams) of
the aboveground fresh biomass, and harvest index (HI) was
calculated using the formula

HI =
Grain yield

above ground biomass
∗ 100. (1)

Yield susceptibility index (YSI) was calculated according to
Fischer and Maurer [37]:

YSI =
(1–𝑌/𝑌𝑝)
𝐷

(2)

where Y is the GY of the genotype at drought, Yp is the mean
GY of the genotypes at control, and D (stress intensity) = 1 –
X/Xp, where X is the mean Y of all genotypes and Xp is the
mean Yp of all genotypes. Genotypes were classified as highly
tolerant (YSI ≤ 0.50), moderately tolerant (0.50 < YSI ≤ 1.00),
or sensitive (YSI > 1.00) to drought [38, 39].

2.4. Leaf Measurement for Chlorophyll Content and Rela-
tive Number of Green Leaves/Plants. Detailed leaf obser-
vations were made on three replicates in each treatment.
Fully expanded and senesced leaf number was recorded as
described byHammer [40] at oneweek before drought (WD),
mid-grain filling (GF), and maturity (M).

A leaf was considered fully expanded when its ligule
became visible above the enclosing sheath of the previous leaf.
A leaf was considered senesced when more than 50% of its
area turned yellow. Relative number of green leaves/plants
(GN) was calculated as

a number of green leaves per plant
total number of leaves per plant

∗ 100. (3)

Leaf area of each individual fully expanded leaf was
estimated nondestructively from the product of its length,
greatest width, and a shape factor of 0.57, which was estab-
lished by regressing the product of width and length of a leaf
against its actual leaf area measured destructively at the end
of the experiment. These estimates of individual leaf sizes,
combined with observations of fully expanded and senesced
leaves, allowed the estimation of green leaf area [41].

For the chlorophyll content (SPAD) data was represented
as relative chlorophyll content (RCC) to ease the explanation
and understanding of the degradation of leaf chlorophyll
(senescence). Chlorophyll content was measured by the
chlorophyll meter SPAD-502 (Konica Minolta). The arbitrary
SPAD values can be translated into the actual value of
total chlorophyll/unit area (mg cm−2) using the equation:
Chlorophyll content= SPAD values x 0.003 — 0.048, as
described by Xu [23].

2.5. Leaf Gas Exchange Measurement. The fully expanded
second leaf from the apex position and flag leaf were used
for measurements. The photosynthesis rate (PR) and tran-
spiration rate (TR) were measured using LI-6400 portable
photosynthesis system (LI-COR Bioscience, Lincoln, NE,
USA), at three growth stages: WD, GF, and late-grain filling
(LGF) during sunny days. During measurement the chamber
temperature was 25∘C, the reference CO

2
concentration was

400 𝜇mol mol−1, the relative humidity was approximately
25%, and the irradiance was 1200 𝜇mol m−2 s−1.

2.6. Statistical Analysis. Two-way ANOVA was performed
to assess the effect of genotype (G), drought treatment
(W), and genotype-by-drought treatment (G×W) interaction
for the different traits measured using GenStat version 17.
The ANOVA was followed by Fisher’s protected least sig-
nificant difference (PLSD) test at P < 0.05. PCA analysis
was performed using STAR software (STAR, version 1.4.,
International Rice Research Institute, Los Baños, Philippines;
http://bbi.irri.org/products). Simple linear regression was
performed using a linear regression model.

3. Results

3.1. �e Drought �reshold of the Stay-Green BILs. The
drought treatment effect was significant for all traits studied
underW

100
,W
75
, andW

50
(P<0.0001). In all traits except BM,

PH, PR, and TR at WD, W
100

had the highest mean values
compared to W

75
and W

50
with the latter being the lowest

(Tables 1 and 2). In the case of BM, W
100

and W
75

did not
differ significantly, whereas, in the case of PH, W

75
and W

50

did not differ significantly. These findings indicated clearly
that W

50
as drought treatment was more severe than W

75
.

From W
100

to W
50
, the GY of the recurrent parent reduced

by 70% whereas that of the BILs reduced by only 36%. The
reduction from W

100
to W
50
did not exceed 50% in all traits

except GLA and PR at LGF. Nevertheless, the BILs showed
clear stay-green expression under W

75
(moderate drought)

(Tables 1 and 2).

3.2. �e Effect of the Introgressed QTLs under No Drought at
W
100

. Generally, all the BILs with the different QTLs were
comparable to or even better than TAB in their performance
at W
100

(Table 1 and Figures 1–5). However, BIL Stg1+4 had
lower GY and HI, and BIL Stg3 had lower BM than TAB
(Table 1). BILs Stg1, Stg2, and Stg1+4 had higher GLA than
TAB at all stages (Figure 1(a)). BILs Stg3 and Stg1+2+4 had
lower TR than TAB at WD and LGF, whereas at GF all BILs
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Figure 1: Green leaf area (GLA) at one week before drought (WD), mid-grain filling (GF), and maturity (M) under control W
100

(a), 75%
field capacity W

75
(b), and 50% filed capacity W

50
(c) of the six stay-green sorghum introgression lines evaluated with their parents under

W
100

, W
75
, and W

50
of soil field capacity. Asterisks indicate significant difference from Tabat (TAB) (P < 0.05, Fisher’s PLSD test).
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Figure 2: Relative chlorophyll content (RCC) at one week before drought (WD), mid-grain filling (GF), and maturity (M) under control
W
100

(a), 75% field capacity W
75
(b), and 50% filed capacity W

50
(b) of the six stay-green sorghum introgression lines evaluated with their

parents under W
100

, W
75
, and W

50
of soil field capacity. Asterisks indicate significant difference from Tabat (TAB) (P < 0.05, Fisher’s PLSD

test).
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Figure 3: Relative number of green leaves/plants (GN) at one week before drought (WD), mid-grain filling (GF), and maturity (M) under
control W

100
(a), 75% field capacity W

75
(b), and 50% filed capacity W

50
(c) of the six stay-green sorghum introgression lines evaluated with

their parents under W
100

, W
75
, and W

50
of soil field capacity. Asterisks indicate significant difference from Tabat (TAB) (P < 0.05, Fisher’s

PLSD test).

were comparable to TAB, but BIL Stg2 showed a substantial
increase in TR (Figure 5(a)).

3.3.�e Effect of the Introgressed QTLs under Stress Conditions
atW
75
andW

50
. Overall, the performance of the stay-green

BILs was better than that of the recurrent parent TAB under
both W

75
and W

50
(Table 1, Figures 1–5).

All the BILs had higherGY thanTABunder bothW
75
and

W
50
except BILs Stg2 and Stg4 (Table 1). BIL Stg2 had lower

GY than TAB under both W
75

and W
50
, whereas BIL Stg4

had comparable GY to that of TAB under W
75
. TAB and BIL

Stg2 showed the highest reduction in GY from W
100

to W
75

andW
50
, whereas B35 and Stg3 showed the lowest reduction.

These lines showed rather substantially higher GY underW
75

than that underW
100

.This may explain the ability of the stay-
green genotypes to increase translocation efficiency under a
specific level of drought.

The other Stg lines were intermediate between their
parents in their reduction (Table 1). The stay-green QTLs

improved the GY of TAB under drought by different magni-
tudes, theGYof TAB improved by 25.1%with Stg1+4 to 54.6%
with Stg3 under W

75
, and by 87.5% with Stg1 to 186.1% with

Stg3 under W
50
(Table 1).

To show the degree of drought tolerance conferred by
each of the stay-green QTLs, we calculated the YSI at both
W
75
and W

50
. TAB showed 1.3 and 1.6 YSI at W

75
and W

50
,

respectively, and BIL Stg2 showed 2.9 and 2.3 at W
75

and
W
50
. These were classified as sensitive (YSI > 1.00). BIL Stg3

showed -0.36 and -0.08, BIL Stg1+4 showed 0.55 and 0.56,
and BIL Stg1+2+4 showed 0.22 and 0.50, underW

75
andW

50
,

respectively. These were classified as highly tolerant (YSI ≤
0.50). BIL Stg4 showed 0.73 and 0.67 and was regarded as
moderately tolerant (0.50 < YSI ≤ 1.00). BIL Stg1 was tolerant
at W
75
(0.49) but moderately tolerant at W

50
(0.80).

In BM, BILs Stg1, Stg2, Stg4, and Stg1+4 had higher BM
than TAB under both W

75
and W

50
. BIL Stg3 which had the

highest GY under W
50
had lower BM than TAB and was the

least in the ranking of the genotypes at W
50
(Table 1). Except

for BIL Stg2, all of the BILs and their parents showed slight
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Figure 4: Photosynthesis rate (PR) at one week before drought (WD), mid-grain filling (GF), and late-grain filling (LGF) under controlW
100

(a), 75% field capacity W
75
(b), and 50% filed capacity W

50
(c) of the six stay-green sorghum introgression lines evaluated with their parents

under W
100

, W
75
, and W

50
of soil field capacity. Asterisks indicate significant difference from Tabat (TAB) (P < 0.05, Fisher’s PLSD test).

or no reduction in BM fromW
100

to W
75
and W

50
. BIL Stg2

did not exhibit any reduction and had the highest BM at both
W
75
andW

50
and was the top in the ranking of the genotypes

(Table 1).
In HI, BILs Stg3 and Stg1+2+4 had higher HI than TAB

under both W
75
and W

50
, whereas BILs Stg2 and Stg1+4 had

lower HI than TAB under both treatments (Table 1). Among
the BILs, Stg3 was the highest with no reduction from W

100

toW
75
andW

50
, whereas Stg2 was the lowest with the highest

reduction fromW
100

to W
75
and W

50
(Table 1).

In PH, BILs Stg3 and Stg1+2+4 had higher PH than
TAB at both W

75
and W

50
(Table 1). At W

75
, also Stg4 and

Stg1+4 had higher PH than TAB.The highest reduction in PH
was exhibited by Stg1, whereas Stg1+2+4 did not exhibit any
reduction compared to TAB. Stg2 and Stg3 showed a slight
reduction (Table 1).

In GLA, under both W
75

and W
50

at all stages, Stg1,
Stg2, and Stg1+4 had higher GLA than TAB (Figures 1(b)
and 1(c)). B35 did not show any reduction, whereas the
reduction in TAB, Stg1 and Stg2, was higher than that in the
other lines. From W

100
to W
50

the reduction in TAB and

B35 was higher than that in the other lines. All the lines
showed a reduction of GLA from WD to GF with different
magnitudes (Figure 1(b)). Line Stg1+4 showed the lowest
reduction from WD to GF. From GF to M the reduction
was higher than that from WD to GF (Figures 1(b) and
1(c)).

Generally, RCC of TAB reduced with the progress of
the drought and was low at W

50
, whereas BILs showed

improved RCC than TAB (Figure 2). At WD, all the BILs
were comparable to TAB, except BIL Stg3 under W

75
and

BIL Stg2 under W
50

(Figures 2(a) and 2(b)). At GF, all the
BILs were comparable to TAB under W

75
, whereas they had

higher RCC than TAB under W
50

(Figures 2(a) and 2(b)).
At M, under W

75
all BILs except Stg1 and Stg3 had higher

RCC than TAB, whereas under W
50
, except Stg1+4, all the

BILs had higher RCC than TAB. B35 had the highest RCC
and maintained more than 75% of its RCC fromWD to M at
both W

75
and W

50
, whereas TAB maintained only 20% of its

RCC and showed the highest rate of reduction (Figure 2). On
the other hand, BILs showed different reduction magnitudes
and maintained higher RCC than TAB under the W

50
and
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Figure 5: Transpiration rate (TR) at one week before drought (WD), mid-grain filling (GF), and late-grain filling (LGF) under control W
100

(a), 75% field capacity W
75
(b), and 50% filed capacity W

50
(c) of the six stay-green sorghum introgression lines evaluated with their parents

under W
100

, W
75
, and W

50
of soil field capacity. Asterisks indicate significant difference from Tabat (TAB) (P < 0.05, Fisher’s PLSD test).

W
75

treatments, which indicate their ability to retain more
chlorophyll content than TAB.

InGN, all the BILs performed better than TAB (Figure 3).
At WD, only BIL Stg2 was higher than TAB under both W

75

andW
50
, whereas at GF andM, all the BILs were higher than

TAB, except Stg4 and Stg1+2+4 at M under W
75

(Figures
3(b) and 3(c)). Similar to the RCC, all BILs showed less
reduction rates compared to TAB, and they were able to
partially maintain their GN at M under W

50
when TAB was

completely dry (Figure 3(c)).
In PR, all the BILs and their parent PR decreased with the

progress of the drought from W
75

to W
50

and from WD to
GF and LGF (Figure 4). AtWD, the BILs showed comparable
PR to that of TAB under both W

75
and W

50
, except that Stg4

and Stg1+4 underW
75
had higher PR than TAB (Figure 4(b)).

At GF, under W
75
, all the BILs had higher PR than TAB,

whereas under W
50
, Stg2 and Stg1+2+4 showed higher PR

than TAB (Figures 4(b) and 4(c)). At LGF, some BILs had
comparable PR to that of TAB and others showed less PR
than that of TAB. At GF the lowest reduction from W

100
to

W
75

and from W
100

to W
50

was observed in line Stg1+2+4

indicating thatQTLpyramiding is essential tomaintain stable
photosynthesis under drought conditions (Figure 4).

As in the PR, the TR decreased with the progress of the
drought from W

75
to W
50

and from WD to GF and LGF
(Figure 5), but interestingly BILs Stg3 and Stg1+2+4 showed
the ability to maintain stable TR with the progress of the
drought. However, their TR was lower than TAB under W

100

without drought (Figure 5). At WD, BILs Stg1, Stg2, and
Stg1+4 showed higher TR than TAB under both W

75
and

W
50
. At GF, BIL Stg1+2+4 showed higher TR than TAB under

both W
75
and W

50
, and BILs Stg2 and Stg3 were higher than

TAB under W
50
. At LGF, under W

75
Stg3 had substantially

higher TR than TAB, whereas, under W
50
, Stg3 and Stg1+4

had higher TR than TAB (Figure 5).

3.4. Principal Component Analysis. Principal component
analysis (PCA) (Figure 6) illustrates the differences between
the three water regimes in traits association. Sum of PC1 and
PC2 explained 79.8, 63.4, and 62.4% of the total variation
in W
100

, W
75
, and W

50
, respectively (Figures 6(a), 6(b), and

6(c)). Under all treatments, PC1 showed high coordination
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Figure 6: PCA analysis of stay-green and yield traits measured in six stay-green sorghum introgression lines and their parents under W
100

(a), W
75

(b), and W
50

(c). Traits included in the PCA are grain yield (GY), biomass (BM), harvest index (HI), plant height (PH), yield
susceptibility index (YSI), relative chlorophyll content in SPAD units (RCC), relative number of green leaves/plants (GN), green leaf area
(GLA), transpiration rate (TR), and photosynthesis rate (PR). PR and TR were measured at one week before drought (WD), mid-grain filling
(GF), and late-grain filling (LGF) whereas RCC, GN, and GLA were measured at WD, GF, and maturity (M).

with GY and HI, whereas PC2 showed high coordination
with BM and YSI. PC2 had a negative correlation with
GY. Thus, it was called stress susceptibility component. This
component separated genotypes with high and low GY in
different environments.

Under theW
100

conditionwith nodrought, GY correlated
with the HI, PH, PR, and TR at WD, GF, and LGF. The stay-
green traits showed negative and no association with the GY
(Figure 6(a)), although YSI of W

75
and W

50
were strongly

correlated. Under W
75
, the GY was associated with HI, PH,

and PR at WD and GF, and TR at GF and LGF. There was an
association between the GY and RCC at GF. GY correlated

negatively with BM and YSI and the stay-green traits (GN
and GLA) at all stages (Figure 6(b)). Under W

50
, the GY was

associated with HI, PH, and PR at WD and LGF, TR at LGF,
and the RCC atWD andGF (Figure 6(c)). On the other hand,
GYwas negatively associated with the BMand YSI.Therewas
a close association between BM and stay-green trait (GN and
GLA) under all drought treatments.

Selection of genotypes with high PC1 and low PC2
indicates the suitable genotypes for both stress and non-stress
environments [42, 43]. Based on the PCA we classified the
genotypes into four groups according to their GY under non-
stress and stress conditions: genotypes with high GY under



BioMed Research International 11

both stress and non-stress conditions (Group A), genotypes
with high GY only under non-stress conditions (Group B),
genotypes with high GY only under stress conditions (Group
C), and at last genotypes with low GY under both conditions
(Group D). Thus, Stg1+2+4 and Stg3 with rather higher PC1
and lower PC2 are superior genotypes under both stressed
and non-stressed conditions (Figures 6(a), 6(b), and 6(c)).
These genotypes had stable performance in the circumstances
of low sensitivity to drought stress. Therefore, they belong to
Group A. Stg2 could be known as Group D. This genotype
is drought sensitive and had low GY and HI under drought
conditions.

3.5. Regression Analysis. We applied regression analysis to
provide more information on the significance of the impor-
tant associations identified by the PCA analysis. The results
indicated that HI contribution to the GY in the stay-
green BILs was significant under the three water regimes
(W
100

, W
75
, and W

50
) (Figure S1). The PH had a significant

association with the GY only under W
100

without drought
(Figure S2). Under W

75
, PR was the most contributing factor

(R2=0.85∗∗), whereas under W
50
, TR at GF was the most

important factor contributing to GY (R2= 0.69∗) (Figure
S3). GLA at M was strongly correlated with GN (R2= 79∗∗,
R2=0.87∗∗ and R2= 0.87∗∗) under W

100
, W
75
, and W

50
,

respectively (Figure S4).

4. Discussion

Stay-green is positively correlated with sorghum yield under
post-flowering drought stress [10]. Although a positive cor-
relation between stay-green and GY has been demonstrated
in earlier studies, the physiological andmolecular basis of the
stay-green trait remains unclear [30]. Our results showed that
stay-green QTLs affected a number of traits under terminal
drought conditions in sorghum, and the significance and
magnitude of the effects depended critically on the drought
severity.

4.1. �e Drought �reshold for the Stay-Green Lines. We
performed this study at three levels of soil FC, W

100
, W
75
,

and W
50
. Our results indicated that the performance of the

stay-green lines reduced with the reduction in soil moisture
content in all traits. W

50
was the most effective treatment

in classifying and reducing the performance of the stay-
green lines, and the most affected traits were the PR at LGF
and GLA (Tables 1 and 2). From W

100
to W
50
, the GY of

TAB reduced by 70%, whereas that of the BILs reduced by
only 36%. This finding shows clearly the effectiveness of
the stay-green QTLs in enhancing the adaptation of TAB to
the post-flowering drought. Interestingly, we observed clear
expression and response of the stay-green trait under the
moderate drought (W

75
) in terms of GLA and GN at all

stages andRCCatmaturity. An earlier report ofMahalakshmi
and Bidinger [44] indicated that moderate but prolonged
terminal drought stress during GF is the ideal environment
for evaluating the stay-green trait. However, in this study
we could identify that drought as 75% of the soil FC could

induce the expression of the stay-green and, hence, it could
be enough to evaluate genotypes for stay-green traits.

4.2. �e Impact of the Stay-Green QTLs under Non-Stress
Conditions. Understanding the effect of the stay-green QTLs
in the modification of plant performance under adequate
soil moisture is essential as drought is fluctuating from
year to year and place to place, and thus elasticity in crop
performance is essential to have good yield with less or ade-
quate water. Our results indicated that the single stay-green
QTLs have no negative impact on the GY of TAB. However,
the combination of Stg1+4 showed a decrease in TAB GY
under W

100
conditions (Table 1). Other stay-green QTLs

showed different impacts in TAB background; Stg1, Stg2, and
Stg1+4 increased the GLA (Figure 1) and Stg3 and Stg1+2+4
decreased theTR atWDandLGFbut not at theGF (Figure 5).
The PCA analysis indicated that HI contributes to the GY
(Figure 6(a)). Thus, we attribute the lower GY of Stg1+4 to its
low HI. Borrell [30] reported that stay-green QTLs have no
consistent yield penalty under irrigated conditions without
drought. We attribute this contradiction of findings to the
following: (1) Borrell [30] studied the effect of single QTLs
only and did not study the effect of multiple QTLs, (2) there
is a difference between the genetic backgrounds used in this
study and that employed by Borrell [30], and (3) there is
linkage drag as these lines still at BC

3
. Vadez [9] showed that

the stay-green QTLs, Stg1 and Stg3, decreased the tillering
and leaf area in S35 background, whereas there was no such
effect in R16 background. Thus, they concluded that the
impact of the stay-green QTLs depends on their interaction
with the genetic background.Therefore, it is important for the
breeding programs to consider this interaction to assure good
performance and yield in the wet periods.

4.3. Association between the Studied Traits and GY under Nor-
mal and Drought Conditions. Understanding the association
between the traits and the GY under different soil moisture
contents is a prerequisite to decide which traits should be
focused on in the breeding programs to increase the GY
and also to understand how the stay-green contributes to
increasing or stabilization of GY under drought conditions.
Our results indicated that HI, PH, TR, and PR are the
major traits contributing to the GY at all soil moisture levels
(Table 1, Figure 6). Interestingly, the TR contribution to
the GY differs among the treatments; it was important at
the W

100
condition and W

75
at GF and LGF, whereas it

was important at LGF at W
50
. The contribution of the PR

varied with the variation in the soil moisture content. The
contribution was high at the W

100
and W

75
, whereas it was

less at W
50

(Figures 6(a), 6(b), and 6(c)). At the W
75

and
W
50
, PR at LGF was more important than at WD and GF for

higher GY. These findings indicated clearly that the response
of the stay-green lines to the post-flowering drought depends
on the drought severity level. These findings are consistent
with the findings of Vadez [9].They concluded that variation
in GY of stay-green QTLs in different genetic backgrounds
was due to HI and transpiration efficiency. The difference
between our study and Vadez [9] is that they estimated
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the transpiration efficiency by measuring the water supply
and consumption, and we estimated the TR of the plants
leaves by direct measurement of the leaf activity under two
levels of drought at three different developmental stages.
Thus, we were able to understand the change in the plant
behavior with the progress of drought and development of
the plant. Our findings and that of Vadez [9] indicate that
the stay-green genotypes stabilize their GY under drought
by manipulation of their behavior of water uptake and
utilization, photosynthesis performance, and increasing the
mobilization of the photo-assimilate to the grains (high HI).
This manipulation of physiological performance or behavior
depends on the degree of drought severity and the genetic
background.

In this study, PH was associated with GY at the three
water regimes (Figures 6(a), 6(b), and 6(c)). The association
was high and significant under W

100
compared to that at

W
75

and W
50

(Figure S2). This could be explained by the
findings of Sabadin [45] that PHQTLs were colocalized with
the GY and stay-green QTLs. On the other hand, taking
into consideration that also HI association with GY was
higher under W

100
compared to that under W

75
and W

50

(Figure S1), we can suggest that stay-green BILs are less reliant
on the stem reserve under drought and operate another
mechanism to maintain or stabilize their GY under drought.
In addition, high GY could be reasonably predicted from PH
(R2=0.92∗∗∗) under non-stress environment.

HI was correlated with RCC at WD in W
100

and W
75

but not in W
50
, where it was correlated with PR and RCC at

GF and M (Figure 6). These results implied that remobilized
reserves explained at least more than 60% of the variation
observed in the GY of stay-green BILs tested under normal
and moderate or severe drought condition. Ongom [46]
suggested that plants with high remobilization could perform
well under post-flowering drought. Under severe drought, PR
and RCC at GF and M could be good indicators for high GY.
Furthermore, PR had a positive association with GLA only
underW

50
, and thismay explain its role under severe drought

and could be explained by the findings of Swain [47]; that
is, variation in photosynthesis is associated with leaf protein
content.

The GLA and RCC were correlated at WD, GF, and M
under W

100
, W
75
, and W

50
and were not correlated with

the GY (Figure 6). These findings indicate that higher leaf
senescence is due to higher translocation of food reserve
from leaves to grains for better grain filling and increased
GY as reported by Reddy [25]. This finding also explains the
importance of the high HI trait in the stabilization of the GY
under the drought conditions. This is typically the case of
the BIL Stg3 as it had more HI and GY than the other BILs,
but it had low GLA and RCC compared to the other BILs.
Furthermore, GLA at M and GF stages were significant and
positively correlated with GN under all soil moisture levels
(W
100

, W
75
, and W

50
) indicating that GN can be used as

easy/fast indicator for stay-green trait instead of GLA.

4.4. Stay-Green QTLs Contribution to the GY Stabilization
under Drought. As a result of their low rate of leaf senesce,

all the stay-green single QTLs improved or increased the GN
under both the moderate and the severe drought (Figure 3),
especially at M. Under W

75
, Stg3 and Stg4 did not affect

the GLA (Figure 1), whereas at W
50

all the Stg QTLs
increased/maintained high GLA. These results indicate that
the impact of the Stg QTLs depends on the degree of the
drought severity. Our results indicated that Stg2 and Stg1+4
had the lowest reduction in GN and GLA, and similar results
were reported by Jordan [48].

The stay-green trait is positively correlated with GY in
field conditions under terminal drought [6, 8, 10, 47]. The
QTLs contribution in the GY varied with a variation in the
soil moisture content or, in other words, with the severity
of the drought. At the W

100
condition, none of the QTLs

increased the GY in TAB, and Stg1+4 decreased the GY,
whereas at W

75
and W

50
all the stay-green QTLs increased

the GY. Stg3 and the combination of Stg1+2+4 were the
most efficient QTLs in terms of GY performance. These
lines decreased the TR underW

100
condition, whereas under

drought both possessed higher TR. Interestingly the high TR
in these two lines was related to specific stages depending on
the drought severity. At W

75
Stg3 increased the TR at WD

and LGF, whereas at W
50
the TR was high at the GF and LGF.

Stg1+2+4 increased the TR at GF under both W
75

and W
50

(Figure 5). In addition, these two lines possessed high HI and
increased PR at GF and LGF (Table 1, Figure 5). Based on
these results we attribute the high GY of Stg3 and Stg1+2+4
to their high HI, PR, and TR. Stg3 is found to be positively
important for improving GY under post-flowering drought
stress (Table 1), and similar results were reported by Reddy
[25]. Also, Sabadin [45] pointed out the colocalization of Stg3
and GYQTL and suggested the potential of indirect selection
based on stay-green to improve sorghum GY under drought.

Stg2 showed very low HI and had a great reduction in
GY underW

75
andW

50
compared to the other Stgs (Table 1),

although it has a lower reduction in GN (Table 1). This result
explains that variation in GY reduction depends on the stress
severity since the variation in GY/panicle was found to be a
function of terminal drought [39]. Moreover, introducing Stg
QTL into highly senescent background could affect the sink
source relationship as reported by earlier studies of Kassahun
[49]. Our results confirmed previous reports that Stg2 is an
important QTL for maintaining higher GLA contributing
to slow senescence (Figure 4). This QTL was also reported
to contribute to higher GLA at WD and M [50] and to
%GLA at 45 days after flowering [15] in different genetic
backgrounds. Reddy [25] indicated that the expression of
Stg2 QTL was consistent and formed an important QTL for
marker-assisted improvement of post-rainy sorghum lines
for terminal drought tolerance. We attributed the low GY
observed for Stg2 in our study to the presence of linkage
drag and the difference of the genetic background and the
environments.

4.5. Impact of the QTL Pyramiding. In this study, we com-
pared the effect of the single QTLs and two combinations of
double and triple QTLs on the adaptation to post-flowering
drought stress. The performance in terms of GY of the
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single QTL Stg3 under both drought treatments W
75

and
W
50

was similar or better than that of the double or triple
QTLs (Table 1). However, the effect of the QTL pyramiding
was evident in the tolerance of the BILs; using the YSI we
classified Stg1 and Stg4 as moderately tolerant but when
these QTLs were combined in Stg1+4 the tolerance increased,
and Stg1+4 was classified as tolerant. Interestingly, when the
sensitive QTL Stg2 was coupled with Stg1+4 the combination
Stg1+2+4 was classified as tolerant. On the other hand, Stg2
had lower GY and HI under drought, but, when combined
with Stg1+4 (the combination Stg1+2+4), it increased the
GY and HI under drought (Table 1). These findings indicate
that QTL pyramiding can enhance the adaptation to post-
flowering drought. However, this effect needs to be inves-
tigated across different backgrounds and environments, as
the stay-green QTLs effect on improving adaptation to post-
flowering drought was found to be dependent on the genetic
background and the environment [9, 51]. In addition, in this
study, the single QTL Stg3 had comparable GY to that of the
combination Stg1+2+4 which suggests that QTL pyramiding
might not always be necessary depending on the environment
and genetic background.

4.6. �e Putative Model of Stay-Green Adaptation to Post-
Flowering Drought. Using stay-green introgression lines in
the background of RTX7000, Borrell [5, 30] concluded that
stay-green genotypes adapt to the post-flowering drought
through decreased tillering and the size of upper leaves,
which reduced canopy size at flowering. This reduction
in transpirational leaf area reduced pre-flowering water
demand, thereby increasing water availability during GF
and, ultimately, GY. Recently, Borrell [30] using the same
introgression lines reported that tiller leaf area rather than
transpiration efficiency, or transpiration per leaf area, was
the main driver of weekly transpiration and the reduced
pre-flowering water use in stay-green lines. In this study,
we did not observe any reduction in the GLA of the stay-
green lines, and stay-green QTLs Stg1, Sg2, and Stg1+4
increased the GLA of the senescent parent TAB before
flowering under both control and drought conditions. We
attribute this contradiction in findings to the difference
in the genetic backgrounds used, especially that Vadez [9]
showed that the stay-green QTLs, Stg1, and Stg3 decreased
the tillering and leaf area in S35 background, whereas there
was no such effect in R16. This contradiction demonstrates
that (1) the stay-green plants adapt to the post-flowering
drought through other different mechanisms and not only
GLA reduction and water saving before flowering and (2)
the stay-green effect depends largely on the genetic back-
ground.

In these earlier reports, plants water utilization behavior
was evaluated by measuring the plant water consumption
and transpiration efficiency. In this study, we measured the
actual leaf TR at three different stages under two different
levels of post-flowering drought severities. This enabled us
to examine in more detail the behavior of the Stg QTLs in
the modification of the plant behavior under drought. Thus,
based on our results and the other reports we can suggest

that stay-green genotypes adapt to post-flowering drought by
reducing the transpirational leaf area and the TR per leaf that
reduce pre-floweringwater demand, thereby increasingwater
availability during grain filling and utilizing the conserved
water depending on the drought severity and the genetic
background.

5. Conclusion

In conclusion, our results clearly showed that the stay-
green QTLs enhance post-flowering drought response to
a level up to 50% of the soil FC and the stay-green trait
is expressed under the moderate drought (W

75
). The stay-

green QTLs help to increase or stabilize the GY under
drought through efficient water utilization (TR) depending
on the drought severity coupled with the high rate of photo-
assimilates translocation (high HI). QTL pyramiding could
increase the drought tolerance but might not always be
necessary to stabilize and increase the GY under post-
flowering drought. The understanding of the physiological
mechanisms associated with drought severity, senescence,
and photosynthetic efficiency and the connection between
QTL expression/interaction with genetic background and
physiological response to drought could be the key to remove
the plateau of productivity associated with sorghum adapta-
tion to unfavorable environmental conditions.
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Supplementary Materials

Figure S1.Relationship between grain yield (GY) and harvest
index (HI) for six stay-green introgression lines and their
parents evaluated underW

100
(a), W

75
(b) andW

50
(c) of soil

field capacity. ∗ denote significant differences at P ≤ 0.05.
Figure S2. Relationship between grain yield (GY) and plant
height (PH) for six stay-green introgression lines and their
parents evaluated under W

100
(a), W

75
(b) and W

50
(c) of

soil field capacity. ∗ ∗ ∗ denote significant differences at P ≤
0.001, ns denote not significant. Figure S3. Relationship
between photosynthesis rate (PR) at grain filling and grain
yield (GY) under W

100
(a), transpiration rate (TR) at grain

filling and grain yield (GY) under W
50

(b) for six stay-
green introgression lines and their parents. ∗, ∗∗ denote
significant differences at P ≤ 0.05 and P ≤ 0.01, respectively.
Figure S4. Relationship between green leaf area at grain
filling and maturity (GLA.GF and GLA.M, respectively) and
relative number of green leaves/plant underW

100
(a),W

75
(b)

and W
50

(c) for six stay-green introgression lines and their
parents. ∗,∗∗,∗∗∗ denote significant differences at P ≤ 0.05,
P ≤ 0.01, P ≤ 0.001, respectively. (Supplementary Materials)
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