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Abstract: A diverse set of molecular markers techniques have been developed over the last almost
40 years and used with success for breeding a number of major crops. These have been narrowed
down to a few preferred DNA based marker types, and emphasis is now on adapting the technologies
to a wide range of crop plants and trees. In this Special Issue, the strength of molecular breeding is
revealed through research and review papers that use a combination of molecular markers with other
classic breeding techniques to obtain quality improvement of the crop. The constant improvement
and maintenance of quality by breeding is crucial and challenged by a changing climate and molecular
markers can support the direct introgression of traits into elite breeding lines. All the papers in
this Special Issue “Molecular genetics, Genomics, and Biotechnology in Crop Plant Breeding” have
attracted significant attention, as can be witnessed by the graphs for each paper on the Journal’s
homepage. It is the hope that it will encourage others to use these tools in developing an even wider
range of crop plants and trees.

Keywords: genomic selection; mutants; ddRAD sequencing; genotyping-by-sequencing; CRISPR/Cas9
site directed mutagenesis; genome-wide association scan; genetic modification; F1 hybrids; QTL

1. Introduction

The availability of genome sequences for major crop plants have opened up new possibilities for
combining genotyping and phenotyping to make crop improvements, while more powerful statistical
methods are being developed that allow for the identification of the underlying genes of quantitative
traits. Genomic prediction has been successfully used in animal breeding and is now also increasingly
being used in plant breeding [1]. Biometric statistics also support gene discovery when genome-wide
markers are combined with phenotyping in large breeding nurseries or collections. Furthermore,
next-generation sequencing and site-directed mutagenesis allow for some of the original ideas explored
by biotechnology in crop plants to be revisited and more precise solutions to be pursued.

There has been a desire to combine genetics and the knowledge of plant nutrition, but the precise
phenotyping that is required of a large number of plants from different environments and growth
seasons still represents a major challenge in the improvement of nutrient use efficiency. With the
introduction of DNA sequencing in the early 1980s, the genetic transformation of important crop
species, the development of polymerase chain reaction (PCR)-based methods for marker-assisted
selection, and next-generation sequencing has allowed for the cost-effective development of markers
for orphan crops.

Other topics include the development of crops for food, feed, fuel, and fun, with the last possibly
including ornamentals, along with the removal of anti-nutritional factors or improvements to the
health properties of the harvested crop. This Special Issue presents a selection of research papers and
evaluates the experience acquired over the past 35 years of molecular genetics and biotechnology in
crop plants, plus new research and methods.

Agronomy 2020, 10, 439; doi:10.3390/agronomy10030439 www.mdpi.com/journal/agronomy1
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Wheat is one of the crops that feeds the world and, in addition to grain yield, quality traits
for making bread, pasta, and noodles have always been a target for breeding. Germination of
mature seeds before harvest, based on weather conditions, results in poor baking quality and is
referred to as pre-harvest sprouting (PHS). Resistance to PHS is controlled by many genes and their
interaction with the environment is revealed in a comprehensive review of 236 papers [2]. Seed
dormancy is the major genetic factor controlling PHS resistance and is controlled by QTLs located on
all 21 chromosomes of hexaploid wheat. The roles of flavonoids, alpha-amylase, the plant hormone
abscisic acid, and gibberellin signal pathways are reviewed. It is argued that considerable research is
still needed, however, eight genes have been identified by comparative genomics, transcriptomics,
and map-based cloning.

There is also a requirement for a biotechnological and digital revolution in plant breeding in order
to develop climate-smart crops [3]. By surveying the literature on genetic tools developed to support
crop improvement since 2000, the authors found relatively few studies that included climate change
as a target. Interestingly, mutations have been used consistently over the years and the bibliometric
search also highlights key papers based on citations that could be of interest.

Genomic selection for the improvement of barley and wheat is now routinely used by breeding
companies alongside conventional strategies [4]. These cereals are both bred as spring type and winter
type requiring vernalization, and for barley also as 2-row and 6-row spike types. Both are used as
food and feed, and hence breeding for quality relates to baking and pasta quality and malting for beer
and whisky.

This Special Issue of Agronomy shows, through a number research papers and reviews,
that existing tools are being used and new ones are being developed to assist breeding, not only
in the major crops but also in species that attract less attention.

2. Quality Traits, Yield, and Mutations in Breeding

Cytoplasmic male sterility (CMS) has been studied and explored in more than 150 plant species
and hybridology involves research on different aspects of hybridization. The heterosis effect (e.g.,
F1 offspring) is superior to both parent lines in terms of yield, the size of fruits, or other attractive
attributes. Sunflower production may be restricted to a narrow climatic zone; however, its oil content
and fatty acid composition makes it an attractive oil crop. Seed production of sunflower hybrids all
over the world is based on the extensive use of H. petiolaris PET1 CMS combined with Rf1 gene F1
hybrid seeds [5]. Using a genome-wide association scan (GWAS) for the fertility restorer gene PET1,
its location has been narrowed down to a chromosomal segment of approximately 7 Mb containing 21
candidate genes, all except one, belonging to the pentatricopeptide gene family. The study identified
the branching locus that provided a longer flowering time on linkage group 10 and Rf1 on linkage
group 13, which is in agreement with previous publications by several other researchers.

In rice, the hulls open on the flowering date for a short period of just 40 to 90 minutes to allow
fertilization, and then close again. This mechanism helps control self-fertilization in cereal crop plants
in general. The morphology of the spikelet during this period is well characterized, but the genes
involved are MADS-box genes, and the non-open hull (noh1) rice mutant identified by marker-assisted
cloning is used to identify the structural gene [6]. The authors included three figures that effectively
illustrate the morphology of spikelets and the comparative time-course of flowering. The NOH1 gene
was mapped to a chromosomal region of 60 kb, containing nine genes on rice chromosome 1.

Breeding for unwanted or anti-nutritional factors such as tannins has been undertaken in faba
bean (Vicia faba L.) where two mutations zt-1 and zt-2 each control zero tannin seeds [7]. Faba bean
breeding has attracted growing interest as a protein crop for temperate agroclimatic zones and as a
source for plant-based protein food. These two recessive genes also promote a white flower phenotype,
with the seed coat of all-white flowering varieties found to be free of tannins. Condensed tannins have
negative effects on the use of faba beans for food because they give an astringent taste, decrease the
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efficiency of food utilization, and are linked to low-protein seeds. The authors successfully developed
markers linked to the recessive zt-1 gene for use in selection against tannins in a breeding program.

Since the 1920s, when a brown midrib (bmr) phenotype was identified in a maize breeding
nursery and increased digestibility in cattle was known to be related to lignin content. Much later,
the mutated gene(s) were identified and confirmed to be key genes in the mono-lignol biosynthetic
pathway [8]. This was an extensive review of bmr mutants in the C4 photosynthesis crops of maize and
sorghum and similar mutations in the C3 plants rice, barley and wheat. With the knowledge acquired
over decades of agronomic performance and an overview of genetically-modified crops regulated in
lignin biosynthesis together with cloned mutant genes, the time has come to adopt new site-directed
mutagenic approaches.

3. New Breeding Technologies

Occasionally the term canola is used synonymously with rapeseed, but strictly speaking. it as
one of the successes of the larger Canadian rapeseed low acid breeding programs in the 1970s, which
was obtained by mutational breeding. The same ideotype was subsequently obtained using genetic
modification. Brassica napus L. has been modified genetically over a number of years with success.
It would seem that rapeseed is a crop plant that is easily modified, which can be explained by the easy
transfer of knowledge from the Arabidopsis model plant to rapeseed.

The objectives of rapeseed improvement have been to increase the seed oil content and changes
in oil composition. This has been achieved by conventional breeding and by genetic modification of
single genes. Here, it was shown that by using the soybean transcription factors GmDof4 and GmDof11
(DNA binding with one finger) in rapeseed, FAB2 and FAD2 genes in the biosynthesis of fatty acids
can be modified, resulting in an increase in the healthy oleic acid content [9]. Agrobacterium-mediated
transformation of the ‘Yangyou’ variety was used, which already has a double low phenotype. There
are 134 Dof genes in B. napus, and it appears that soybean GmDof11 and GmDof4 target specific genes
in B. napus. The authors provide a detailed assessment of lines obtained by site-directed mutagenesis
and discuss ways to introduce these onto the market.

There is a great deal of cultural interaction involved in eating rice, so the goal of a 2% increase in
yield per annum in order to meet the target for food supply in 2050 might be a bold one. It may come
at the expense of cultural associations with rice consumption such as aroma, texture after cooking,
and palatability. This study [10] reviewed the current status for Wx and TGW in indica and japonica
rice types. TGW6 (purine acetic acid-glucose hydrolase) is one cloned out of nine genes related to rice
grain weight (GW) traits. Loss of function phenotype increases seed length and GW and leads to a
15% increase in rice production [10]. The paper showed that the clustered regularly interspaced short
palindromic repeats (CRISPR/Cas9) site-directed mutagenesis combined with hybrid rice breeding
speeds up the time it takes to improve maintainer lines and that rice hybrid breeding is the key to
achieving target traits quickly. Off-target analysis was performed and it generally appears that as a
start, 40–50 mutant lines should be obtained for breeding purposes. In the T3 generation, a pollen
fertility test showed that the CRISPR/Cas9 mutation did not affect the fertility of maintainer lines.
To reduce the breeding cycles to develop glutinous rice lines, the mutant glutinous maintainer lines
(males parent) developed were used to hybridize with the CMS line 209A (female parent) to produce
F1 hybrids, and the F1 hybrids were then backcrossed with mutant lines. The tissue culture can itself
introduce variation, hence more lines and backcrossing are needed to overcome these shortcomings.

Metabolic profiling of phloem exudates has been developed as a biochemical marker to discriminate
between wheat varieties [11]. The paper presented the use of advanced instrumentation for direct
injection mass spectrometry (DIMS) through electrospray ionization time-of-flight (ESI-TOF-MS),
which offers a rapid method to obtain an initial metabolic profile of samples. It was chosen as an
approach for profile analysis of phloem exudate samples in this proof-of-concept study. Principal
component analysis provided strong evidence that cultivars can be distinguished from each other and
between quality groups.
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Universal protocols do not always adapt well to non-model species [12], therefore the authors
optimized ddRADseq (restriction site-associated DNA sequencing) in Eucalyptus dunnii Maiden
as a lower-cost option. For Eucalyptus, several genotyping platforms based on single nucleotide
polymorphism (SNP) array are available. They proposed that the optimized protocol can easily be
applied to any plant species. The combined or individual use of two protocols (P1 for setting up in a
low number of samples and P2 for scaling up the number of samples) show the benefits of similar
reported protocols, but reduce the drawbacks. Furthermore, the advantages of RADseq-derived
methods such as de novo marker discovery and removal of ascertainment bias in new germplasm,
may make ddRADseq technology one of the most promising genotyping approaches in future.

4. Abiotic Stress: Drought

More than 60% of food production is based on rain-fed agriculture, making it sensitive to annual
fluctuations in climate [13]. This calls for genetic improvements for drought tolerance. Drought is a
complex quantitative trait controlled by the interaction of genes at many levels. In its introduction,
the paper reviewed some of the constraints and challenges faced when breeding drought-tolerant
wheat and the limited success in correlating molecular data obtained under controlled conditions with
field conditions. Differential expressed genes in drought-tolerant ‘Jimai No. 47’ and drought-sensitive
‘Yanzhan No. 4110’ wheats in the field under irrigated and drought-stressed conditions identified 377
genes that overlapped potential drought-responsive genes, enriched in signaling transduction and
MAP (mitogen-activated protein) kinase activity. RNA editing sites were identified in both genotypes,
thus RNA editing should be considered as a mechanism in drought response in wheat. RNA editing
takes place during transcription, providing post-transcriptional modification of genes, and has also
been shown under stress responses. Targets were identified in untranslated regions regions as well
as single nucleotide editing potential in coding sequences, which introduces changes of amino acid
where C to T mutation in the codons was found to be the most common.

The low-cost and easy-to-use PCR-based simple sequence repeat (SSR) makers showed its efficiency
in the study of genetic diversity in landraces of Prunus salicina Lindl in the Paraná River Delta in
Argentina, which has a particularly harsh agro-ecosystem, especially regarding water stress [14]. These
neutral markers were found to be adequate for population genetic studies and cultivar identification.
They also assessed the SSR flanking genome regions (25 kb) in silico to search for candidate genes
related to stress resistance or associated with other agronomic traits of interest. Interestingly, at least 26
of the 118 detected genes seemed to be related to fruit quality, plant development, and stress resistance.
This study suggests that the molecular characterization of specific landraces of Japanese plum that
have been adapted to extreme agroecosystems is a useful approach for localizing candidate genes that
are potentially of interest for breeding purposes.

Funding: Experimental work in the Molecular Plant Breeding Research Group of S.K.R. was supported by the
Danish Agricultural Agency, Green Development and Demonstration Program.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Pre-harvest sprouting (PHS) is one of the most important factors having adverse effects on
yield and grain quality all over the world, particularly in wet harvest conditions. PHS is controlled by
both genetic and environmental factors and the interaction of these factors. Breeding varieties with
high PHS resistance have important implications for reducing yield loss and improving grain quality.
The rapid advancements in the wheat genomic database along with transcriptomic and proteomic
technologies have broadened our knowledge for understanding the regulatory mechanism of PHS
resistance at transcriptomic and post-transcriptomic levels. In this review, we have described in detail
the recent advancements on factors influencing PHS resistance, including grain color, seed dormancy,
α-amylase activity, plant hormones (especially abscisic acid and gibberellin), and QTL/genes, which
are useful for mining new PHS-resistant genes and developing new molecular markers for multi-gene
pyramiding breeding of wheat PHS resistance, and understanding the complicated regulatory
mechanism of PHS resistance.
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1. Introduction

Pre-harvest sprouting (PHS) refers to the germination of grains in mature cereal spikes before
harvest under continuous wet weather conditions [1]. PHS has adverse impacts on wheat quality and
yield [2,3] and reduces baking quality of dough by making it porous, sticky, and off-color. The price
of sprouted grain is decreased by 20–50% and is unacceptable for human food if it contains more
than 4% sprouted grains [4]. The decreased bread and noodle quality is due to increased activity of
lipases, amylases, and proteases, enzymes which degrade lipids, starch, and proteins in sprouting
grains [5,6]. Global yield and quality losses due to PHS have a financial impact estimated at $1 billion
annually [7]. PHS occurred frequently in many major wheat producing areas of the world, including
China, USA, Japan, Canada, Australia, and also in Europe [8]. In China, PHS is a major problem,
especially in the northern spring wheat region, Yangtze River Valley, and northeastern spring wheat
region which are characterized by heavy rainfall and high humidity before harvest [9]. In recent years,
it has also become a serious problem in the Yellow and Huai Valleys’ wheat region due to climate
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changes. Therefore, improving PHS resistance is a major breeding objective to mitigate the risk of PHS
and increase the production of high-quality wheat.

PHS resistance is associated with several developmental, physiological, and morphological features
of the spike and seed, which includes seed coat (pericarp) color and permeability, seed dormancy,
α-amylase activity, and levels of plant growth hormones (abscisic acid, gibberellin and auxin) [1,10–18].
Other factors, such as waxiness, hairiness, ear morphology, and germination-inhibitory compounds
produced in bracts surrounding the grains have also been linked with PHS resistance [19,20]. Among
them, seed dormancy is the major genetic factor controlling PHS resistance, therefore, much attention
has been paid to understand the molecular mechanism of seed dormancy as a means to improve PHS
resistance in wheat breeding programs.

PHS resistance is a typical quantitative trait controlled by numerous QTL/genes. Many quantitative
trait loci (QTL) have been identified for PHS resistance in wheat [1,14,18,21–37]. Several candidate
genes for PHS resistance have also identified, including TaSdr, TaPHS1, TaMFT, TaVp-1, Tamyb10, and
TaMKK3-A [38–46]. These QTL/genes are valuable for gene pyramiding in breeding programs. However,
the regulatory mechanisms of PHS remain unclear, which is why progress in improving wheat PHS
resistance is limited.

To understand the regulatory mechanism of PHS resistance and provide valuable information for
developing PHS resistant wheat varieties, this review summarizes recent advances of several major
factors affecting PHS resistance, including grain color, seed dormancy, α-amylase activity, and plant
growth hormones.

1.1. Grain Color

Grain color (GC) is an important genetic factor affecting the brightness of flour and is also
associated with seed dormancy and PHS resistance. It is controlled by the R-1 gene series distally
located on long arms of chromosomes 3A, 3B, and 3D [47]. Dominant R-1 alleles confer red grain color
and are denoted by R-A1b, R-B1b, and R-D1b whereas the recessive alleles contribute white grain color
and are named as R-A1a, R-B1a, and R-D1a, respectively. For dominant R-A1b, R-B1b, and R-D1b alleles,
only one allele is enough for red color, while redness increases in a gene dosage-dependent manner [48].
The R genes act as transcriptional activators of flavonoid synthesis genes and are positioned in the
same region as Myb-type transcription factor loci (Tamyb10-A1, Tamyb10-B1, and Tamyb10-D1) [49].
Himi et al. [40] confirmed the three Tamyb10-1 genes on chromosomes 3AL, 3BL, and 3DL as candidate
genes underlying the R-1 loci for wheat grain color.

The red pigment in the testa of plant grains is composed of catechin, and proanthocyanidins (PA)
that are produced in the flavonoid biosynthesis pathway and synthesized by different enzymes such
as dihydroflavonol-4-reductase (DFR), chalcone flavanone isomerase (CHI), flavanone 3-hydroxylase
(F3H), and chalcone synthase (CHS) [50–52] (Figure 1). These enzymes are expressed only in immature
red grains and are almost completely repressed in the grains of white wheat [49]. The above
Myb-type Tamyb10-1 transcription factors control anthocyanin production and the red pigment of
wheat grain by up-regulating the structural genes encoding DFR, CHI, F3H, and CHS in the flavonoid
biosynthesis pathway.

In general, red-grained genotypes are more resistant to PHS compared to white-grained
genotypes [53,54]. Himi et al. [53] observed the effect of R genes on grain dormancy by using
near-isogenic red grained ANK lines and white grained mutant (EMS-AUS) lines and found that
the level of dormancy conferred by R genes decreased rapidly in ANK lines during the after-ripening
stage whereas reduction in the white grained mutant (EMS-AUS) line was not large indicating that
R genes might play a minor role in seed dormancy. Groos et al. [1] detected four QTL for both PHS
resistance and GC using a recombinant inbred line (RIL) population from a cross between Renan
(red-grained) and Récital (white-grained). Three of these QTLs were close to R genes, and one was
mapped on chromosome 5AS. Lin et al. [55] reported the genetic architecture of GC and PHS and
genetic relationship of these two traits in a panel of 185 U.S. elite breeding lines and cultivars using
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a genome-wide association study (GWAS). These results showed that GC genes (Tamyb10-A1 and
Tamyb10-D1) had a significant effect on PHS resistance, but Tamyb10-B1 was significant only for GC
and not for PHS resistance. In addition, a novel QTL for GC was also identified on chromosome
1B. Zhou et al. [37] identified three main QTLs for PHS resistance by GWAS, including a novel
locus on chromosome 5D and two loci co-located with Tamyb10-1 genes on chromosomes 3A and
3D. Furthermore, 32 GC-related QTLs (GCR-QTL) were also detected, and a strong correlation was
observed between the number of GCR-QTL and seed germination rate. The above results imply that
GC is significantly associated with PHS resistance, and might be controlled jointly by many QTLs in
addition to he Tamyb10-1 gene. Of these, some QTLs are for both GC and PHS resistance; others are
for GC only and not for PHS resistance. Therefore, it should be possible to breed PHS-resistant white
wheat by using the gene-editing technology known as CRISPR/Cas9 to alter the GC-related genes
keeping in view the other dormancy-related QTLs besides those provided by the R-1 genes of the red
grained parent used for such editing.

Figure 1. Schematic representation of flavonoid biosynthesis pathway in plants. Enzymes are shown
in blue while intermediates are shown in black. End products are indicated in colored shapes. Dotted
arrows represent multiple steps. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone
3-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP-glucose
flavonoid 3-O glucosyltransferase; FLS, flavonol synthase; LAR, leucoanthocyanidin reductase; ANR,
anthocyanidin reductase.

1.2. Seed Dormancy

Dormancy is the inhibition of germination of morphologically ripe and healthy seeds even
under optimum conditions of light, moisture, and temperature [56,57]. Initiation and maintenance
of dormancy is affected by both genetic and environmental factors [58]. Dormancy is regarded
as a major genetic component of PHS resistance [59–61]. Seed dormancy in wheat is a complex
phenomenon and can be divided into seed coat-imposed and embryo-imposed dormancy [62,63].
Seed coat inhibitory compounds are associated with seed coat-based dormancy [53], whereas
crosstalk of phytohormones, such as abscisic acid (ABA), gibberellin (GA), and auxin, are involved
in embryo-imposed dormancy [64,65]. Seed coat-imposed dormancy in particular is involved in the
seed survival mechanism of several species [66]. The seed coat exerts its germination-restrictive action
by its mechanical resistance to radicle protrusion or being impermeable to water and/or oxygen.
These properties are positively correlated with seed coat color due to phenolic compounds in diverse
species. In wheat, red-grained genotypes exhibit a wide range of seed dormancy and are more resistant
to PHS because they contained dominant alleles in their trigenic series, whereas white-grained cultivars
lack seed dormancy at maturity and are susceptible to PHS [63,67–69].
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It is widely known that abscisic acid (ABA) is the major mediator for seed dormancy because it
plays a significant role in inducing and maintaining dormancy during seed development as well as
in imbibed seeds [70,71]. Many genes, like TaPHS1 (a TaMFT-like gene), TaCYP707A1, and TaDOG1,
have been identified for seed dormancy and are also involved in ABA synthesis and its signal
transduction [41,43,72–74]. Until now, TaPHS1/TaMFT, TaSdr, PM19-A1/A2, and TaMKK3-A are the
cloned genes involved in controlling seed dormancy and PHS resistance in wheat. TaMFT (Mother of FT
and TFL1) is a homologue of the Arabidopsis MFT gene which controls seed dormancy and also regulates
ABA and GA signal transduction. These studies indicated that wheat and Arabidopsis share the same
regulatory mechanism of seed dormancy [41,43,72]. An SNP in the promoter region (at position –222)
of TaMFT has identified which may increase MFT expression and likely contributes to increase seed
dormancy [41]. Another gene TaPHS1 (homolog of wheat MFT gene) involved in the regulation of
seed dormancy and PHS resistance was identified on wheat chromosome 3A while the mutations at
+646 and +666 positions of the coding region of TaPHS1 gene resulted in PHS susceptibility [42,43].
It has been reported that Sdr gene plays an intermediate role in inhibiting germination and promoting
dormancy in rice [75]. In wheat, three TaSdr genes TaSdr-A1, TaSdr-B1, and TaSdr-D1 have been cloned
and are involved in seed dormancy, among them; TaSdr-B1 on chromosome 2B was observed to
play a vital role in regulating seed dormancy [46,76]. Barrero et al. [44] identified two candidate
genes PM19-A1 and PM19-A2 which positively regulate seed dormancy. They also demonstrated
that PM19-A1 highly expressed in dormant genotypes during grain maturation while PM19-A2
showed sequence variations between non-dormant and dormant genotypes. In wheat, another gene
MKK3-A (mitogen-activated protein kinase kinase 3), also called TaMKK3-A, has been identified on
chromosome 4AL as a candidate gene of the Phs-A1 locus which is associated with the length of
seed dormancy [45]. Despite the multi-genic control of seed dormancy, a few major loci, including
Phs-A1 on chromosome 4AL and TaPHS1/TaMFT on chromosome 3A, have also shown to involve in
sprouting resistance and account for a significant proportion of natural variations in diverse mapping
populations [77]. Based on the strong effect, Phs-A1 has been identified in at least 15 multi-parent
and bi-parental mapping populations developed from diverse germplasm originated in the United
Kingdom, Australia, China, Japan, Mexico, Europe, Canada, and Africa [44,78–81]. Shorinola et al. [77]
studied the physiological evaluation of Phs-A1 during seed after-ripening and observed that it delayed
the rate of loss in dormancy when plants were grown across a wide temperature range of 13–22 ◦C.
In another study, Shorinola et al. [82] conducted a haplotype analysis of the Phs-A1 locus and found
that TaMKK3-A, but not PM19, was the causal gene underlying variation in sprouting associated with
Phs-A1 in diverse Asian, North American, European, and Australian germplasm.

In addition to the PHS-resistant genes identified in wheat, maize could also act as a model
to improve PHS resistance in wheat, e.g., the maize viviparous-1 (Vp1) gene. McCarty et al. [83]
reported that Vp1 gene encodes a transcription factor that plays a significant role in the regulation
of late embryogenesis in maize and late embryo development in bread wheat. TaVp1 genes were
extensively studied in wheat and were linked with seed dormancy and PHS resistance [38,39,61,84–89].
The TaVp1 genes were mapped about 30 cM from R loci on homologous group 3Lchromosomes [86].
Six TaVp-1B alleles, TaVp-1Ba, TaVp-1Bb, TaVp-1Bc, TaVp-1Bd, TaVp-1Be, and TaVp-1B were identified
in wheat [38,39,89,90]. Based on this allelic variation, the STS marker (Vp1B3) was developed for
seed dormancy and it was observed that TaVp-1Bb and TaVp-1Bc alleles were linked with higher PHS
tolerance [38]. Another STS marker (Vp1A3) was also developed for PHS tolerance by observing
greater PHS resistance in various combinations of allelic variations, like TaVp-1Agm/TaVp-1Ba,
TaVp-1Agm/TaVp-1Bb, TaVp-1Aam/TaVp-1Bb, and TaVp-1Aim/TaVp-1Bb [61]. Moreover, genetic analyses
identified other genes such as DOG1 involved in seed germination and dormancy [91–94]. The DELAY
OF GERMINATION1 (DOG1) gene was first identified in Arabidopsis as a major QTL involved in
increased seed dormancy [95]. The length of seed dormancy was estimated by the amount of expression
of DOG1 protein in freshly-harvested seeds, which indicated that the DOG1 gene is a timer for
the release from dormancy [96]. In a recent study, Nishimura et al. [97] demonstrated that the
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DOG1 and AHG1 genes interact with multiple environmental factors as well as the PYL/RCAR ABA
receptor-mediated regulatory system to establish an important regulatory mechanism for control of
seed dormancy and germination. Recent advances in genome sequencing and whole genome assembly
of hexaploid wheat will trigger progress in identifying more seed dormancy and PHS resistance
genes [98–102].

1.3. α-Amylase Activity

The α-amylase (amy) enzyme is involved in many plant physiological processes such as cold
tolerance and germination rate and can hydrolyze α-1,4 -glycosidic bonds in saccharides [103,104].
The expression of amy enzyme is strictly controlled by the phytohormones ABA and gibberellin. ABA
inhibits the amy expression during grain development. However, in genetic defect wheat, a high
level of high pI amy genes could be expressed, resulting in poor grain quality during late grain
development which is referred to as late maturity α-amylase (LMA) [105]. An elevated level of GA
promotes amy expression during seed germination [106]. Alpha-amylase activity and PHS resistance
are associated with each other possibly due to the fact that increased α-amylase activity upon water
absorption promotes seed germination [107,108]. A remarkable difference was found in α-amylase
activity between PHS-resistant and -susceptible cultivars in wheat [108]. Of three PHS traits, falling
number (FN) [109] was found to indirectly measure the α-amylase enzyme activity that degrades
starch in germinating seeds and is an important factor in quantifying PHS [110]. Breakdown of
starch due to increased α-amylase activity results in a decreased FN value and is an indirect sign
of low seed dormancy and low PHS resistance. Four isozymes of α-amylase affecting PHS have
been identified in wheat, including malt-α-amylase (α-amylase-1) on homologous chromosomes
6, green-α-amylase (α-amylase-2) on homologous chromosomes 7, α-amylase-3 on homologous
chromosomes 5, and α-amylase-4 has two members on homologous chromosomes 2 and 3 [111,112].
The wheat B genome contains genes for α-amylase-1 and α-amylase-2 among all the three genomes.
Promoters of α-amylase-1 gene contains GA responsive complex that consists of a GA-responsive
element (CAATAAA), pyrimidine box (CCTTTT), and TATCCAT/C box [112]. GA3 seemed to be
involved in regulation of expression level of α-amylase-1 and α-amylase-2 [113]. The α-amylase-1
activity seemed to be significantly correlated with seed dormancy and contributed about 84% to seed
germination [111].

In addition to α-amylase variation, α-amylase subtilisin inhibitors (ASI) were also identified
in wheat, rice, rye, and barley by limiting α-amylase activity to restrain seed germination [114,115].
Moreover, ten ASI isomerides were identified through monoclonal antibody immune imprinting
and isoelectric focusing electrophoresis techniques [116,117]. Yuan et al. [118] reported that PHS
tolerance can be increased by reducing the α-amylase activity through combing α-amylase-1 and ASI
complex. The α-amylase quantity and activity is very low in dormant seeds and increases after seed
germination, therefore, it is necessary to identify the regulatory factors interacting with α-amylase,
which can contribute to understand the complicated molecular mechanism of α-amylase regulating
PHS tolerance.

1.4. Plant Growth Hormones

Previous studies have described the significance of plant hormones in metabolic and signaling
aspects and their probable role in the maintenance and release of dormancy in seeds of cereal
crops [43,119,120]. Among plant growth hormones, abscisic acid (ABA) and gibberellin (GA) play
important roles in regulation of dormancy and germination, ABA induces dormancy and GA stimulates
seed germination [121,122]. A change in balance between ABA and GA levels in seed constitutes a
regulatory mechanism that results in maintenance or release of seed dormancy [120,123]. Several studies
have reported the regulatory mechanisms of other hormones like ethylene, jasmonate, brassinosteroids,
and auxin in controlling seed dormancy, germination and PHS resistance [43,121,124,125]. Environmental
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factors, such as light and temperature, also affect the dormancy and germination by disturbing the
balance between ABA and GA levels in cereal crops [126,127].

Numerous mutants have been developed to understand the regulatory role of plant growth
hormones in seed germination and dormancy. Recent advances in the genomics of cereal crops have
led to identify many genes involved in metabolic and signaling pathways of plant hormones for
regulating seed germination and dormancy. The levels of plant growth hormones are noticeably
different in PHS resistant and susceptible varieties; therefore, PHS resistance can be improved by
identifying more genes involved in the expression and regulation of plant growth hormones.

1.4.1. Abscisic Acid

Abscisic acid (ABA) is an essential hormone that promotes seed dormancy, seed maturation and
tolerance to desiccation [128]. Dormant wheat ABA levels increases by up to 2.5-fold during imbibition
but remains unchanged in non-dormant grains [129]. ABA level in seeds/tissues is regulated by its
synthesis and catabolism [130]. ABA biosynthesis is catalyzed by numerous enzymes like NCED
(9-cis-epoxycarotenoid dioxygenase) that acts as a key regulator of ABA biosynthesis during seed
maturation. During ABA biosynthesis, oxidative cleavage of violaxanthin and 9-cis-neoxanthin
by NCED is regarded as rate-limiting step [131], whereas ABA catabolism is triggered by ABA
8′-hydroxylase enzyme (ABA8′OH) encoded by CYP707A genes that induce ABA hydroxylation at
the 8′ position [132–134] (Figure 2). Therefore, the NCED and CYP707A genes play important roles in
germination and dormancy by controlling the ABA level in seeds.

Figure 2. Schematic representation of ABA metabolism and signaling pathway in plants. Enzymes
are shown in blue while intermediates are shown in black. The end product is indicated in the yellow
circule; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NSY, neoxanthin synthase; NCED,
9-cisepoxycarotenoid dioxygenase; XD, xanthoxin dehydrogenase; AAO3, abscisic aldehyde oxidase;
PYR/PYL/RCAR, pyrabactin resistance/pyrabactin-like/regulatory components of ABA receptors;
PP2C, protein phosphatase 2C; SnRK2, SNF1-related protein kinase2; ABI3, abscisic acid insensitive
3; ABI4, abscisic acid insensitive 4; ABI5, abscisic acid insensitive 5; VP1, viviparous 1; ABF, ABRE
binding factor.
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Seed development in wheat is characterized by two peaks of ABA accumulation that occur during
the mid and late maturation phases. The first peak arises around 25 days after pollination (DAP) while
the second peak arises around 35 DAP and extended up to 40 DAP in dormant wheat seeds [135,136],
indicating the significance of ABA in inducing embryo dormancy [137]. Moreover, imbibed dormant
wheat seeds have shown 3.8-fold higher expression of TaNCED2 than non-dormant imbibed seed,
while non-dormant seeds exhibit 2.5-fold higher expression of TaABA8′OH1 (a wheat homolog of
CYP707A) than dormant seeds in both imbibed and dry conditions [138]. Mutational analysis of the
two homologs of TaABA8′OH1 (TaABA8′OH1A and TaABA8′OH1D) showed an increase in embryonic
ABA contents during mid and late stages (40–60 DAA) of seed development resulting in a higher level
of seed dormancy [139] and highlighting the importance of higher embryonic ABA levels in inducing
seed dormancy during the seed maturation phase in wheat.

ABA has been involved in the regulation of several seed developmental processes like deposition
of storage reserves and primary dormancy induction that are evident from the observation of ABA
mutants or deficient plants in maize and Arabidopsis [140]. A large number of mutants with reduced
ability of synthesizing ABA have been developed in various crops, like the aba1 mutant in Nicotiana
plumbaginifolia, viviparous (Vp) mutants Vp5, Vp7, Vp10/Vp13, Vp14, and Vp15 in maize; aba1, aba2, and
aba3 mutants in Arabidopsis, and sit, flc, and not mutants in tomato [91,131]. Several knock-out mutations
are available for most wheat genes that provide an invaluable resource for characterizing the gene
function. The resource of Targeting Induced Local Lesions In Genome (TILLING) mutants, like Kronos
(tetraploid) and Cadenza (hexaploid), have been developed in wheat. The exome sequences of
1535 Kronos and 1200 Cadenza mutants have been resequenced using Illumina next-generation
sequencing that can be used to screen for mutations in pre-harvest sprouting and dormancy related
genes [141].

ABA biosynthetic mutants failed to induce seed dormancy and revealed a wilty vegetative
phenotype, e.g., the aba1 mutant in Arabidopsis and aba2 mutant in tobacco were not able to produce
zeaxanthin epoxidase (ZEP), the first identified ABA biosynthetic enzyme [142]. Another ABA-deficient
mutant aba4 was identified in Arabidopsis during a screening of paclobutrazol resistance germination
and has known to be impaired in neoxanthin synthase (NSY) enzyme [143]. The vp14 (viviparous14)
mutant in maize and the notabilis mutant in tomato have shown impairment for NCED, which acts
as a catalyst for oxidative cleavage of 9’-cis neoxanthin and/or xanthophylls, 9-cis-violaxanthin, and
produces xanthoxin, as shown in Figure 2 [144,145]. The vp10 and vp15 mutants in maize, sitiens and
flacca mutant in tomato and aba2 and aba3 mutants in Arabidopsis have also shown the impairment in
later steps during ABA biosynthetic pathway in the cytosol [146,147].

The role of ABA in seed dormancy of wheat has already been described [16,43]. Nambara
et al. [130] reported three core components of ABA signaling in seeds such as protein phosphatase 2Cs
(PP2Cs), SNF1-related protein kinase2s (SnRK2s) and pyrabactin resistance/pyrabactin like/regulatory
components of ABA receptors (PYR/PYL/RCAR), as shown in Figure 2. ABA forms a complex by
binding with its receptor PYR/PYL/RCAR which then interacts with PP2Cs to inhibit its function.
The PP2Cs negatively regulate ABA signaling by repressing the SnRK2s activity, which is a positive
regulator of downstream targets. Inhibition of PP2Cs causes de-repression of SnRK2s, which in
turn phosphorylates and activates down-stream transcriptional factors including ABI3 (B3 type
protein), ABI4 (AP2 type transcription factor), ABI5 (abscisic acid insensitive 5), and ABFs (bZIP-type
transcription factors). These transcriptional factors are important for the expressional regulation of
ABA-responsive genes of seeds [130]. In the absence of ABA, PP2Cs becomes activated and, in turn,
dephosphorylate and deactivate the SnRK2s. The molecular components involved in the ABA signaling
pathway seem to be conserved in seeds of both monocot and dicot species [148].

The current understanding of signaling elements like ABA that control seed dormancy and
germination mainly results from genetic analysis. In wheat, QTL and mutational analysis have
revealed the importance of ABA sensitivity in regulating seed dormancy [149,150]. Dormant wheat
seeds show more ABA sensitivity than non-dormant seeds [151,152]. Vp1 was the first gene cloned
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in maize against ABA response [83]. Expression of Vp1 in wheat embryos was positively correlated
with ABA sensitivity and degree of seed dormancy [87,153]. Splicing of the Vp1 gene in wheat and
rice counterpart resulted in susceptibility to PHS in both species [88,154]. ABI3 is the ortholog of Vp1
in Arabidopsis and the seeds containing Vp1 or ABI3 alleles exhibited similar phenotypes including
ABA insensitivity, desiccation intolerance, and premature activation of the shoot apical meristem [155].
Mutational analysis of the ABI4 and ABI5 loci in Arabidopsis showed similar quantitative effects as
ABI3 on ABA sensitivity and seed development, but ABI3 null mutations were more destructive
than ABI4 and ABI5 [156]. These studies may help to explain the role of ABA in inducing wheat seed
dormancy and to understand the molecular mechanisms underlying the regulation of ABA metabolism
in inducing dormancy during seed maturation.

1.4.2. Gibberellin

Gibberellin (GA) is another major plant hormone that plays an important role in regulation of seed
dormancy and germination [64]. GA breaks the seed dormancy and promotes germination by balancing
the primitive endogenous inhibitors [157]. It also regulates the expression of α-amylase synthesis
genes involved in seed germination and hydrolyzing the starch in the endosperm. In Arabidopsis, leafy
cotyledon 2 (lec2) and fusca3 (fus3) could up-regulate GA activity resulting in germination of seeds
before maturity [158,159].

The bioactive concentration of GA in plants is regulated by the balance between its synthesis and
inactivation, that are mainly controlled by the genes GA2ox (encoding GA 2-oxidase), GA3ox (encoding
GA 3-oxidase), and GA20ox (encoding GA 20-oxidase), respectively [160] (Figure 3). Many genes
encoding these enzymes have been identified in a range of crop species including wheat, rice, and
barley [160,161] and their expression plays significant roles in dormancy and germination by regulating
the GA level in seeds.

Variations at the transcriptional level of these genes orthologs due to after-ripening and in
non-dormant and dormant cereal crop seeds indicated the role of GA in regulating the seed germination
and dormancy. For instance, dormancy loss in imbibed after-ripened barley and wheat seeds has
shown to be linked with increased expression of the TaGA3ox and TaGA20ox genes and a higher level
of bioactive GA1 [43,126,162]. Moreover, transcriptional activation of GA20ox gene orthologs induced
an increase in the level of GA4 in non-dormant embryos of sorghum seeds, whereas up-regulation of
GA2ox gene orthologs led to a decrease in the GA4 level [163]. Mutational studies of these genes will
provide further information regarding the molecular mechanisms of GA in regulating seed germination
and dormancy. Genetic studies in rice have identified other candidate genes, such as OsGA20ox2
and OsGA2ox3, responsible for regulating seed germination [164,165], while mutational analysis of
OsGA20ox2 showed greater dormancy due to reduction in the GA levels in seeds [164].

GA signals in plants are perceived by the soluble receptor protein gene GID1 (Gibberellin
insensitive dwarf 1), that was first mapped in rice. Mutational analysis of GID1 in rice showed
repression of α-amylase production and had no inhibitory effect on seed germination [166]. Orthologs
of GID1 protein have also been identified in wheat but further characterization of functions analysis of
GID1 orthologs in seed dormancy is required [167].

DELLA proteins in plants are another important element of GA signaling pathway, which
function as a GA repressor and are broken down by ubiquitination induced by GA [168]. GA
binds with GIDI and triggers the formation of the GA-GID1-DELLA complex which then interacts
with F-box protein (the principal component of SCFSLY 1/GID2 E3 ubiquitin ligase) to degrade the
DELLA protein through the ubiquitin-26S proteasome pathway [169–171] (Figure 3). In Arabidopsis,
five DELLA proteins including RGL1 (RGA like1), RGL2 (RGA like2), RGL3 (RGA like3), GA1 (GA
insensitive), and RGA (Repressor of GA1) were identified [172], among them RGL2 is known to be an
important seed germination repressor [173]. The DELLA proteins in cereals such as RHT (reduced
height) in wheat, SLN1 (slender1) in barley and SLR1 (slender rice1) in rice are transcribed by single
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genes [174–176]. Chandler [177] observed that DELLA mutant seeds of barley were non-dormant and
exhibited higher α-amylase activity in the aleurone layer.

Figure 3. Schematic representation of GA metabolism and signaling pathway in plants. Enzymes are
shown in blue while intermediates are shown in black. Multiple arrows represent multiple steps. GGDP,
geranylgeraryl diphosphate; CPS, ent- ent- Copalyl diphosphate synthase; KS, ent-Kaurene synthase;
KO, ent-Kaurene oxidase; KAO, ent- Kaurenoic acid oxidase; GA20ox,GA20 oxidase; GA3ox,GA3
oxidase; GA2ox,GA2 oxidase; GID1, gibberellin insensitive dwarf 1; GID2, gibberellin insensitive dwarf
2; SLN, slender1 in barley; SLR1, slender rice1; RHT, reduced height; GAMYB, GA regulated MYB
transcriptional regulator; KGM, kinase associated with GAMYB.

In addition to DELLA proteins, other GA-regulated MYB transcriptional regulators (GAMYB)
also play a significant role in the GA signaling pathway in aleurone cells of cereal crops [178].
In cereal aleurone, GAMYB triggers the transcriptional activation of GA and regulates hydrolytic
enzymes especially α-amylase by directly binding to GA responsive elements in promoter regions [178].
The GAMYB function in cereal aleurone cells was repressed by another GA downstream signaling
component named KGM1 (KINASE ASSOCIATED WITH GAMYB1) [179]. Mutational analysis of
GAMYB orthologs in rice showed repression of α-amylase gene expression but had no effect on seed
germination [180]. In wheat, whole seed transcriptional analysis showed no transcriptional differences
in orthologs of GID1, RHT, GAMYB, and KGM1 represented in the GeneChip Wheat Genome Array
between after-ripened and dormant seeds. However, transcription of GA responsive genes encoding
cell wall hydrolases and amalyses are induced in response to after-ripening [43]. These results might
indicate that wheat seeds responsiveness to GA is controlled by post-transcriptional mechanisms
or functions without these GA signaling elements. Although these studies demonstrate the role of
GAMYB in germination and dormancy, but need further studies to identify and characterize more
genes that interact with GAMYB and increase our understanding about the role of downstream GA
signaling elements in controlling germination and seed dormancy.
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1.4.3. Other Plant Hormones

Previous studies have described the importance of some other plant hormones, like ethylene,
jasmonate (JA), auxin, and brassinosteroid (BR), in regulating seed dormancy and PHS
resistance [121,124,125]. Transcriptomic analysis of dormant wheat seeds showed that imbibition
triggered variations in expression level of several orthologous genes encoding key enzymes involved
in ethylene, JA, auxin, and BR biosynthesis and their metabolic pathways due to after-ripening,
indicating roles in regulating seed germination and dormancy [43,119]. Jacobsen et al. [181] reported
that JA promotes dormancy release in dormant wheat seeds and perform antagonistically to ABA.
Transcriptional activation of biosynthetic gene orthologs, such as KAT3 (3-ketoacyl coenzyme a
thiolase3), LOX5 (lipoxygenase5), and AOS (allene oxide synthase) involved in JA biosynthesis were
detected in imbibed after-ripened seeds. The production of a huge amount of jasmonate-isoleucine
along with other orthologs of the biosynthetic pathway during after-ripened seed imbibition revealed
the role of JA in controlling wheat seed dormancy. It has been reported that methyl jasmonate decreased
the level of seed dormancy in wheat, but its role was regulated by variation in expression levels of
the ABA8´OH and NCED1 genes and ABA concentration [181]. Xu et al. [182] studied the role of
JA and other hormones in the stratification of wheat dormant seeds and found that JA formation is
necessary for seed germination induced by cold stratification. They also concluded that an increase in
JA synthesis promoted a reduction in ABA concentration in cold-stratified grain embryos. However,
the mechanism of JA in release of seed dormancy to allow germination is still not clear.

Transcriptomic analysis of after-ripened dormant wheat seeds revealed imbibition-mediated
activation of BR biosynthetic ortholog genes such as DET2 (De-etiolated 2) and DWF4 (Dwarf 4) [119].
Transcriptional activation of these BR biosynthetic and signaling components in imbibed after-ripened
wheat seeds have shown to be associated with transcriptional stimulation of BR responsive orthologs,
such as BBE (BR enhanced expression) and PRE (paclobutrazol resistance), that control cell elongation,
a process essential for seed germination [183,184]. These results indicated that BR plays a significant
role in controlling seed dormancy and germination in wheat.

In Arabidopsis, previous studies have revealed that BR plays a significant role in the regulation of
seed dormancy along with ABA and also increased the synthesis of ethylene, which has a regulatory
role in seed dormancy of monocot species, such as wild oat [185–187]. During ethylene biosynthesis,
BR mediates post-transcriptional activation of the ethylene biosynthetic enzymes such as ACC
(aminocyclopropane-1- carboxylic acid) synthase (ACS) which acts as a catalyst during the first
step [188]. In addition to ACS, ethylene biosynthesis is also mediated by another enzyme ACO (ACC
oxidase). In wheat, ACO orthologs are involved in up-regulation in whole imbibed after-ripened
seeds compared to dormant seeds [119]. Transcriptional activation of these enzymes and other
ethylene receptor orthologs in wheat, such as ERS1 (ethylene response sensor 1), have revealed
the role of ethylene in controlling seed germination and dormancy. In other cereal crops like rice
and barley, ethylene promotes germination in non-dormant seed but is not involved in the loss of
dormancy [189,190]. At present, the role of ethylene in regulating seed dormancy is not clear and
needs further investigation of its regulatory role in seed dormancy in different crops.

Recent studies have revealed the role of auxin in maintaining seed dormancy. For instance,
exogenous application of auxin increased seed dormancy in wheat [191,192] and Arabidopsis [193,194]
through ABA activation. Liu et al. [43] studied the temporal expression patterns of metabolic and
signaling genes of ABA, GA, IAA and jasmonate in both dormant and after-ripening dry and imbibed
wheat seeds and observed that after-ripening mediated developmental switch from dormancy to
germination seems to be linked with declines in seed sensitivity to ABA and IAA and repression of
auxin signaling. Mutational analysis of wheat ERA8 (Enhance Response To ABA8) mutant showed
an increase in dormancy due to increased level of embryonic jasmonate and aleurone IAA [195].
Metabolomic profiling of two water imbibed wheat cultivars Sukang (dormant) and Baegjoong
(non-dormant) detected variable amounts of many auxin-related compounds in the 48h samples
of Baejoong and found that indoleacetate abundance was not changed in the Sokang sample but
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showed an abrupt reduction in Baegjoong at 48h water imbibition. Three catabolites of IAA including
indole-3-carboxylate were also detected that showed similar of IAA at 48 h but with two other
metabolites, such as indoleacetyl-aspartate and 2-oxindole-3-acetate, showed much higher levels at
48h in Baegjoong [196]. It also regulates several plant growths and developmental processes through
the auxin signaling pathway mediated by aux/indole-3-acetic acid (IAA), transport inhibitor response1
(TIR1)/additional F box protein (AFB), and auxin response factors (ARFs) [197,198]. The ARFs are
responsible for regulating the expression of a large number of auxin-responsive genes by binding
with promoters of auxin response elements (AuxREs) [199,200]. Auxin inhibits seed germination and
promotes dormancy through ABA-mediated response by regulating seed specific signaling components
of ABA like ABI3, ABI4, and ABI5. Among them, ABI3 is the only transcription factor involved in
the regulation of seed dormancy [201–203]. Liu et al. [65] observed that auxin and ARF10/16 are
involved in the regulation of ABI3 expression which in turn inhibits seed germination and promotes
seed dormancy in after-imbibed seeds. The function of ARF10 and ARF16 as positive regulators during
the ABA signaling pathway contributes in developing a map of integrated hormone signaling during
plant growth and development [204,205]. Auxin-induced seed dormancy seems to be an evolutionary
mechanism that inhibits seed germination during unfavorable conditions and might be important for
conservation of diversity and evolution in seed plant species [65]. Whether auxin is directly involved
in seed dormancy is not clear, and its mechanism in controlling seed dormancy is also still unknown.

1.5. Environmental Factors Affecting PHS Resistance

Environmental factors such as rainfall, temperature and high relative humidity during the grain
filling and maturation stages play an important role in the regulation of dormancy and sprouting in
wheat. Temperature is one of the most important environmental factors for maintaining dormancy
during seed development and for inducing dormancy during seed imbibition [206]. During seed
development, low temperatures between 10 and 15 ◦C can induce high and prolonged dormancy while
low temperature during germination breaks dormancy of freshly-harvested wheat seeds [207,208].
At low temperatures the MOTHER OF FT AND TFL1 (MFT) gene is involved in enhancing the
dormancy during seed development in wheat [41]. It has also been reported that rainfall 10–20 days
before harvest causes little or no sprouting but may influence the crop to be highly susceptible for
sprouting at later rainfall [209]. Lunn et al. [210] studied the relationship between mean temperature
and period of seed dormancy during the grain development and found that shorter dormancy periods
occur after high mean temperatures.

Environmental factors such as temperature fluctuations, salinity and seed moisture content seem
to promote ABA synthesis in plants with consequent effects on seed dormancy [211]. Footitt et
al. [212] reported that the depth of seed dormancy and gene expression patterns were linked with
seasonal variations in soil temperature. They also explained that ABA signaling was linked with deep
dormancy during winter while its repression was linked with relief from dormancy during spring.
ABA-signaling repression was concurrent with increased DELLA repression of germination. During
winter, the expression of NCED6 (ABA synthesis) and GA2ox2 (GA catabolism) genes were found to be
increased resulting in increased seed dormancy due to the decrease in soil temperature whereas, during
spring, the endogenous ABA biosynthesis was found to be decreased while the expression of CYP707A2
(ABA catabolism) and GA3ox1 (GA synthesis) genes was increased resulting in declined seed dormancy
in Arabidopsis [212]. In another study, Kashiwakura et al. [162] used two PHS-tolerant varieties, OS38
(highly dormant) and Gifu-komugi (Gifu, moderately dormant) to characterize the mechanisms of
both dormancy maintenance and breakage at low temperatures. They observed that Gifu grains were
germinated after imbibition at 15 ◦C whereas OS38 grains remained dormant. Imbibition of Gifu
grains at low temperature caused a reduction in ABA levels in dormant embryos primarily due to the
expression of TaABA8′OH1 and TaABA8′OH2 (ABA catabolism) and TaGA3ox2 (GA synthesis) genes
resulting in increased GA levels. On the other hand, imbibition of extremely dormant OS38 grains at
a low temperature increased ABA levels by inducing the expression of TaNCED (ABA biosynthesis)
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gene and suppressing TaGA3ox2 and TaABA8′OH2 genes. In a recent study, Izydorczyk et al. [127]
observed a delay in germination of non-dormant imbibed wheat seeds under supra-optimal and
suboptimal temperatures which was due to the expression of ABA signaling genes; ABI3, ABI5, PYL5,
and SnRK2 in the embryo tissues resulted in enhanced ABA sensitivity. These studies explained the
role of ABA and GA in dormancy and germination but needs further genetic studies to understand
the physiological role of metabolic genes of ABA and GA in the regulation of seed dormancy in
cereal crops.

1.6. QTL/genes Identified for PHS Resistance

The genetics of PHS resistance is controlled by both epistatic and additive effects which are affected
by environmental conditions. The interaction between QTL epistasis (Q × Q) and the environment
(Q × E, Q × Q × E) for PHS resistance has been studied to understand the complex genetic structure
of QTL [213–215]. In wheat, PHS resistance is controlled jointly by multiple QTLs located an almost
21 chromosomes (1A, 1B, 2A, 2B, 2D, 3A, 3B, 3D, 4A, 4B, 5B, 5D, 6A, 6B, 6D, 7A, 7B and 7D) [1,14,18,
21–37,216–220] (Table 1).

In addition, several candidate genes for PHS resistance have also been identified based on
comparative genomics or transcriptomic analysis, such as TaSdr-A1 and TaSdr-B1 on 2AS and 2BS [46,76],
TaPHS1 and TaMFT on 3AS [16,41,42], TaVp-1 and Tamyb10 on group 3 chromosomes [38–40,84,86], and
PM19-A1/A2 and TaMKK3-A on 4AL chromosome [44,45] (Table 2).

The interaction of genes with different PHS resistant QTL is different. QTL positioned on
chromosome 4A may interact with R gene controlling red seed color to affect the PHS tolerance.
Another QTL for PHS resistance was identified on wheat chromosome 5D independently of an R
gene [29]. PHS is a typical quantitative trait controlled by multiple QTL and genes. A major QTL
was mapped on the chromosome 4A by using various mapping populations which controlled about
40% of the phenotypic variation in PHS resistance in wheat [3,27,227]. These studies were conducted
using SSR markers for the construction of genetic map and QTL mapping. Due to cost-effective
and rapid innovations in sequencing technologies, thousands of molecular markers especially SNPs
(such as wheat 820K, 660K, and 90K arrays) have been developed in wheat, which are useful for
fine-mapping of QTLs and for cloning of candidate genes in the target regions. Moreover, recent
advances in genome sequencing and whole genome assembly of hexaploid wheat will provide the
bases for rapid identification of various PHS resistance genes [98–102].
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PHS resistance is controlled by genotype, environment and their interaction [58]. The use of
molecular markers for marker-assisted selection (MAS) could be helpful for direct identification of
favorable or deleterious alleles in diverse groups of genotypes [228]. Iyer-Pascuzzi and McCouch [229]
reported that MAS can be used for indirect selection of desired traits with considerable reduction
in cost and time. Many gene-specific markers, such as SSRs (Xgwm15, Xgwm894, and Xgwm937),
STMS markers (wmc104, Xwmc397, and Xwmc468), and STS markers (Vp1-B2 and Vp1B3), were
developed for the Vp1 gene and can be used for identification of PHS resistance in diverse
genotypes [15,27,34,38,230–233]. Ogbonnaya et al. [27] found that Xgwm894 and Xgwm937 markers
are significantly associated with PHS resistance and could be used for improving PHS resistance in
wheat breeding programs. Liu et al. [16] developed an SNP marker named TaPHS1-SNP1 that can be
used as diagnostic marker for identifying the resistance allele of TaPHS1 in breeding. Based on SNP
flanking sequences on chromosomes 3B, 4A, 7B, and 7D, 18 KASP markers were developed that can be
used for PHS resistance in future genetic studies and might also be useful for evaluating the PHS in
breeding as well as germplasm materials [80]. In a study, Rasheed et al. [234] developed five KASP
based assays of functional markers for four genes, including SDR_SNP for TaSdr-B1, TaMFT-1617R for
TaMFT-A1, TaMFT-721J for TaMFT-A1, Vp1B1-83_IND for TaVp-1B, and Vp1B1-193_IND for TaVp-1B.
These four genes may have different pathways to induce PHS tolerance; therefore, these KASP
assays could provide an excellent opportunity to combine beneficial alleles for PHS tolerance in
breeding programs. Wang et al. [235] developed STS (sequence tagged site) marker Tamyb10D for the
Tamyb10D1 gene and showed that it can be used as an efficient marker for evaluating the depth of
seed dormancy in bread wheat genotypes. Moreover, the CAPS (cleaved amplified polymorphism
sequence) marker Sdr2A has also been developed which is positioned on 2.9 cM intervals between
Xgwm95 and Xgwm372 markers and can be used for identifying PHS resistant genotypes [46]. With the
advancements in sequencing technologies, more than 124,000 gene loci have been annotated, [98,101],
which provides a huge base for identifying more genes for PHS resistance and for the development of
functional markers linked with PHS resistance, that can be used for developing PHS resistant varieties
during wheat molecular breeding programs.

2. Conclusions and Future Prospects

PHS is a complex trait and determined by various endogenous and exogenous factors.
Development of PHS resistant varieties is desirable in wheat growing areas especially having long
wet weather conditions during harvest. Only a few PHS-resistant cultivars are commercially available
in the field, and the grain quality of those cultivars needs to be improved. Therefore, selecting and
inserting new resources could also be helpful in developing PHS resistant cultivars.

Understanding the genetics of various factors affecting PHS resistance is necessary for improving
PHS resistance in wheat cultivars. The combination of both genetic and genomic technologies should
be used to deeply study the temporal and spatial transcription of the genes involved directly or
indirectly in controlling PHS resistance. Genomic and post-genomic data will broaden our knowledge
about various factors affecting PHS resistance.

Construction of mutant libraries is important for future studies. Map-based cloning and mutant
analysis of the genes underlying PHS resistance will provide new insights in improving PHS resistance
of crop species. It is also necessary to use the available crop genome database that will trigger the
progress in this field. Furthermore, rapid advancements in molecular technologies, like next-generation
sequencing (NGS) technologies [236], and ongoing chromosomal-based and wheat whole genome
sequencing projects (International Wheat Genome Sequencing Consortium, IWGSC) [98–102] will
provide new opportunities for identification and functional analysis of the candidate genes controlling
PHS resistance.
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Abstract: Climate change, associated with global warming, extreme weather events, and increasing
incidence of weeds, pests and pathogens, is strongly influencing major cropping systems. In this
challenging scenario, miscellaneous strategies are needed to expedite the rate of genetic gains with the
purpose of developing novel varieties. Large plant breeding populations, efficient high-throughput
technologies, big data management tools, and downstream biotechnology and molecular techniques
are the pillars on which next generation breeding is based. In this review, we describe the toolbox the
breeder has to face the challenges imposed by climate change, remark on the key role bioinformatics
plays in the analysis and interpretation of big “omics” data, and acknowledge all the benefits that
have been introduced into breeding strategies with the biotechnological and digital revolution.
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1. Climate Change is Increasing Pressure on Crop Breeding

Climate change is strongly influencing agricultural production and cultivation practices of
all major crops with various and heterogeneous effects, which critically depend on geographical
areas [1]. The climate variables that directly affect agricultural production are the rapid growth in
mean temperatures and the increasing frequency and magnitude of extreme weather events [2].

Water deficit is a growth- and yield-limiting factor for crops worldwide [3]. It has been reported
that water scarcity deeply influences flowering, pollination, and grain-filling of most grain crops; on
the other hand, abundant rainfalls may have a positive impact on yield and end-use quality, but they
may damage plants because of higher relative humidity, which predisposes plants to the outbreak of
diseases [4]. Drought also has a major impact on crop yield; however, it has been demonstrated that
the severity of the stress depends on the phenological status of the plant [5,6].

Impact of extreme heat waves has been analyzed in wheat [7,8], rice [9], maize [10],
and soybean [11]. It has been noted that an increase of 1 ◦C of seasonal temperatures determines
a decrease in yield ranging from 7.4% in maize to 3.1% in soybean [12].

The increase of atmospheric CO2 has conflicting effects on crops: On one hand, it determines an
increase in plant photosynthesis and growth; on the other hand, it negatively affects the nutritional
quality of crops as well as their health status [13].
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As an example, an increase in barley yellow dwarf virus infections has been observed in wheat
under elevated CO2 levels [14].

Breeding crop varieties for environmental stresses is a slow and challenging process, as the
effects of stresses on crops are variable and complex especially when crops are exposed to multiple
stresses [4,15,16]. Although various information is available on plant response to a single stress factor,
much less is the knowledge on the response mechanisms of crops when exposed to a combination
of biotic and abiotic stresses (i.e., simultaneous stresses). Clearly, plant response depends on the
combination of specific stresses, on the intensity of each stress, and on the plant developmental
stage [17]. Studies demonstrated that plant stress and defense responses are controlled by different,
and sometimes conflicting, signaling pathways and that the plant activates specific signaling cascades
and metabolic pathways, which differ depending on whether the plant is subjected to individual or
multiple stresses [16,18].

Drought, heat stress, and their combination on growth-related traits have been widely investigated.
Several studies demonstrated the negative effect of simultaneous high temperature and drought
on the growth, development, and reproduction of cereals, thus affecting productivity [19–21].
The combination of drought and salt stress also decreased yield potential in barley [22]. Elevated
temperatures combined with drought reduced the performance of grapevine in the Mediterranean
basin, but elevated levels of CO2 could mitigate such damaging effects [23]. Photosynthesis was shown
to be sensitive to drought or heat stress. As reported by Feller (2016), the interaction between water
scarcity and heat stress affects carbon assimilation in crops. Indeed, leaf temperature, stomatal opening,
and water status are strongly interconnected, suggesting a complex regulatory network underlying
plant adaptation processes and coordinating gene expression [24].

All these developing threats are leading to an increase in the incidence of weeds, pests,
and pathogens, which generally were confined in particular geographical areas. According to
predictive models, it is expected that between 2050 and 2100, Fusarium oxysporum spp. (Schltdl.,
1824) will be the main cause of plant disease in European, Middle Eastern, and North African regions,
posing risks to a number of cash crops [25]. At present, they are thriving worldwide because of the
simultaneous occurrence of warming temperatures, increasing levels of humidity, CO2, and ozone
levels [26–28]. High temperature and moisture increases the production and germination of propagules
and accelerates pathogen growth rates. Elevated temperatures and ozone levels favor infection
by necrotropic pathogens. Otherwise, high levels of CO2, temperature, and drought foster plant
colonization by biotrophic pathogens. As an example, Fusarium head blight (FHB) and Septoria tritici
(Desm.) Blotch (STB) diseases in wheat are increasing in China [29], United Kingdom [30], and in
several countries of the European Union due to the altered weather patterns [31]. On the other hand,
Rejeb et al. [17] reported several examples of cross-tolerance between abiotic and biotic stresses that may
induce positive effects and enhanced resistance in plants with significant implications in plant breeding.
For instance, drought stress induced an increase of abscisic acid levels with a significant increase of
resistance response towards necrotophic fungus Botrytis cinerea (Pers., 1794) and Oidium neolycopersici
(Kiss, 2001), while salt stress reduced O. neolycopersici infection [32].

In this challenging scenario, it is clear that we need miscellaneous strategies to develop
climate-resilient cultivars and expedite the rate of genetic gains [33]. The understanding of the
physiological, genetic, and molecular mechanisms that allow plants to adapt and respond to climate
change and the identification of adaptation traits to variable environmental conditions triggered by
climate change are among the main objectives of next generation breeding.

Next generation breeding relies on the availability of large plant breeding populations
and germplasm collections, efficient high-throughput technologies, big data management tools,
and downstream biotechnology and molecular breeding activities. It is allowing and will allow
the scientific community to define, in a short time frame, one or more ideotypes suitable to satisfy the
breeding demand and to discover superior alleles and haplotypes to be used in breeding programs.
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Furthermore, recent advances in genomic knowledge and the increasing availability of information
on genes as well as on in vitro regeneration technologies allow the development and use of
second-generation biotechnologies, based on cisgenesis and genome editing [34–36], to produce
a diverse array of novel value-added products that may be indispensable in addressing future
challenges associated with sustainable agriculture.

Genome editing can breathe new life into plant breeding strategies. Indeed, genome editing is
opening up novel opportunities for the precise and rapid modification of crops to boost yields and
protect against pests, diseases, and abiotic stressors [37–39]. The great potential of the genome editing
techniques relies on making crop breeding faster, more precise, and at lower production costs.

In this review, we provide a brief overview of the possibility of exploiting germplasm resources
with diverse allelic combinations for genetics research and breeding. Then, we discuss the most
recent strategies, cutting-edge technologies, methods, and tools for adapting crops to climate change,
and remark on the key role bioinformatics plays in the analysis and interpretation of big “omics” data.
Finally, we acknowledge the benefits that have been introduced into breeding strategies through the
biotechnological and digital revolution, and we stress the concept that a “new figure” of breeder, with
new specializations, is needed.

2. Browsing through the Literature: Trends of the Most Recent and Breakthrough Technologies to
Advance Climate-Smart Breeding

In the 1995, the Intergovernmental Panel on Climate Change (IPCC) released the Second
Assessment Report on the impact of climate change on the sustainable development of the society.
This document has laid the foundations for achieving the international agreement linked to the United
Nations Framework Convention on Climate Change, known as the Kyoto Protocol [40]. The report by
IPCC describes the assessment of impact, adaptation, and mitigation of climate change with regard to
environmental and socio-economic aspects. Following the dissemination of the ideas contained in the
document, a growing interest by the scientific community has been observed in the study of the causes
and effects of climate change.

The number of published academic papers is a powerful indicator for measuring the development
tendencies of certain scientific researches. Literature related to “climate change” is vast and covers
several branches of knowledge such as agronomy, molecular biology, physiology, and socio-economic
disciplines [41,42]. Janssen et al. [41] and Wang et al. [42] performed a bibliometric analysis to
determine qualitative and quantitative changes in the scientific research topics related to the resilience,
vulnerability, and adaptation to climate change without taking into consideration the extent to which
climate change impacts on plant breeding.

In this review, we analyzed, quite simply, the number of publications in which the most recent,
popular, and breakthrough technologies applied to plant breeding were associated or not with climate
change. The analysis was based on the information available in the Web of Science database (www.
webofknowledge.com), category “Plant science”, considering the time interval of 2000–2018. Different
keywords (i.e., “plant breeding”, “QTL (Quantitative Trait Loci)”, “association mapping” and “GWAS
(Genome Wide Association Studies)”, “genomic selection (GS)” and “GS”, “genome editing” and
“mutagenesis”) and Boolean operators were used to query the database (Figure 1).

The results showed that the largest number of publications was retrieved using “QTL*” as
a keyword (Figure 1B), while the least number of publications affects those documents that included
“genome editing” as a keyword (Figure 1E). This trend reflects the recent history of technological
advances and methodological innovations in plant breeding. QTL mapping, in fact, is the oldest
method used in plant breeding to identify genetic variants that influence the magnitude of measurable
traits [43]. On the other hand, genome editing techniques have been introduced much more recently
to support plant breeding and require the development of specific protocols that widely vary from
species to species.
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All the technologies taken into consideration showed an upward trend across the years,
particularly after 2013. By contrast, mutagenesis with the exclusion of genome editing (Figure 1F) was
the only method with a more stable trend across the years. Table 1 reports the top ten list of the most
cited scientific articles retrieved by combining, in a single query, all the keywords mentioned above
(Figure 1A).

 
Figure 1. Number of publications in which the most recent and breakthrough technologies applied to
plant breeding are associated (___) or not (---) with climate change. (A) Keyword: plant breeding; (B)
keyword: QTL*; (C) keywords: association mapping or GWAS; (D) keywords: genomic selection or GS
(E) keyword: genome editing; (F) keywords: mutagenesis NOT genome editing. * complete query =
(“plant breeding” AND “climate change *”) OR (“association mapping” AND “climate change*”) OR
(“gwas” AND “climate change*”) OR (“genomic selection” AND “climate change*”) OR (“mutagenesis”
AND “climate change*”) OR (“QTL*” AND “climate change*”).
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3. The Breeder’s Toolbox for Facing the Challenges Imposed by Climate Change

3.1. Genetic Resources: A Cornerstone for Competitive Plant Breeding

A deep understanding of adaptive mechanisms to climate changes cannot be separated from
detailed knowledge on the genetic background and phenotypic plasticity of crops [54].

Mapping populations are widely used to investigate the relationship between DNA
polymorphisms and trait variation [55]. High-resolution trait mapping in crops implies the selection
of adequate genetic material from which various germplasm resources can be developed in order to
breed climate-resilient crops. The resolution and accuracy of mapping qualitative and quantitative
trait loci (the latter referred to as QTLs) depends on the recombination rate and frequency, the effective
population size (the larger the population, the higher the frequency of recombination and the higher
the QTL resolution), and on trait heritability [56].

In order to dissect the genetic basis of complex traits in crops, geneticists generally use two
different types of populations: namely, family-based mapping populations and association mapping
populations. As it can be easily understood, the recombination rate and the linkage disequilibrium
(LD) decay greatly differ between the two types of populations. Indeed, individuals in family-based
mapping populations have accumulated a very low number of recombination events, leading to the
presence of blocks of high LD [55].

Bi-parental and multi-parental mapping populations (MPPs) are both family-based mapping
populations. Bi-parental mapping populations, classically used for QTL mapping, usually derive
from the cross between two contrasting individuals differing for one or more target traits. Their main
limitation is that QTL detection depends strongly on the phenotypic diversity of the two parents only
and that a few recombination events occur during the development of the population.

Unlike bi-parental mapping populations, whose variation relies on a relatively narrow genetic
base, MPPs have been proposed as suitable resources to define the genetic basis of complex traits as
they are characterized by high levels of recombination events and larger phenotypic diversity [57–59].

Typically, multi-parent Advanced Generation Inter-Cross (MAGIC) mapping populations are
developed by inter-crossing multiple (generally four, eight, or sixteen) parental lines so as to fully
exploit their complex pedigree structure [60,61]. Developing a MAGIC population is not trivial, as it
requires the identification of founder lines within worldwide germplasm collections, elite cultivars,
landraces, and distant relatives with pronounced genetic and phenotypic differences. Generally,
the mixing of multiple parents follows different crossing schemes depending on how many founders
are taken into account [56]. Although the benefits of working with MAGIC populations are clear, it is
also necessary to remark two constraints: (i) the alien introgressions that might occur in the population
as a consequence of rearrangements; (ii) the time necessary to develop homozygous individuals
derived by advanced inter-crossing. Indeed, it has been estimated that at least eight crop seasons
are required to reach at least the S5 generation, which is associated with a residual heterozygosity
below 3% [62].

Association mapping populations are developed by collecting hundreds of unrelated individuals
among elite and old cultivars, landraces, and wild relatives, which represent an invaluable source of
natural genetic variations. Many of these populations include individuals retrieved from different parts
of the world and characterized by a wide diversity [63–65]. The great advantage of using association
mapping populations relies on the higher allelic richness that is captured and that is essential for
high-resolution QTL mapping.

Finally, Nested Association Mapping (NAM) populations have been developed by combining,
in a single unified mapping population, the advantages of two different types of populations
(i.e., bi-parental mapping populations and association mapping populations) with the purpose of
further increasing the precision of QTL mapping [66,67]. Generally, NAM populations derive from the
crossing of multiple lines (i.e., diversity donors) with a single “reference” inbreed line, possibly an
elite cultivar improved for important agronomic traits and extensively used in breeding programs.
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Crosses give rise to multiple bi-parental sub-populations, either as double haploid (DH) lines or as
recombinant inbreed lines (RILs), each of which is subjected to self-fertilization for six generations
before being genotyped. Finally, parental lines are, in turn, sequenced or genotyped, and the results
are overlaid on the recombination blocks previously identified in each sub-population.

3.2. Cutting-Edge Technologies for Breeding Applications

3.2.1. QTL Mapping and Marker-Assisted Selection

The basic idea behind QTL mapping is the identification of DNA molecular markers (such as
single nucleotide polymorphisms, SNPs) that correlate with a given trait in a segregant (mapping)
population, thus allowing the positioning of QTLs within linkage maps. Quantitative traits can
be controlled by a few loci with fairly large effects (i.e., major QTL), or by many loci, each with
minute effects (i.e., minor QTLs). Different methods for QTL analysis have been developed so far,
and over hundred QTL mapping software have been implemented (for an exhaustive review, see
Sehgal et al. [68]).

The advent of new sequencing technologies greatly facilitated the study of genomic variation,
as it led to the identification of a large number of DNA polymorphisms, especially SNP markers, at
limited cost [69]. The development of dense and ultra-dense linkage maps [68] increased the accuracy
of QTL mapping from a region of 10–30 centimorgan (cM) [70] to a region <1 cM on average [71]. As
mentioned earlier, a broader genetic diversity (bi-parental vs MAGIC or NAM populations) gives high
QTL resolution.

In addition, the availability of high-throughput plant phenomic tools is also of great importance
for increasing the potential of QTL mapping [72]. The link between phenotypic traits and genotypic
data is essential in explaining the genetic basis of complex traits.

QTLs affecting the phenotypes of interest can be also detected using LD mapping, which takes
advantage of historical recombination events within the unobserved pedigree [73].

The resolution of QTL mapping can also be enhanced by combining linkage maps with LD
maps [73]. Indeed, the existence of LD implies there are segments of a chromosome in the population
which are descended from the same common ancestor. These identical-by-descent (IBD) chromosome
segments carry both identical marker haplotypes and identical QTL alleles. This type of QTL mapping
is referred to as LDLA (linkage disequilibrium linkage analysis) [73].

Recent studies report the molecular characterization of QTLs together with the identification of
DNA polymorphisms underlying important traits, such as resistance to drought in barley and FHB
resistance in wheat [74–76]. A large number of QTLs have been identified in cereals for agronomic and
physiological traits under heat temperature and water stress conditions. As summarized in the review
by Gupta et al. [77], several studies have already been conducted in wheat (Triticum L. spp.) using
bi-parental interval mapping. Nine major and stable QTLs were detected for coleoptile length, root
system, and grain yield, which represent the most relevant traits contributing to seedling emergence,
grain yield, and adaption to drought environments [78]. Recently, high-density linkage maps were
constructed using SNP markers in bread wheat RILs in order to detect QTLs for flag leaf-related traits,
which play a key role in determining yield potential [79].

Once information on SNP-trait associations is available, it can be conveniently used to assist
breeding programs. Marker assisted selection can be performed via medium- or high-throughput
assays, such as KBioscience’s Competitive Allele Specific-PCR SNP genotyping system (KASPar;
http://www.lgcgenomics.com/) or high resolution melting (HRM) [80]. In case SNPs are associated
with restriction endonuclease sites, they can be converted into cleaved amplified polymorphic sequence
(CAPS), easily obtainable without the need of costly equipment [80,81].
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3.2.2. Genome-Wide Association Studies and Genomic Selection

Genome-wide association studies investigate marker-trait associations based on the large
nucleotide variability present within association mapping populations. The availability of a large
number of SNPs is a necessary but not sufficient condition to improve the resolution of marker-trait
association, which also strongly depends on the extent of LD decay over physical distance in
a population [82]. The mating system of the species, recombination frequency, genetic drift, and the
selection process of individuals are the most important factors affecting LD decay [83].

As clearly described by D’Agostino and Tripodi [69], once DNA variation has been captured,
it is used to describe the genetic structure of the population under study. Assessment of population
stratification (i.e., the presence of a systematic difference in allele frequency spectrum or in principal
components between sub-populations) is essential to prevent false positive or negative SNP(s)–trait
associations [69,84,85]. In addition, it is essential to have available robust phenotypic data for each
individual in the population in such a way that significant genotype–phenotype associations can be
scored. Association analysis can be performed with different tools (e.g., GAPIT [86] and GEMMA [87])
coupled with different model methods [88]).

Based on GWAS, the genetic mechanisms underlying resistance and resilience traits to changing
climate have been studied and their causative and predictive factors have been identified in several
crops [89–91]. Specific SNPs or InDels have been used for functional marker-assistant selection in
breeding programs.

Remarkable works have been conducted in cereals and leguminous to discover SNPs associated
with a response to climate change and to develop new resilient crops. In sorghum, GWAS was used to
identify SNPs associated with heat stress responses at the vegetative stage under field conditions [92].
SNPs associated with leaf firing and leaf blotching were located in candidate genes (transcription
factors, heat-shock proteins, kinases, and phospholipases) that play a role in heat stress response or
heat tolerance. A winter barley (Hordeum vulgare L.) collection was used to study the effect of CO2 on
biomass traits (aboveground biomass, ears, culms, and leaves) and detect SNPs located in genomic
regions involved in the response to CO2 and crop yield [93]. In chickpea, germplasm collections were
used to evaluate drought tolerance, heat tolerance, and yield traits in order to identify significant
marker-trait associations to be used for developing superior varieties with enhanced drought and heat
tolerance [94]. In addition, Li et al. [95] found SNPs in auxin-related genes associated with yield-related
traits under drought conditions.

Genomic selection (GS) may be considered a powerful tool to facilitate the selection of superior
genotypes, accelerate the breeding cycle, and reduce the cost of breeding line development [96].
Firstly, a training population (TP) is assembled and is subjected to genotyping and phenotyping
for the traits of interest. Then, data are integrated with pedigree information (i.e., a kinship square
matrix quantifying pair-wise relationships among population individuals) to build a GS prediction
model linking genome-wide marker data to phenotypes. Finally, the model is used on a different
set of individuals, which have been previously genotyped but whose phenotype is undetermined
(i.e., the breeding population, BP) to get information on their genomic estimated breeding value
(GEBV). Clearly, knowing the GEBV of a breeding population allows hinging the selection on marker
data without the need of time-consuming and costly phenotyping.

In wheat, GS models were largely developed to identify accessions that best adapt to the negative
effects of climate change: FHB resistance [97], heading date as an important component of wheat
adaptation [98] and water deficit stress [99]. Recently, Crain et al. [100] disclosed several GS methods
in relation to the phenotypic information derived from high-throughput phenotyping platforms.
Phenotypic data for drought and heat stresses were analyzed in two environments in more than
one thousand advanced wheat lines for grain yield, available at the International Maize and Wheat
Improvement Center (CIMMYT).

It was evident that GS, coupled with high-throughput genotyping and phenotyping approaches,
increased prediction and selection accuracy in wheat breeding.
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3.2.3. Mutation Breeding

Mutation breeding emerged in the middle of the last century with the purpose of artificially
developing genetic variability. The use of chemical and physical agents to induce mutations has been
successfully adopted worldwide since the 1930s to generate novel alleles, increase genetic diversity,
and release mutant varieties in more than 170 different plant species [101]. However, this approach has
been almost abandoned due to high costs and controversial opinions of the consequence of mutagenic
agents on human health [102].

An alternative to chemical and physical mutagenesis is represented by techniques based
on the use of biological agents. Indeed, site-directed mutagenesis and insertional mutagenesis
represented alternative forward genetics methods to increase genetic diversity [103]. In the last
two decades, mutation breeding has been recovered thanks also to advances in large-scale genome
sequencing projects.

Targeting Induced Local Lesions in Genomes (TILLING) is a reverse genetic technique based
on chemical induced mutagenesis coupled with a sensitive DNA screening-technique [104] which
allows the discovery of rare mutations in populations. Traditionally, TILLING protocols were based
on the use of enzymatic or physical methods to screen the population and select mutagenized lines.
Loss-of-function, gain-of-function, and hypomorphic alleles can be identified and possibly associated
with corresponding phenotypes [105].

By combining TILLING with the use of next generation sequencing coupled with
multidimensional pooling, Tsai et al. [106] demonstrated that the identification of rare alleles
in a population could be effectively expedited. TILLING by sequencing has been successfully
applied to discover allelic variants underlying agronomic traits involved in the response to climate
change [107,108]. In particular, TILLING was used to discover new allelic variants in the Hsp26 gene
family related to heat stress and thermal tolerance in wheat [109]. Barley mutants were generated by
TILLING to study the nucleotide variations in the era1 (enhanced response to ABA1) gene [110], which is
differently regulated under drought tolerance in several species including wheat and soybean [111,112].

Modifications to the traditional TILLING or TILLING by sequencing methods have been
subsequently proposed. De-TILLING (Deletion TILLING) is an alternative strategy that allows
knock-out mutations to be exclusively detected [113]. EcoTILLING is a method developed by
Comai et al. [114] to look for natural mutations in individuals. It could be an essential tool for
discovering allelic variants responsible for crop adaptation to biotic and abiotic stresses derived by
extreme agro-climate conditions [105].

3.2.4. Genome Editing

Genome editing technologies are listed under the larger group of the new plant breeding
techniques (NPBT) [115] and can be classified into two categories: oligonucleotide-directed
mutagenesis (ODM) and site-directed nucleases (SDNs). Both allow precise directed mutagenesis,
gene transfer, and control of gene expression [116].

In the ODM, DNA fragments of 20 to 100 nucleotides in length are chemically synthesized and
delivered into plant cells by common methods (e.g., PEG transfection, particle delivery) where they
induce mutations in target sites with low efficiency (max. 0.05%) [115].

SDNs are enzymes that can specifically bind to short target DNA sequences ranging from 9
up to 40 nucleotides and exert different biochemical reaction in situ (introduction of double-strand
breaks (DSBs), methylation, demethylation, acetylation, and deamination) to alter a biological activity
(e.g., gene silencing, base editing, gene expression, etc.) [117]. Among all possible biochemical reactions
mediated by SDNs, the introduction of DSBs is the most used so far.

In living cells, a DSB can be repaired either by non-homologous end joining (NHEJ) or by
homologous recombination (HR); the former seems to be the most frequent in plants. The NHEJ
pathway is error-prone, meaning random insertions/deletions (InDels) are usually introduced at the
target site (SDN1); this can be exploited to knock-out or knock-down genes (e.g., to study gene function),
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alter gene expression, or remove domains (e.g., remove effector binding domain on susceptibility
genes [118]). On the contrary, HR is an error-free template-based repair mechanism, which can be
used to introduce non-random mutations (SDN2) or insert a large DNA fragment (SDN3) at a target
site [115].

SDNs are classified in meganucleases (or homing endonucleases, HE), zinc finger nucleases
(ZFNs), Transcription Activator-Like Effector Nucleases (TALENs), and clustered regularly interspaced
short palindromic repeats (CRISPR)-associated protein (CRISPR/Cas). The scientific community and
private companies have constantly subjected SDNs to investigation and optimization; however, only
with the advent of CRISPR/Cas has genome editing become widely used [119].

Off-target activity is a common issue for all SDNs; however, in plants, the possibility of
screening a large edited population and discarding “non-specific editing” makes this issue probably
less important compared to the necessary development of transformation protocols, innovation in
automation, and tissue-culture-free methods along with investment in transgene-free methods and
genomic resources in crops [120]. Indeed, the knowledge on the target and off-target sequences,
the availability of an efficient delivery system of SDNs into cells, and the ability to obtain edited
homozygous plants are equally important steps in genome editing approaches (SND1-3) that cannot be
easily pursued in all crops. For instance, in some important vegetables (pepper, artichoke, and pulses),
the development of a reproducible transformation protocol is necessary. As a positive example, in
cereals, after years of effort in developing transformation protocols, a recent major breakthrough by
Lowe et al. [121] has allowed the boosting of transformation rates in a broad range of accessions.

Transgene-free methods rely on the possibility to transiently express SDNs in plant cells
(e.g., protoplasts), and this can be achieved either by the transfer of a DNA-based expression cassette
that does not undergo stable integration in the genome [122–124], or alternatively by the transfer of
ribonucleoproteins (RNPs) [125,126]. The use of transgene-free methods can lead to genome-edited
plants (SDN1 and SDN2 on case-by-case), which are indistinguishable by spontaneously mutated
crops or mutants obtained by classical mutagenesis approaches (i.e., ethyl methanesulfonate, ionizing
radiation) [115]. Therefore, in the European Union, a distinction in the legislation supporting the
approval route toward commercialization of the edited plants deriving by SDN1, SDN2, and SDN3
methods was proposed [127,128]. However, the latest ruling by the European Court of Justice [129]
requires that crops generated by using gene-editing techniques such as CRISPR must go through the
same lengthy approval process as conventional genetically modified (GM) plants [130]. Surprisingly,
no distinctions where made on SDN1, SDN2, or SDN3.

Editing of genes involved in responses to abiotic and biotic stresses has been reported, though
only in a limited number of cases and exclusively using SDN1 [116,131]. One of the first successful
applications has been the modification by TALEN of the promoter region of the rice bacterial blight
susceptibility gene OsSWEET14. This change caused the removal of the effector binding element,
thus giving resistance to major forms of bacterial blight [132]. Again, by TALEN, it was possible to
simultaneously edit three (Mycoplasma Like Organism) homoalleles of the susceptibility gene MLO,
resulting in powdery mildew resistance in bread wheat [133]. More recently, Nekrasov et al. [134]
successfully applied the CRISPR/Cas9 technology in tomato to induce a loss-of-function mutation of
the powdery mildew susceptibility gene, SlMLO1 [135].

Applications to abiotic stresses are still largely confined to model species (e.g., Arabidopsis),
although some promising results have been recently reported in soybean (drought and salt tolerance
by disrupting the Drb2a and Drb2b genes) [116,136] and more recently announced in cocoa [137].
Abiotic stresses are often controlled by complex genetic mechanisms, which may require simultaneous
tuning of different genes (i.e., regulatory sequences, editing of SNPs); on the contrary, for biotic stresses,
the knock-out of single genes (i.e., susceptibility genes [138]) is likely to produce the desired phenotype.

New target genes, further technical development allowing both SDN1 and SND2 approaches,
and a harmonized legislation on edited crops are necessary to prompt the growth of a novel generation
of breeders.

46



Agronomy 2018, 8, 277

3.3. Bioinformatics and Data Mining: Next Generation Breeding is Going Digital

A large number of crop genomes have been released into the public domain due to major advances
in DNA sequencing technologies and bioinformatics. If, on one hand, the availability of a reference
genome sequence is of unquestionable value, then on the other hand, it does not represent the diversity
within a particular species. As outlined in this work, information on DNA polymorphisms, available
through whole genome re-sequencing [139], sequence capture, target-enrichment and re-sequencing
methods [140], fractional genome sequencing strategies [141–143], and high-density genotyping
arrays [144], is of paramount importance for crop breeding. Indeed, in the last few years, several works
addressed the study of genetic diversity in major as well as in “orphan” crops [63,137,145–149].

Aiming to increase the effectiveness of QTL mapping, GWAS, and GS, it is becoming increasingly
important to go over the “phenotyping bottleneck” [69] and choose automated technologies for
high-throughput plant phenotyping in order to collect measurements of qualitative, agronomical,
morphological, and physiological traits. The huge amount of phenotypic data points is challenging in
its analysis, management, and accessibility to a greater extent than genotyping data.

As easily understood, bioinformatics is a rapidly expanding field of research as it is essential to
extract knowledge from heterogeneous data (i.e., data mining). The analysis of a high number of SNPs
and phenotypic data points is demanding and requires an adequate computational infrastructure as
well as bioinformatic and shell scripting skills that are beyond the reach of a typical lab. In addition,
it is becoming increasingly necessary to integrate various “omics” data (e.g., from genomics and
phenomics) with mathematical and statistical models.

There is an urgent need for early training in bioinformatic skills in order to empower plant
researchers and breeders to make use of their own data (i.e., for analysis and interpretation) [150].
However, to identify those who are adept at both bioinformatics and plant breeding is difficult and not
trivial. A realistic approach is to build interdisciplinary working teams where researchers can share
knowledge and expertise to impact on crop improvement.

It seems clear at this point that, similarly to biology, next generation breeding is going digital and
that a new figure of breeder is required to cope with recent advances in genomics, transcriptomics,
phenomics, and bioinformatics (Figure 2). With this, we do not mean that the next generation breeder
will find the field and the computer indistinguishable, but rather that by combining expertise in
complementary areas, they will have the greatest potential to be successful in breeding programs in
a scenario of increasing climate variability.

 
Figure 2. A new figure of breeder is beginning to thrive in the niche created by biotechnological
and digital revolution. By combining expertise in complementary areas (open-field trials, wet-lab
techniques, big data analysis, and interpretation), they will have the greatest potential to be successful
in developing climate-resilient crops.
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4. Conclusions

Between 1950 and the late 1960s, the “Green Revolution” dramatically changed the field of
agriculture with the aim of providing a solution for the world’s food supply problem. Indeed,
the global productivity increased drastically, especially in developing countries, thanks to the use of
fertilizers, herbicides, pesticides, and high-yield varieties.

In the 21st century, agriculture will face new challenges, largely due to the need to increase global
food supply under the declining availability of arable lands and increasing threats from climate change.
With respect to this, a white paper was prepared in 2009 by the Food and Agriculture Organization
in which the concept of Climate-Smart Agriculture, enabling the ability to cope with food security
while facing the challenges of climate change, is emphasized [151]. A prerequisite for climate-smart
breeding is the preservation and conservation of genetic resources. Indeed, climate change is altering
the behavior of many species, thus affecting ecosystem dynamics. For these reasons, new strategies of
germplasm characterization, selection, reproduction, and conservation should be played out so that
suitable genetic resources are available to develop cultivars resilient to climate change.

In this review, the most recent popular and breakthrough technologies applied to plant breeding
were described and several examples of their applications to breed climate resilient cultivars
were provided.

Indeed, breeding for climate-smart agriculture is benefitting from a new revolution, which lays its
foundation on the analysis and interpretation of big “omics” data and on NPBT, and which is expected
to give fruitful results in the near future.

Nowadays, the breeder’s skill set, although it continues to quickly evolve, is rich enough to allow
us to start thinking of breeding with different tools than that in the past, as technological improvements
in phenotypic and genotypic analysis, as well as the biotechnological and digital revolution, will reduce
the breeding cycle in a cost-effective manner [152].
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Abstract: Genomic Selection (GS) is a method in plant breeding to predict the genetic value of
untested lines based on genome-wide marker data. The method has been widely explored with
simulated data and also in real plant breeding programs. However, the optimal strategy and stage for
implementation of GS in a plant-breeding program is still uncertain. The accuracy of GS has proven to
be affected by the data used in the GS model, including size of the training population, relationships
between individuals, marker density, and use of pedigree information. GS is commonly used to
predict the additive genetic value of a line, whereas non-additive genetics are often disregarded.
In this review, we provide a background knowledge on genomic prediction models used for GS
and a view on important considerations concerning data used in these models. We compare within-
and across-breeding cycle strategies for implementation of GS in cereal breeding and possibilities
for using GS to select untested lines as parents. We further discuss the difference of estimating
additive and non-additive genetic values and its usefulness to either select new parents, or new
candidate varieties.

Keywords: crops; quantitative genetics; estimated breeding value; genomic prediction; plant breeding;
breeding scheme; pedigree; genetic value

1. Introduction

Agronomically important quantitative traits are often controlled by many small-effect genes,
which have been difficult to take advantage of in practical breeding [1]. The small-effect genes are
difficult to map, and, if mapping is successful, often multiple quantitative trait loci (QTL) are present,
which are difficult to use simultaneously in breeding. As a consequence, marker-assisted-selection
(MAS), when defined as the use of mapped genes in breeding, has had limited success in improving
such traits [2]. A key example quantitative trait is yield, which has shown difficult to improve
in nearly all plant crops [3,4]. Gene editing, like CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats), will likely not offer a solution either, because, like MAS, they are conditional on
first identifying mutations or modifications with large effect. Genomic (or genome-wide) selection
(GS) is a method that has promised to overcome the limitations of MAS for quantitative traits [2].
The objective of GS is to determine the genetic potential of an individual instead of identifying the
specific QTL. GS was originally developed in livestock breeding as a method to predict breeding values
of individuals based on markers covering the whole genome using simulated data [5]. Initial studies
on the application of GS in a dairy cattle breeding program showed promising improvements in the
accuracy of selection [6]. Promisingly, GS have been indicated to outperform MAS using the same
economic investment, even at low accuracies [7,8]. It may be noted that before GS was established,
plant breeders already developed ideas with similar ingredients as Meuwissen et al.’s GS [5]. Notably,
Bernardo [9] developed a multi-marker MAS version with random marker effects, but it was developed
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within the MAS paradigm using only markers flanking identified QTL, while the main break-through
in Meuwissen et al.’s GS [5] was to avoid identifying QTL.

Decreasing costs of genotyping using high-density single nucleotide polymorphism (SNP)-arrays
and development of statistical methods to accurately predict marker effects have led to the breakthrough
of GS. Selection decisions based on GS results have been indicated to improve the accuracy of selection
and speed of genetic improvement. GS is now used in dairy cattle breeding programs around
the world and included in the marketing of bulls [10]. Plant breeders have often been relying on
phenotypic selection (PS) to choose the best offspring to continue in the breeding program. One of
the first studies on the prospects of GS in plant breeding was carried out in maize (Zea mays L.) by
Bernardo et. al [8] using simulated data. Predictions have also been carried out in cereals as wheat
(Triticum aestivum L.) [11], barley (Hordeum vulgare L.) [12], and oat (Avena sativa L.) [13]. The potential
of GS has been explored in both hybrid breeding [14,15] and inbred or double haploid (DH) lines [16],
and in most cases authors conclude that prediction accuracies are sufficient to make GS more efficient
than PS.

To capture the total genetic variance, the effect of each marker in the whole marker-set is estimated
in GS regardless of the significance threshold, assuming that markers are in linkage disequilibrium (LD)
with the QTLs. Marker effects are estimated using individuals with both genotypic and phenotypic
information. The estimated marker effects are combined with marker information of an individual to
give the genomic-estimated-breeding-value (GEBV). The predictive ability of the model is calculated
based on a cross-validation (CV) system using a training- and a test-population to optimize the
model. Marker effects are calculated based on genotypes and phenotypes from the training-population.
Subsequently, GEBVs are estimated for the test-population based on these calculations. The predictive
ability of the model is then calculated as the correlation between GEBV and phenotypes of the
test-population (Figure 1).

Figure 1. Overview of genomic selection with cross validation using a training population to estimate
marker effects in order to get a genomic estimated breeding value (GEBV) of lines in the test-population.

Many papers have now established that GS is a promising approach in different plant species, and
several reviews have considered the basic approaches of GS [2], and comparison of statistical methods
for GS [17]. There is still limited attention for the ways that GS can fit in plant-breeding programs,
how information would flow, the relevance of close and distant relationships in GS implementation,
and where to improve accuracy or speed of the program. It is currently a timely moment to review in
more detail how GS could be used to improve plant-breeding systems. Most research on GS in plants
has ignored pedigree-information, unlike animal GS applications, and it appears useful to discuss the
use of pedigree in plants as well.

This review will explore features of GS set-up in cereal breeding, including size of training
population, the relationship between individuals in the training and the test data, and marker density.
The paper also includes a comparison of implementation strategies for GS in a breeding program,
making predictions within and across breeding cycles, as well as the potential to select parents purely
based on GEBV. We use breeding of cereals, like wheat and barley based on DH lines, as our primary
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example to describe GS in plant breeding, but most of our discussion will equally apply to breeding of
other inbred and self-fertilizing species.

2. The Set-Up of Genomic Selection

This section describes in more detail the set-up of GS as shown in Figure 1, and factors affecting
the accuracy of genomic predictions.

2.1. Size of Training Data

Several studies have shown that prediction accuracies are influenced by the training population
size. It is highly important for breeders to determine the number of lines to be genotyped and
phenotyped to establish a suitable training data set, because set-up of the first training data is often
a large investment. In a study of spring-barley, Nielsen et al. [18] observed a reduced accuracy of
GS as a result of reducing the training data set, and moreover, accuracies appeared less stable with
CV rounds showing larger variation in accuracy for a small training data set. Cericola et al. [19]
found an increase in prediction accuracy with increasing training population size, reaching a plateau at
~700 lines consisting of full-sib, half-sib, and less related wheat lines from 3 consecutive breeding cycles.
However, the optimal training set size was found to be higher in a study by Norman et al. [20] using
training set sizes varying from 250 to 8300 lines with differing relationships. An increase in prediction
accuracy as a results of increased training population size was also observed by Meuwissen [21] using
distantly related individuals.

2.2. Relatedness between Training and Test Individuals

The accuracy of GS models has been shown to be affected by the relatedness of individuals
between the training and test population [22]. Isidro et al. [23] found the highest prediction accuracies
when training data represented the whole population and had a strong relationship to the test data.
Relatedness between individuals has also been a subject of interest in MAS. Gowda et al. found that
the relatedness between individuals severely impacts QTL-estimation using MAS in hybrid-wheat [24].
Decreasing prediction accuracies for GS with less related individuals in the training and test population
was also observed by Lorenz et al. [25], and Nielsen et al. [18] found a decrease in prediction accuracy
when using less related individuals in a leave-family-out CV strategy.

2.3. Cross-Validation Strategies

To get an initial assessment of genomic prediction accuracies, most studies run a CV within the
collected training data, as introduced for GS studies by Meuwissen et al. [5]. CV makes predictions for
individuals, excluding their own phenotypes from the prediction model. The two main CV strategies
are leave-one-out (LOO) and k-fold CV, where k-fold CV can be further subdivided as using random
folds or stratified folds. In LOO, one line is left out and predicted based on the remaining population,
which is repeated for every line as performed by Nielsen et al. [18]. In a random k-fold CV, the
population is divided into a number (k) of random groups and one group is left out and predicted
based on the remaining ones. In a stratified k-fold CV, grouping can be based on, for instance, families,
breeding cycles, locations, environments, etc., and again one group is left out and predicted based on
the remaining ones. Random and stratified k-fold CV strategies, where the stratified version was based
on breeding cycles, have been carried out by Cericola et al. [19].

Each of the CV approaches will be relevant for a particular use in breeding. In LOO and random
k-fold CV, the line(s) predicted typically have closely related individuals in the training data, as well as
many samples from the same year, location, and environment as the ones left-out, and are available in
the training set. This situation is relevant to test predictions for lines that have not been phenotyped
for some trait, based on phenotypes from closely related material in the same breeding cycle. It can,
for instance, apply to quality traits that are only measured on a subset to supply predictions for the
lines without the quality trait measurements. In a stratified k-fold CV, situations can be tested, such as
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forward prediction from an older generation as training to a newer generation as test, or predictions
across locations or across environments. Results from stratified k-fold CV can be relevant to test GS
strategies that shorten the breeding cycle, or that reduce testing in locations and environments.

The effect of relationships on prediction accuracy can also be seen in CV, where LOO and random
k-fold CV often show higher prediction accuracy than stratified k-fold CV [26]. The different levels of
relationships between training and test data is one major factor to explain these differences, because
LOO and random k-fold CV tend to have higher relationships between training and test individuals
than the stratified k-fold CV strategies. Additionally, genotype by environment interaction (GxE) may
contribute to poorer prediction accuracy when the stratification is across years or environments.

2.4. Marker Density

Several studies have investigated the possibility to use a reduced marker set for GS without
affecting prediction accuracies remarkably. Using a smaller marker set would reduce the genotyping
costs for each line in the training population, making it feasible to genotype more individuals for the
same expense. Meuwissen [21] found that prediction accuracies are increasing with an increase in
marker density. It can be argued that at least one marker should be in LD with each QTL to capture all
the genetic variation in a population. This is especially the case for unrelated lines, as LD between
markers may vary between the training and the test population. Using genetically related barley
lines, Nielsen et al. [18] observed a remarkable decrease in prediction accuracy when using less than
1000 markers, however this was dependant on the trait. Cericola et. al [19] also concluded that using
1000 randomly selected and spaced markers was enough to reach maximum prediction accuracy in
wheat breeding lines. High marker density has been observed to be more critical when predicting
more distant relatives [20].

2.5. Prediction of Genomic Estimated Breeding Values (GEBV)

Estimation of breeding values by Best Linear Unbiased Prediction (BLUP) in a mixed model
using a pedigree-based relationship matrix was already introduced in animal breeding for selection
based on phenotypes and pedigree [27]. This pedigree-based BLUP serves as the basis of one
of the most-popular practical approaches to estimate GEBV by using “genomic BLUP” (GBLUP).
In GBLUP, the pedigree-matrix is replaced by a G-matrix representing the genomic relationship
between individuals, as described by VanRaden et al. [28]. GBLUP is a mixed model, which in the
most basic form can be written as:

Y = Xβ+ Zα+ ε (1)

where y is a vector of phenotypes, β is a vector of fixed-effects, α is a vector of genomic breeding
values, X and Z are design matrices, and ε is a vector of residual effects. In the mixed model (1),
genomic breeding values have the multivariate Normal distribution α ∼ N (0, Gσ 2

g

)
. GBLUP can

directly provide GEBV for an individual without phenotypes by simply adding it in the G-matrix.
Kernel-methods, similarly to GBLUP, apply similarity (or distance) matrices and are more versatile
than GBLUP in that they also capture non-additive effects (see Box 1 for details).

Genomic prediction can also be based on models that estimate marker-effects for all genome-wide
markers simultaneously. A basic model for this approach can be described as in (1), but where Z
contains genotypes and α are the marker effects. Regression on markers from the whole genome will
often face the problem of the number of markers being much larger than the number of observations,
causing a lack of degrees of freedom when estimating the marker effects simultaneously with the least
square method. The problem is also known as “large p – small n” and is often solved in GS by using a
mixed model treating marker effects random to obtain BLUP of marker effects [5], or by one of many
Bayesian regression models, known as the "Bayesian alphabet" (reviewed in [29] and described in more
detail in Box 1). The difference between the BLUP of marker effects and the Bayesian regression models
lies in the assumption about the distribution of marker-effects. BLUP assumes that marker effects
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follow a Normal distribution with an equal variance for all loci. In the Bayesian methods, heavy-tailed
prior distributions or mixture distributions are used as the distribution of maker-effects (see Box 1
for details), allowing for some markers to contribute more to genomic variance than others. Bayesian
methods often rely on using Markov-Chain Monte Carlo (MCMC) to estimate the model parameters.

The models for genomic prediction have been extensively compared. Meuwissen et al. [5]
originally compared four different statistical methods for GS, least-square estimation (LS), BLUP,
and two Bayesian estimation methods, BayesA and BayesB. In their study, BLUP outperformed LS
remarkably having a correlation between estimated and true breeding values of 0.732 and 0.318,
respectively. Additional increases in accuracies compared to GBLUP were observed for BayesA (~9%)
and BayesB (~16%). More extensive comparisons of prediction models can be found in Heslot et al. [30],
Maltecca et al. [31], and De Los Campos et al. [17], typically concluding that when predicting close
relatives and considering a trait affected by many genes of small effect, differences between the methods
are small, and methods like (G)BLUP and ridge regression are effective and robust; when traits have
some larger QTL or when considering prediction of distant relatives, improvements in prediction
accuracy can be obtained from Bayesian and machine learning methods, where in particular BayesB
and BayesC(pi) are popular. In plant breeding, the kernel-methods are also popular, in particular to
predict non-additive effects and to handle complex multi-environment multi-trait models [32,33]. Also,
the popular “deep learning” or deep belief networks have been applied and compared recently, but
performed poorer than existing genomic prediction methods [34]. For situations where Bayesian or
machine-learning methods prove useful to improve prediction accuracy, but computational time for
these methods prohibits fast routine use, Su et al. [35] introduced a weighted GBLUP (WGBLUP) using
SNP-weights based on results from a Bayesian model.

Box 1. Statistical models for genomic prediction.

Mixed models estimating marker effects as “random regressions” by BLUP [5].
Bayesian Lasso [36] and Bayesian regression models from the “Bayesian alphabet” [29], such as BayesA

and BayesB [5], BayesC, BayesCpi [37], and BayesR [38]. These are all multiple-regression models, like the
mixed model, but with Bayesian shrinkage approaches applied to treat the marker-effects. Bayesian Lasso
and BayesA apply non-differential shrinkage by applying a long-tail distribution to marker effects, being
LaPlace and student-t, respectively. It has been recognized that the shrinkage in Bayesian Lasso and BayesA
is still quite uniform [39], like the mixed model, which has led to variations when applying more extreme
long-tailed distributions, such as the normal exponential gamma [40], the power-exponential distribution (Power
Lasso, [41]), and the modifications proposed by Fang et al. [39]. The BayesB, BayesC(pi), and BayesR methods
apply a mixture of distributions as the prior distribution of marker effects, one of which can be a spike at
zero, and where BayesB and BayesC(pi) use two distributions, and BayesR uses four. Other Bayesian models
applying mixture distributions fall in this same category, such as SSVS [42] and the methods based on George
and McCulloch 's [43] Bayesian Variable Selection applied in Kapell et al. [44] and Gao et al. [41], the latter also
using a four-mixture distribution as in BayesR.

Statistical and machine learning methods for high-dimensional data, such as support vector machines [45],
ridge regression [46,47], and Bayesian additive regression trees [48].

Methods that do not estimate marker effects but collapse marker data into relationship or similarity or
distance matrices, such as the mixed model GBLUP [28] and kernel methods [49,50]. In these methods, the
kernel-methods can be seen as modifications and extensions of GBLUP by implicitly considering multiple and
different relationship measures than only the additive relationships considered in GBLUP. The kernel-methods
have been shown to also capturing epistatic and other non-additive relationships [51]. It is possible to also
extend GBLUP in similar ways, i.e., by including a second relationship matrix, which is the Hadamard product
of G, a mixed model is obtained that also captures (two-way) epistatic interactions [51,52].

Non-parametric methods [53] and PLS [54] have also been considered for genomic prediction.

3. Strategies for Implementation of Genomic Selection

3.1. Basic Breeding Scheme in Cereals

We will first describe an example of a standard barley breeding-scheme using double DHs, shown
in Figure 2. In this standard breeding scheme, two parents are crossed to make an F1 progeny, and
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from pollen culture of the F1 a large set of fully inbred DH progeny can be developed. Every DH will
have a unique mosaic of the parental genomes, and the main task of the breeder is to sort among the
DH progeny to identify the ones with the best combination of parental alleles. However, agronomic
traits, such as yield, cannot be determined on the single DH plants, and s seed of each DH is multiplied
to allow sowing yield trials for each DH genotype. After the first multiplication step, there is enough
seed to sow one small plot called Preliminary Yield Trial (PYT); after the second multiplication step,
there is enough seed for about 3 replicates at 2 locations called Advanced Yield Trials (AYT). Since
barley is a self-pollinating crop, the seed from harvested yield trials can be used to perform trials in
multiple locations called Elite Yield Trial (EYT) in the following crop cycle. At each multiplication step,
breeders will select and reduce the number of DH lines retained, because limited space and resources
for field trials will not allow progressing all DH progeny to the final EYT stage. The optimal way to
implement GS in plant breeding programs is not straightforward and multiple different strategies
have been discussed in the literature [55,56].

Figure 2. Standard breeding scheme showing one cross using double haploid lines, e.g., barley.
Triangles indicate steps where material is selected and reduced using genomic selection. P1 = Parent
one, P2 = Parent 2, F1 = offspring/hybrid, DH = Double Haploids, PYT = Preliminary Yield Trial,
AYT = Advanced Yield Trial, YET = Elite Yield Trial. Photos of field trials on breeding station.

3.2. Across-Breeding Cycle Genomic Selection

GS was first introduced with prediction across generations in animals, where marker effects are
calculated on the basis of one generation and used for selection of individuals with an unknown
phenotype in the upcoming generation [5]. The equivalent of this strategy in plant breeding would be
to predict across breeding cycles. Improvement of genetic gains in animal breeding have mainly been
due to selection of traits where phenotypes cannot be directly measured, such as sex-limited traits or
traits related to meat-quality [57]. The analogy in plant breeding would be to improve selection in the
early stages of the breeding program for traits that are difficult to measure with a low amount of seeds,
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such as yield and some quality parameters. For instance, malting quality in barley has been considered
a good target for GS [58] and baking quality in wheat [59]. Figure 3 shows how data from PYT can be
used for GS2 of DH-lines in the next generation. Subsequent selection steps, for instance from PYT
to AYT, can similarly be based on data from the previous year. In these steps own data for each line
also becomes available, reducing the need to rely on previous generations’ data to compute GEBV.
Only a few studies have used phenotypic data from single plot PYT in GS models [60], while most GS
studies have evaluated use of concluded 2-year EYT data as training data. As shown in Figure 3, there
would be a 4-year lag when using concluded EYT data to make predictions on DH, and when using
concluded EYT data in later selection steps, the lag would be more than 4 years.

Figure 3. Use of genomic selection across generations based on a standard cereal breeding scheme. Red
curved arrows show how information for GS could be used across generations. DH=Double Haploids,
PYT = Preliminary Yield Trial, AYT = Advanced Yield Trial, YET = Elite Yield Trial, Yr = Year.

As described before, most studies on GS in plant breeding have found that good prediction
accuracies are only obtained when the training and test data are well related. Hence, an important
requirement for the across-breeding cycle GS to work well, is that the relationships between subsequent
years are high, i.e., there must be many of the same parents used in the crossings of subsequent years,
or the crossings must be based on progeny of previous years that are re-used as parents. Often, varieties
released by other breeders enter the breeding program to supply new genetic material, which could
make it a challenge to keep the breeding material sufficiently related for across-breeding cycle GS to
work well [61], and without modifications in the breeding program, there is a time-lag of 6 years for
the use of own progeny as new parents. Using data from a real breeding program, Cericola et al. [19]
observed low prediction accuracy between breeding cycles, which could indeed be attributed to low
overlap of parents and low relationship between breeding cycles.

3.3. Within-Breeding Cycle Genomic Selection

Another way to implement GS is within the generations of one breeding cycle, as shown on
Figure 2. Here, lines from the same breeding cycle are used as a training population for GS, for
instance to predict sister-lines with missing phenotypes. This type of prediction of sister-lines can be

63



Agronomy 2019, 9, 95

optimized by purposely reducing phenotyping, or by omitting environments, or to measure expensive
(quality) traits on only a part of the progeny and predict the rest. Additionally, GEBV combined
with phenotypes will improve accuracy of line selection to continue in the breeding program, and
with subsequent generation, new phenotypic information will become available for the individuals
making GEBVs more accurate, thereby further assisting in the selection process. Predictions within a
generation will often have a high relationship between lines as multiple lines from each family are
tested. The accuracy of selection is increased with GS within generation, especially for early years
where each line has a limited number of phenotypic repeats and information can be borrowed from
full-sib and half-sibs.

3.4. Genomic Selection Using Untested Parents for Breeding

A drastic way to use GS is to completely skip phenotypic testing, at least for some part of the
breeding program, and select new parents purely based on GEBV. We call this the use of “untested
parents”, because the lines will not have been tested in the field when they start being used as parents.
If breeding cycles are long due to extensive phenotypic testing, use of untested parents can often
significantly shorten the breeding cycle and realize faster genetic progress per year. The use of untested
parents was suggested by Schaeffer et al. [62] for selection of bulls in dairy cattle breeding and has now
been widely adopted and revolutionized dairy cattle breeding. Many plant breeding programs use
extensive phenotypic testing and use of untested parents could similarly revolutionize plant breeding
programs. Longin et al. [63] found an increased genetic gain when selecting parents based entirely
on GEBV, however, this was only the case for highly heritable traits. In our cereal breeding example
scheme, this type of fast-cycle breeding could be implemented at the DH stage, selecting DH with good
GEBV directly as new parents. Combined with special reproductive techniques to reduce generation
time [64], this could reduce each breeding cycle to less than 2 years.

Breeding using untested parents would completely rely on GS using previous years’ data,
as shown in Figure 3, and as such would be even more sensitive to concerns about sufficient levels of
relationships between the subsequent years. However, the fast breeding cycles can compensate for
poorer prediction accuracy, as is also the case in dairy cattle breeding [62].

4. Pedigree Information

Using pedigree in selection models has been widely adopted in animal breeding as an important
factor in genetic selection programs [65]. Selection based on pedigree alone has not gained the same
interest in plant breeding, which quickly moved the focus from phenotypic selection to GS using
markers. A comprehensive understanding of the gains from phenotypic selection to pedigree selection
in plants is therefore not available. A few studies in plant breeding have investigated the effect
of pedigree selection compared to selection using markers. In theory, using markers can give the
realized genetic relationship taking account of Mendelian sampling, as opposed to the expected
genetic relationship from a pedigree derived relationship matrix. Juliana et al. [66] found similar
accuracies for two GS models using pedigree and markers, respectively. However, Cericola et al. [19]
found slightly higher prediction accuracies when using markers compared to pedigree. Some gains
in prediction accuracy have been seen when pedigree and genomic information is used collectively
for GS compared to GS using only markers [67,68]. Single-step methods have been introduced in pig
breeding, which combines pedigree and genotype information in a single matrix, making it possible to
include non-genotyped lines with a known pedigree in the GS model [69]. Similar accuracies have
been found for selection with pedigree, marker, and single-step models for prediction in wheat [70].
However, using pedigree gives the possibility to make predictions on non-genotyped lines with a
known pedigree. The additional use of pedigree and single-step methods will be a straightforward
improvement in the within-breeding cycle GS; however, for across-breeding cycle GS, it is often seen
that complete pedigrees are not available in plant breeding and the use of pedigree information will be
more problematic.
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5. Use of Additive and Non-Additive Genetic Effects

In species where the same genotype can be replicated by cloning, or by selfing of an inbred
individual, it is relevant to distinguish the additive genetic value and the total genetic value (TGV),
where the latter also includes all non-additive effects (see Box 2). Most GS focuses on predicting the
additive genetic value, and this value is relevant to determine the value of an individual “as parent”.
However, the value of a variety in the market is determined by its TGV. Ideally, a breeding program,
therefore, should focus on obtaining both accurate additive genetic values, as well as accurate TGV of
individuals in their breeding trials. Individuals with good additive genetic value are candidates to
become new parents within the breeding program, while individuals with good TGV are candidates
for marketing.

Obtaining additive genetic (breeding) values is relatively straightforward. The described standard
methods for (genomic) breeding value estimation, such as BLUP using pedigree or BLUP using
genomic relationships (GBLUP), produce estimates of additive genetic values. These methods flexibly
combine all information from relatives into individual breeding values, whether the individual has
own data or not, and whether the relatives are parents, progeny, sibs, or other relatives.

Obtaining the TGV is less straightforward. It is not modelled or predicted in a standard BLUP or
GBLUP model and must be based on either own data of the individual, or on specialized prediction
models that also capture non-additive effects [49,71,72]. When using own data to estimate TGV,
estimates of TGV become available as soon as individuals start accumulating plot data, with multiple
replicates from generation 4 of breeding scheme 1. For DH lines selected without field-testing,
TGV would not be available in this way.

It will be very interesting if genomic information can supply accurate estimates of TGV, as this
could predict early-stage breeding material with good market value. Such breeding material can then
be put on track for market-development. Models are available that estimate epistatic interactions
by using the Hadamart product (GxG) of the genomic relationship matrix [52]), or by using kernel
methods, such as Reproducing Kernel Hilbert Space (RKHS) [49]. The use of the Hadamard product of
G relies on assumptions that all interactions contribute equally to the TGV, and GxG implies capturing
pair-wise interactions only, ignoring all higher-order interactions, while the kernel-methods, such as
RKHS, are more flexible and versatile. Perez-Rodriguez et al. [73] compared the prediction accuracy of
different linear and non-linear models, including RKHS, GBLUP, and Bayesian models, using a random
cross-validation scheme in wheat. Their study [73] found higher prediction accuracy of non-linear
models, such as RKHS, which might be attributed to better capturing of higher-order genes by gene
interactions. The use of such approaches to predict TGV is thus promising.

Box 2. Breeding values and genetic values in plant breeding.

Additive genetic value (AGV), breeding value or General Combining Ability (GCA): the genetic value
based on only the additive effects, or (average) allele substitution effects at loci. In practice, the AGV can be
retrieved as the mean of a large progeny group from matings with many different parents, and this is also
the basic definition of “breeding value” (in animal genetics) or General Combining Ability (in plant genetics).
The AGV is also the genetic value estimated using BLUP methods with pedigree or genomic data (GBLUP).

Total genetic value (TGV): the genetic value based on additive effects at loci, and all interactions within and
between loci (for inbreds, only the interactions between loci, epistasis, is relevant). In practice it can be retrieved
as the mean performance of a genotype over a large number of plots, replicating the same genotype by cloning
or selfing of an inbred individual. In species where varieties are marketed by cloning or seed-multiplication by
selfing, the TGV is the value of the variety in the market.

Special Combining Ability (SCA): the progeny mean of a particular combination of two parents, deviated
from the mean AGV of the parents. SCA can be expressed as the average TGV of progeny of two parents, and
this can differ from the mean AGV of the two parents due to interaction effects. For one parent, SCA effects a
large set of other parents average to zero, because the mean progeny performance averaged over matings with
many other parents is the AGV of that one parent.

65



Agronomy 2019, 9, 95

6. Discussion

We have reviewed the main factors that determine prediction accuracy in genomic selection
(GS), with a focus on results from plant breeding studies. Overall, most studies find good prediction
accuracies, indicating GS is a useful approach in plant breeding. Several publications indicate that
prediction across (breeding) cycles is more difficult in plants than in animals [19]. This may be
attributed to two main factors: (1) the relatedness of breeding material across breeding cycles may
generally be lower in plants than in animals, because every year plant breeders use new parents
with unknown background from competitors, while animal breeders work in closed populations;
(2) genotype-by-environment interaction (GxE) is stronger in plants than in animals and will make
it more difficult to consistently predict a next year's performance. Multiple studies have reported
higher prediction accuracies of GxE models compared to models that do not include the interaction
term [74,75]. The interaction term has also been explored in unbalanced datasets, giving higher
prediction accuracies of lines that had been tested in some environments and not in others [76].
Sukumaran et al. [77] also found higher prediction accuracies when using a GxE model to predict
lines across environments. Lopez-Cruz et al. [78] reported the highest prediction accuracies with
GxE models when the environments were positively correlated. The superiority of GxE models have
proven to be especially pronounced for complex traits as yield compared to less complex traits, such as
thousand-grain weight [79]. Further development of GS in plant breeding may therefore need to focus
more on how to incorporate unknown parents in a breeding program, and to find and implement
efficient GS prediction accounting for GxE.

We have also described three main ways GS could be used in plant breeding programs—the
within breeding-cycle GS, across breeding-cycle GS, and the extreme case of using (phenotypically)
untested parents, based purely on their GEBV. Across breeding-cycle GS allows for a direct selection
on traits which are not measurable in early generations. However, GS studies in plants have mostly
tested the within breeding-cycle GS by evaluating accuracy of prediction with a k-fold or LOO CV
method. Most results are therefore not suitable to indicate feasibility of across breeding-cycle GS, or GS
using untested parents. Only a few studies have investigated GS using a CV system that is more suited
to determine prediction performance across breeding cycles. Song et al. [16] observed a remarkable
decrease in prediction accuracy when predicting yield across cycles compared to within-cycle. The
study [16] was performed on DH wheat lines from a biparental cross giving individuals a high
relatedness. Michel et al. [61] found a strong upwards bias when predicting within breeding cycles
compared to predictions across breeding cycles. Comparison of LOO, leave-family-out (LFO), and
leave-subset (cycle) -out (LSO) CV strategies have shown differences in predictive abilities, with the
highest predictive ability obtained with LOO and the lowest predictive ability obtained with LSO [26].
Leaving out an entire family or a subset (breeding cycle) from the training population would create a
lower relationship between training and test population. The poorer prediction results for predicting
across cycles or sets may make it challenging to take advantage of GS in across-breeding-cycle GS.

Within-breeding-cycle GS currently appears to be a feasible approach. In within-breeding-cycle
generation GS, a close relationship between individuals will usually give good to high prediction
accuracies. The main benefit from using within-breeding-cycle GS should come from a more accurate
selection of individuals to continue in the breeding program, so that better lines are retained, and the
breeding program may use a smaller field-testing capacity compared to phenotypic selection strategies.
However, within-breeding-cycle GS will not shorten the breeding cycle, which will limit the potential
impact of using GS compared to across-breeding-cycle GS. The breeding stage for genotyping and
using BVs for selection is essential for application of GS. Using GS in earlier generations, before PYT,
have proven to give better long-term results in a simulation study [56]. The size of training population
and marker-density should be considered according to the GS system used, as the optimum tends to
be affected by the relationship between training- and test set.

Use of untested parents, which have a genomic breeding value but no phenotypes, is the GS
system with potentially the largest advantage, mainly by reducing the number of years from crossing
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to marketing. However, predicting ahead of generations and maintaining high accuracies seems
challenging. Bayesian models have proven to be superior to BLUP, when the training-population is
separated from the test-population by a number of generations [80]. Meuwissen [21] also obtained more
accurate SNP effect estimates over generations with a decreasing relationship when using Bayesian
models compared to GBLUP. As plant breeding studies currently still indicate poor predictive abilities
across breeding cycles, more research is needed to evaluate Bayesian models and their performance to
predict distant related material.

The prediction accuracy of different GS models has been compared [30]. Today, most plant
breeding programs seems to be using the GBLUP model. A great advantage of GBLUP is that
routine-evaluation of breeding values can be done without iterations (using fixed variance components),
making it less computationally intensive than Bayesian models. GBLUP is often argued to be best
suited for traits controlled by many genes due to the assumption of normally distributed marker-effects.
Even quantitative traits are often influenced by a minor fraction of markers, which is not in accordance
with the GBLUP model. Similar accuracies have been reported for BLUP and Bayesian models for
prediction of close relatives. However, Bayesian models have proven to be superior to GBLUP in
the case of distantly related training and test populations [81]. Lower prediction accuracies have
been observed for BLUP models compared to Bayesian models in across-population prediction [82].
A few plant breeding studies have also included pedigree information, and compared use of pedigree,
genomic, or pedigree and genomic information for prediction. These few studies indicate that pedigree
alone can predict quite well, with sometimes only a small or no advantage from adding genomic
information. Since pedigree information is very cheap compared to genomic information, plant
breeders should more often also consider pedigree information, and evaluate carefully if, where, and
how additional genomic information is useful. Additionally, compared to the GS models used in
animal breeding, plant breeding may also benefit from extending GS models with non-additive effects.

7. Conclusions

Genomic selection (GS) using markers covering the whole genome to predict genomic-estimated
breeding values of individuals is a powerful tool for plant breeders. However, the optimal
implementation of GS is an on-going debate. High selection accuracies can be utilized from predictions
within-breeding-cycle in the breeding program, whereas selections across-breeding-cycle can suffer
from a low relationship between the training and test population making prediction less accurate.
More studies on prediction of distantly related individuals are needed. Lower accuracies can also be
expected for GS combined with use of untested parents due to the lack of accuracy of prediction ahead
of multiple breeding cycles. The optimal solution for application of GS in plant breeding programs
might rely on a combination of different strategies. GS could benefit from inclusion of pedigree
information for higher prediction accuracies and obtaining breeding values of non-genotyped lines.
The size of training population and marker set is affected by the trait and relationship of individuals
and should thus be considered independently before implementation of GS in a breeding program.
GS is generally used to predict the additive genetic value of individuals and to disregard non-additive
genetic variance, which indicates how a line performs as parent. Upcoming studies are investigating
the estimation of TGV, which is more suitable for the marketing of a variety. We conclude that
within-generation GS is currently a promising and feasible option, where investments in genotyping
could be recovered by making better selection decisions and by reducing phenotyping and reducing
the candidates that are kept in the breeding program. Across-breeding-cycle GS, and in particular
use of untested parents, needs to be investigated in more detail, because prediction accuracies in such
systems may be low. We also conclude that plant breeders could benefit more from using pedigree
data, and combined pedigree-genomic data, than they currently do.
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Abstract: The phenomenon of cytoplasmic male sterility (CMS), consisting in the inability to produce
functional pollen due to mutations in mitochondrial genome, has been described in more than
150 plant species. With the discovery of nuclear fertility restorer (Rf ) genes capable of suppressing
the CMS phenotype, it became possible to use the CMS-Rf genetic systems as the basis for practical
utilization of heterosis effect in various crops. Seed production of sunflower hybrids all over the
world is based on the extensive use of the PET1 CMS combined with the Rf1 gene. At the same
time, data on Rf1 localization, sequence, and molecular basis for the CMS PET1 type restoration
of fertility remain unknown. Searching for candidate genes of the Rf1 gene has great fundamental
and practical value. Therefore, in this study, association mapping of fertility restorer gene for CMS
PET1 in sunflower was performed. The genome-wide association study (GWAS) results made it
possible to isolate a segment 7.72 Mb in length on chromosome 13, in which 21 candidates for Rf1
fertility restorer gene were identified, including 20 pentatricopeptide repeat (PPR)family genes and
one Probable aldehyde dehydrogenase gene. The results will serve as a basis for further study of the
genetic nature and molecular mechanisms of pollen fertility restoration in sunflower, as well as for
further intensification of sunflower breeding.

Keywords: cytoplasmic male sterility; fertility restoration; sunflower; Rf1 gene; GWAS; Pentatricopeptide
Repeats; PPR genes; association mapping; candidate genes
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1. Introduction

The phenomenon of cytoplasmic male sterility, consisting in the inability to produce functional
(viable) pollen due to mutations in mitochondrial genome, has been described in more than 150 plant
species [1–3]. With the discovery of nuclear Rf genes capable of suppressing the cytoplasmic male
sterility (CMS) phenotype, it became possible to use the CMS-Rf genetic systems as the basis for the
practical utilization of heterosis effect in various crops (maize, sunflower, rice, sorghum, sugar beet,
rapeseed, and others), and also as models to study the interaction mechanisms between the nuclear
and mitochondrial genomes. The use of CMS lines as the female parent eliminates manual labor
during crossing, and the use of fertile paternal lines carrying the gene (genes) for the restoration of
pollen fertility (Rf ) allows the production of highly fertile offspring that exhibit heterosis effect. When
crossing the lines of annual cultivated sunflower (Helianthus annuus L.), the heterosis effect ranges
from 28 to 40% according to different authors [4]. Sunflower has more than 70 sources of CMS, but in
commercial hybrids breeding, the PET1 CMS obtained by P. Leclercq from the interspecific hybrid H.
petiolaris Nutt. × H. annuus is used predominantly [5]. The PET1 mtDNA differs from the mtDNA of
fertile forms by the presence of an inversion of 11 kb and insertion of 5 kb that leads to the appearance
of a new open reading frame orfH522, which is co-transcribed with the atpA gene and encodes a 16 kDa
protein [6,7]. Literature describes various types of inheritance of pollen fertility restoration in sunflower
with CMS PET1-type and reports on the different number of genes that determine this character. Based
on hybridological analysis, various authors distinguish from one to five genes responsible for the
restoration of pollen fertility in CMS PET1 [8,9]. Seed production of sunflower hybrids is based on the
extensive use of the Rf1 and Rf2 genes, which by interacting with each other give the effect of restoring
pollen fertility. It is believed that the main gene is Rf1, which is responsible for the fertility restoration
and is present in the vast majority of CMS PET1 fertility restoring lines [10]. Sometimes, as a result of
hybridological analysis in the second generation of hybrids, monogenic segregation occurs, in such
cases it is assumed that the second gene is present in both crossed forms.

The Rf1 gene was originally assigned to the sixth linkage group [11] and was subsequently
reassigned to the second linkage group [12]. On the integrated genetic map of sunflower, the genetic
factor Rf1 responsible for the restoration of pollen fertility is localized in the linkage group 13 [13,
14]. To identify the Rf1 gene alleles in the genotype, the closely linked molecular markers were
developed [15], the diagnostic value of which was confirmed by several researchers [4,16]. However,
approximately 10% of clones from the N.I. Vavilov All-Russian Research Institute of Plant Genetic
Resources (VIR) collection lacked markers, although the presence of the Rf1 gene dominant allele in
their genotypes was confirmed using other methods [17].

Markers designed based on the information on the primary nucleotide sequence of the Rf genes
themselves are considered to be the most effective for the selection of the functional Rf alleles
carriers [18]. The absence of such markers in sunflower is explained by the lack of information
about the nature of the Rf gene (genes). To identify the Rf1 gene, positional cloning method was
used [19], and molecular markers based on polymorphic fragments of PPR genes have also been
developed [20,21]. However, to this day, the sequence of the Rf1 gene remains unknown.

Most of the Rf genes described so far encode PPR proteins that contain repetitive degenerate
motifs of 35 amino acid residues (Pentatricopeptide Repeats, PPR), with a few exceptions—for example,
the Rf2 gene, which encodes maize aldehyde dehydrogenase [22] and the rice Rf2 gene, the product
of which is a protein containing a glycine-rich domain [23]. RF-PPR proteins have from 15 to 20 PPR
motifs in their sequences [24]. In angiosperm plants, PPR genes belong to two main types, P and PLS,
which differ in the structure of PPR domains [25,26]. In flowering plants, the family of PPR genes,
containing up to 600 members, is involved in anterograde/retrograde regulation, which ensures the
coordinated work of nuclear and organelle genomes. Genes the products of which have the function of
restoring fertility are included into the RFL-PPR (Restoration of Fertility Like-PPR) subfamily. Unlike
the numerous families of conservative PPR genes that regulate processing, as well as participate in
the splicing, editing, stabilization and translation of organelle RNAs, RFL-PPR genes are organized
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into clusters and are characterized by an exceptionally high level of variability [27]. It is believed
that allele-specific markers of RFL-PPR genes can be used for positional cloning of fertility restorer
genes, as well as for efficient selection of the carriers of functional alleles of Rf loci [18,28]. In addition,
an exceptionally high rate of evolution of the subfamily of RFL-PPR genes [29,30], as well as the
important role of CMS and restoration of fertility in the formation of new species [31] allow us to
consider them as a source of molecular markers for phylogenetic research.

Thus, the Rf1 gene is a key element in obtaining heterotic sunflower hybrids based on CMS. At the
same time, data on its localization in the genome remain controversial. In addition, the gene sequence
and molecular basis for the CMS PET1 type restoration of fertility remains unknown. Therefore,
searching for candidate genes and mapping of the Rf1 gene may have a great fundamental and
practical value. Therefore, in this study, association mapping of fertility restorer gene for CMS PET1 in
sunflower was performed.

2. Materials and Methods

134 Helianthus annuus L. elite lines from “Agroplazma” breeding and seed production company
(Krasnodar, Russia) were taken into the study (Table S1, Table S2). They included 74 restorer lines
carrying dominant allele of the Rf1 gene and 60 sterility maintainer lines with the recessive allele of
the gene.

Genomic DNA was extracted from the etiolated seedlings after one week of germination in the
dark. 100 mg of tissue for each sample was grounded using the FastPrep-96™ Automated Homogenizer
(MP Biomedicals, Santa Ana, CA, USA). DNA was extracted using the NucleoSpin® Plant II plant DNA
extraction kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s recommendations
and stored at −20 ◦C. The quality of the purified DNA samples and DNA concentration were assessed
by gel electrophoresis and Qubit 3.0 Fluorometer (ThermoFisher Sscientific, Waltham, MA, USA).
Restriction site associated DNA sequencing (RAD) libraries were prepared using HindIII and Nlalll
endonucleases as previously described [32] with minor modifications and sequenced in Illumina
HiSeq4000 (San Diego, CA, USA). Raw sequence data are available on NCBI SRA under project
number PRJNA515598.

Preprocessing of raw reads was performed with the aid of the Trimmomatic software (version
0.30) [33]. Genome variants were called in Tassel 5 GBS v2 pipeline [34] with the following command
line arguments: -kmerLength 65, -minMAPQ 20, and -mnQS 20. Bowtie2 [35] was used to map tags
to the HanXRQr1.0 reference genome [36] with —very-sensitive—very-sensitive preset. Principal
component analysis (PCA) and linkage disequilibrium (LD) analyses were accomplished in Tassel
5 software and visualized by means of ggplot2 R library (version 3.1.0) [37]. Statistical analysis
using the mixed linear models (MLMs) [38] implemented in the Tassel 5 software was performed for
association mapping with PCA and kinship matrixes as covariates. Multiallelic variants and those
with the high missing call rates, MAF below 0.01 as well as the samples with many missing calls were
filtered out in PLINK 1.9 [39,40] before genome-wide association study (GWAS) analysis. Significant
loci were identified based on Bonferroni and FDR adjusted q-values with 0.01 alpha significance level.

Genome-wide association study results were visualized with the aid of the qqman R package
(version 0.1.4) [41].

3. Results and Discussion

3.1. Genotyping and GWAS Analysis

Sequencing of RAD-libraries and subsequent analysis has identified 28,153 SNP (Single nucleotide
polymorphisms) in 134 sunflower accessions. Overall transitions to transversions ratio was 1.83.

PCA analysis revealed significant population structure. Restorer lines and sterility maintainers
form separate groups on the scatterplot (Figure 1).
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Figure 1. Principal component analysis (PCA) plot of sunflower lines based on Restriction site
associated DNA (RAD) sequencing data. Pink dots–sterility maintainers, blue dots–restorer lines.

GWAS analysis revealed four loci associated with the ability to suppress CMS phenotype. Single
significant marker was revealed at both 8 and 17 linkage groups. Most of the markers significantly
associated with the trait under study, as well as the markers with the highest p-values, were located at
10 and 13 LG (Figure 2, Figure S1, Table S3).

Figure 2. Manhattan plot of associations with the ability to suppress CMS (cytoplasmic male sterility)
phenotype. Red line indicates the significance threshold based on the Bonferroni multiple testing
correction (alpha = 0.01).

In addition to the difference in the ability to restore pollen fertility in the crosses with sterile lines
with PET1-type cytoplasm, the analyzed sunflower lines differed by the presence (restorer lines) or
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absence (sterility maintainer lines) of plant branching. This is due to the fact that to obtain F1 hybrids,
non-branched lines with a single large apical head are most often used as female parents, and lines
with a recessive type of branching, with multiple small heads located on the lateral branches, are used
as male parents. This approach allows an increase in the length of the flowering period of male parents
due to the difference in the flowering times of the heads on the plant, and at the same time to get F1
plants with a large single head. It is known from the literature that branching locus is localized on
chromosome 10 [42,43]. Therefore, the associations identified on chromosome 10 seem to be linked to
this trait.

At the same time, the associations identified on chromosome 13 correspond with the data obtained
in the previous studies. For instance, Yu et al. combined RFLP, RFLP-SSR, and SSR maps and
obtained data for localization of Rf1 in LG13 [44]. One year later Kusterer et al. [45] map Rf1 based on
cosegregation with SSR markers ORS388 and ORS1030 belonging to LG 13 Tang et al. [14]. Further
Kusterer et al. obtained saturated map of the fertility restoration region Rf1 [13]. Mapping data have
confirmed the location of Rf1 on LG13 near marker ORS1030. According to Yue et al. Rf1 is in the
interval between markers ORS511 and ORS799 of linkage group 13 [20]. Based on this, the most likely
location for the candidate Rf1 genes appears to be chromosome 13.

Within chromosome 13, based on the results of the GWAS analysis, a 7.72 Mb long section
(coordinates170494693–178217103), can be distinguished, in which eight significant SNPs are located
with p-values ranging from 5.69 × 10−9 to 1.53 × 10−18 (Table 1, Figure S2).

Table 1. List of Single nucleotide polymorphisms at linkage group 13, significantly associated with the
ability to suppress CMS phenotype after Bonferroni correction.

Marker Position p-Value

S13_170494693 170494693 1.01 × 10−15

S13_171053833 171053833 1.53 × 10−18

S13_173268042 173268042 3.46 × 10−18

S13_173832391 173832391 5.69 × 10−9

S13_174474103 174474103 1.22 × 10−14

S13_174474122 174474122 1.22 × 10−14

S13_174809087 174809087 1.10 × 10−13

S13_178217103 178217103 2.03 × 10−14

To compare localization of 7.72 Mb region identified in this study with previously reported data
we blasted PCR primer sequences of the ORS511, ORS799 and ORS1030 markers against the reference
genome. ORS511 and ORS1030 were mapped in close proximity to each other on LG13 in according
to Tang et al. [14]. Complete sequences of ORS1030 forward and reverse primers were mapped with
100% identity twice in the genome. Forward primer mapped to the positions 169535691–169535666
and 169655088–169655063 and reverse primer to the positions 169535262–169535287 and 169654659–
169654684 of LG 13. For ORS511 complete sequences of forward primer have no hits on the 100%
identity threshold. Reverse primer of ORS511 was mapped at 169733686–169733704 of LG13. For the
ORS799 marker complete sequences of forward and reverse primers were uniquely mapped to the
genome in position 186516272–186516291 and 186516418–186516399 of LG13 respectively.

These data suggest that identified 7.72 Mb region (coordinates170494693–178217103) is located
within segment of chromosome 13 flanked by SSR markers ORS799 and ORS1030 (coordinates
169535262–186516418).

3.2. Identification of Rf1 Candidate Genes

Within identified 7.72 Mb region in the HanXRQr1.0 reference genome sequence [36], 11 PPR
genes are located, which are the most likely candidate genes for the fertility restorer gene Rf1. Almost
all Rf genes in various plant species that have been identified so far belong to this family [46–49].
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PPR genes are thought to be present in all eukaryotes, but they are most common in the genomes
of terrestrial plants, where they form one of the largest gene families [50]. For example, in the genome
of Arabidopsis thaliana L. there are about 450 genes of this family [51,52], about 500 in the maize
genome [53], and more than 600 in the genome of Oryza sativa L. [25]. Proteins of this family are
characterized by the presence of multiple helix-turn-helix domains, forming a supercoil with a central
groove [50,52]. This allows the protein to bind to RNA and participate in the RNA-protein interactions.
Pentatricopeptide repeat (PPR) proteins play a significant role in regulating gene expression in the
organelles at the RNA level [50,54,55].

The total number of annotated PPR genes in the sunflower genome HanXRQr1.0 is 333. Therefore,
the identified region of 7.72 Mb (comprising 0.214% of the genome length) contains 3.3% of all
annotated PPR genes and is rich in PPR genes. In addition, within this region, 10 genes of the TPR
family are annotated. It is known that the sequences of PPR proteins are similar to the sequences of the
TPR-family proteins and it is assumed that the tetratricopeptide repeat (TPR)- family genes gave rise
to PPR genes at the early stages of the evolution of eukaryotes [56].

Therefore, it was decided to include the gene sequence of both the PPR and TPR families in the
further analysis. It should be noted that genome sections 7.72 Mb in length, flanking the region of the
chromosome 13 mentioned above, did not contain any annotated sequence of the PPR family, and only
a single sequence belonging to the TPR family (HanXRQChr13g0421851).

The analysis of the translated amino acid sequences of 22 genes of the PPR and TPR families
located in the identified region and its flanking regions was conducted using ScanProsite tool of ExPASy
SIB Bioinformatics Resource Portal (SIB Swiss Institute of Bioinformatics, Lausanne, Switzerland).
As a result, in all 11 amino acid sequences of the PPR family and in 10 of the 11 sequences of the
TPR family, Pentatricopeptide (PPR) repeats were identified. Therefore, within the 7.72 Mb region
and the flanking regions, 21 genes were detected, their protein products demonstrating the primary
structure characteristic of the sequences of the PPR family. Meanwhile, in addition to PPR repeats,
the amino acid sequence of the protein product of one of the genes revealed a region of homology with
UDP-glycosyltransferases, and therefore this gene was excluded from the list of possible candidate
genes for Rf1.

In addition to PPR genes, a gene annotated as Probable aldehyde dehydrogenase 5F1 was detected
in the 7.72 Mb region of chromosome 13. It was previously shown that Rf2 gene of maize is the gene
encoding aldehyde dehydrogenase [57]. Therefore, this gene is also a possible candidate Rf gene.
The list of identified candidate genes is shown in Table 2, and their arrangement within the 7.72 Mb
region is shown in Figure 3.

Figure 3. Schematic localization of the candidate Rf1 genes within the 7.72 Mb region. Green
arrows indicate the gene sequences of the PPR family. The direction of the arrow reflects the
orientation of the sequence in the genome. Red box indicates the location of the Probable aldehyde
dehydrogenase 5F1gene.

The number of PPR repeats in the sequence and the length of the protein products of the candidate
PPR family genes varied from 2 to 15 and from 110 to 756 amino acids, respectively.

Genomic regions with increased LD could be recognized as signatures of strong selection pressure
on the traits encoded within these regions. The results of the analysis showed the presence of an
extended section of elevated LD in 13 LG (Figure 4), of which the identified 7.72 Mb region forms part.
This fact is an indirect proof of the localization of candidate genes in this region of the genome.
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Figure 4. Pairwise Linkage Disequilibrium (LD) Plot of the LG13. Individual data points reflect squared
allele frequency correlations (R2) for all possible pairs of polymorphic SNP markers of LG13. The x-
and y-axes correspond to the coordinates within 13 LG. Location of 7.72 Mb indicated by curly bracket.

It should be noted that the reference genome used in the analysis was obtained by sequencing
the XRQ line, which is a cytoplasmic male sterility maintainer (PET1 type) [36]. At the same time,
it is known that the Rf locus may undergo complex evolutionary events [46] and the structure of the
identified site may differ in the genome of the fertility restorer lines. Therefore, to identify the Rf1 gene,
to determine the sequence of the dominant alleles of the Rf1 gene, and to understand the evolution of
the sunflower Rf1 locus, the additional analysis of the structure of the 7.72 Mb region in the genome of
fertility restorer lines is required.

4. Conclusions

In this work, high-throughput genotyping of sunflower lines, differing by the ability to suppress
CMS phenotype was carried out and a genome-wide association study was performed. The GWAS
results made it possible to isolate a segment 7.72 Mb in length on chromosome 13, in which 21
candidate Rf1 fertility restorer genes were identified, including 20 PPR-family genes and one Probable
aldehyde dehydrogenase gene. The results will serve as a basis for further study of the genetic nature
and molecular mechanisms for pollen fertility restoration in sunflower, as well as for the search of
selection markers.
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Table S1: List of the sunflower lines selected for the study, Table S2: List of the sequenced sunflower samples,
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suppress CMS phenotype after FDR correction, Figure S1: Quantile-quantile plot of associations with the ability to
suppress CMS phenotype, Figure S2: Distribution of the ability to suppress CMS phenotype across sunflower
samples with different allelic states for 8 statistically significant markers: (A) S13_170494693, (B) S13_171053833, (C)
S13_173268042, (D) S13_173832391, (E) S13_174474103, (F) S13_174474122, (G) S13_174809087, (H) S13_178217103.
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Abstract: Hull opening is a key physiological process during reproductive development, strongly
affecting the subsequent fertilization and seed development in rice. In this study, we characterized
a rice mutant, non-open hull 1 (noh1), which was derived from ethylmethane-sulfonate (EMS)-treated
Xinong 1B (Oryza sativa L.). All the spikelets of noh1 developed elongated and thin lodicules,
which caused the failure of hull opening and the cleistogamy. In some spikelets of the noh1,
sterile lemmas transformed into hull-like organs. qPCR analysis indicated that the expression
of A- and E-function genes was significantly upregulated, while the expression of some B-function
genes was downregulated in the lodicules of noh1. In addition, the expression of A-function
genes was significantly upregulated, while the expression of some sterile-lemma maker genes was
downregulated in the sterile lemma of noh1. These data suggested that the lodicule and sterile lemma
in noh1 mutant gained glume-like and lemma-like identity, respectively. Genetic analysis showed that
the noh1 trait was controlled by a single recessive gene. The NOH1 gene was mapped between the
molecular markers ZJ-9 and ZJ-25 on chromosome 1 with a physical region of 60 kb, which contained
nine annotated genes. These results provide a foundation for the cloning and functional research of
NOH1 gene.

Keywords: gene mapping; lodicule; non-open hull 1(noh1); rice

1. Introduction

Rice floret contains four whorls of floral organs, which are made up of one lemma, one palea, two
lodicules, six stamens, and one carpel from outside to inside, respectively [1]. After fertilization, the
lodicules and stamens gradually degenerate, while the carpel develops into seed. The lemma and palea
hook together most of the time to protect the internal organs and seeds. Only during the flowering
date, the lemma and palea in each floret open once from 09:00 to 11:00 under normal circumstances.
This process generally lasts 40 to 90 min and then the lemma and palea close and never reopen. These
two actions are called hull opening (the lemma and the palea together are called a hull) and hull
closing, respectively. Hull opening is a necessary condition for plant fertilization, and hull closing
protects the development of seed from outside interference after fertilization.

Lodicules, two small, fleshy, and lung-like floral organs, asymmetrically formed inside the lemma,
play a crucial role in promoting hull opening/closing by their expansion and shrinkage. During
flowering, the water potential of lodicule cells decreases, and then lodicules absorb water and cause
the lodicules to swell. The swollen lodicules then push lemma outwards and simultaneously squeeze
the palea inwards, which causes the hook of the lemma and palea to release, and thus the lemma
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and the palea are separated from each other. At this time, the filaments are rapidly elongated, the
anthers stick out of the hulls and crack, and then the pollination begins [2]. It is also believed that the
excessive water absorption in lodicule cells finally leads the cells to rupture and shrink [2]. With the
lodicules losing the supports to the lemma, the lemma and palea lock together again and the floret
gets closed [3].

The identity of lodicules is mainly determined by B-class genes OsMADS2, OsMADS4, and
OsMADS16 in the ABCDE model, all of which encode transcription factors containing MADS-box
domain [4–6]. Another two MADS-box genes, OsMADS6 and OsMADS32, are also responsible for
regulating lodicule identity [7,8]. In addition to the MADS-box genes, the STAMENLESS1 (SL1) gene
encoding a C2H2 zinc finger protein is also involved in the regulation of lodicule development [9].
These genes all regulate the development of the morphological characteristics of the lodicules. Their
mutations usually cause the transformation of lodicules into other floral organs, which generally lose
their normal function and fail to mediate hull opening/closing. In fact, cleistogamy may be a favorable
trait for self-pollination crops (such as rice, wheat) to avoid failure of pollinating caused by adverse
weather conditions, while it may prevent transgenes from spreading into the environment by reducing
outcrossing rates.

In this study, a rice mutant with failure of hull opening, named non-open hull 1 (noh1), is reported.
The lodicules in noh1 mutant transformed into glume-like organs, and lost the water swelling function,
which caused the rice floret to remain in a closed state and complete cleistogamy during the whole
development process. The NOH1 gene has been located on chromosome 1, which provides a foundation
for the cloning and further function research of NOH1.

2. Materials and Methods

2.1. Plant Materials

The noh1 mutant derived from an EMS mutagenesis population which used xian-type (indica)
maintainer line Xinong 1B cultivated by Rice Research Institute of Southwest University as donor. The
noh1 mutation was stably inherited through successive generations of self-crossing. F1 population was
generated by the cross of xian-type (indica) sterile line 56S with noh1. The parent plants, F1 population
and F2 population, were all grown in Chongqing for genetic analysis, and then plants with mutant
phenotype in F2 population were used to map the NOH1 gene.

2.2. Morphological and Histological Analysis of noh1

During flowering stage, the phenotypic characteristics of the mutants and wild-type spikelets
were investigated using a Nikon SMZ1500 stereoscope (Nikon Instruments Shanghai Inc., China) and
a Hitachi SU3500 (Hitachi High-Technologies Corporation, Tokyo, Japan) scanning electron microscope
with a −20 ◦C cooling stage under a low-vacuum environment.

For paraffin section, the mutant and wild-type spikelets at heading stage were fixed in FAA (50%
(v/v) ethanol, 0.9 N glacial acetic, and 3.7% (v/v) formaldehyde) and placed at 4 ◦C for at least 16 h
after pumping the air in the tissue. Next, those spikelets were dehydrated by a gradient ethanol
series, infiltrated by xylene, embedded into paraffin (Sigma-Aldrich Inc., Shanghai, China), cut into
8-μm-thick slices, and then pasted on the microscope slides (RM2245; Leica, Hamburg, Germany).
These slices were dyed sequentially with 1% (w/v) safranin (Amresco Inc., Framingham, MA, USA)
and 1% (w/v) Fast Green (Amresco Inc., Framingham, MA, USA) and then dehydrated through an
ethanol series, infiltrated with xylene, and finally mounted beneath a coverslip. Light microscopy was
performed using a Nikon E600 microscope.

2.3. Molecular Mapping of NOH1

Locating the target gene was performed according to the BSA (bulked segregant analysis)
method [10]. DNA of the parents, F2 population, wild-type, and mutant gene pools were extracted from
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similar sized fresh leaves following the previously reported CTAB (hexadecyl trimethyl ammonium
bromide) method [11]. The quality and quantity of DNA were estimated using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA) and 1% (w/v) agarose
gel electrophoresis. SSR (simple sequence repeats) markers that were distributed evenly on the
12 chromosomes were employed for gene mapping from the Web (http://www.gramene.org/
microsat/) (see Table S1 in the Supplementary Materials). All the primers were synthesized by
the Shanghai Invitrogen Company. The total volume of the PCR amplifications was 15 μL, which
contained 1.5 μL 10× PCR buffer, 1 μL 50 ng μL−1 DNA, 0.75 μL 2.5 mmol L−1 dNTPs, 9.5 μL ddH2O,
1 μL 10 mmol L−1 forward and reverse primer, and 0.25 μL 5 U μL−1 rTaq DNA polymerase (Takara
Bio Inc., Dalian, China). Amplification was performed with a MyCycler Thermal Cycler (Bio-Rad,
Foster City, CA, USA) under the following conditions: 5 min at 94 ◦C for DNA strand separation,
followed by 35 cycles of denaturing at 94 ◦C for 30 s, annealing at 56 ◦C for 30 s, extension at 72 ◦C for
30s, and finally an extension at 72 ◦C for 7 min. Amplified products were separated by electrophoresis
on 10.0% polyacrylamide gels, and then silver staining was used to observe the color of the band
patterns [12].

2.4. Linkage Map Construction

Bands for molecular markers were identified in both parents, 56S and noh1, and labeled as A and
B, respectively, and the heterozygote that contains two parent bands was labeled as H. The linkage
relationship was analyzed by MAPMAKER3.0 [13], and the recombination rate was represented as
the number of recombinants. Meanwhile, we constructed the physical map based on the rice genome
sequence information offered by the Gramene website (http://www.gramene.org/).

2.5. qPCR Analysis

After appearance of the non-open hull phenotype at the flowering stage, we collected about
60 pairs of lodicules from several plants with the corresponding phenotype using a Nikon SMA1500
stereoscope and extracted total RNA from the lodicules of wild-type and noh1 florets using the
RNAprep Pure Plant Kit (Tiangen Biochemical Technology Co., Ltd., Beijing, China). The first-strand
cDNA was synthesized from 1 μg total RNA with oligo(dT)18 primers in a 20 μL reaction volume
using the PrimeScript® Reagent Kit With gDNA Eraser (Takara Bio Inc., Dalian, China). Several
representative floral specific genes were selected by consulting the literature and their expression levels
(OsMADS1, OsMADS2, OsMADS4, OsMADS6, OsMADS16, OsMADS14, OsMADS15, OsMADS34, G1,
ASP1 and DL) were detected by qPCR. The qPCR analysis was performed with three replicates using
SYBR premix Ex Taq II Kit (Takara Bio Inc., Dalian, China) in an ABI 7500 Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA). ACTIN was used as an endogenous control (see Table S4 in
the Supplementary Materials).

3. Results

3.1. Morphological Analysis of noh1 Mutant

While no significant defect was observed during the vegetative stage, some significant
abnormalities were exhibited in the noh1 spikelets at the reproductive stage in comparison with
the wild-type spikelets. Generally, the wild-type spikelet has two pairs of glumes (rudimentary glume
and sterile lemma) and one fertile top floret, consisting of a lemma and a palea in whorl 1, two
lodicules in whorl 2, six stamens in whorl 3, and one carpel in whorl 4 (Figure 1a,b). The lodicules of
the wild-type look fleshy and semitransparent with smooth surfaces (Figure 1c–e). However, in the
noh1 floret, the lodicules were elongated and became much thinner and narrower than those in the
wild-type, while the identities of other floral organs were normal (Figure 1h–l). Furthermore, it was
observed that these slim lodicules developed linear cells in parallel arrays in their smooth upper
epidermis, which was similar to the epidermis of wild-type sterile lemma (Figure 1e,g,l). In addition,
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most of the sterile lemmas in noh1 mutants were also obviously elongated and showed abundant
trichomes and protrusions in their upper epidermis, which was almost the same as that in the hull
(lemma and palea) (Figure 1f,m).

Figure 1. Morphological analysis of spikelet of the wild-type (Xinong 1B) and noh1 mutant. (a–c)
the wild-type spikelet; (d–e) the wild-type lodicule; (f) the wild-type lemma; (g) the wild-type sterile
lemma; (h–j) the noh1 spikelet; (k–l) the glume-like lodicule in noh1; (m) the lemma-like sterile lemma
of noh1. glo: glume-like lodicule; lsl: lemma-like sterile lemma; le: lemma; lo: lodicule; pa: palea; sl:
sterile lemma; bars represent 1000 μm (a–d,h–k) and 100 μm (e–g,l,m).

3.2. Histological Analysis of noh1 Mutant

To further clarify the identities of floral organs in noh1 mutants, a histological analysis was
performed. In the wild-type florets, the lodicules were composed of lots of large parenchymatous
cells and radial small vascular bundles (Figure 2a,b), while the sterile lemma consisted of three layers
including upper and lower epidermal cells and middle parenchymatous cells (Figure 2a,c). However, in
the thinner lodicules of noh1 florets, the number of parenchymatous cell layers decreased significantly,
and even the number of vascular bundles was reduced to only one (Figure 2d,e), which caused it to
look like the cell structure of the wild-type sterile lemma. Furthermore, the wild-type lemma consisted
of four cell layers including the silicified upper epidermis, fibrous sclerenchyma, spongy parenchyma
cells, and lower epidermis, with five vascular bundles. The wild-type glume contained three kinds
of cell types, smooth upper epidermal cells, parenchymatous cells, and lower epidermal cells, with
only one vascular bundle. It was found that the cell structure of the elongated sterile lemma in noh1
mutants was not similar to the wild-type glume but to the wild-type lemma (Figure 2c,f).

3.3. Morphological Analysis of noh1 Lodicules during Flowering

In the wild-type floret of rice, about one hour before flowering, the lemma and the palea were
still interlocked tightly and the lodicules were not plump enough (Figure 3a,e,i). At about 20 min
after floret opening, the lodicules absorbed water and notably expanded, while the filaments were
elongated and the anthers were cracked, which allowed pollination to occur (Figure 3b,f,j). About 1.5 h
after blossoming, the lodicules gradually shrank and the hull began to close (Figure 3c,g,k). About
48 h after flowering, the hull had closed completely with full shrinkage of the lodicules, and the ovary
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began to develop (Figure 3d,h,l). Therefore, the process from hull opening to closing is highly relevant
to the expansion and atrophy of the lodicules.

 

Figure 2. Histological analysis of spikelet at flowering stage in the wild-type and noh1 plants; (a–c) the
cross-sections of the wild-type spikelet; (d–f) the cross-sections of the noh1 spikelet. glo: glume-like
lodicule; lsl: lemma-like sterile lemma; le: lemma; lo: lodicule; pa: palea; sl: sterile lemma; �: vascular
bundle; bars represent 100 μm (a,d) and 50 μm (b,c,e,f).

Figure 3. Morphological observation of wild-type (WT) and noh1 mutant florets during flowering; (a–d)
show successively the WT florets at one hour before opening, 20 min after opening, 1.5 h after opening.
and 48 h after opening; (m–p) show successively the noh1 florets at one hour before opening, 20 min
after opening, 1.5 h after opening, and 48 h after opening; (e–h) show successively the morphological
features of the WT lodicule at one hour before opening, 20 min after opening, 1.5 h after opening,
and 48 h after opening; (q–t) show successively the morphological features of the noh1 lodicule at one
hour before opening, 20 min after opening, 1.5 h after opening, and 48 h after opening; (i–l) show
successively the microscopic structure of the WT lodicule at one hour before opening, 20 min after
opening, 1.5 h after opening, and 48 h after opening; (u–x) show successively the microscopic structure
of the noh1 lodicule at one hour before opening, 20 min after opening, 1.5 h after opening, and 48 h
after opening; bars represent 500 μm.

Compared with the wild-type, obvious differences were observed during the noh1 floret opening.
Firstly, the hull in noh1 florets never opened during the whole flowering stage (Figure 3m–p). Secondly,
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comparing the florets with elongated filaments (which means that the florets have been opened or
pollinated) with the florets with non-elongated filaments (which means that the florets have not been
opened or pollinated), no obvious swelling was observed in the lodicules during the noh1 floret
opening or pollination (Figure 3u,v). Fortunately, the other processes related to floret opening, such as
filament elongation, anther dehiscence, and pollination, were almost normal so that the noh1 florets
were still fertile.

3.4. Expression Analysis of Floral Organ Identity Genes in Lodicule of noh1 and Wild-Type

Given that the noh1 lodicules and sterile lemma showed glume/hull-like identity in morphological
features, the expression of some spikelet/floral organ identity genes were detected, which includes
OsMADS6 (which was expressed in the lodicule and palea) [7], DL (which was expressed in the lemma
and pistil) [14,15], G1 (which was expressed in the sterile lemma and palea) [16], ASP1 (which was
mainly expressed in the sterile lemma) [17], A class genes OsMADS14 and OsMADS15 (which were
expressed in the lemma and palea) [18,19], B class genes OsMADS2, OsMADS4, and OsMADS16/SPW1
(which were expressed in the lodicule and stamen) [4–6], E class gene OsMADS1 (which was mainly
expressed in the lemma and palea), and OsMADS34 (which was mainly expressed in the sterile lemma,
lemma, and palea) [20,21]. Compared with that of the wild-type plants, it was not surprising that the
relative expression level of three B class genes OsMADS2, OsMADS4, and OsMADS16, which were all
involved in the development of lodicules, were downregulated in the lodicules of noh1 mutants. On the
contrary, the genes related to the identities of the sterile lemma and hull were significantly upregulated,
such as OsMADS1, OsMADS14 and DL, or even extremely upregulated, such as OsMADS15 and G1
(Figure 4a,b). In the elongated sterile lemma of noh1, the expression of OsMADS34, G1, and ASP1 was
significantly downregulated, while the expression levels of OsMADS1, OsMADS14, OsMADS15, and
DL were upregulated with varying degrees (Figure 4c,d). In addition, the expression of OsMADS6,
which was related to palea but not lemma, was also significantly downregulated in the elongated
sterile lemma of noh1 mutants.

OsMADS34 G1 ASP1 OsMADS6 OsMADS1 DL OsMADS14 OsMADS15

OsMADS2 OsMADS4 OsMADS16 OsMADS1 OsMADS14 DL G1 OsMADS15

Figure 4. Relative expression levels of floral organ identity genes in the wild type (WT) and noh1 floral
organs; (a) B class genes downregulated in the noh1 lodicule; (b) genes partially upregulated in the
noh1 lodicule; (c) genes partially downregulated in the noh1 elongated sterile lemma (about 15 pairs of
sterile lemmas with corresponding phenotype were collected by using a pointy tweezer to extract the
total RNA); (d) genes partially upregulated in the noh1 elongated sterile lemma. lo: lodicule; sl: sterile
lemma; esl: elongated sterile lemma; error bars indicate SD. ** indicates p < 0.01.
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3.5. Genetic Analysis

The noh1 mutant was crossed with the sterile line 56S. All F1 plants exhibited normal phenotype,
while F2 plants showed the normal phenotype or noh1 mutant phenotype. Genetic analysis of the F2

progeny showed that the segregation ratio of WT plants and mutant individuals was a good fit to
3:1 (536 of 2242 were mutant individuals; χ2 = 1.37 < χ2

0.05 = 3.84), indicating that the noh1 trait was
controlled by a single recessive gene.

3.6. Gene Mapping of NOH1

Recessive individuals in the F2 population were used as a mapping population to localize the
NOH1 gene. Ten wild-type plants and ten mutant plants in the F2 segregating population were
randomly selected to construct wild-type and mutant DNA pools, respectively. About 430 pairs of
primers for SSR and IN/DEL (insertion-deletion) markers, which were uniformly distributed on the 12
chromosomes of the parents 56S and noh1 (see Table S1 in the Supplementary Materials), were used.
A total of 112 pairs of primers for molecular markers showed polymorphism between the parents
and were employed to screen the wild-type gene pool and the mutant gene pool (see Table S2 in the
Supplementary Materials). By the linkage analysis, the target gene was linked to the polymorphic
markers M33, M69, M76, and M86 on chromosome 1 (Table 1). Therefore, we used the four markers to
survey the 300 mutant individuals, and then the NOH1 gene was localized between SSR markers M33
and M76 on the long arm of chromosome 1 with recombinants of 47 and 3, respectively (Figure 5a).

Table 1. Polymorphic markers for gene mapping.

Primer Forward Sequence (5′–3′) Revers Sequence (5′–3′)
M33 CTTGAGTTCGAAGCGAGAAGACG CACTTGAGCTCGAGACGTAGCC
ZJ-9 CAGATGGAGTACATGAAGTGCCAATG GCATTGTGTCAACAACTCAGGTCC
ZJ-25 CACGGTAATGTGCTAAAGCTCCTG GTGGGTTGTGGAGAGACAACCTG
ZJ-30 CAAGAAGCTCAACCAGGACGGCTTC GAGAGTAGAGTTGAGGCACCGAATCG
M69 CTCTACAGCTTGAGTTTGGTACATCC GTGTTGGTGAGCTAGCTGTTGC
M76 GTCGACGGCTTCCTCAAGATTGG TGAGACCTCTGTGAAGGCACTCG
M86 CTCACTCACTGACCCACAACTCC TTAAGATGATGGCTCCTCTCTGC

NOH1

NOH1

Figure 5. Localization of the target gene NOH1 on Chromosome 1 (Chr.1) of rice. (a) Primary mapping
of NOH1 on chromosome 1 based on 300 individuals; (b) NOH1 was fine-mapped to an interval of 60 kb
by 536 individuals; (c) Nine genes were annotated on the 60 kb region. AG1: miR172b; AG2: miR806a;
AG3: LOC_Os01g74130; AG4: LOC_Os01g74140; AG5: LOC_Os01g74146; AG6: LOC_Os01g74152; AG7:
LOC_Os01g74160; AG8: LOC_Os01g74170; AG9: LOC_Os01g74180.
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In order to further locate NOH1, 36 pairs of primers for new markers between M33 and M76 were
synthesized (see Table S3 in the Supplementary Materials). Of those primers, ZJ-9, ZJ-25, and ZJ-30
exhibited polymorphism (Table 1). Then we used these primers to further analyze all of the 536 mutant
individuals. Ultimately, the NOH1 gene was localized between SSR markers ZJ-9 and ZJ-25 with
recombinants of 2 and 2, respectively (Figure 5b). The physical distance was approximate 60 kb with
nine annotated genes (seven Open Reading Frames and two non-coding RNA genes), referring to the
BAC (Bacterial Artificial Chromosome) (AP003277) of the sequencing variety Nipponbare (Figure 5c).

4. Discussion and Conclusions

The lodicule is a grass-specific organ that is generally regarded as a homolog of dicot petal [22,23],
which plays a vital role in floret opening in most grass species. The expansion and atrophy of lodicules
can promote the opening and closing of the hull, respectively. It was reported earlier that the rice
B-class genes OsMADS2, OsMADS4, and OsMADS16 specified the identity of lodicules [4–6,15,24].
In the mutants that had non-functional copies of these genes, the lodicules were elongated and/or
transformed into glume-like structures. Moreover, recent studies revealed that OsMADS6 and
OsMADS32 were also responsible for the regulation of lodicule identity, and that mutations of
these genes resulted in the transformation of the lodicule into a glume-like structure [25,26]. In the
present study, compared with the WT plants, the lodicule identity genes OsMADS2, OsMADS4,
and OsMADS16 were significantly downregulated and the lemma identity-related genes OsMADS1,
OsMADS14, DL, OsMADS15, and G1 were largely upregulated in lodicules of noh1 mutants, which
indicated that those elongated lodicules in the noh1 mutants lost the identity of the lodicule and
might acquire the glume-like (both lemma and sterile lemma) identity to some extent. Considering
morphological and histological characteristics, there was strong support for those elongated lodicules
being partially transformed into sterile lemma-like organs. Therefore, this change of the noh1 lodicule
made it lose the water swelling function, which eventually led to the failure of the hulls to be pushed
open, similar to the mutants of B-class genes, OsMADS6, OsMADS16, and OsMADS32. However, most
mutants of these genes were either completely or partially sterile because of the defects of other floral
organs, although the florets in noh1 and spw1-cls (a allele mutation in the OsMADS16 gene, which only
led to transformation of lodicules, but not the stamens [27]) plants were perfectly fertile due to the
normal function of the other three floral organs. Therefore, cleistogamy might be an efficient strategy
to consider for preventing gene flow from genetically modified crops, and even has positive effect on
the seeds setting rate for the self-pollination crops especially during the rainy season; thus, the noh1
mutant could provide a favorable trait for conventional breeding [27].

The sterile lemma is a unique organ structure of Gramineae and is always considered a degenerate
lemma [28,29]. In this study, some noh1 sterile lemmas were elongated, and displayed rough upper
epidermis with abundant trichomes and protrusions, which were similar to the wild-type lemma.
Previous studies revealed that G1, OsMADS34, and ASP1 genes determined the sterile lemma identity,
and inhibited the transformation to the lemma [16,17,21,30–33]. In the elongated sterile lemma
of noh1 plants, the expression levels of OsMADS1, OsMADS14, OsMADS15, and DL (the lemma
identity-related genes) were upregulated, while OsMADS34, G1, ASP1, and OsMADS6 expressions
were downregulated significantly. These results indicated that the elongated sterile lemma had lost the
sterile lemma identity and simultaneously gained the identity of the lemma instead of palea in noh1
mutants. Therefore, NOH1 might take effect in the sterile lemma development by regulating one or
several of these genes.

In this study, the NOH1 gene was mapped on the long arm of chromosome 1 with a
physical distance of 60 kb between the molecular markers ZJ-9 and ZJ-25. According to the
gene annotation information provided by the Gramene website (http://www.gramene.org/), seven
annotated genes and two non-coding RNA are included within this interval: a retrotransposon
protein (LOC_Os01g74130), a transcription factor (LOC_Os01g74140), a cell cycle switch protein
(LOC_Os01g74146), two enzymes (LOC_Os01g74152 and LOC_Os01g74160), a expressed protein
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(LOC_Os01g74170), an adaptin (LOC_Os01g74180), and non-coding RNA genes miR172b and miR806a.
Among these genes, LOC_Os01g74140 encodes a WRKY transcription factor, which regulates many
metabolic processes and participates in the process of disease resistance, injury, senescence, growth,
and gibberellin signal transduction in plants [34]. LOC_Os01g74146 is a B-type cell cycle switch gene
in rice that is highly expressed in floral organs and chaff. Particularly, Cly1, one of the miR172 target
genes in barley, was reportedly responsible for lodicule development, a single nucleotide substitution
of which at the miR172 target sequence led to smaller lodicules and cleistogamy [35]. In this study, we
could not detect any sequence differences in all of the seven protein-coding genes between the noh1
mutant and the wild-type. As there are a lot of repetitive regions near the miR172b and miR806a, it still
remains unclear whether there is any mutation located there. Next, resequencing and/or epigenetic
analysis will be used to determine which kind of mutation results in the noh1 trait.

The noh1 mutant displayed glume-like lodicules and lemma-like sterile lemma. The glume-like
lodicules caused the noh1 floret to lose the capability of hull opening and cleistogamy, which might be
a favorable trait for conventional breeding. Genetic analysis revealed that the noh1 trait was controlled
by a single recessive gene and finally mapped between ZJ-9 and ZJ-25 on chromosome 1 with a 60
kb region. Results of our research lay a foundation for map-based cloning and function analysis of
NOH1 gene.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/2/56/s1,
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Abstract: Faba bean (Vicia faba L.), a partially allogamous species, is rich in protein. Condensed
tannins limit the use of faba beans as food and feed. Two recessive genes, zt-1 and zt-2, control
the zero tannin content in faba bean and promote a white flower phenotype. To determine the
inheritance and develop a linkage map for the zt-1 gene in the faba bean germplasm M3290, F2 and
F3 progenies were derived from the purple flower and high tannin content genotypes Qinghai12
and zt-1 line M3290, respectively. Genetic analysis verified a single recessive gene for zero tannin
content and flower colour. In total, 596 SSR markers and 100 ISSR markers were used to test the
polymorphisms between the parents and bulks for the contrasting flower colour via Bulked Segregant
Analysis (BSA). Subsequently, six SSR markers and seven ISSR markers were used to genotype the
entire 413 F2 population. Linkage analysis showed that the zt-1 gene was closely linked to the SSR
markers SSR84 and M78, with genetic distances of 2.9 and 5.8 cM, respectively. The two flanked
SSR markers were used to test 34 faba bean genotypes with different flower colours. The closely
linked SSR marker SSR84 predicted the zt-1 genotypes with absolute accuracy. The results from the
marker-assisted selection (MAS) from this study could provide a solid foundation for further faba
bean breeding programmes.

Keywords: faba bean; zt-1; linkage map; SSR; ISSR

1. Introduction

Faba bean (Vicia faba L.), one of the most important temperate food crops, is widely grown
for human consumption in China, Ethiopia, Egypt and the Andean States of South America and
for livestock feed in Europe and Australia [1]. To date, the average faba bean cultivation area is
close to 2.5 million hectares annually, which ranks fourth among cool-season crops [2]. It has been
demonstrated that growing faba bean is the most effective strategy for managing soil fertility through
crop rotation, which contributes to sustainable agriculture [3].

Faba bean seeds together with other relative beans, have high nutritional values as they are
excellent sources of protein, carbohydrates, minerals and fibre [4]. Nevertheless, faba bean also
suffer from both biotic and abiotic factors that constrain their productivity and digestibility. Previous
studies have demonstrated that condensed tannins are responsible for low-protein seeds and may
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decrease feed consumption due to their astringent taste [5]. Condensed tannins from faba bean may
also decrease the efficiency of food utilization [6,7]. Although several methods, such as cooking and
autoclaving, have been used to remove condensed tannins, these processes may also promote other
changes in the seed compounds. Meanwhile, a significant problem in tannin removal is the high
cost [8]. Compared to traditional methods, growing cultivars with low-tannin and zero-tannin content
are the most effective, economic and environment-friendly strategy.

A previous study first reported the absence of tannins in the white flowers of faba bean varieties;
this served an important role in the in vitro digestibility of nutrients in monogastric animals [9].
According to Picard [9], there are two inherited recessive genes, zt-1 and zt-2, that control the
zero-tannin characteristic in faba bean and promote a white flower characteristic in the plant. Genetic
studies also discovered that the genes in faba bean that control white-flowered plants actually block
anthocyanin synthesis [10,11]. Breeders usually use crosses between intergeneric and interspecific
plants to improve their characteristics. However, faba bean genotype hybrids carrying different zero
tannin genes generally give rise to segregating progenies. Therefore, identifying varieties with zero
tannins will be helpful for both choosing appropriate crosses for breeders [12] and representing a
reservoir of genes for tannin-free plants. To date, great progress has been made in developing faba
beans with zero tannins. Several markers have been mapped to the zt-1 region. The number of markers
is still limited, and more markers are needed to fill the gaps for more efficient marker-assisted selection,
further fine mapping and map-based cloning of the gene.

Faba bean, a partially allogamous and genetically isolated plant, tolerates no exchange of genes
with any other species, including its close relative Vicia narbonensis [13]. The perception is that genetic
mapping and marker-assisted selection (MAS) in faba bean faces enormous challenges because of its
huge genome size (13,000 Mb) [14,15], even though faba bean is diploid and has fewer chromosomes
(2n = 2x = 12) than other species in the genus Vicia L. [16].

Various molecular markers have been widely used in faba bean, especially in genetic diversity and
relationships among germplasm collections. For example, amplified fragment length polymorphism
(AFLP) markers were used to assess the genetic diversity in 22 recent faba bean elite cultivars [17].
Zong et al. [18] subsequently analysed winter and spring [19] faba bean accessions worldwide using
AFLP markers. Linkage maps of the gene controlling zero tannin in faba bean with SCAR markers
developed from linked RAPD markers has been published [20]. Compared with other molecular
markers, simple sequence repeats (SSR) markers are based on the amplification of sequence repetitions.
It is a simple and repeatable method that can produce abundant polymorphic fragments. Therefore,
SSR markers have the advantage of being a valuable tool for constructing genetic linkage maps and
marker-assisted trait selection in faba bean breeding efforts.

As mentioned above, Picard [9] and Bond [10] first reported that the seed coat of all white flowered
varieties of faba bean was free of tannins. The faba bean germplasm M3290, which is originally from
the Mediterranean region, is a tannin-free cultivar with white flowers and the zt-1 gene [9]. The variety
was collected from the International Center for Agricultural Research in the Dry Areas (ICARDA)
Syria [1]. It was then developed by the Qinghai Academy of Agricultural Science and has been widely
used in faba bean breeding programmes in China in the past few years (unpublished data).

The objective of this study was to (1) construct a linkage map of the temporary named gene zt-1
the controls the zero-tannin trait in the M3290 variety and (2) identify closely linked markers that
could be useful for marker-assisted selection (MAS) in faba bean and further cloning of the gene.

2. Materials and Methods

2.1. Plant Materials

The Qinghai12 variety has coloured flowers (purple) and high tannin content, while the genotype
zt-1 M3290 [1] produces white flowers and has a tannin-free seed coat. M3290 was used as the male
parent and Qinghai12 was used as the female parent to develop the population lines. An F2 population
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with 413 plants and the derived F2:3 families with 8–10 plants each that were derived from the cross
between the tannin-free cultivar, M3290, and a condensed tannin line, Qinghai12, were used for
mapping the tannin-free gene zt-1. The parents and populations used in this study were grown in
the fields of the Qinghai Agriculture and Forestry Academy. A total of 413 F2 progenies were grown
during the 2015 growing season on the experimental farm and all F3 lines with ten or twenty plants
each were grown in the next spring in 2016. All the parents and progenies were carefully characterized
for their phenotypes by their colour in the field and tested for tannin content in the laboratory during
the flowering period. The colours of the offspring were classified as two types, e.g., “white” and
“purple”, those with the same flower colour as M3290 were scored as “white” and the remainder with
the same flower colour as Qinghai12 were scored as “purple”.

A representative collection of 34 elite faba bean accessions from the major faba bean production
regions in China, including ten main spring varieties from Qinghai province, four spring varieties
from Gansu province, four Yunnan germplasms, six winter varieties from Sichuan province, seven
Jiangsu winter cultivars and three Zhejiang winter cultivars, were used to validate the molecular
markers identified to be linked to the zt-1 gene. Two main types in China, the spring and winter faba
bean, were both selected in this study to compare different ecotypes of faba bean germplasm. All the
representative faba bean samples from different areas were grown on the experimental farm at the
Qinghai Agriculture and Forestry Academy.

2.2. Tannin Measurement

To enhance the phenotype accuracy and to confirm the tannin content in the genotypes with
different colours, the tannin content was determined in the parents and F2 individuals with different
flower colours. The Folin-Donis (F-D) method was used to measure the tannin content with a few
modifications [21].

2.3. DNA Extraction

After measuring the condensed tannin content, the newly expanded faba bean leaves were used
to extract genomic DNA. Genomic DNA was extracted using the DS (Sodium Lauroylsarcosine)
protocol [22,23]. Tannin-free and condensed tannin bulks were established from 20 free (white
flower) and 20 condensed (purple flower) tannin content F2 plants, respectively. Bulked segregant
analysis (BSA) [24] was used to identify whether the markers were linked to the gene controlling the
zero-tannin characteristic.

2.4. Marker Analysis

A total of 596 pairs of SSR primers were screened between the two parents and bulks. Among
them, 128 SSR markers were referred to in Ma et al. [25], 236 SSR markers were selected from a linkage
map developed by El-Rodeny et al. [26], and the remaining SSR markers (unpublished data) were
kindly provided by the Institute of Crop Science, Chinese Academy of Agricultural Sciences (ICP,
CAAS). The ISSR markers used in this study were according to Zietkiewicz et al. [27]. All the primers
used in this study were synthesized by Shanghai Sangon Biological Engineering Technology and
Services Company Ltd., Shanghai, China.

SSR reactions were performed in a 20 μL reaction volume containing 1 unit of Taq DNA polymerase
(TaKaRa), 2 μL of 10× buffer (50 mmol KCl (TaKaRa), 10 mmol Tris-HCl (TaKaRa, pH 8.3), and 1.5 mmol
MgCl2 (TaKaRa), 200 μmol of each dNTP (Roche, Basel, Switzerland), 6 pmol of each primer and
50–100 ng of template DNA. The PCR conditions were as follows: denaturation at 94 ◦C for 4 min;
35 cycles of 94 ◦C for 1 min, 50–61 ◦C (depending on primers) for 1 min, and 72 ◦C for 1 min; and a
final extension at 72 ◦C for 10 min. ISSR-PCR amplifications were performed in 25 μL reaction volumes
with 80 ng of genomic template DNA, 2 μL of 10 mM Tris–HCl, 50 mM KCl, 15 mM MgCl2, 0.2 mM
of each dNTP, 120 nM of each primer, and 1 U of Taq DNA polymerase. ISSR-PCR reactions were
performed with the following conditions: denaturation at 95 ◦C for 5 min; 35 cycles of 95 ◦C for 30 s,
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annealing at optimal temperature for 1 min, and 72 ◦C for 1 min; and a final elongation step at 72 ◦C
for 10 min.

PCR reactions were performed in a PTC200 Peltier Thermal Cycler. PCR products were then
mixed with 4 μL of the formamide loading buffer (98% formamide, 10 mM EDTA, 0.25% bromophenol
blue, and 0.25% xylene cyanol, pH 8.0, Shanghai Sangon) and heated at 94 ◦C for 5 min. The PCR
products were separated on 6% denaturing polyacrylamide gels, 8% non-denaturing polyacrylamide
gels or 1.5% agarose gels. Each 5–7 μL sample was loaded and then resolved using the silver staining
method as described by Bassam et al. [28] or ethidium bromide and then photographed.

2.5. Statistical Analysis and Genetic Mapping

The Chi-square tests (χ2) were used to determine the theoretical expectation based on the
assumption of a single Mendelian gene controlling zt-1. Recombination fractions were converted to
centiMorgans (cM) and the genetic distances of closely linked markers were calculated with software
JOINMAP version 4.0 using the Kosambi mapping function [29]. A LOD score of 3.0 was used as
a threshold for grouping and a maximum recombination fraction of 0.5 were employed as linkage
criteria to establish the linkage group [30].

3. Results

3.1. Phenotypic and Genetic Analyses

In the flower testing in the field, M3290 had white flowers, whereas Qinghai12 had purple flowers.
In the F2 population, there were 95 white flowers and 318 purple flowers in the flower test, which fits a
1:3 ratio (χ2

1:3 = 0.879, p = 0.348), consistent with the zt-1 gene behaving as a single recessive gene in
this population. Simultaneously, the tannin content also segregated in a 1:3 ratio after measuring the
F2 population, as the 95 plants with white flowers were all tannin-free (0 mg/mL), and the 318 plants
with purple flowers presented tannin content ranging from 0.1 to 0.4 mg/mL. The histogram for tannin
content was drawn to see the distribution of the trait (Figure 1). When the flower colours of F3 families
were tested during the same period in the next year, the segregation of these families conformed to a
1:2:1 ratio (χ2

1:2:1 = 1.59, p = 0.451) as expected for a single gene (Table 1).

Figure 1. Frequency distributions of tannin content in 413 plants of F2 population.
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Table 1. Segregation for flower colours in the M3290/Qinghai12 F1, F2 and F2:3 progenies.

CrossProgeny
Observed Number of Plants or Lines Expected

Ratio
χ2 P

W Seg P

M3290 15 0 0
Qinghai12 0 0 15

F1 15 - - 1:0
F2 95 - 318 1:3 0.879 0.348
F3 95 205 113 1:2:1 1.59 0.451

W, white flowers; P, purple flowers; Seg, segregation.

3.2. Identification of the SSR and ISSR Markers

Of the tested SSR primers, fifteen SSR markers, were polymorphic and contrasted between the
purple and white flower bulks as well as the two parents (Figure 2). The selected polymorphic
SSR markers were all co-dominant and could only be tested by 6% denaturing polyacrylamide gels.
For example, the association between the SSR marker SSR84 in part of the F2 population segregating
for the zt-1 gene is shown in Figure 2. The results shown in Figure 2 indicated that there were five
genotypes with white flowers which showed the 900 bp bands with M3290, five genotypes with purple
flowers which showed the same bands as Qinghai12 (1100 bp) and the other ten genotypes which
showed heterozygous bands. For the tested 100 ISSR markers, seven markers, namely ISSR7, ISSR9,
ISSR10, ISSR12, ISSR25, ISSR36 and ISSR48, were identified as polymorphic between the parents and
bulks in this study (Figure S1). Among the seven ISSR markers, ISSR12 and ISSR25 were co-dominant
and the other five were dominant (Figure 3).

Figure 2. PCR amplification results of the SSR marker SSR 84 in part of the F2 population segregating
for zt-1. 1, M3290 (900 bp); 2, Qinghai12 (1100 bp); 3, white flower bulk (900 bp); 4, purple flower
bulk (1100 bp); M, Marker (100 bp). The F2 population includes 5 white flower genotypes (zz, 900 bp),
5 purple flower genotypes (ZZ, 1100 bp) and 10 heterozygous genotypes (Zz, 1100 bp); This is a
composite picture of several different gel picture.
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Figure 3. Polymorphism analysis of the partial ISSR markers in the parents and bulks. 1, M3290; 2,
white flower bulk; 3, Qinghai12; 4, colored flower bulk. M, Marker (100 bp). a, ISSR7; b, ISSR12;
c, ISSR36.

3.3. Mapping the SSR and ISSR Markers

The selected fifteen SSR markers and seven ISSR markers were then used to genotype the 413 F2

plants to construct the linkage map. After testing the 413 plants in the F2 population, it was evident
that six SSR markers, M78, ssi85H, M233, SSR84, M81 and M38 (Table 2) and three ISSR markers were
linked to zt-1 (Table 2). The results of the zt-1 linkage estimates with the nine polymorphic markers
based on the phenotype and genotype data are shown in Figure 4.

Table 2. Molecular markers mapped at or close to the zt-1 locus.

Name Marker Type Forward Primer (5′-3′) Reverse Primer (5′-3′) Annealing
Temperature (◦C)

SSR84 SSR TCTGAAAACGAGTTCAGTGGA CTGGTGCCGAACTAACCAGT 52
M38 SSR GCTACTGGAGGAGGCTTTCA GCCTTCTACACAACGGCTTC 53
M78 SSR GTCAAATCGAGTGGCGAAAG TTGGGATATGGAAGTAGCTTCAG 52
M81 SSR CCTCATGCCATTCCTCTGAT TTCCGCGTGGTAAATTCTATG 55
M233 SSR CATCCCAACAATATACCGGC CTGGGGTACCACCGTAACTC 51

ssi85H SSR AACAACTACGTAATGCCAGAC ACATGAGGGGCCAAGTAT 52
ISSR7 ISSR AGA GAG AGA GAG AGA GT 53
ISSR9 ISSR AGA GAG AGA GAG AGA GG 50
ISSR10 ISSR GAG AGA GAG AGA GAG AT 51

The selected nine markers were mapped within a genetic interval of 20.6 cM flanking zt-1 (Figure 4).
The flanking markers, SSR84 and M78, were closely linked with the zt-1 gene with genetic distances of
2.9 cM and 6.2 cM, respectively (Figure 4).
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Figure 4. Linkage map of the zero tannins zt-1 gene flanked by six SSR and three ISSR markers.
The locus name and corresponding locations are indicated on the right side and the genetic distances
between them are indicated on the left side.

3.4. Closely Linked Markers for the Marker-Assisted Selection of zt-1

The two flanked markers (Figure 4), SSR84 and M78, with genetic distances of 2.9 cM and 6.2
cM, respectively, were first used to identify representative varieties from different areas of China to
assess their potential use in the MAS. The results showed that when SSR84 was used for MAS, only
M3290 and zt-1-carrying genotypes (white flowers) produced the expected band of 900 bp and the
genotypes with purple flowers (without the zt-1 gene) produced 1100 bp bands. Nevertheless, the
results of molecular detection with M78 was not helpful in the selection of the zt-1 gene in faba bean
breeding programs (Table 3).

Table 3. The 34 Chinese faba bean genotypes used for validation of the closely linked markers.

No. Variety Province Flower a
SSR84 b M78 b

900 bp 1100 bp 400 bp 420 bp

1 Qinghai11 Qinghai Purple - c + c - +
2 Qinghai12 Qinghai Purple - + - +
3 Qinghai13 Qinghai Purple - + - +
4 Qingcan14 Qinghai Purple - + - +
5 Qingcan15 Qinghai Purple - + - +
6 M3290 Qinghai White + - + -
7 TF26 Qinghai White + - + -
8 TF29 Qinghai White + - - +
9 TF34 Qinghai White + - - +
10 2005-00 Qinghai White + - - +
11 Lincan6 Gansu Purple - + - +
12 Lincan7 Gansu Purple - + - +
13 Lincan8 Gansu Purple - + - +

103



Agronomy 2018, 8, 80

Table 3. Cont.

No. Variety Province Flower a
SSR84 b M78 b

900 bp 1100 bp 400 bp 420 bp

14 Yangyandou Gansu Purple - + - +
15 Yundou7 Yunnan Purple - + - +
16 Yundou8 Yunnan Purple - + - +
17 Yundou9 Yunnan Purple - + - +
18 Touxinlv Yunnan Purple - + - +
19 Dahudou Sichuan Purple - + - +
20 Xiaohudou Sichuan Purple - + - +
21 Honghudou Sichuan Purple - + - +
22 Chenghu9 Sichuan Purple - + - +
23 Chenghu10 Sichuan Purple - + - +
24 Chenghu11 Sichuan Purple - + - +
25 Tongcanxian7 Jiangsu Purple - + - +
26 Tongcanxian8 Jiangsu Purple - + - +
27 Qidongbaipi Jiangsu Purple - + - +
28 Haimendabaipi Jiangsu Purple - + - +
29 Tongcan5 Jiangsu Purple - + - +
30 Nantongsanbai Jiangsu Purple - + - +
31 DAqingpi Jiangsu Purple - + - +
32 Lvpidou Zhejiang Purple - + - +
33 Luohandou Zhejiang Purple - + - +
34 Xiaoqingdou Zhejiang Purple - + - +

a Flower colour. Purple: genotype with tannin content and without the zt-1 gene.; white: genotype with zero tannin
content carrying the zt-1 gene. b Closely linked markers. c ‘+’ and ‘-’ indicate the presence and absence of the
specific alleles of the SSR markers, respectively.

The other different PCR fragments amplified with other linked markers also could not distinguish
lines with white flowers from coloured varieties. Therefore, it was verified that only SSR84 is helpful
for selecting the zt-1 gene in faba bean programmes for tannin content in this study.

4. Discussion

4.1. Zt-1 Gene in Faba Bean Variety M3290

In this study, we identified markers to the single recessive gene zt-1 in the faba bean variety
M3290 and mapped it with six SSR markers and three ISSR markers. We also tested the elite faba bean
germplasms with the closely linked markers and the results provided a sound basis for further MAS
in faba bean.

The absence of tannin content in faba bean is determined by two recessive genes, zt-1 and
zt-2. In this study, zt-1 was inherited as a single recessive gene in the M3290/Qinghai12 population.
This result is in accordance with that of Gutierrez et al. [20], who used a segregated F2 population
derived from Vf6 and a zt-1 line. The segregation for both the flower colour and tannin content fit the
expected 1:3 and 1:2:1 ratios, respectively, which is consistent with a single recessive gene that controls
zero tannin content in faba bean. The linkage map of Vf6 × zt-1 F2 populations showed that the zt-1
gene was flanked with two SCAR markers with genetic distances of 3.6 cM (OPAF20776) and 9.7 cM
(SCC5551).

4.2. SSR and ISSR Markers

A total of 596 SSR markers and 100 ISSR markers were used to screen the polymorphisms between
parents as well as bulks in this study. The SSR markers were firstly randomly selected from each linkage
group (LG) according to Ma et al. [25] and El-Rodeny et al. [26]. Also subsequently, unpublished
SSR markers (including EST sequences) were kindly provided by the Institute of Crop Science,
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Chinese Academy of Agricultural Sciences (ICP, CAAS). Finally, ISSR markers were downloaded
according to Zietkiewicz et al. [27] and used to test the polymorphisms between parents and bulks.
The polymorphism selection results indicated that six SSR markers and seven ISSR markers showed
clear and repeatable bands between parents and bulks. The linkage analysis showed that the six
SSR markers were all linked with the zt-1 gene after genotyping the 413 F2 plants, but only three
ISSR markers indicated linkage correlation with the zt-1 gene. The polymorphism tests verified the
application of SSR markers in faba bean, and also provided us with a sound basis for further fine
mapping of the zt-1 gene. Nine markers, including six SSR markers and three ISSR markers were
mapped at zt-1 locus in this study. The flanking markers, SSR84 and M78, were closely linked with the
zt-1 gene with genetic distances of 2.9 cM and 6.2 cM, respectively. Although several markers have
been mapped to the zt-1 region, the number of the markers is still limited, and more are needed for
more efficient marker-assisted selection, fine mapping and map-based cloning of the zt-1 gene.

Compared to previous studies, a linkage map of the zt-1 region with nine markers, including six
SSR markers and three ISSR markers were constructed with a F2 population.

4.3. Closely Linked Markers and Their Application in MAS

Molecular markers closely linked to the target gene are considered important tools for MAS
in plant breeding programmes [31]. However, faba bean possess a large genome size and limited
molecular markers. Therefore, MAS progress in faba bean breeding faces enormous challenges [1,32].
In this regard, it is urgent to develop more valuable and closely linked markers for faba bean breeding.

Previous studies allowed the prediction of the zt-1 genotypes with a 95% accuracy [20]. In this
study, two flanking markers were used to test their suitability in MAS, and the closely linked marker
SSR84 was verified to be a powerful tool (100% accuracy of the selection of the zt-1 gene) for further faba
bean breeding. Owing to the recessive nature of the faba bean flower and tannin content traits, crops
are often segregated by crosses that cause devaluation a few years after being grown for commercial
production [33]. We present a convenient marker in this study that is closely linked with the zt-1 gene
and might resolve this problem.

4.4. Faba Bean Breeding Program of Variety M3290

White flowers and zero tannin content are controlled by a single recessive gene. These and
many other good agronomic traits make M3290 a desirable donor for faba bean breeding programmes.
In fact, M3290 was used in breeding programmes a few years ago in China. The faba bean variety
‘TF26’ and some other lines were developed with M3290 by the Qinghai Academy of Agriculture
and Forestry Sciences; these varieties showed pure white flowers in fields and zero tannin contents.
However, the limited genetic background and linked molecular markers for the zt-1 gene still hampers
the use of the gene in breeding programs. The demonstration of the zt-1 gene in the germplasm
M3290 and the closely linked markers identified in this study should accelerate its application in
breeding programmes and SSR84 closely linked with the zt-1 gene could exactly distinguish flowers
with different genotypes.

5. Conclusions

F2 and F3 progenies derived from M3290 and Qinghai12 were used for phenotypic and genetic
analyses, and the results indicated that the zt-1 gene in this population behaved as a single recessive
gene. Selected SSR markers and ISSR markers were used to genotype the entire 413 F2 population, and
linkage analysis showed that the zt-1 gene was closely linked to the SSR markers SSR84 and M78, with
genetic distances of 2.9 and 5.8 cM, respectively. SSR marker SSR84 could predict the zt-1 genotypes in
faba bean breeding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/6/80/s1,
Figure S1: PCR amplification results of the ISSR marker ISSR10 in part of the F2 population segregating for zt-1.
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Abstract: Biomass rich in lignocellulose from grasses is a major source for biofuel production
and animal feed. However, the presence of lignin in cell walls limits its efficient utilisation such
as in its bioconversion to biofuel. Reduction of the lignin content or alteration of its structure
in crop plants have been pursued, either by regulating genes encoding enzymes in the lignin
biosynthetic pathway using biotechnological techniques or by breeding naturally-occurring low
lignin mutant lines. The aim of this review is to provide a summary of these studies, focusing on
lignin (monolignol) biosynthesis and composition in grasses and, where possible, the impact on
recalcitrance to bioconversion. An overview of transgenic crops of the grass family with regulated
gene expression in lignin biosynthesis is presented, including the effect on lignin content and changes
in the ratio of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units. Furthermore, a survey is
provided of low-lignin mutants in grasses, including cereals in particular, summarising their origin
and phenotypic traits together with genetics and the molecular function of the various genes identified.

Keywords: brown midrib; cell wall; gold hull and internode; grass family; lignin; monolignol
pathway; mutational breeding; orange lemma; transgenic cereals

1. Introduction

Cereals are a basic food supply for humans and animals worldwide and include rice, maize,
wheat, barley and sorghum. They are mainly grown for their nutritional grains that provide dietary
calories for human consumption, animal feed and alcoholic beverages. However, whole-crop silage
is also a major product in agriculture and is used for animal fodder. Straw from grain production is
often considered a by-product, but it is still essential for animal bedding and feed or can be returned
to the soil to maintain soil fertility. Additionally, cereals are used in bioindustries for the production
of biofuel, textiles, paper, and biochemicals (for a detailed list see [1,2]). The worldwide demand for
cereals is growing, but a decrease in their production is starting to be seen [3]. It is therefore crucial
to understand the barriers to efficient utility and breeding for new varieties with improved (utility)
benefit as feedstuff for animals and bioproducts. In particular, the concept of the multi-purpose crop,
in which the grains are used for food and feed and the straw for bioenergy seeks to overcome the
food–feed–fuel dilemma by improving the ligno-cellulosic material from straw in second-generation
bioethanol production [4].

Lignocellulose is the main component of plant cell walls and the most abundant organic material on
earth. It is primarily composed of energy-rich polysaccharides in the form of cellulose, hemicellulose and
pectin, rigid phenolic polymers forming lignin and structural (glyco) proteins. The structure is vital for
plant growth and serves as a scaffold providing structural and mechanical strength to the plant and
protection against external stresses; it encloses each cell individually and facilitates water and solute
flux in the vascular systems [5,6]. Besides these properties, lignocellulose is also an essential source of
animal feed and used in various bioindustries [2].
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The composition of the lignocellulosic material differs depending on the biomass source, but it
usually consists of 20–50% cellulose, 20–30% hemicellulose, 7–30% lignin and 5–35% pectin, with lower
amounts of structural proteins that all depend on the plant species, as reviewed by [5,7,8]. Plant cells
are made up by two types of cell walls, i.e., primary cell walls (PCW) and secondary cell walls (SCW)
placed between the middle lamella and the plasma membrane (Figure 1). PCWs surround all plant
cells and are continuously formed during cell growth. The structure is thin and flexible, suitable for
elongating cells, but still sufficiently strong to withstand arising turgor pressure [9,10]. It consists
primarily of cellulose and hemicellulose, with higher amounts of pectin and proteins in dicots compared
to monocots [5,11]. SCWs are formed between the PCW and the plasma membrane in specialised
cells such as sclerenchyma and xylem vessels after cell elongation has been completed. They are
composed of a greater amount of cellulose and hemicellulose than PCW, and pectin is also partly
replaced by lignin. These components form a thicker cross-linked matrix than in PCWs. As mentioned
above, the function of lignocellulose is to provide mechanical strength to the cells and to facilitate
fluid transport. Lignin is the fundamental component for forming that scaffolding structure and its
occurrence has also been documented in PCW and the middle lamella [5,6].

 

Figure 1. Schematic illustration of the lignocellulosic matrix in the secondary cell wall of the grass
family. The main polymers shown are cellulose, hemicellulose, and lignin (shown simplified and not to
scale: for microscopic pictures see [12]). They are organised in structures called microfibrils that give
structural stability to the plant cell wall. Lignin is the component providing the recalcitrant structure
embedding cellulose together with hemicellulose. Lignin is mainly composed of p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) units, which are derived from 4-hydroxycinnamyl alcohols also known as
monolignol, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The monolignols are synthesised
in the cytosol from phenylalanine and tyrosine (grasses only) through the phenylpropanoid pathway
and monolignol-specific pathway, then exported across the plasma membranes into the secondary cell
wall and oxidized by cell wall-bound peroxidase (PRX) and laccase (LAC), before polymerization into
the lignin polymer. (Illustration: Martin Mook).

The recalcitrant structure of lignin is the major limitation of utilising SCWs´ nutritional
polysaccharides for animal feedstock and producing bioproducts. Lignin also serves as a mechanical
defence barrier and is known to accumulate under pathogenic attacks [13–15]. It has also been
demonstrated that genes in the monolignol pathway are directly affected by fungal infection [16–18].
For those reasons, lignin biosynthesis has received significant attention, making it one of the most
studied pathways [19]. The expression of genes in the pathway has been modified in order to decrease
lignin or alter its composition, thus making the pathway a perfect target for precise genome editing [19].
The involvement of transcription factors in lignin biosynthesis has recently been reviewed [20] and
will not be discussed further here. Furthermore, both naturally spontaneous and chemically-induced
mutants have been identified and commercialised for animal fodder, showing increased efficiencies for
digestion, and are therefore used in breeding programmes. However, in terms of decreasing lignin
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recalcitrance to bioconversion, there is often a risk of disease infections and dwarfing, depending on
the gene being modified [21]. Promising target genes for reduction of lignin recalcitrance without
compromising biomass, yield and quality are final genes in the pathway such as CAD encoding
cinnamyl alcohol dehydrogenase and COMT encoding caffeic acid O-methyltransferase [22,23]. CAD is
responsible for reducing cinnamaldehydes to cinnamyl alcohols, the precursors of the building blocks of
lignin, also known as monolignols, whereas COMT is a multifunctional enzyme, but with a preference
for methylations of 5-hydroxyconiferaldehyde to sinapaldehydes and therefore primarily affecting the
synthesis of syringyl monolignol [24,25] The genes responsible for the brown midrib phenotype in
(bm1, bm3) maize and (bmr6, bmr12) sorghum, which are known for reduced lignin, have mutations
within the CAD and COMT genes affecting their expression. These naturally-occurring low-lignin
mutants are of interest for academia and the fodder industry as an alternative source for animal
feed and bioproducts [26]. Promoting these well-described varieties avoids the issue of transgenic
regulation in Europe, thus increasing the marketing area and also including the organic market.
Therefore, downregulating these genes will resemble the naturally-occurring mutants with reduced
lignin identified in several cereal crops in the early 20th century.

This review focuses on lignin reduction in important cereals for animal feed (and bioproducts),
with a particular focus on papers published after 2010 and updating an earlier review paper, but still
including references to primary papers. The aim is (1) to present the monolignol biosynthetic pathway,
(2) to provide an overview of recent biotechnology/bioengineering studies targeting genes in the
phenylpropanoid and monolignol-specific pathway, and (3) to introduce natural low-lignin mutants
with regards to occurrence and phenotypic studies.

2. Lignin Biosynthetic Pathway and Composition in Grasses

Lignin is a phenolic polymer of three units: p-hydroxyphenyl (H), guaiacyl (G) and syringyl
(S), which are derivatives of hydroxycinnamyl alcohol, also called monolignols, p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol, respectively. They only differ in the degree of methylation.
The monolignols are synthesised from phenylalanine or tyrosine (exclusively for grasses) [27,28]
through the general phenylpropanoid pathway, which is the precursor for numerous specialised
metabolites, including flavonoids, tannins and coumarins, and monolignol-specific pathways in
the cytosol, before polymerisation in the cell wall. The steps involved in the synthesis are well
documented [29,30]. Briefly, phenylalanine and tyrosine are products of the shikimate pathway
synthesised in the chloroplasts and exported to the cytosol, where the monolignols are synthesised via
a series of enzymatic reactions, illustrated in Figure 2. Deposition of monolignols from the cytosol to
the secondary cell wall is unclear, and it is being debated whether they are exported through passive
diffusion or actively transported [31]. However, the monolignol-specific pathway is very plastic
with numerous inter-specific variations and co-regulated genes. This is explicit with the complex
constellation of the lignin polymer, varying in composition between plants and even between cell
types. Lignin of grasses primarily consists of S- and G-units. Additionally, grasses also contain
H-units and significantly larger amounts of ferulic acid (FA) and p-coumaric acid (pCA) [11,32].
The FA and pCA cross-link to the lignocellulosic matrix, providing structural integrity of the cell
wall. They form covalent linkages or ether bonds between polysaccharide and lignin components [33].
Furthermore tricin, a member of the flavonoid family, has recently been discovered in the lignin
polymer and designated an initiator of lignin chains [34,35]. Tricin is also thought to be found
almost exclusively in grasses, with a little amount in other monocots and a few traces in alfalfa [36].
Importantly, the composition of the lignin polymer is relevant in terms of recalcitrance to bioconversion
after the lignocellulosic material has undergone thermochemical pretreatment followed by enzymatic
or acid/alkaline hydrolysis. The monolignols are coupled with recalcitrant C-C and C-O-C (ether)
bonds, providing their recalcitrant structure. However, the coupling of monomers differs: H- and
G-units can couple via β–5 (from monomer–monomer and monomer–oligomer reactions) and 5–5
(from oligomer–oligomer reactions) coupling modes with C-C linkages, whereas S-units are linked
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with β–O–4 which are more easily degraded [37]. A ratio between the monolignols (S/G ratio) is often
used as a validation factor to draw conclusions about cell wall degradation ability. Shortly, a high ratio
(above 1.0) indicates more S-units than G-units and a low ratio (below 1.0) indicates less S-unit than
G-units. It is often stated that a high ratio favours digestibility, and the reason for that is discussed.
One hypothesis is that more S-units compared to G-units increases the number of labile β–O–4 bonds
and thereby affects enzymatic digestibility positively. On the contrary, increased S-units lead to a more
linear structure with uncondensed (high β-O-4´) lignin, which provides higher coverage and interaction
with the cellulose fibres and thereby lower enzymatic digestibility. Therefore, using the S/G ratio as
a validation factor only partially contributes to biomass recalcitrance. Furthermore, pCA linkage with
S-units via the ether bond and pCA is thought to inhibit fermentation due to toxic effect on yeast [38,39].
Similarly, changes in FA compounds using the monolignol ferulate transferase (FMT) gene also affect
recalcitrance by introducing more easily broken ester bonds [40,41]. Lignin composition and content
can be changed with regards to saccharification by regulating genes in the monolignol-specific pathway
without compensating for biomass. Therefore lignin has been a target for genetic manipulation for
several decades and remains of interest today.

 

 

Figure 2. Monolignol biosynthetic pathway for grasses based on studies on Brachypodium
distachyon [30,32] which is regarded model plant for grasses. The illustration was inspired by [42].
The green box represents the general phenylpropanoid pathway, the blue boxes represent the
monolignol-specific pathway, and the light red box indicates p-coumarate-CoA as the precursor
for the flavonoid pathway. Monolignols p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
are synthesised in the cytosol and exported to the secondary cell wall where they undergo
oxidation by cell wall-bound peroxidase (PRX) and laccase (LAC) prior to radical coupling in
the lignin polymer. Red italic abbreviations for mutants: brown midrib maize (bm), brown midrib
sorghum (bmr), orange lemma barley (rob) and gold hull and internode rice (gh), with identified
mutations impairing respective gene enzyme activity indicated by red lines. Enzyme abbreviations:
phenylalanine ammonia-lyase (PAL), tyrosine ammonia-lyase (TAL), cinnamate 4-hydroxylase (C4H),
4-coumarate coenzyme A ligase (4CL), p-hydroxycinnamoyl- CoA:quinate/shikimate hydroxycinnamoyl
transferase (HCT), p-coumarate 3-hydroxylase (C3’H), caffeoyl shikimate esterase (CSE), caffeoyl-CoA
O-methyltransferase (CCoAOMT), cinnamoyl CoA reductase (CCR), ferulate 5-hydroxylase (F5H),
caffeic acid/5-hydroxyferulic acid O-methyltransferase (COMT) and cinnamyl alcohol dehydrogenase
(CAD). Folylpolyglutamate synthase (FPGS) and methylenetetrahydrofolate reductase (MTHFR) are
not structural genes in the phenylpropanoid pathway.
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3. Biotechnology and Bioengineering of Monolignol Pathway in Grasses

The economic advantages of increasing cereals´ nutritional value and replacing fossil fuels
with biofuels have driven scientists to investigate and regulate nine of the genes in the monolignol
biosynthetic pathway (Table 1), making it an intensively studied pathway. Furthermore, the visual
red/orange colouration appearing in stems after downregulating certain genes also makes it attractive
as an easy target for new bioengineering methods. The most-used method for regulation and study
of the function of genes is “downregulating expression” (of genes) using RNA interference (RNAi).
This method introduces small regulatory RNAs (siRNA and miRNA) to the cell, which bind with
the RNA-induced silencing complex, Argonaute and other effector proteins, that destroy messenger
RNA (mRNA) and thereby prevent the formation of proteins [43]. However, the genes still function
and the expression/formation of proteins varies greatly. Repression can be lost completely over a few
generations. Furthermore, repression of gene expression does not give a complete picture of the
function of a gene, although, it is still a very widely used method. In contrast, using CRISPR/Cas9 to
directly knock out gene function by creating stable indel mutations is a more advantageous way of
studying gene function [44]. However, in contrast to chemically-induced mutations, CRISPR/Cas9
site-directed mutagenesis requires that the nucleotide sequence of the candidate gene is known before
the precise indel mutation can be designed, with stable inheritance over a few generations. This is
a relatively new method that has only been used in the most recent studies. However, in July 2018
the EU officially declared that mutations created by CRISPR/Cas9 technology, in contrast to induced
mutations, are not exempt from the GMO regulation [45].

It is mostly lignin biosynthetic genes in maize (8) and switchgrass (7) that have been
studied by a transgenic approach, with a few in rice (4), Brachypodium (4) and barley (1)
(Table 1). Generally, downregulating or knocking out genes leads to a reduced lignin content.
However, the estimates of lignin concentration vary greatly depending on the method used for
extraction. The most commonly used methods are the gravimetrically determined Klason lignin and
the spectrophotometric acetyl bromide lignin method. Briefly, Klason lignin measures insoluble lignin
after sulfuric acid hydrolysis of cell walls [46], whereas acetyl bromide lignin is based on the solubility
of lignin and measures phenolic compounds´ UV absorbance at 280 nm [47]. Large studies have
examined and compared quantification methods of lignin and concluded that Klason lignin estimates
higher concentrations than acetyl bromide lignin, although both methods are widely used [48,49].

Modifying PAL, 4CL and C3H gene expression tends to affect plant growth negatively and induce
sterility. However, downregulating genes later in the pathway (F5H, CCoAMT, CCR, COMT, and CAD)
does not have any negative effect on growth (Table 1). This is in contrast with what has been reported
for bm3 mutants, which have mutations in the COMT gene [21]. It can be explained by RNAi only
reducing gene expression, whereas a complete gene knock out of the candidate gene would have
a more drastic effect. The amount of S- and G-units differs greatly between the studies and genes
investigated, but there is a general tendency for an overall reduction in S-units. Most studies show that
reducing COMT gene expression primarily affects the formation of S-units. One study [72] showed
that downregulating the CAD gene in maize does not result in lignin reduction. This could be due to
compensation by other CAD genes. Additionally, the expected pigmented phenotype does not appear
in any of the grass species when CAD is downregulated; it was only observed in COMT-downregulated
plants. This is in contrast to naturally-occurring low-lignin mutants where both cad and comt mutants
exhibit the pigmented phenotype [26].
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Table 1. Transgenic grasses with regulated gene expression in monolignol biosynthesis. The table
summarises changes in Klason lignin (KL) or acetyl bromide lignin (ABL) content and changes in
the composition of lignin polymer with regards to the amount of syringyl (S), guaiacyl (G) and
p-hydroxyphenyl (H) units. Notes on other properties affected by gene expression are included, such
as a change in growth, resistance, other compounds (mainly ferulic acid (FA) and p-coumaric acid
(pCA)), saccharification based on sugar release, pigmented phenotype and other traits highlighted.
The abbreviations for genes are the same as those listed in Figure 1; n.a.: data not available; ↑: increased,
↓: reduced, =: no change compared to wild type.

Gene Species Method Lignin Content S, G, H Key Features References

PAL Brachypodium RNAi ↓ 43% (KL) ↑S, ↓G, ↑H
↓growth, ↓pathogenic

resistance,
↑saccharification, ↓FA,

↓pCA

[50]

PTAL1 Brachypodium RNAi ↓ 43% ↓S, ↑G, ↑H
↓flavone and flavonol

derivatives, ↑FA,
↓4CA

[32]

C4H-3 Maize asRNA ↓ 14–17% (ABL) n.a. n.a. [51]

4CL-1 Switchgrass CRISPR/Cas9 ↓ 8–30% (ABL) ↓S, ↓G, =H

Pigmented phenotype,
↑saccharification, ↑FA,
↑pCA, linkage bonds

changed

[52]

4CL-1 Switchgrass RNAi ↓22% =S, ↓G, ↑H
=growth, pigmented

phenotype,
↑saccharification

[53]

C3H-1 Maize RNAi ↓22% (KL) ↓S, ↓G, ↑H
↓growth, sterility
↑saccharification,
↑anthocyanins, ↑FA,

↑tricin

[54]

C3H Rice RNAi ↓30% (KL) ↓S, ↓G, ↑H
=growth,

↑saccharification, ↓FA,
↑pCA, ↑tricin

[55]

C3H Rice CRISPR n.a. n.a. ↓growth, ↑death
before maturity [55]

F5H Brachypodium Overexpression ↓18% (KL) ↑S, ↓G, ↑H ↑saccharification [56]

F5H Rice RNAi/overexpression ↑/
=

↓S, ↑G, =H/
↑S, ↓G, =H

=growth, =FA,
=pCA/↓growth,

↑sterility, =FA, ↓pCA
[57]

F5H Rice CRISPR ↑25% ↓S, ↑G, =H
=growth,

=saccharification,
↑FA, =pCA

[58]

F5H Sugarcane RNAi = ↓S, ↑G =growth,
↑saccharification [59]

CCoAOMT-2 Maize Overexpression ↑ n.a. ↑pathogenic
resistance [60]

CCoAOMT Maize RNAi ↓22.4% (KL) ↑S, ↓G =growth,
↑saccharification [61]

CCoAOMT Sugarcane RNAi = n.a. =growth,
↑saccharification [59]

CCR-1 Maize RNAi ↓7–8.7% (KL) n.a.
bm phenotype,
=growth,

↑saccharification
[62]

COMT6 * Brachypodium amiRNA ↓24–31.5% (ABL) ↓S, ↓G, =H Earlier flowering time,
↑saccharification [63]
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Table 1. Cont.

Gene Species Method Lignin Content S, G, H Key Features References

COMT-1,2 Barley RNAi ↓7–15% (KL) ↓S, ↑G, =H ↑saccharification,
↓pCA, =FA [64]

COMT Maize Antisense
downregulation ↓~17% n.a. bm phenotype,

↑saccharification [65]

COMT Maize Antisense
downregulation ↓25–30% (KL) ↓S, ↑G, ↓H

bm phenotype,
↑saccharification,
↓pCA, =FA

[66]

COMT Sugarcane RNAi = ↓S, ↑G =growth,
↑saccharification [59]

COMT Sugarcane RNAi ↓4–14% (ABL) ↓S, =G
↓growth, pigmented

phenotype,
↑saccharification

[67]

COMT Sugarcane RNAi ↓6–12% (ABL) ↓S, ↑G
↓growth,

↑saccharification,
=FA, ↓pCA

[68]

COMT Sugarcane TALEN ↓29–32% (ABL) ↓S, =G
↓growth, pigmented

phenotype,
↑hemicellulose

[69]

COMT Switchgrass RNAi ↓11–16% ↓
=growth,

↑saccharification,
=pathogenic

resistance

[70]

COMT Switchgrass RNAi ↓8–9% (ABL) ↓S, =G
=growth, bmr

phenotype,
↑saccharification

[71]

COMT Switchgrass RNAi ↓11–13% (ABL) ↓S, ↓G
=growth, bmr

phenotype,
↑saccharification

[22]

CAD1 Brachypodium amiRNA = (ABL) ↓S, ↑G, ↑H
↑growth, delayed

flowering, pigmented
phenotype,

↑saccharification

[63]

CAD Maize RNAi = (KL) ↓S, ↑G, ↑H =growth,
↑saccharification [72]

CAD Rice RNAi n.a. n.a. gh phenotype [73]

CAD Switchgrass RNAi ↓14–22% (ABL) ↓S, ↓G
=growth,

↑saccharification,
=pCA

[23]

CAD Switchgrass RNAi ↓23% ↓S, ↓G ↑saccharification [74]

* BdCOMT6 (Bradi3g16530) was named BdCOMT4 in the paper [63]. However, based on the accession number and
naming in other papers [75,76], BdCOMT6 was chosen. RNAi: RNA interference.

4. Mutants with Reduced Lignin

Naturally-occurring mutants with reduced lignin were identified in cereals such as barley and
maize in the early 20th century [77–79]. The mutants are recognised by colour differences: an orange
pigmentation occurs in node, lemma and rachis of barley (rob) mutants [80], in maize mutants a brown
midrib is recognised in the leaves, hence the name ‘brown midrib’ (bm) [81], and rice mutants called
‘gold hull and internode’ (gh) exhibit a reddish brown pigmentation in the hull and internode [82].
Furthermore, induced mutants with a similar phenotype to bm maize have also been identified in
sorghum brown midrib (bmr) mutants and the model plant Brachypodium [83,84]. Firstly, brown midrib
mutants of maize and sorghum were investigated and marketed for ease of forage digestibility [85,86].
With the development of plant molecular biology, the genes responsible for the phenotype have been
identified and several biochemical analyses performed [26]. Additionally, low lignin mutants are of
great interest in bioethanol production as a replacement for fossil fuel [87]. The sections below give an
overview for selected grasses.

4.1. Maize Brown Midrib (bm)

Maize (Zea mays L.) carrying bm mutations are by far the most studied species of all cereals
identified with this phenotype. This is because maize silage is an important feed source for dairy
cows and other animals. Improving feeding value can affect dairy production and is therefore of
high agronomic interest. The first evidence of the positive effect of bm mutants on feeding value was
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obtained in 1971 [88], and since then analysis has expanded, mostly focusing on the bm3 mutation.
Data concerning feeding efficiency of bm3 mutants from 1976–2017 have been combined and presented
in a newly published review paper by [89]. They conclude that a diet based on bm3 hybrids has
an overall beneficial impact on milk production by dairy cows and reduces the need for energy
concentrates. Additionally, knowledge of the impact of other bm mutants on cell wall digestibility is
still of interest. In total six bm mutants have been identified [90,91] and listed in the MaizeGDB database
(www.maizegdb.org). A literature search resulted in 191 studies on bm mutants, with 60 papers focusing
only on bm3 mutants and just a few on the other mutations. However, some studies investigate several
mutants and include double mutants for comparison purposes [17,92,93]. With regards to review
papers, previous publications have already discussed identified bm mutants and they can roughly
be divided into three focus areas: (1) animal feed [89,94–96], (2) bioenergy [97] and (3) biochemical
properties and molecular analysis [26,96], with some combining all three subjects [98]. The most recent
review published by [89] describes the function of all six bm and provides an in-depth analysis of data
in relation to animal fodder for bm3. However, a short overview of each bm is given below.

4.1.1. bm1

This bm was the first to be identified in maize. The phenotype/trait was discovered by the
distinguishable orange/brown midrib in the leaves at three different events [77,99,100] and was
described as a simple Mendelian recessive trait. With the discovery of other bm loci, it was renamed
bm1. The bm1 locus was mapped to chromosome 5 and co-segregates with the CAD2 (Zm00001d015618)
gene [101]. It has been argued that bm1 only affects the expression of the CAD2 gene and is not a null
mutation. However, it is only recently that bm1 has finally linked with the CAD2 gene by sequencing
and several different mutations (alleles) in the gene have been identified as being responsible for the
phenotype [102]. Phenotypic properties of bm1 mutants are reduced lignin content, reduced S- and
G-units, reduced FA and p-CA, increased aldehydes, change in linkage bonds and normal growth as
reviewed in [89,102], as well as agronomic properties of increased digestibility and bioethanol.

4.1.2. bm2

First described in 1932 by Burnham and Brink [103], bm2 was mapped fairly recently to the
methylenetetrahydrofolate reductase (MTHFR, GRMZM2G347056, EC 1.5.1.20) gene at chromosome
1 [81] localised in the cytoplasm [104]. Briefly, MTHFR affects methylation of S-adenosyl-L-methionine
(SAM) in the methionine cycle, which acts as a methyl donor for CCoAOMT and COMT and thereby the
formation of G- and S-units [81,105,106]. Regulating MTHFR thus affects the accumulation of both G-
and S-units, described by [81]. The bm2 mutant is caused by a miniature inverted-repeat transposable
element (MITEs) insertion, thereby downregulating the function of MTHFR [107]. They observed an
altered lignin composition in reduced G- (and C-) units, with little change in S-units, which did not
affect the total amount of bromide acetyl lignin or growth. It also led to a significant improvement in cell
wall saccharification efficiency. Other studies have also observed reduced lignin content and alteration
with an increased S:G ratio caused by greatly reduced G-units, a slight increase or unchanged S units
and unaffected H-units, reviewed in [26]. Moreover, it has been observed that the bm2 mutant has the
lowest susceptibility to fungus Ustilago maydis infection compared to bm1, bm3 and bm4 mutants [17].

4.1.3. bm3

Maize bm3 was described in 1935 [78] and later linked to chromosome 4, affecting the COMT
(Zm00001d049541) gene owing to two different mutation events [108,109]. The bm3 is by far the most
studied brown midrib mutant, probably because of its improved feeding values for cattle. It is closely
associated with reduced lignin and improved digestion efficiency. The S:G ratio is greatly reduced
with p-coumarates. Agronomic traits and chemical properties for this mutant have been reviewed
very recently [89]. However, there have been no reports on any negative impact associated with bm3,
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except for one study which shows that the bm3 mutant has the highest susceptibility for fungal infection
when compared to bm1, bm2 and bm4 mutants [17].

4.1.4. bm4

Maize bm4 was first described by [110] and has been mapped to a putative folylpolyglutamate
synthase (FPGS, GRMZM2G393334, EC 6.3.2.17) gene at chromosome 9 and expressed in the
cytoplasm [104]. FPGS catalyses the polyglutamylation of tetrahydrofolate (THF), which subsequently
catalyses bm2-encoded MTHFR, thus affecting the formation of G- and S-units, similar to bm2 mutants.
The bm4 mutant is caused by polymorphism in the form of deletions, resulting in a frameshift and
premature stop codons. Furthermore, expression analysis indicates that the bm4 allele is leaky [104].
The effects of bm2 and bm4 are correlated [111], however the review by Sattler, Funnell-Harris and
Pedersen [26] concludes that they only have modest changes in lignin composition. With regards
to biofuel production, a slight increase in glucose release with acid and base pretreatment has been
observed for bm4, however, the amount is still lower compared to the bm3 mutant [93]. Moreover, the bm4
mutant has a reduced defence barrier for pathogenic infection [17].

4.1.5. bm5

This natural mutation bm5 was identified by [112]. It has not yet been linked with a gene,
only mapped to chromosome 5 close to bm1, but not allelic [113]. There have not been many studies on
bm5. One study by Mechin, Laluc, Legee, Cezard, Denoue, Barriere and Lapierre [113] observed an
increase in H- and S-units with a reduction of G- units, changing the lignin composition, and a reduction
in Klason lignin was quantified. Additionally, reduced pCA but increased feruloyl esters were linked
to the lignin polymer. Finally, it has been suggested that bm5 is linked to the cinnamoyl CoA reductase
gene, based on the incorporation of FA and thereby an increase in the weak bis 8-O-4 acetal linkage
bonds [113], which can be associated with CCR deficiency [114].

4.1.6. bm6

This was first identified by [112] and later mapped to chromosome 2 near bin 2.02 [115].
Only a few analyses have been conducted on bm6, but it exhibits reduced height and increased
cell wall digestibility [115].

4.1.7. Double Mutants

Several double mutants have been created. They often have adverse growth performances
and decreased defence barriers compared to single mutants, however, the rate depends on mutant
combination. The defence barrier for fungal infection is substantially reduced for bm3-bm4, compared to
bm2-bm3 and single mutants, however bm2 has a similar infection rate to wild type [17]. In terms
of growth performance, double mutants bm2-bm4 show severely reduced growth and a significantly
low maturity rate compared to other double and single mutants, including a reduced lignin content
and a reduction in both S- and G-units. In addition, this double mutant also displays a darker brown
midrib [111]. Investigations were conducted before bm2 and bm4 were linked to a specific gene.

4.2. Barley Orange Lemma (rob1)

Barley (Hordeum vulgare L.) mutants linked with reduced lignin exhibit an orange colouration
in internode, lemma, palea and rachis (Figure 3), hence the locus name “Orange lemma 1”
and locus symbol rob1. The mutants carrying this phenotype have been identified on several
occasions, from both spontaneous and induced mutations (Barley Genetic Newsletter BGS254) [80].
Additionally, germplasm is stored and accessions can be obtained from the U.S. National Plant
Germplasm System (https://www.ars-grin.gov/npgs/index.html). Even though the rob1 mutants have
been known for almost a century, only a few studies have investigated its utility with regards to animal
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feed or biofuel production [116–118]. This is in spite of barley being ranked fourth in cereal production
and thus being a major lignocellulosic source. The greatest production is in Europe and Russia, but it
is also grown worldwide. It is mainly produced for its nutritional grains for human consumption,
animal feed or as malt, with the straw used for animal bedding in rural areas or mostly considered as
a waste product [119].

 

Figure 3. Picture of wild type (WT) barley cv. Golden Promise and barley rob1 mutant (Rob 13/33)
displaying the orange lemma phenotype. (a) Stem, rob1 shows orange-coloured internodes, (b) spike,
rob1 shows brown rachis and (c) central spikelet, rob1 show orange/brown palea and lemma close
to rachis.

rob1

Rob1 was initially used in inheritance studies and considered to be monofactorial recessive
following Mendel with a 3:1 ratio [79,120]. The mutation is located on chromosome 6 near the
male-sterile 36 locus and the uniculm 2 locus [121] and used as a morphological markers [122–124].
With regards to chemical analysis, one published poster presents the results of rob1 forage quality,
however no differences have been identified between the mutant and the elite cultivars [117],
despite measurement of lignin content being 10–15% lower in rob1 mutants of different backgrounds,
as well as altered lignin composition with decreased S:G ratio and increased saccharification efficiency
compared to wild type [116,118]. The rob1 is mapped to the HvCAD2 gene, similar to bm1 in maize [116].
However, the detected mutations responsible for the rob1 mutant have not yet been published.

4.3. Rice Gold Hull and Internode (gh)

Rice (Oryza sativa L.) displaying the gold hull and internode (gh) phenotype has been identified
in a number of mutants (gh1, gh2, gh3 and gh4) listed in the Oryzabase (https://shigen.nig.ac.jp/
rice/oryzabase/). They are recognised by their reddish-brown pigment in the internode and yellow
coloration of the hull. Even though this phenotype was described as early as 1917 [82] and has been
used as a marker for a long time [125], it is only recently that a few studies have investigated the
genetics behind gh1 and gh2 and undertaken biochemical analysis with regards to lignin [82,126,127].
Rice is the second most produced cereal after maize, and it is estimated to be the staple food for one-fifth
of the world’s population [128]. It is mainly grown in Asia for its grain and its straw is generally
used as a waste product. Furthermore, little is used for compost and only a small portion is used for
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animal feed, conceivably because the leaves are simply too sharp to be used as animal feed due to their
high silicon content. This is a major lignocellulosic source with great potential for utilisation to make
various products such as biofuel [129] and byproducts. Therefore, it is suggested that more research on
gh mutants is needed.

4.3.1. gh1

Rice gh1 is mapped to the chalcone isomerase (CHI, Os03g 0819600, EC 5.5.1.6) gene on chromosome
3 with a Dasheng retrotransposon inserted causing loss of function [127]. However, this gene is part
of the flavonoid pathway, which is derived from the general phenylpropanoid pathway as well as
the monolignol pathway [127]. Briefly, the CHI enzyme converts naringenin chalcone, a yellow
pigment, into naringenin, and an accumulation of this product causes a yellow pigmentation [126,130].
Since both the flavonoid pathway and the monolignol pathway use the same precursors, one study
investigated whether the gh1 mutant has an effect on lignin formation [126]. Its results showed an
increased saccharification efficiency and altered lignin composition with a reduced S:G ratio caused by
significantly reduced S-units and increased H- and G-units (and FA). Lignin content differed depending
on the extraction method, with reduced thioglycolic lignin content but no change in Klason lignin
compared to wild type. Additionally, the gh1 mutant shows no reduction in biomass or lodging
resistance, however reduced grain yield has been reported. This indicates that regulation of genes in
the flavonoid pathway affects monolignol formation and lignin composition.

4.3.2. gh2

Rice gh2 phenotype is caused by mutations in the CAD2 gene (Os02g0187800) on chromosome 2.
The original spontaneous gh2 mutant (Zhefu802) is caused by a point mutation in exon 4 which changes
expression level and exhibits the gh phenotype [82], while the gh2 mutant line created with Tos17
insertion in exon 2 is a null mutant (https://tos.nias.affrc.go.jp/) and displays the bm phenotype [73].
Expression analysis of the original gh2 shows reduced CAD and SAD activity differentiating
between tissues, which indicates an additional function of CAD-isoenzymes. Klason lignin content
is only slightly reduced, even though a dramatic reduction is shown for lignin monomers [82].
Additionally, the Tos17-generated gh2 mutant shows less lignin and increased saccharification efficiency
compared to both wild type and spontaneous gh2 mutant. Furthermore, H- and S-units are also
significantly reduced [73]. These two studies indicate the importance of the location of the mutation
on the gene. For future research, biomass, grain yield and lodging resistance need to be investigated in
order to evaluate the potential of gh2 as a biofuel crop.

4.4. Sorghum Brown Midrib (bmr)

Sorghum (Sorghum bicolor (L.) Moench) brown midrib (bmr) mutants exhibit a similar phenotype
to bm maize. As the name indicates, a brown coloration in the midrib of leaves is exhibited.
The first identified bmr mutants were developed via chemical mutagenesis using diethyl sulfate in
1978. Nineteen bmr mutants were identified and six mutants (bmr2, bmr6, bmr12, bmr14, bmr18 and
bmr19) had a significantly reduced lignin compared to wild type [84]. Later, spontaneous bmr
mutants were also identified by Dr. Gebisa Ejeta (Purdue University, unpublished results) and
described in [131,132] and listed consecutively bmr 1-28 including the induced bmr mutants [87,133,134].
Additionally, a TILLING (Targeting Induced Local Lesions in Genomes) population was examined and
even more bmr mutants identified [131,135,136]. Allelism tests have been performed and four allelic
classes identified—bmr2, bmr6, bmr12, and bmr19—with bmr6 and bmr12 being the most widely used in
breeding programmes [132,137]. Bmr19 has been reported as having insignificantly reduced lignin and
is therefore not of interest to the forage industry [132]. It will therefore not be discussed further in this
review. Hence, many bmr mutants have been identified and linked to the same locus. In order to obtain
a better overview, they have been organised by additional numbers (see [131]). Sorghum is ranked fifth
in cereal production. It is mainly distributed in arid areas of Africa, Central America and South Asia,
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where it is grown for its grains utilised by humans or as silage for animal feed. Additionally, the stems
are used for alcoholic beverages. Considerable research and biochemical analysis have been conducted
on bmr mutants with regards to both silage and biofuel production. For farmers, the bmr phenotype
is a visual marker that can be observed in the field to verify the quality trait. A literature search
resulted in more than 200 papers published since 1978 when the first bmr mutants were developed [84].
Furthermore, many reviews have focused on digestion efficiency, lignin composition and improved
saccharification [21,26,86,87,138,139]. Here bmr2, bmr6 and bmr12 are presented.

4.4.1. bmr2 Group

Sorghum bmr2 group, which includes bmr2, bmr5 and bmr14, shows a reduction in both G- and
S-units, which are all described in [132]. Bmr2 is the most studied of the three mutants and described
as two different alleles bmr2-ref [132] and bmr2-2 [135]. The bmr2 gene encodes 4CL located on
chromosome 4, and sequencing reveals two point mutations within the coding sequence responsible for
the phenotype. However, the gene 4CL is part of a family with several isoforms varying in expression
regulating different substrates. For a detailed description see [140].

4.4.2. bmr6 Group

Sorghum bmr6 group includes bmr3, 4, 6, 20, 22–24, 27 and 28 [132]. The bmr6 phenotype was
mapped to the CAD2 (Sb04g005950) gene on chromosome 4 [141], and different mutations responsible
for the bmr6 phenotype have been revealed by sequencing, resulting in premature STOP-codon or
loss of important catalytic domains [141–143]. Reduced CAD2 activity resulted in decreased lignin
content with low amount of G-units and increased level of cinnamaldehydes [144,145]. Another study
observed a significant reduction in all lignin subunits, particularly S-units resulting in reduced S:G
ratio [142] In-depth knowledge of the chemical composition, improved saccharification efficiency and
decreased lignin content of bmr6 and bmr12 question whether the S:G ratio is a valid indicator for lignin
recalcitrance and it has been concluded that more knowledge is needed [146]. In terms of agronomic
values, lodging is not affected by bmr6 in either forage [147] or grain sorghum [148], although negative
effects on biomass have been reported for forage sorghum [147] and grain yield in grain sorghum [148].
Despite these negative effects, in terms of diets for dairy cows the bmr6 forage sorghum performs better
than wild type [149].

4.4.3. bmr12 Group

The sorghum bmr12 group includes bmr7, 12, 15, 18, 25 and 26 [132] and are all mapped to the
COMT gene with premature stop codons giving rise to the bmr mutants [150]. Other mutations have
also been identified for bmr12 mutants and characterised by [151]. Overall, the bmr12 mutants in
biomass sorghum all have reduced lignin and generally contribute positively to bioconversion and
digestion efficiency [139]. However, negative impacts on agronomical traits have also been reported,
such as reduced yield in grain sorghum [148] and biomass in forage sorghum [147], and thus do
not affect susceptibility to disease [18]. However, a recent study concludes that weather conditions
have a greater impact and in some cases free phenolic compounds even act as a defence mechanism,
depending on the diseases reviewed [152].

4.5. Pearl Millet

Pearl millet (Pennisetum glaucum L.) is a highly drought-tolerant annual forage plant that is utilised
for grain production or as silage for animal feed.

Three brown midrib mutants have been identified in pearl millet, which assembles the same
colouration as bm maize and bmr sorghum. The mutations occurred spontaneously or were induced
using dimethyl sulfate. However, only a few studies have investigated the properties of these mutant
lines. The agronomic potential is reviewed by [26] and they conclude that a significant yield reduction
is associated with bmr pearl millets and is therefore not of interest as breeding material.
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4.6. Brachypodium

Brachypodium distachyon (Brachypodium) is a small grass with a relatively short growing season.
It is diploid and the genome is fully sequenced and similar in size to rice. It is therefore used as a model
plant for grasses [153].

A chemically-induced mutant population of Brachypodium was developed with a TILLING
platform [75]. Several lines were identified with induced mutations in genes involved in the lignin
biosynthesis such as C4H, 4C, and COMT. The same study analysed the effect of mutations in the COMT6
(Bradi3g16530) gene on lignin content and composition in several lines. They discovered reduced
Klason lignin and altered composition with a decreased S:G ratio, where S-units were significantly
reduced and G-units increased. This corresponds with bm3 and bmr12 COMT-deficient plants [89,151].
Further studies have been performed on line Bd5139, which had a missense mutation in the COMT6
gene, and revealed a reduction in pCA esterified to S-units. However, pCA linked to arabinoxylans was
not affected, which substantiates comt6 affinity for pCA ester-linkage to S-units [76]. Another study also
used chemical mutagenesis to create mutations in Brachypodium plants and lignin-deficient mutants
were identified by a brownish/red colouration in nodes, lemma and rachis [83]. An SNP mutation
was identified in the CAD1 gene (Bradi3g06480) causing the phenotype; interestingly it was identical
to the sorghum bmr6-3 [141]. Overall the mutant shows reduced lignin and altered composition,
which is similar to what has been observed in other species. Furthermore, a coexpression database
(www.gene2function.de) has been developed for important genes involved in the lignification of the
cell wall in many organs at different developmental stages in Brachypodium [56].

5. Conclusions

Lignocellulosic material from grasses is an essential source for bioethanol production and/or
animal fodder. However, the recalcitrant structure of lignin limits decomposition and hence utilisation
of the embedded cellulose fibrils. Naturally-occurring low-lignin mutants have been identified in
several species and investigations show the great potential in promoting these mutants. So far, however,
only bm maize and bmr sorghum containing mutations have been commercialised. Promoting gh rice
and rob1 barley would extend the feedstock source for animals, bioenergy and the emerging circular
bioeconomy. Based on existing knowledge about bm maize and bmr sorghum, it is predicted that
there is great potential for improving and developing new commercial varieties of rob1 barley and
gh rice with improved utilisation. Furthermore, results from various genetic manipulations of genes
in the lignin biosynthesis offers detailed information about the function and its potential for further
modification in future research. However, down-regulating genes by antisense/RNAi only provides
valid information about gene function and is not useful in breeding. Instead, chemical mutagenesis
and CRISPR/Cas9 have the potential to create stable mutations with loss of function, which resembles
the natural low-lignin mutants. It has been predicted that CRISPR/Cas9 will revolutionise precision
breeding, however there has been a declaration that it now comes under GMO regulations in the
EU [45], which complicates the use of this technology. Instead, the screening of existing germplasm is
suggested with the use of TILLING to identify new mutations in order to overcome current regulatory
difficulties with regard to crop improvements.
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Abstract: Rapeseed (Brassica napus L.) with substantial lipid and oleic acid content is of great interest
to rapeseed breeders. Overexpression of Glycine max transcription factors Dof4 and Dof11 increased
lipid accumulation in Arabidopsis and microalgae, in addition to modifying the quantity of certain
fatty acid components. Here, we report the involvement of GmDof4 and GmDof11 in regulating
fatty acid composition in rapeseeds. Overexpression of GmDof4 and GmDof11 in rapeseed increased
oleic acid content and reduced linoleic acid and linolenic acid. Both qPCR and the yeast one-hybrid
assay indicated that GmDof4 activated the expression of FAB2 by directly binding to the cis-DNA
element on its promoters, while GmDof11 directly inhibited the expression of FAD2. Thus, GmDof4
and GmDof11 might modify the oleic acid content in rapeseed by directly regulating the genes that
are associated with fatty acid biosynthesis.

Keywords: Brassica napus; GmDof4; GmDof11; oleic acid; fatty acid composition

1. Introduction

Rapeseed (Brassica napus L.) is among the most important oil crops worldwide, providing
high-quality edible oils and industrial raw materials [1–3]. The production and yield of rapeseed has
rapidly increased in China in recent years [4]. Rapeseed oil is principally a mixture of seven main
fatty acids [5], namely palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2),
linolenic acid (C18:3), eicosenoic acid (C20:1), and erucic acid (C22:1), of which oleic acid is the most
abundant and has the highest nutritional value [6]. Therefore, creating new rapeseed varieties with
a high seed oil content that is rich in oleic acid content is a primary goal for rapeseed breeders [7].
Remarkable progress in increasing the content of seed oil and proportion of oleic acid has been reported
by traditional breeding and putative candidate genes have been dissected using quantitative trait loci
mapping and molecular markers [8–11].

Genetic engineering is a potentially efficient method of modifying the expression of single
or multiple genes that are involved in lipid metabolism [7,12]. In B. napus, the overexpression
of genes encoding glycerol-3-phosphate dehydrogenase [13], acyl-CoA: lysophosphatidic acid
acyltransferase [14], mitochondrial pyruvate dehydrogenase kinase [15], and diacylglycerol
acyltransferases [16–19] significantly increased seed oil content. Liu et al. [20] overexpressed
triacylglyceride (TAG) synthesis pathway genes in B. napus, including BnGPDH, BnGPAT, BnDGAT,
and ScLPAAT, and found that the overexpression of a single gene could increase the content of seed
oil, but the simultaneous overexpression of multiple genes may result in more substantial changes in
oil composition.
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Besides lipid synthase, a number of genes encoding seed-specific transcription factors (TFs) have
been shown to play important roles in the regulation of lipid biosynthesis [7,21]. Previous reports
have suggested that altering the expression levels of the plant-specific B3 domain family members
LEAFY COTYLEDON 2, FUSCA3 and ABSCISIC ACID INSENSITIVE 3 [22–24]; NF-YB type TF
LEAFY COTYLEDON 1 [7,25]; AP2/EREB domain TF WRI1 [26,27], Arabidopsis 6b-interacting protein
1-like 1 [28]; BnGRF2 (GRF2-like gene from B. napus) [21]; and, SHOOTMERISTEMLESS [29] resulted
in a change in the proportions of seed storage materials. These genes could be used to genetically
improve the oil content and composition of rapeseed.

Fatty acid dehydrogenase (FAD) and fatty acid elongase (FAE) are the key enzymes that determine
fatty acid composition in seed oil. FAD catalyzes the biosynthesis of polyunsaturated fatty acids,
such as linoleic and linolenic acid [30,31], while FAE catalyzes the chain elongation reaction, resulting
in the formation of long-chain fatty acids, including eicosenoic and erucic acid [30,32]. Previous
studies have suggested that inhibition of FAE1 expression increases oleic acid and reduces erucic acid
content in rapeseed seed oil [33,34], as did inhibition the expression of the BnFAD2 gene in transgenic
seeds [34]. Jung et al. [35] found that expression of the B. rapa BrFAD2 gene in an antisense orientation
increased the synthesis of oleic acid in B. napus. FAD3 desaturase is responsible for the synthesis of
linolenic acid [36], in BnFAD3 mutants of B. napus, the concentration of linolenic acid was significantly
reduced [37].

Dof (DNA binding with one finger) is an important family of TFs in plants, with its members being
widely involved in seed development, plant growth, morphogenesis, nutrient metabolism, and other
processes [36,38–40]. As far as we know, comprehensive analysis of Dof family factors in B. napus
has not been previously performed, with few reports of the function of Dof genes in B. napus [41],
even though genome-wide analysis has been performed in other Brassica plants [42]. In soybean,
28 Dof members have been identified [43], and eight of them, including GmDof4 and GmDof11,
are strongly expressed in the flowers and pods of soybean. Wang et al. [44] found that fatty acid and
seed oil content, and seed weight were significantly increased in GmDof4 and GmDof11 overexpressing
lines of A. thaliana. Further studies showed that GmDof4 and GmDof11 directly downregulated the
expression of the seed storage protein gene CRA1. Moreover, GmDof4 and GmDof11 have been shown
to induce the expression of the β-subunit of the ACCase encoding gene acetyl CoA carboxylase (accD)
and long-chain-CoA synthetase gene 5 (LACS5), respectively [44]. These results indicate that GmDof4
and GmDof11 can simultaneously increase seed oil content by upregulating genes that are involved
in fatty acid synthesis and downregulating genes associated with the accumulation of seed protein
in Arabidopsis. In addition, increased lipid accumulation was demonstrated after heterologous
expression of GmDof4 in Chlorella ellipsoidea [45], indicating that GmDof4 regulates seed oil content and
composition both in higher and lower plants.

In the current study, using the rapeseed cultivar ‘Yangyou 6’ as receptor, we created GmDof4 and
GmDof11 overexpression B. napus lines via Agrobacterium-mediated transformation. ‘Yangyou 6’ is a
double low variety, which is widely planted in the Jiangsu province of China. Our results demonstrated
that, when compared with non-transgenic lines, the content of oleic acid in the transgenic lines
increased significantly, whereas the content of linoleic acid and linolenic acid were reduced. We found
that GmDof4 and GmDof11 could activate or inhibit genes that are involved in fatty acid synthesis by
directly binding to promoter regions. These findings indicate that GmDof4 and GmDof11 have the
potential to improve the quality of rapeseed oil.

2. Materials and Methods

2.1. Plant Growth and Transformation

B. napus cv. ‘Yangyou 6’ plants were grown at 24 ◦C using a 16-h photoperiod in a growth chamber.
GmDof4 (Accession No: DQ857254) and GmDof11 (Accession No: DQ857261) DNA sequences were
cloned using the primer pairs: GmDof4-F: GACGCACTCACTGACATCAACACTAG, GmDof4-R:
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GGTGAGATAAGATTTAGAAGAGGCGTG, and GmDof11-F: GAGACTTCGCAATTTGCATGACTC,
GmDof11-R: CTAGCTACTGCTAGAGTGAAGTCATTG, respectively, as designed by Wang,
et al. (2007) [44]. The Soybean cultivar 8904 was used for cloning GmDof. The overexpression vectors
pBIN438-GmDof4 and pBIN438-GmDof11 were kindly gifted by Professor Shouyi Chen (Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences). The vectors contained a neomycin
phosphate transferase II (NPT II) gene as a selection marker. The GmDof4 and GmDof11 genes were
driven using a CaMV 35S promoter. The vectors were introduced into the Agrobacterium tumefaciens
strain GV3101 for genetic transformation into B. napus.

GmDof4 and GmDof11 overexpressing lines of B. napus were generated as described by De Block
et al. [46] with some modifications. Certified, uniform, and healthy seeds were surface-sterilized with
sodium hypochlorite solution and then rinsed in sterile distilled water. The seeds were germinated in
the dark on 1/2 MS basal medium containing 2% (w/v) sucrose. Seven-day-old hypocotyl explants
(~15 mm) were prepared and cultured on co-cultivation medium [MS medium supplemented with
2% (w/v) sucrose, 1 mg/L 2,4-D (2,4-dichlorophenoxyacetic acid), and 1 mg/L benzyladenine (BA);
pH 5.8] for three days. Explants were then transferred to selection medium [MS medium supplemented
with 2% (w/v) sucrose, 1 mg/L 2,4-D, 1 mg/L BA, 300 mg/L cephalosporin (Cef) and 30 mg/L G418;
pH 5.8] and incubated at 25 ◦C. The explants with shoot initials were transferred to shoot outgrowth
medium [MS medium supplemented with 2% (w/v) sucrose, 0.3 mg/L NAA, and 300 mg/L Cef;
pH 5.8]. Finally, green shoots were transferred to root initiation medium [MS medium supplemented
with 2% (w/v) sucrose, 0.3 mg/L NAA, and 300 mg/L Cef; pH 5.8]. All of the regenerated plantlets
were transferred into pot containing nutritious soil after becoming fully developed.

2.2. PCR, Semi-Quantitative, and Quantitative Real-Time PCR Analyses

Total DNA was extracted from the young leaves of each transgenic plant using the CTAB method,
as described by Porebski et al. [47]. PCR was performed to identify positive transformants using
specific primers.

Total RNA was extracted from non-transgenic and GmDof -overexpression seedlings, and the
young seeds of B. napus using an RNA isolator (Vazyme, Nanjing, China) in accordance with the
manufacturer’s instructions. First-strand cDNA synthesis was performed using the first-strand cDNA
synthesis kit HiScript Q RT SuperMix with oligo(dT)23 (50 μM) and Random hexamers (50 ng/μL)
as primers for semi-quantitative PCR analysis (Vazyme, Nanjing, China). T2 generation seeds were
collected at 30 days after flowering (DAF), from which 30 seeds were randomly selected and used for
RNA extraction.

Semi-quantitative PCR was performed, as follows: 95 ◦C for 3 min then 32 cycles of 95 ◦C for 30 s,
annealing (56 or 58 ◦C; detailed information shown in Supplemental Table S1) for 30 s, polymerization
at 72 ◦C for 30 s, followed by 72 ◦C for 5 min. Real-time PCR was performed in an Mx3500p (Agilent,
Santa Clara, CA, USA) using FastStart Universal SYBR Green Master (Rox) (Roche Applied Science,
Penzberg, Germany). BnActin transcripts were used as the internal reference [18,22]. Relative gene
expression was calculated using the2−ΔΔCt method. qPCR was performed with three biological
replicates and three technical replicates for every sample.

To identify whether the expression of genes related to fatty acid metabolism in transgenic
seeds, namely, FAB2 (Fatty acid biosynthesis 2), FAD2, FAD3, FAD6, FAD7, FAD8, FAE1, and FAE7,
were regulated, the expression pattern of genes involved in lipid and fatty acid synthesis were analyzed
in seeds at 30 DAF. Amplification primers of these genes were designed to amplify all homologous of
specific gene. The primers used for qPCR and the gene ID are listed in Supplementary Table S1.

2.3. Determination of Seed Oil and Fatty Acid Composition

Total seed oil content of the transgenic and non-transgenic plants was determined using
near-infrared reflectance (NIR) spectroscopy [48]. Fatty acid concentration was measured using
the method that was described by Taylor et al. [49]. The seeds of transgenic (T2 generation) and
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non-transgenic plants were ground to a fine powder in a mortar. Five mL of iso-propanol were mixed
with 0.5 g seed powder and incubated at 100 ◦C for 5 min. The solution was immediately cooled on
ice and 2.5 mL of dichloromethane added. The samples were shaken at 200 rpm for 30 min at room
temperature after which, 4 mL of dichloromethane and 4 mL of 1 mol/L KCl in 0.2 mol/L H3PO4

were sequentially added into each tube to separate the organic and aqueous phases. The samples were
vortexed and centrifuged at 2000 rpm for 20 min. The supernatant was washed twice with 4 mL of
dichloromethane, and the original organic phase combined with the washes and dried under nitrogen
to yield triacylglycerol. The triacylglycerol was hydrolyzed and the fatty acid esterified, as described
by Fatima et al. [50].

Fatty acid composition was analyzed using a gas chromatography-mass spectrometer (Trace
GC DSQII, Thermo, Waltham, MA, USA) with a DB-WAX capillary column (30 m × 0.25 mm ID ×
0.25 μm df) [49]. The peaks were identified by reference to the identified retention times of internal
standard FAMEs (Sigma, Lot No.: 18919-1AMP, St. Louis, MO, USA). GC was performed using a gas
carrier (helium) flow rate of 30 mL·min−1 and a column and injector temperature of 250 ◦C. Running
temperatures were as follows: 50 ◦C for 2 min, increasing to 220 ◦C at a rate of 4 ◦C/min, and held at
220 ◦C for 7 min. Each experimental material was biologically replicated three times.

2.4. Detection of DNA Binding Specificity of GmDof4 and GmDof11 by Yeast One-Hybrid Assay

The yeast strain, Y1HGold (MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, gal80Δ,
met-, and MEL1) containing the AbAr reporter gene was used as the assay system. GmDof4 and
GmDof11 were amplified and fused to the GAL4 DNA binding domain on the pGADT7 plasmid.
Two or three copies of the cis-DNA elements of interest at the promoter of potential targeted genes
were synthesized, annealed, and cloned into the “prey” plasmid pAbAi. Then, the recombinant “prey”
plasmid was then digested using BstBI for 1 h and transfected into yeast Y1HGold cells according to
the manufacturer’s protocol (Clontech, Mountain View, CA, USA). The PCR-identified recombinant
Y1HGold strains were then used to introduce pGADT7-GmDof4 or pGADT7-GmDof11 plasmids.
The transfected yeast cells were then cultured in SD/-Leu/-Ura plates. Finally, cultures were placed
on SD/-Leu/-Ura + AbA (0.2 mg/L) plates. Strains growing in colonies indicated positive GmDof
binding on the corresponding cis-DNA element.

2.5. Statistical Analysis

All experimental data, including seed oil and fatty acid content analysis, were compared
statistically using one-way analysis of variance (ANOVA) followed by Student’s t test to determine
significant differences among the means of different groups using Statistical Product and Service
Solutions (SPSS) v16.0 software.

3. Results

3.1. Dof Family Numbers in B. napus

Based on the Arabidopsis annotated Dof genes, 134 homologous genes of AtDof were identified
using BlastP (E-value ≤ 1 × 10−5, identity ≥50% and coverage ≥50%) in the B. napus reference genome
of Darmor-bzh [51] (Supplementary Table S3). BlastP results showed no homology of either GmDof4 or
GmDof11 in the B. napus reference genome using the DNA sequences of GmDof4 and GmDof11 as query
terms (results not shown).

3.2. Generation and Identification of B. napus Transgenic Plants

To investigate whether GmDof4 and GmDof11 could regulate lipid biosynthesis in rapeseed,
they were transfected into rapeseed plants, under the control of the CaMV 35S promoter, while using
the Agrobacterium-mediated method. B. napus L. cultivar “Yangyou 6” was used as the receptor and
hypocotyl explants were prepared from seven-day-old seedlings. Each experiment was performed

134



Agronomy 2018, 8, 222

using approximately 650 explants. Twenty and 12 rooted plantlets were obtained for GmDof4 and
GmDof11 transformation, respectively. The existents of GmDof4 and GmDof11 in plantlets were
identified using PCR (Figures S1 and S2), with the putative transformants then transferred into
nutritious soil and placed in a green house. The RNA of the plantlets was extracted and first-strand
cDNA synthesized, with the expression of GmDof4 and GmDof11 genes in individual transgenic
plants detected by semi-quantitative PCR (Figure 1). Finally, seven and five overexpression lines of
GmDof4 and GmDof11 were obtained, respectively. Two GmDof4 transformants (DOF4-2 and DOF4-20)
demonstrated no GmDof4 expression, and the expression of GmDof11 in the DOF11-12 transformant
was very low. Based on the expression levels of GmDof4 and GmDof11, the transgenic plants DOF4-9,
DOF4-13, DOF11-1, and DOF11-6 were further analyzed. When compared with the non-transgenic
plants, no significant difference was observed in their growth and development. The presence of the
GmDof transgene in T1 generation transgenic plants was confirmed by PCR.

Figure 1. Semi-quantitative RT-PCR analysis of GmDof4 and GmDof11 transgenic plants. BnActin
expression is displayed as the internal control. The lengths of the amplification products of BnActin,
GmDof4 and GmDof11 were 144 bp, 135 bp and 186 bp respectively.

3.3. Changes in the Fatty Acid Composition of GmDof4 and GmDof11 Overexpressing Lines of B. napus

The relative content of the principal fatty acids in the seeds of GmDof transgenic and
non-transgenic lines was analyzed using gas chromatography (GC). The T1 and T2 progenies of DOF4-9,
DOF4-13, DOF11-1, and DOF11-6 lines were produced by self-pollination. The seeds of homozygous
T1 lines that had no gene segregation were used for the fatty acid content determination. The results
showed that the quantities of major unsaturated fatty acids, such as oleic, linoleic, and linolenic acid,
underwent significant alteration in four transgenic lines compared with the non-transgenic plants.
However, the content of the two principal saturated fatty acids, namely, palmitic acid and stearic acid,
were consistent with those of the non-transgenic lines (Figure 2, Supplementary Table S2). Among the
fatty acids, the content of oleic acid in four overexpression lines was significantly increased, from 62.8%
in the non-transgenic rapeseed to 67.11–71.32%. Conversely, the content of linoleic and linolenic acid
in the four overexpression lines was significantly lower than in the non-transgenic lines. In addition,
total lipid content was measured in the seeds of the overexpression and non-transgenic plants by NIR.
Seed oil content of the GmDof4 and GmDof11 overexpression lines was ~39%, being not significantly
different than the non-transgenic lines (Figure 3). These results indicate that the expression of GmDof4
and GmDof11 stimulated the accumulation of oleic acid and regulated the fatty acid composition of
rapeseed, but, neither gene could increase total seed oil content.
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Figure 2. Composition of the major fatty acids in GmDof4 and GmDof11 transgenic seeds. The data
represent the means ± SD of three replicate experiments and were analyzed by Student’s t-test (n = 3).
* p < 0.05; ** p < 0.01.

Figure 3. Total lipid contents in the seeds of GmDof4 and GmDof11 transgenic plants. The data represent
the means ± SD of three replicate experiments and were analyzed by Student’s t-test (n = 3).

3.4. Changes in the Expression of Fatty Acid Metabolism-Related Genes in GmDof4 and GmDof11
Transgenic Plants

Referring to previous reports, the expression of target genes that were directly controlled by
GmDof4 and GmDof11 were additionally analyzed, including the 12S storage protein subunit encoding
gene CRA1, the ACCase β subunit encoding gene accD, and LCAS5. The expression of accD was
significantly upregulated in two GmDof4 transgenic seeds compared with its expression in the
non-transgenic plants. FAB2, which is responsible for oleic acid synthesis, FAD3 and FAD8, which is
responsible for the synthesis of linolenic acid from linoleic acid, were significantly upregulated by
more than threefold in both lines (Figure 4). However, no significant difference was found in the
expression of the other genes, except for LACS5, which was slightly upregulated. The expression of
accD was also upregulated by approximately threefold in two GmDof11 transgenic seeds. However,
the expression of FAD2 and FAD6, which are the coding genes responsible for the synthesis of linoleic
acid, was inhibited (Figure 4). These results indicate that GmDof4 and GmDof11 do upregulate the
expression of accD, and both genes jointly and specifically upregulate or downregulate the genes that
are involved in the synthesis of fatty acids.

In addition, qPCR results demonstrated that the gene expression levels of FAE1 and FAE7,
which are responsible for the synthesis of eicosanoic acid, were lower than the detection limit of
the qPCR technique (Ct > 40). Moreover, there was no expression of the CRA1 gene in both the
GmDof4 transgenic and non-transgenic seeds, but it was detected in the two GmDof11 transgenic seeds
with slight expression (expression level relative to BnActin ≈ 10−4), indicating that CRA1 might be
upregulated slightly in the GmDof11 transgenic plants.
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Figure 4. Gene expression detected by qRT-PCR in transgenic and non-transgenic seeds. RT-qPCR
was used to determine the relative expression of genes related to lipid and fatty acid metabolism. Bars
indicate SD (n = 3), Significant differences between transgenic and non-transgenic seeds are labelled
with asterisks: ** p < 0.01 (Student’s t test).

3.5. Yeast One-Hybrid Assay to Detect Target Genes of GmDof4 and GmDof11

Based on the transcriptome data in various tissues and organs of B. napus obtained earlier by
our group, more than one copy of the CRA1, FAB2, and FAD2 genes was found in B. napus (Table 1).
Analysis of the promoters demonstrates numerous Dof-binding cis-DNA elements in the promoter
regions of these genes (Table 1). To test whether GmDof4 and GmDof11 regulated the expression
of the aforementioned genes by directly binding to their promoter regions, we investigated part of
the putative Dof binding elements in the 1.5 kb promoter region of the CRA1, FAB2, and FAD2 genes
according to the binding features of GmDof4 and GmDof11. The results showed that GmDof4 protein
could bind strongly to the FAB2-1 and FAB2-2 cis-DNA elements (Figure 5a). These results suggest
that GmDof4 protein may regulate FAB2 by binding directly to their promoters. Analysis of GmDof11
protein binding activity demonstrated that GmDof11 binds strongly to FAD2-1 but weakly to CRA1-1
and FAD2-2 (Figure 5a). These results indicate that the GmDof11 protein can directly regulate CRA1
and FAD2.

Table 1. Number of transcripts of GmDof regulated genes in seeds at 34 days after flowering (DAF)
and the cis-DNA elements of these genes.

Cis-DNA Element
Sum

AAAAG TAAAG CTTTT CTTTA

FAB2

BnaA03g20420D 1 4 3 3 11
BnaA05g03490D 6 5 3 5 19
BnaC03g24420D 5 3 2 2 12
BnaC04g03030D 3 0 3 2 8

FAD2
BnaA05g26900D 7 4 3 5 19
BnaAnng09250D 4 3 5 2 14
BnaC05g40970D 9 6 11 4 30
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Figure 5. GmDof4 and GmDof11 interact with the cis-DNA elements in the promoter regions of
downstream genes in the transgenic plants (a) Interaction between GmDof4 and the cis-DNA elements
in the promoter regions of CRA1 and FAB2. The bolded and underlined sequences indicate the core
sequence of the Dof-binding elements. The putative Dof-binding elements were cloned into pAbAi,
and these plasmids were transfected into yeast Y1HGold cells with pGADT7-GmDof4. Growth of the
transfected yeast cells on the SD/-Leu/-Ura + AbA (0.2 mg/L) plates indicates that GmDof4 protein
can bind to its corresponding cis-DNA element. PTC is a strain that contains pGADT7-GmDof4 and a
pAbAi plasmid with an element in the promotor region of AtaccD, which was confirmed to interact
with the GmDof4 protein. NTC is a strain that contains pGADT7-GmDof4 and an empty pAbAi plasmid.
(b) Interaction between GmDof11 and the cis-DNA elements in the promoter regions of CRA1 and
FAD2. The bolded and underlined sequences indicate the core sequence of the Dof-binding elements.
The putative Dof-binding elements were cloned into pAbAi, and these plasmids were transfected into
yeast Y1HGold cells with pGADT7-GmDof11. Growth of the transfected yeast cells on SD/-Leu/-Ura
+ AbA (0.2 mg/L) plates indicates that the GmDof11 protein can bind to its corresponding cis-DNA
element. PTC is a strain that contains pGADT7-GmDof11 and a pAbAi plasmid with an element in the
promotor region of AtCRA1, which was confirmed to be interacting with GmDof11 protein. NTC is a
strain that contains pGADT7-GmDof11 and an empty pAbAi plasmid.

4. Discussion

4.1. Overexpression of GmDof4 and GmDof11 Augmented the Oleic Acid in B. napus Seed Oil

GmDof4 and GmDof11 are TFs involved in the regulation of seed oil synthesis in soybean.
Overexpression of GmDof4 or GmDof11 augments oil synthesis in transgenic Arabidopsis and the
single-cell microalga C. ellipsoidea [44,45]. GmDof4 and GmDof11 overexpressed rapeseed plants were
produced using Agrobacterium-mediated genetic transformation. However, no significant change was
found in the seed oil content in the four transgenic lines. Comparison of the fatty acids in GmDof4 and
GmDof11 transgenic and non-transgenic plants showed a significant change in fatty acid composition.
The relative level of the monounsaturated fatty acid oleic acid increased, while the relative levels of the
polyunsaturated fatty acids linoleic and linolenic acid decreased significantly in the GmDof transgenic
plants compared with the non-transgenic plants. These results suggest that GmDof4 and GmDof11
may play a role in the late stage of fatty acid synthesis in B. napus, by regulating the synthesis of a
few specific fatty acids rather than the carbon metabolic flux that would alter the relative levels of the
major fatty acids. This phenomenon is different from those in Arabidopsis and C. ellipsoidea. The total
lipid content increased significantly in transgenic Arabidopsis seeds and C. ellipsoidea cells, but the
relative levels of each fatty acid did not change, except for linoleic acid in Arabidopsis overexpressing
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GmDof4 [44,52]. The difference may be due to the large genome of B. napus and the complex network
regulation of the synthesis and accumulation of oil during seed development. Therefore, increasing
the oil content of rapeseed may require precise and more targeted genetic engineering.

4.2. GmDof4 and GmDof11 Regulated the Genes of Fatty Acid Synthesis by Binding to the Cis-DNA Elements
in the Promoter Region of These Genes

In oil crops, lipid and fatty acid synthesis involves a number of enzymes [5,7,12]. FAB2,
which encodes a stearoyl-ACP desaturase, catalyzes the synthesis of oleic acid. The expression
level of FAB2 affects the content of oleic acid [53,54]. Kachroo et al. found that the stearic acid content
in the FAB2 gene mutant (ssi2) was approximately 18 times higher than that in WT plants, and the
content of oleic, linoleic, and linolenic acid was significantly reduced. Meanwhile, FAB2 is involved in
the activation of NPR1-dependent and -independent defense responses [55–57]. FAD2 and FAD3 are
two important enzymes in the synthesis of unsaturated fatty acids in seed oils. They are integrated
into the endoplasmic reticulum and they are responsible for the catalysis of the conversion of oleic
acid to linoleic acid and then linolenic acid. Furthermore, in plastids FAD6 is an isoenzyme of FAD2,
while FAD7 and FAD8 are isoenzymes of FAD3 [31,58]. FAD6, FAD7, and FAD8 are closely related to
the synthesis of unsaturated fatty acids on chloroplast membranes [59]. The expression of these genes
affect leaf lipids in Arabidopsis [31,56]. Therefore, we examined the expression of these desaturases in
transgenic lines.

accD, which encodes the β-subunit of ACCase, was upregulated in seeds of the GmDof4 transgenic
plants at 30 DAF. This result is consistent with studies in Arabidopsis. In addition, FAB2, FAD3, and FAD8
genes were significantly upregulated. This finding suggests that GmDof4 likely increased oleic acid
synthesis by increasing the expression of genes that are related to oleic acid synthesis, in spite of the
upregulated FAD3 not increasing the content of C18:3, which is possibly due to the complexity of the
regulation of fatty acid accumulation in seeds. The expression of FAD2 and FAD6 were downregulated
in GmDof11 transgenic seeds. The downregulation of FAD2 may have caused a decrease in the content
of linoleic acid and linolenic acid, thereby increasing the proportion of oleic acid. It is not clear whether
the change in the expression of FAD6 and FAD8 in the overexpression plants changed the response
to stress. Expression of FAE1 and FAE7 genes, which are responsible for erucic acid (C22:1) synthesis,
were not detected in all plants. This result may be due to the fact that the rapeseed variety that is
used here has low erucic acid characteristics, and erucic acid synthesis genes are severely inhibited.
In addition, although the expression of accD was upregulated in the seeds of the four transgenic lines,
seeds oil content of did not increase. This result indicates that other regulation mechanisms in the
seeds of B. napus related to the accumulation of oil.

In Arabidopsis, GmDof4 binds directly to the Dof-binding cis-DNA element in the promoter
regions of the accD and CRA1 genes, and GmDof11 directly regulates the expression of LCAS and
CRI1 genes [44]. In this study, we found that GmDof4 bound to the cis-DNA element in the promoter
region of FAB2, whereas GmDof11 bound to the cis-DNA element in the promoter region of CRA1 and
FAD2. These results indicate that GmDof4 and GmDof11 regulated components of fatty acid synthesis
in seed oil by regulating the expression of specific genes. Whether the slight upregulation of the CRA1
gene in GmDof11 transgenic seeds was caused by the direct interaction of GmDof11 and the cis-DNA
element of CRA1 should be further examined using a dual luciferase reporter system. Evaluation
of the number of Dof binding elements (A/T)TTTG or CAAA(A/T) at the promoter regions of the
potential target genes revealed that they contained a large number of Dof binding elements (Table 1).
While considering that there are 134 putative Dof genes in B. napus, the existence of those elements
indicates that the specific spatial and temporal expression of these genes may be regulated by various
Dof TFs. This makes it possible to regulate the expression of the genes that are involved in lipid
and fatty acid synthesis in B. napus by GmDof4 and GmDof11. Interestingly, except for BnaC.accD.c
(BnaC09g27690D), which showed incomplete genome sequencing at the promoter region, the 1.5 kb
promoter region of three accD duplicates in B. napus were identical (Figure S3). The homology of the
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accD gene to Arabidopsis was 96.74%. In addition, it has been suggested that the 5′-untranslated region
(UTR) of plant FAD2 genes is evolutionarily conserved [35,60]. These results strongly suggest that the
regulation of expression of the genes involved in fatty acid synthesis might also be highly conserved.
GmDof4 and GmDof11 proteins increased oleic acid content in seed oil by activating or inhibiting
genes that are associated with fatty acid synthesis in B. napus. Both proteins may be used as a genetic
resource to improve the quality of rapeseed oil.
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Abstract: Development of high yielding and more palatable glutinous rice is an important goal in
breeding and long-standing cultural interaction in Asia. In this study, the TGW6 and Wx, major
genes conferring 1000 grain weight (GW) and amylose content (AC), were edited in a maintainer
line by CRISPR/Cas9 technology. Four targets were assembled in pYLCRISPR/Cas9Pubi-H vector
and T0 mutant plants were obtained through Agrobacterium mediated transformation with 90%
mutation frequency having 28% homozygous mutations without off-target effects in three most
likely sites of each target and expression level of target genes in mutant lines was significantly
decreased (P < 0.01), the GW and gel consistency (GC) were increased, and the AC and gelatinization
temperature (GT) were decreased significantly and grain appearance was opaque, while there was
no change in starch content (SC) and other agronomic traits. Mutations were inheritable and some
T1 plants were re-edited but T2 generation was completely stable. The pollen fertility status was
randomly distributed, and the mutant maintainer lines were hybridized with Cytoplasmic Male
Sterile (CMS) line 209A and after subsequent backcrossing the two glutinous CMS lines were obtained
in BC2F1. The identified proteins from anthers of CMS and maintainer line were closely associated
with transcription, metabolism, signal transduction, and protein biosynthesis. Putative mitochondrial
NAD+-dependent malic enzyme was absent in CMS line which caused the pollen sterility because of
insufficient energy, while upregulation of putative acetyl-CoA synthetase and Isoamylase in both
lines might have strong relationship with CMS and amylose content. High yielding glutinous CMS
lines will facilitate hybrid rice breeding and investigations of proteins linked to male sterility will
provide the insights to complicated metabolic network in anther development.

Keywords: rice; CRISPR/Cas9; Wx; TGW6; mutations; maintainer; cytoplasmic male sterile; amylose
content; anther; protein

1. Introduction

The rice (Oryza sativa L.) is an important widely adapted food crop and 20% of the world’s dietary
energy supply which is feeding more than half of the world’s population and 3 billion people uptake
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rice daily [1,2]. Due to the fast-growing population, the global rice consumption is projected to increase
from 450 million tons in 2011 to about 490 million tons in 2020 and 40% more rice is needed to be
produced by 2050 to meet people’s demand for food [3,4]. The cytoplasmic male sterility (CMS) is
the foundation to exploit the heterosis of hybrid rice which uses a three-line system consisting of a
cytoplasmic male sterile (CMS) line (A line), a maintainer (B), and a restorer (R line) for hybrid seed
production [5]. China is the pioneer of hybrid rice production and with the development of latest
breeding tools the yield of rice has been increased more than 20% and newly developed genotypes
performing better than conventional verities and now accounts more than half of the annual rice
planting area in China [6]. The development of new CMS has become the main interest of breeders
because very few genotypes exhibit a strong restoration ability as effective restorer for CMS in the
development of hybrid rice [7,8]. Yield and quality are typical quantitative traits governed by multiple
genomic loci, while yield is directly depends on grain weight (GW) which is mainly determined by
the synthesis and accumulation of starch in the endosperm of the grain [9,10]. To solve this problem,
we must resort to new technologies and new genetic improvement strategies. Starch is one of the
important indicators for evaluating rice quality and 90% of rice endosperm is starch [11].

Rice waxy gene Wx-encoded granular bound starch synthase I (GBSSI), also known as Waxy protein
is the major gene controlling amylose synthesis in endosperm [12]. Wx gene differentiates into alleles
Wx a and Wx b, indica rice is dominated by Wx a which confers higher amylose content by producing
10-fold higher mRNA and protein level than Wx b while japonica rice is dominated by Wx b with lower
amylose content [13,14]. Wx exon or intron structural change would affect Wx expression by affecting
messenger RNA (mRNA) stability [12,15]. Several studies have reported that mutations in the functional
site of the Wx gene led to 14.6 to 2.6% reduced amylose content (AC) in rice transgenic lines and hybrids
obtained with mutant lines [15–23], while Wx overexpression lines showed increased AC by 6–11% [24].

At present, the GW related genes that have been cloned including qSW5/GW5 [25,26], TGW6 [27],
GS3 [28], GS5 [29], GW2 [30], GW8/OsSPL16 [31], qGL3/qGL3-1/GL3.1 [32–34], GW7 [35], and
OsSPL13 [36]. Among them, TGW6 is one of the most important genes regulating rice GW traits,
which encodes a purine acetic acid-glucose hydrolase. Its loss-of-function mutation causes a decrease
in the content of indoleacetic acid in the endosperm resulted in increased cell numbers which finally
resulted with increased grain length and GW with 15% enhanced production of rice [27]. Rice genes
including DEP1, GS3, GW2, GS5, Gn1a, and TGW6, that are negative regulators of grain size and
number and grain weight has been knocked-out to improve yield [37,38], and CRISPR/Cas9 based
simultaneous mutations of GW2, GW5, and TGW6 resulted in 29.3% increase in GW [39]. This suggests
that generation of mutation in major yield related genes in a single cultivar would be helpful to increase
large scale production of rice.

With the development of some new molecular biology techniques such as CRISPR/Cas9 (clustered
regulatory interspersed short palindromic repeat/CRISPR associated proteins) a lot of achievements
has been made in plants and animals. CRISPR/Cas9 technology is widely used to study the gene
function and regarded as the third-generation genome-editing tool established after zinc finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALEN), based on guided RNA (gRNA)
engineered nucleases, which is most applicable due to their simplicity, efficiency, and versatility [40,41].
CRISPR/Cas9 make a double-stranded break (DSB) in the target DNA which is subsequently repaired
by natural repair mechanism of homologous recombination (HR) precise pathway or non-homologous
end joining (NHEJ) [42], which creates random insertions and deletions and results in targeted gene
knockouts or gene replacement [40,43,44]. CRISPR/Cas9 is the most advanced genome editing tool in
plant biology [45,46] and has been widely used in animals, yeast, human non-human cell lines [42,47,48],
as well as in the model species A. thaliana and N. benthamiana [43,49], as well as crops such as rice [50–52],
wheat [53], maize [54], potato [55], and tomato [56].

Conventional plant breeding techniques are effective but laborious and time consuming, therefore
we used CRISPR/Cas9-mediated gene editing to introduce a loss-of- function mutations into the Wx
and TGW6 genes associated with lower AC and increase yield in rice maintainer line 209B. Our results
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show that mutations in the Wx and TGW6 gene produce decreased AC and enhanced yield in rice
CMS line offering an effective strategy of accelerating the hybrid rice breeding program. Through
one generation of hybridization and two generations of backcrossing with mutant maintainer lines as
the male parent and 209A as female parent, the glutinous cytoplasmic male sterile lines (CMS) were
successfully achieved. The protein of CMS line pollen and mutant maintainer line were separated by
two-dimensional electrophoresis and sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and differentially expressed spots were analyzed. This study gave new insights into
the mechanism of CMS and maintainer lines and demonstrated the power of proteomic in plant
biology. Present study showed that the CRISPR/Cas9 technology provides the tool set to fasten the
rice breeding program to achieve desired agronomic characters and improved yield.

2. Materials and Methods

2.1. Rice Material, CRISPR/Cas9, and gRNA Vectors

The cytoplasmic male sterile line 209A and its maintainer line 209B developed by Professor Li
Rongbai, were collected from Rice Research Institute of Guangxi University. The maintainer line 209B
was used for genetic transformation to which have the characteristics of resistance to drought and blast
with compact plant type. Plants were grown in the experimental field of Guangxi University during
normal rice growing season and maintained regularly. The Cas9 vector pYLCRISPR/Cas9-MT(I) and
the gRNA vectors (OsU6a, OsU6b, OsU6c, and OsU3m) (Figure 1) were provided by Professor Liu
Yaoguang, South China Agricultural University, Guangzhou, China.
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Figure 1. Maps of pYLCRISPR/Cas9-MT(I) and pYL-U3/U6a-b-gRNA vectors. (a) The binary vector
with Cas9p driven by maize ubiquitin promoter (PUbi). The key sequences and restriction sites for
Golden Gate ligation are shown. The expression of the sgRNA scaffold is driven by the rice U6a/U3
small nuclear RNA promoters; the expression of hygromycin (HPT) is driven by 2 CaMV35S promoters.
NLS: nuclear localization signal; Tnos: gene terminator; LB and RB: left border and right border,
respectively. (b) The physical map of the sgRNA intermediate plasmids. U3/U6 promoters from rice
used for preparation of multiple sgRNA expression cassettes in single binary constructs. (c) BsaI sites
(1, 2) in the sgRNA plasmids and their sequence information. These BsaI-cutting (small arrows) sites of
the plasmids makes compatible sites for ligation by generating distinct non-palindromic ends to the
U3/U6 promoters and a common end to the sgRNA sequence. Modified from Ma et al. (2015a) [57].

2.2. gRNA Target Selection and Synthesis of Oligonucleotide Strands

The gRNA target sequences were designed according to the exon sequence of Wx
(LOC_Os06g04200) and TGW6 (LOC_Os06g41850) provided by the Rice Genomics Annotation website
(http://rice.plantbiology.msu.edu/) (Figure 2). The targets were 20 bp long gRNA sequences
followed by the protospacer adjacent motif (PAM) NGG. The targets were selected with high
GC%, low off-target score (Table S1) in exon regions by using online toolkit CRISPR-GE (http:
//skl.scau.edu.cn/) and sgRNA structures (Figure S1) were developed by online tool CRISPR-P
2.0 (http://crispr.hzau.edu.cn/CRISPR2/). The CRISPR/Cas9 constructs that we designed to target
Wx were in the first exon (WxT1: bases 1522–1541; WxT2: bases 2011–2030), with expected targeted
mutations. The both targets for TGW6 were also designed in the exon region (TGW6T1: bases 184–203;
TGW6T2: bases 751–770) and expected mutations were in the coding region (Figure 2). The gRNA
sequences were aligned and validated by using National Center for Biotechnology Information (NCBI)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and non-specific targets were excluded. Oligonucleotide
sequences were synthesized by Beijing Genomics Institute (BGI) and shown in Table S2.
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Figure 2. Schematic diagram of gene structures and target sites of the gRNA in the genes locus.
(a) Position of two targets in Wx gene and (b) both targets in TGW6 gene locus.

2.3. Vector Construction

The selected binary plasmids were isolated from E. coli (Escherichia coli) TOP10F’ strains
according to the previous established methods [57,58] with some modifications (Figure S2).
The target site containing sequence primers WxgRT1/OsU6aWxT1 and WxgRT2/OsU6bWxT2
TGgRT1/OsU6cTGT1 and TGgRT2/OsU3TGT2, (Table S2) were combined by annealing, and then
the target site sequence-containing chimeric primers were cloned into the sgRNA expression
cassettes pYLsgRNA-U6a, pYLsgRNA-U6b, pYLsgRNAU6c and pYLsgRNA-U3m at a BsaI site
(Figure S3). The integrated sgRNA expression cassettes were then amplified by nested polymerase
chain reaction (PCR) using U-F/Reverse adapter primers and gR-R for the first round, and the
corresponding site-specific primers Pps-R/Pgs-2, Pps-2/Pgs-3, Pps-3/Pgs-4, and Pps-4/Pgs-L
(Table S2) for the overlapping PCR (Figure S4) to ligate four-target-sgRNAs expression cassettes
into the pYLCRISPR/Cas9Pubi-H vector and ligation product was transformed into DH5α competent
cells according to the established protocol [20] with some modifications (Figure S5). The monoclonal
inoculation culture was picked and were amplified by using SPL1 and SP-R primers (Table S2) and the
clones confirming the product length ware sent to Beijing Genomics Institute (BGI) for sequencing.
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2.4. Agrobacterium-Mediated Transformation of Rice Callus

The constructed plasmid was transformed into Agrobacterium EHA105 by electroporation
according to the established method [59], and positive clones were used for rice callus transformation
and transformed plants were obtained by hygromycin screening.

2.5. T0 Genotypinng

The genomic DNA of T0 mutant lines was extracted by cetyl trimethylammonium bromide
(CTAB) method and PCR amplification was performed by using target specific primers for Wx gene
Target1 OsWaxyT1F/OsWaxyT1R, and for Target2 OsWaxyT2F/OsWaxyT2R, and for TGW6 Target1
Tgw6-T1F/Tgw6-T1R, for Target2 Tgw6-T2F/Tgw6-T2R (Table S2). The amplified products were
visualized by 1% agarose gel electrophoresis and then sent to BGI for sequencing and mutations
were decoded by using online tool DSDecodeM (http://skl.scau.edu.cn/dsdecode/). The multiple
amino-acid sequence alignment was performed by using Clustal Omega online tool (https://www.
ebi.ac.uk/Tools/msa/clustalo/). The off-target regions were selected from CRISPR-GE online tool
(http://skl.scau.edu.cn/offtarget/).

2.6. Identification of T-DNA Free Mutant Lines and Cross Section Analysis of Grain Endosperm

The genomic DNA of T1 and T2 generations was extracted and amplified by using Cas9-F and
Cas9-R specific primers (Table S2). The amplified product was subjected to 1% agarose gel to check the
T-DNA free mutant plants. Scanning electron microscopy was used to observe the cross section of the
mutant and its wild type (WT) mature grain according to the previous established method [60].

2.7. Expression Analysis

Total RNA was extracted from WT and T1 mutant plants by using TaKaRa MiniBEST Plant RNA
Extraction Kit according to manufacturer instructions. The specific primers for Wx gene W-F/W-R and
TG-F/TG-R were used for TGW6 (Table S2). The rice OsActin gene was used as internal control and
20 μL reaction was prepared with 2 μL cDNA, 0.4 μL each of the forward and reverse primers, 10 μL,
Synergy Brands, Incorporated (SYBR) Green Master Mix, 7.2 μL ddH2O. PCR Amplification procedure
was as followed, 30s at 94 ◦C, 5s at 94 ◦C, and 30s at 60 ◦C with 45 cycles. The relative expression of
genes was calculated from three biological replicates per sample according to the 2-ΔΔCt method [61].

2.8. Determination of AC, SC, GC, and GT

The AC of T0, T1, and T2 generations were measured after 3 months of harvesting. The total
AC and SC were measured by using Megazyme Amylose Assay Kit (KAMYL), Guangzhou, China
and Total Starch Assay Kit (AA/AMG), Guangzhou, China. The GC was evaluated for random five
samples [62] and alkali digestion test was used to estimate GT [63].

2.9. Phenotyping

The data was recorded in five plants per line for GW (g) in T0, T1, and T2 generation while the
data for main agronomic traits was recorded in T2 generation, such as plant height (PH) (cm), number
of panicles (NOP), flag leaf length (FLL) (cm), flag leaf width (FLW) (cm), panicle length (PL) (cm),
grains per spike (GPS), and seed setting rate (SSR) (%), as described previously [28].
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2.10. Backcrossing and Observation of Pollen and Spikelet Fertility

The mutant maintainer lines T2-4-2, T2-7-1, T2-14-4, T2-19-3, T2-23-5, and 209A sterile line were
crossed with two CMS lines MX-G1 and MX-G2 and during next season the 12 testcrosses along
with respective male parents were transplanted and fertility test was performed at flowering stage.
The pollen and spikelet fertility test were done by 1% (m/v) I2-KI solution at flowering stage to evaluate
the fertility restoration ability of restorer lines. The young spikelets were collected in the early morning
to determine pollen fertility and kept in the jar about 2 h for opening the spikelets. The pollen was
stained with KI solution and observed under a compound microscope. The stained pollens with
round shape and well developed were considered as viable and irregular shaped and non-stained
pollens were counted as sterile pollens. The criteria for classifying the parental lines as maintainers
and restorers were followed as proposed previously [64]. Subsequent backcrosses were made between
mutant lines as male and 209A as female to develop glutinous CMS lines.

2.11. Pollen Protein Analysis

Anthers of CMS line and maintainer line were taken from upper part of one panicle inside in
the spikelet and located in the middle of panicles were collected and protein was extracted according
to previous established method [65]. The protein separation was performed through SDS-PAGE
gel electrophoresis [66] and proteins were identified by peptide mass fingerprinting (PMF) [67].
The analysis was performed with mass to charge ratio (m/z) formula to identify the monoisotopic
masses and search in the NCBInr database using MASCOT (Matrix Science) software.

2.12. Statistical Analysis

The data were analyzed using SPSS 16.0 Statistical Software Program. The graphs were developed
by GraphPad Prism (version 7.0, GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. gRNA Design and Vector Construction

The 20bp long target sites were chosen in Wx and TGW6 codon region and predictive cleavage site
for the TGW6 was 5pb upstream from initiation codon (ATG) and 72bp downstream of Wx. The sgRNA
expression cassette was generated by overlapping PCR (Figure 3a) and ligating of the target adaptors
to the BsaI-digested sgRNA intermediate plasmid and amplified products were successfully assembled
in to pYLCRISPR/Cas9-MT(I) binary plasmid with Golden Gate ligation method (Ma et al. 2015).
The ligation product was transformed to E. coli and positive clones were verified. The CRISPR/Cas9
binary plasmid was constructed and sequencing peaks confirmed that four targets were assembled in
the plasmid successfully (Figure 3d,e).
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Figure 3. (a) sgRNA expression cassette after second round of PCR, M:2000, T1 (OsU6a-gRNA): 629 bp,
T2 (OsU6b-sgRNA): 564 bp, T3 (OsU6c-sgRNA): 767 bp, and T4 (OsU3m-sgRNA): 515 bp, M: molecular
marker. (b) sgRNA expression cassette after mixing and purification, Ex: expression cassette. (c)
Illustration of the assembly of four sgRNA expression cassette into a pYLCRISPR/Cas9-MT(I) vector
by single Golden Gate ligation. SP-L1 and SP-R are the flanking primers used to amplify the ligated
sgRNA expression cassettes. (d) Sequencing results for the two target sequences of Wx gene and (e)
and two targets of TGW6.
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3.2. T0 Genotyping and Off-Target Analysis

Total 55 positive mutant plants were obtained, and the DNA of 25 plants was extracted by CTAB
method to analyze the mutations in target sites. The sequencing results showed that for Target1 of
Wx gene there were 10 homozygous mutant plants, 5 heterozygous, 7 bi-allelic, and 1 chimeric and 2
were WT; while, for the Target2 of Wx gene, there were 4 homozygous mutant plants, 6 heterozygous,
10 bi-allelic and, 1 chimeric and 4 were WT. The mutation frequency for Target1 of TGW6 gene was
as; 9 homozygous, 7 heterozygous, 6 bi-allelic, 1 chimeric, and 2 WT and for Target2 of TGW6 there
were 5 homozygous, 8 heterozygous, 9 bi-allelic, 1 chimeric and 2 WT (Table 1). Five plants with good
phenotype (4, 7, 14, 19, 23) were selected and identified with deletions of DNA fragments between
distinct target sites (Figure 4a,b). In two of these homozygous mutant plants (4 and 7) were found with
large fragment deletion at target sites of both genes. The mutant plant (14) with bi-alleic mutations
in both genes was also found. The DSBs occurred either specifically in the upstream of the PAM
(Figure 4), or at imprecise sites thus eliminating the genomic sequence beyond the PAMs. However, we
analyzed the limited number of amplicons per transformant so maybe the actual number of mutations
might be higher. In 25 of the plants the WT sequences of both genes were also detected, suggesting
that Cas9 was inactive in these events. The average mutation types for both genes were 32% bi-allelic,
28% homozygous, 26% heterozygous, 4% chimeric, and 10.0% were WT (Table 1). The mutation rate
for both genes was 90% and based on allele mutation types, for Wx gene 80% (4/5) of the mutations
were simultaneous nucleotide deletions and insertions, 20% (1/5) of the mutations were only deletions
with no insertions, and there were no mutations with only insertions (Figure 4a). The allelic mutation
types for TGW6 were 60% deletions, 40.0% simultaneous deletions and insertions and there was no
mutation with only insertions (Figure 4b). As for the deletion mutations, the 40% mutations were large
fragment deletions ranging from −11 to −120, while 60% were short (≤ 10 bp) deletions ranging from
−1 to −6 and as for the insertion mutations, 90% (9/10) were 1 bp insertions and 10% (1/5) were +2
insertions (Figure 4). Comparison of WT and mutant’s deduced amino acid sequences revealed that
mutations resulted in changed conserved amino acid sequences (Figure 5).

The off-target predictions by CRISPR-P tool were analyzed and three off-target sites were selected
for each target and examined by PCR based sanger sequencing in T0 generation. The results showed
that there were no off-target effects in the selected putative loci and targeted mutation were easily
detected (Table S3).

Table 1. Mutation rate of T0 generation

Mutation Type

Gene Target Site Bi-Allelic Homozygous Heterozygous Chimeric WT Total

Wx
Target 1 No. of plants 7 10 5 1 2 25

Mutation rate (%) 28 40 20 4 8 100

Target 2 No. of plants 10 4 6 1 4 25
Mutation rate (%) 40 16 24 4 16 100

TGW6
Target 1 No. of plants 6 9 7 1 2 25

Mutation rate (%) 24 36 28 4 8 100

Target 2 No. of plants 9 5 8 1 2 25
Mutation rate (%) 36 20 32 4 8 100

WT: wild-type.
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Figure 4. Nucleotide sequences at the target site in the 5 T0 mutant rice plants. (a) Mutations induced
at Wx and (b) TGW6 target sites. The recovered mutated alleles are shown below the wild-type (WT)
sequence. The target sites nucleotides are shown in black capital letters and black dashes. The red
capital letters indicate inserted nucleotides and the apostrophe followed to red capital letters indicates
inserted nucleotides are not shown in. The Protospacer Adjacent Motif (PAM) site nucleotides are
shown in yellow background letters. The red dashes indicate the deleted nucleotides. − and + indicate
deletion and insertion of the indicated number of nucleotides, respectively −/+ indicates simultaneous
deletion and insertion of the indicated number of nucleotides; GW: grain weight.

Figure 5. Amino acid sequence alignment for WT and five transformants in T0 generation. (a) Amino
acid sequences showing the alignment about Wx gene, and (b) TGW6 mutant plants and WT. The
deleted amino acids are shown by black hyphens, the translation was terminated earlier in mutants 4
and 7. Highly conserved and partially conserved amino-acid sequences are indicated with asterisks (*)
and dash (-) signs, respectively.

154



Agronomy 2018, 8, 290

3.3. Expression Level of Target Genes in WT and Mutant Lines

qPCR was used to detect the relative expression of TGW6 and Wx gene of T0 plants. The expression
of WT was not altered, and the expression of mutant plants was substantially downregulated in the Wx
and TGW6 mutants compared with WT (P < 0.01, Figure 6) indicating that mutations have successfully
affected the target genes expression. The homozygous mutant lines (4,7) with large fragment deletions
showed lower expression level of Wx and TGW6 gene.

 

Figure 6. Relative expression analysis of target genes (a) Wx and (b) TGW6 in wild type (WT) and
mutant plants. Transcripts level was determined by Q-RT-PCR with cDNA generated from leaves
of four-week-old plants. The expression values of the individual genes were normalized by using
expression level of rice Actin gene as an internal standard. The data represents the mean values of three
independent samples [Mean ± SD (standard deviation)]. ** indicates significant difference at P < 0.01
(t test).

3.4. Screening of T-DNA Free T1 Generation and Seed Cross-Section Analysis

We addressed the genetically modified (GM) related regulations and issue of social acceptance of
GM foods and to avoid public controversy by removing the transgenes from CRISPR/Cas9- edited
waxy rice lines by self-pollination in the T1 generation which allowed to produce non-GM lines
containing the desired mutations. The DNA of T1 and T2 generations was extracted to investigate
the possibility of obtaining rice lines harboring the desired modifications in target genes but without
transferred DNA (T-DNA), the Cas9 gene specific primers Cas9-F and Cas9-R were used and amplified
by PCR and T-DNA negative lines were selected for sequencing of the target regions. Notably, 13 T1

plants were failed to generate the Cas9-specific amplicon (Figure 7a). Similarly, the PCR assay also
failed to detect the Cas9 specific amplicon in the same 13 mutant lines of T2 generation (Figure 7b).
These results showed that T-DNA-free plants carrying the desired gene modifications can be acquired
through genetic segregation in later generations.

Scanning electron microscopy of cross section of grain endosperm revealed that CRISPR/Cas9
mutant line showed opaque appearance compared to WT endosperm. The starch granules in the
cross-section of WT grain were packed like polyhedral structure but in the mutant line a greater number
of small and irregularly arranged starch granule structures were observed (Figure 7d–g), indicating a
change in the mature grain of mutant line. The change in structure may cause the scattering of the
light as it passes and resulted in opaque appearance.
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Figure 7. PCR-based identification of T-DNA-free rice mutant plants and seed analysis of WT and
mutant line (T2-4-2). PCR products amplified from the progenies of (a) T1 and (b) T2 mutant lines
genomic DNA using the Cas9 specific primers Cas9-F and Cas9-R. WT: wild-type, M: DNA molecular
marker, +: positive control (c) Grain phenotype of WT and mutant lines. Cross-section analysis of
endosperm in WT (d,e) and mutant line (f,g).

3.5. Transmission of Mutations in T1 and T2 Generations

The sequencing results showed that mutations in T0 generation were not stable in some mutant
plants but T2 generation was completely stable. The mutant plants of 7-1, 14-4, and 19-3 lines in T1

generation exhibited insertions and deletions in the Wx target regions, while 4-2 and 23-5 showed
consistent mutations in T0 and T1 (Figure 8a; Figure 4a). The mutant plants of 4-2, 7-1, and 23-5 showed
insertions and deletions at TGW6 target sites in T1 generation, while mutations in 23-5 and 14-4 were
similar in T0 and T1 generation (Figure 8b; Figure 4b). The transmission of mutations from T1 to T2

generation were investigated and sequencing results of T2 plants showed that the mutations were
consistent with the T1 generation without any insertions or deletions, indicating that the T2 generation
has been stabilized (Figure 8a,b; Figure 4a,b).
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Figure 8. Sequence alignment for transmission of mutations at (a) Wx and (b) TGW6 target sites in T1

and subsequent T2 generations. The targeted sequence is shown in capital black letters and the PAM
sequence in yellow background. Insertion is represented by red letters, and deletion by red hyphens.

3.6. AC, GC, GT, and SC

AC of T0, T1, and T2 generations were determined while the GC and GT was recorded for
T2 generation. The AC of mutant lines were significantly decreased (P < 0.01) as 18.2% to 1.7%.
The homozygous mutant lines with long fragment deletion (4, 7) showed more decreased AC than
heterozygous and bi-allelic mutants (Table 2). Grains of mutant plants were white and fully opaque in
contrast with the typical non-waxy WT (Figure 7c). There was no effect on other grain quality traits,
as result showed that total SC was unchanged in mutant and WT plants (Table 2). Another trait related
to eating and cooking, GT, was also greatly decreased in the mutant plants and GC was increased as
compared to the WT (Table 2).

Table 2. Amylose content, GC, and GT of WT and mutant plants.

T0 plant AC (%) T1 plants AC (%) T2 Plants AC (%) GC (mm) GT (ASV) SC (%)

4 2.6 ± 0.5 ** 4-2 1.7 ± 0.1 ** T2-4-2 1.8 ± 0.1 ** 138.62 ± 2.8 ** 3.12 ± 0.9 ** 62.5 ± 1.4 ns

7 3.6 ± 0.3 ** 7-1 2.2 ± 0.5 ** T2-7-1 2.1 ± 0.3 ** 129.65 ± 3.9 ** 3.09 ± 1.1 ** 63.2 ± 2.3 ns

14 10.5 ± 0.2 ** 14-4 2.4 ± 0.1 ** T2-14-4 2.6 ± 0.2 ** 125.32 ± 4.6 ** 3.21 ± 0.2 ** 63.2 ± 1.9 ns

19 12.2 ± 0.1 ** 19-3 2.8 ± 0.3 ** T2-19-3 2.7 ± 0.2 ** 114.22 ± 2.6 ** 3.19 ± 0.8 ** 62.8 ± 2.9 ns

23 9.5 ± 0.6 ** 23-5 3.2 ± 0.5 ** T2-23-5 3.1 ± 0.1 ** 111.56 ± 5.2 ** 3.24 ± 0.6 ** 64.5 ± 3.4 ns

WT 18.2 ± 1.2 WT 17.6 ± 1.3 WT 18.1 ± 2.1 58.65 ± 3.7 5.67 ± 1.4 62.97 ± 2.7

Note: Data is shown the average of three independent samples, ** indicate significant difference; ns indicate
non-significant difference, mm, millimeters; ASV: alkali spreading value. Data listed in table are presented as means
± SD, (P < 0.01). AC: amylose content; GC: gel consistency; GT: gelatinization temperature; SC: starch content.

3.7. Yield and Yield Contributing Traits

The results of the GW in T0, T1, and T2 generation was recorded (Table 3), and results showed
that the mutant plants significantly increased the GW (>5%). As expected, the GW of mutant line
(T2-4-2) was 24.0 g maximum, whereas T2-7-1 presented a GW of 23.1 g (Table 3). The GW of T2-14-4,
T2-19-3, and T2-23-5 was 23.4 g, 23.1 g and 23.7 g respectively, which was greater than the value of
21.1 g recorded in WT (Table 3). However, there were no significant differences detected in the other
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main agronomic traits between mutant lines and WT, including the PH, NOP, FLL, FLW, PL, GPS, and
SSR (Table 4).

Table 3. 1000 grain weight (g) of mutant lines and WT in T0, T1, and T2 generations.

T0 plants GW (g) T1 Plants GW (g) T2 Plants GW (g)

4 23.6 ± 0.50 * 4-2 23.9 ± 0.50 * T2-4-2 24.0 ± 0.50 *
7 23.1 ± 0.57 * 7-1 23.8 ± 0.57 * T2-7-1 23.1 ± 0.57 *
14 23.4 ± 0.50 * 14-4 23.7 ± 0.50 * T2-14-4 23.4 ± 0.50 *
19 23.1 ± 0.47 * 19-3 23.3 ± 0.47 * T2-19-3 23.1 ± 0.47 *
23 23.7 ± 0.38 * 23-5 23.7 ± 0.38 * T2-23-5 23.7 ± 0.38 *

WT 21.0 ± 0.35 WT 21.3 ± 0.35 WT 21.1 ± 0.35

The data listed in the table are mean ± standard error. * indicate significant difference (P < 0.01). GW: grain weight.

Table 4. Main agronomic characters in T2 generation.

T2 Plants PH (cm) NOP FLL (cm) FLW (cm) PL (cm) GPS SSR (%)

T2-4-2 84 ± 3.4 ns 9.5 ± 5.4 ns 42.3 ± 4.3 ns 1.7 ± 0.2 ns 25.1 ± 1.2 ns 191 ± 6.7 ns 87.8 ± 2.3 ns

T2-7-1 83 ± 4.5 ns 8.8 ± 2.6 ns 39.5 ± 5.2 ns 1.6 ± 0.1 ns 24.6 ± 2.3 ns 195 ± 6.9 ns 87.9 ± 4.5 ns

T2-14-4 85 ± 2.7 ns 9.5 ± 1.6 ns 43.2 ± 2.1 ns 1.5 ± 0.3 ns 23.9 ± 1.5 ns 196 ± 4.5 ns 88.9 ± 6.2 ns

T2-19-3 86 ± 3.6 ns 9.3 ± 3.4 ns 44.6 ± 1.9 ns 1.8 ± 0.4 ns 25.1 ± 2.4 ns 188 ± 7.6 ns 88.4 ± 1.3 ns

T2-23-5 85 ± 2.8 ns 9.2 ± 4.6 ns 43.3 ± 2.5 ns 1.6 ± 0.5 ns 23.9 ± 3.1 ns 193 ± 5.8 ns 86.9 ± 2.8 ns

WT 83 ± 4.6 9.5 ± 2.9 44.5 ± 3.6 1.7 ± 0.2 25.4 ± 1.9 192 ± 4.9 87.6 ± 4.6

PH: plant height; NOP: number of panicles; FLL: flag leaf length; FLW: flag leaf width; PL: panicle length; GPS:
grains per spike; SSR: seed setting rate; The data listed in the table are mean ± standard error. ns indicate
non-significant difference.

3.8. Pollen Fertility Status

In the T3 generation, a total 16 lines (4-2A, 4-1A, 4-4B, 4-3A, 4-5C, 4-7A, 4-8A, 7-5B, 7-3A, 14-4A,
14-4C, 19-3C, 19-5A, 19-3B, 23-5B, 23-7A) were assessed for pollen fertility status and pollen fertility rate
was randomly distributed, which showed that CRISPR/Cas9 mutations did not affect the fertility status
of maintainer lines. Among 16 mutant lines, the 3 genotypes (4-2A, 19-5A, 19-3B) were completely
sterile (CS), 3 (4-8A, 7-5B, 7-3A) were sterile (S) and 2 (4-1A, 4-4B) were partially sterile (PS) which was
considered as male sterile lines or A line. Six genotypes were found sterile (CS and S) having pollen
fertility 0–9% while two genotypes showed 10–29% pollen fertility. Two genotypes were recorded
PS which is 12.5% of total (Table 5). Two genotypes were found partially fertile (PF) which is also
12.5% of total. Two genotypes were identified as fertile (F) and four were fully fertile (FF) as these
genotypes had above 70% and 80% pollen and spikelet fertility respectively, which is 37.50% of the
total genotypes (Table S4).

Table 5. Classification of mutant lines based on pollen fertility status.

S. No Symbol Fertility Status Genotypes

1 CS Completely Sterile 4-2A, 19-5A, 19-3B
2 S Sterile 4-8A, 7-5B, 7-3A
3 PS Partially Sterile 4-1A, 4-4B
4 PF Partially fertile 23-5B, 23-7A
5 F Fertile 4-5C, 4-7A,
6 FF Highly/fully Fertile 4-3A, 14-4C, 19-3C, 14-4A

Note: Pollen sterility status was classified as, CS: (0%), S: (1–9%), PS: (10–29%), PF: (30–69%): F: (70–79%), FF: (≥80%
and above).

To reduce the breeding cycles to develop glutinous rice lines, the developed mutant glutinous
maintainer lines (as the male parent) were used to hybridize with CMS line 209A (as female parent)
to produce F1 hybrids, and then the F1 hybrids were backcrossed with mutant lines. Molecular
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marker-assisted selection (MAS) was used to select the homozygous plants in the BC1F1 and CMS
plants were selected and again backcrossed with mutant lines and two homozygous BC2F1 CMS
lines (GX-B1, GX-B6) were obtained with no genetic segregation and increased yield and waxy-grain
phenotype (Figure 7c), which will be used for the further breeding of hybrid glutinous rice.

3.9. Pollen Protein Identification

A total 25 spots in both genotypes were exercised and ultimately 16 spots were successfully
identified, and proteins associated with pollen development (Table 6). The important proteins Putative
acetyl-CoA synthetase and isoamylase were upregulated in both lines which clearly showed that these
proteins have important role in CMS and control of AC in rice (Table 6).

Table 6. Rice pollen protein identified by peptide mass fingerprinting.

Sr. No. Matched Protein Organism Accession No. Mr/pl *
Spot Regulation

GX-B1 4-2A

1 20S proteasome beta 4 subunit O. sativa Q9LST6 23.6/5.42 + −
2 Putative RNA-binding protein O. sativa Q852C0 97.3/9.34 + −
3 Putative berberine bridge enzyme O. sativa Q84pv5 60.10/6.0 + −
4 Putative mitochondrial NAD+ -dependent malic enzyme O. sativa Q9FVY8 57.34/8.2 − +
5 Putative calcium-binding protein annexin O. sativa Q84Q48 35.5/9.44 + −
6 UDP-glucuronic acid decarboxylase O. sativa Q8W3J0 39.5/7.16 − +
7 Putative phosphoribosyl pyrophosphate synthase O. sativa Q8S2E5 44.17/6.9 + ++
8 Putative RNA binding protein O. sativa Q7XC34 48.4/5.21 − +

9 H+ -transporting two-sector ATPase alpha
chain–rice mitochondria O. sativa P15998 55.53/7.9 + -

10 Glucose-1-phosphate adenylyltransferase large subunit 3 O. sativa Q688T8 56.2/6.48 − +
11 Putative membrane-associated salt-inducible protein O. sativa Q8W2V6 78.02/9.2 + −
12 Putative leucine-rich repeat protein O. sativa Q6I5I5 29.58/9.6 ++ +
13 Putative acetyl-CoA synthetase O. sativa Q6H798 78.5/5.69 + ++
14 Putative lipoamide dehydrogenase O. sativa Q94GU7 58.8/6.35 − +
15 Isoamylase (fragrant) O. sativa D0TZF0 82.1/5.46 ++ +
16 DNA binding protein O. sativa Q40691 33.0/8.96 + +

* Molecular weight (Mr) and isoelectric point (pI) of matched proteins, + Indicates that the protein spot is present,
− Indicates that the protein spot is absent, ++ Indicates more than a 2-fold increase. UDP: uridine diphosphate;
NAD+: nicotinamide adenine dinucleotide.

The identified proteins have various biological functions based on known functions from known
functions from the European Bioinformatics Institute (EMBL-EBI) and literature. The protein spots
related to GX-B1 were cellular protein catabolic process, RNA-binding, oxidoreductase activity,
calcium-dependent phospholipid binding, nucleoside metabolic process, photosystem I assembly,
acetyl-CoA biosynthetic process from acetate and amylopectin and their beta-limit dextrins (highly
expressed). The protein spots of 4-2A were related to malate metabolic process (highly expressed),
NAD+ binding, nucleoside metabolic process, RNA binding, starch biosynthetic process, acetyl-CoA
biosynthetic process from acetate (highly expressed) and amylopectin and their beta-limit dextrins.

4. Discussion

CRISPR/Cas9 is an emerging genome editing technology developed in past few years with high
specificity and editing efficiency. Relative to ZFNs [68] and TALENs [69,70], CRISPR/Cas9 is simple
and flexible and only one gRNA and one nuclease (Cas9) are needed to achieve the mutations in the
DNA sequence of the target gene. Current research focuses on the development of CRISPR/Cas9
technology and specific gene knockouts.

Breeding for consumer-preferred grain yield and quality have thus become a major goal for
breeding programs and in the last few decades, the classical, mutational, and molecular breeding
approaches have brought about tremendous increase in rice productivity with the development of
novel rice varieties for food security considerations. The improved living standards and fast economic
growth are shifting public attention toward quality characteristics such as, nutrition, flavor, appearance,
and cooking which are linked to starch physical properties. With the development of latest gene editing
technologies such as CRISPR/Cas9, many yield related quantitative trait loci (QTLs) has been edited
and their functions have been explored in different verities [37]. In the rice grain endosperm, starch is
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the major component consisting of a linear polysaccharide amylose which determines the cooking and
eating quality of rice. Cooking of high AC (25–33%) verities results in separated, dry and firm rice
grains, becoming hard after cooling while glutinous rice with low AC (5–20%) is especially sticky and
soft when cooked [71]. The improvement of maintainer line in hybrid rice breeding system is most
inevitable to achieve target traits. In China, the indica hybrids considered low quality owing to high
AC that makes them hard and dry when cooked. The breeding for low AC and improved grain quality
and yield is a major objective of breeders.

In this study the CRISPR/Cas9 construct with 20-nt target sequence for the sgRNA was carefully
designed with high GC content and low off-target score and the Wx and TGW6 gene with expectation to
produce a null mutation were edited. The schematic representation of whole procedure of generation
and analysis of targeted mutated plants was described in Figure S6. The goal of this study was to
develop a high yielding CMS rice line with low amylose content to facilitate the hybrid rice breeding
program and proteins from anthers of maintainer and CMS line were also identified. We sequenced
the Wx and TGW6 gene and confirmed that 209B contains both genes (Figure S7). Four targets were
designed in the exon regions of Wx and TGW6 gene, the corresponding promoters were OsU6a,
OsU6b, OsU6c, and OsU3m and Agrobacterium tumefaciens based transformations was successfully
achieved with the CRISPR/Cas9 cassette and mutations in the target regions were analyzed by sanger
sequencing by decoding it using online DSDecodeM tool. The results of this study indicate that
the CRISPR/Cas9 gene editing technology can successfully edit rice targeting DNA sequences with
high efficiency and multiple mutations can be generated at the same target site, and base deletion or
insertion occurs before the target site PAM.

The total mutation frequency was up to 90%, wherein homozygous mutations were about 28%,
which indicate that the CRISPR/Cas9 editing facilitates homozygous mutations in the T0 generation
(Table 1). The previous studies showed that the CRISPR/Cas9 induced the homozygous mutations
in T0 generation and mutations mainly take place in transformed calli cells [72]. The expression
level of targeted genes was lower in mutant lines than WT (Figure 6). The off-target mutations were
not detected for all targets (Table S3). The comparison of T0 and T1 generations showed that the
mutation frequency of homozygotes was stably inherited regardless of whether T-DNA is present.
The conserved amino acid sequence was totally changed in mutant plants and mutant plants showed
divergence to WT in amino acid sequence alignment (Figure 5).

The glutinous rice lines were obtained, and all mutant lines seeds showed low AC decreased from
18.2% to 1.7 % and homozygous mutant lines showed less percentage of AC than heterozygous and
bi-allelic mutants (Table 2). It is reported that the Wx gene also affect the GC and GT of rice [22,73]
and our results showed an increase in GC from 58.65 mm to 138.62 mm and decrease in GT from
5.67 ASV to 3.12 ASV, while there was no effect on total SC (Table 2). The GW was increased from
21.1 g to 240.8 g (Table 3), while there was no effect on PH, NOP, FLL, FLW, PL, GPS, and SSR (Table 4).
The cross-section analysis by electron microscope showed that endosperm of mutant grains was
shrunken corresponding to their WT. The T-DNA free lines were obtained to address the social values
of laws about genetically modified (GM) foods by selecting the transgene free lines by self-pollination
in the T1 and T2 generations (Figure 7). Our results showed that the T1 mutant lines were re-edited
while mutations were inherited and stable in T2 generation (Figure 8). The T0 lines are frequently
difficult to predict which suggests that the mutations in T0 generations are not stable but the mutations
in T1 generations transmitted stably to later generations. These results are consistent with previous
reports that the editing site of the T1 generation mutant plant target sequence may also have a
sequence recognized by the gRNA target, resulting in re-editing, which makes the T1 generation
unpredicted which can stabilize in later generations [74]. Together, these results clearly demonstrate
that CRISPR/Cas9-induced gene mutations can be stably transmitted to subsequent generations.

The shape of pollen grains and staining patterns in male sterility inducing cytoplasm and sterility
maintaining nuclear genes are influenced by the pollen abortion stage related to nuclear stage [75].
Mutant maintainer lines were assessed for pollen fertility status and results showed that pollen fertility
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rate was randomly distributed and six genotypes were found sterile having pollen fertility 0–9%, two
genotypes PS with 10–29% pollen fertility, two genotypes were recorded PF which is 12.5% of total
and four genotypes were identified as CF and two were F as these genotypes had above 80% pollen
and spikelet fertility which is 37.50% of the total genotypes (Table 5). The developed maintainer lines
were crossed with CMS line to develop F1 and after subsequent backcrossing glutinous CMS line
was achieved.

The CMS lines has been widely used in hybrid rice production, but the molecular mechanism
of CMS remains poor understood. The protein identification tool is a powerful tool to study anther
development and pollen production in plants [76–79]. The CMS is different plant species are cause
by a specific ORF containing chimeric genes in mitochondrial genome [80] with rare similarity but
sharing same male gamete abortion phenomenon [81]. The mitochondrial amplification events suggest
an increased demand for energy during pollen development [82] but lowered ATP production was
also observed in some CMS flowers [81,83]. In this study the proteins identified in maintainer and
CMS line helped to understand the molecular mechanism of rice male sterility. Sixteen proteins were
identified between sterile and maintainer anthers (Table 6). The identified proteins have potential roles
in anther and pollen development and may help to clarify the mechanism of male sterility in rice.

The proteins of CMS line and GX4-2 maintainer mutant line anthers were separated by
two-dimensional electrophoresis and SDS-PAGE as the second. The silver stained proteins
were analyzed using Image Master 2D software. The identified proteins were, 20S proteasome
beta 4 subunit, putative RNA-binding protein, Putative berberine bridge enzyme (BBE),
putative mitochondrial NAD+-dependent malic enzyme, Putative calcium-binding protein annexin,
UDP-glucuronic acid decarboxylase, putative phosphoribosyl pyrophosphate synthase, putative
RNA binding protein (RBP), H+ -transporting two-sector ATPase alpha chain–rice mitochondria,
glucose-1-phosphate adenylyltransferase large subunit 3, putative membrane-associated salt-inducible
protein, putative leucine-rich repeat protein, putative acetyl-CoA synthetase (ACOS), putative
lipoamide dehydrogenase, Isoamylase (fragrant), and DNA binding protein (Table 6). These proteins
are closely associated with metabolism, protein biosynthesis, transcription, signal transduction and
many other activities which are important in cell activities and essential to pollen development.

Dysfunctions of mitochondria in the pollen caused CMS in plants and several other mitochondrion
regions have been identified associated with CMS [84]. ATP synthase β-subunit helps to fulfill
the demand of energy for respiratory function and cellular energy to develop male gametophyte
also observed in mitochondria [85], and defective β-subunit resulted non-functional pollens and
abnormal anther development [84]. The 20S proteasome is the proteolytic complex actively involved in
removing abnormal proteins with several biological functions [86], while RBP is involved to regulate
transcriptional and post-transcriptional levels to control the gene expression. Plants respond to
pathogen infection with rapid reprogramming of gene expression and loss of function of RBP showed
enhanced resistance to pathogens [77]. Biochemical and biological function of BBE are unexplored [87].
Plant annexins regulate diverse aspects of plant development, stress responses and growth [88]. ACOS
played role in plastids and in several metabolic pathways [89] and has significant role in anther
development [90,91]. The ACOS in anther prevent the conversion of pyruvate into acetyl-CoA which
leads to pollen sterility. The degeneration and formation of various tissues during pollen development
needs high energy for key biosynthetic intermediates. Isoamylase in combination with pullulanase
plays a predominant role in amylopectin synthesis and also essential for the construction of the
amylopectin multiple-cluster structure by removing the excessive branches to avoid interference with
the formation of double helices of the cluster chains of amylopectin and crystallization of starch in
the endosperm. These proteins or enzymes are involved in multiple physiological and biochemical
reactions such as carbon metabolism and starch synthesis, as well as signal transduction and protein
expression regulation [92].

In short, the increase yield and reduction of AC are valuable parameters in crop breeding and
CRISPR/Cas9 is excellent technology to achieve targeted mutations in genes. In this study the rice
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maintainer line and new CMS lines were developed with increased yield and improved quality while
maintaining all agronomic traits. We also took precautionary approach and produced T-DNA-free
plants to avoid foreign bacterial DNA integration and bypass GMO rules. The most likely off-target
effects were analyzed and Cas9 free plants were selected for food safety assessments and it was ensured
that the other plant traits were not affected. In our work, we improved existing traits by directly
rewriting the plant genetic code without any cutting and pasting genes from animals or bacteria into
rice plants. Our study provides some insights to study the gene functions and generation of new rice
CMS lines with increased yield and improved quality without compromising on nutritional value to
facilitate the hybrid breeding programs of rice to develop elite crop verities. This study is the first
example to develop rice CMS lines with increased yield and low AC and the protein identification
in mutant rice maintainer and CMS line which will be the source material for further breeding of
hybrid glutinous rice verities in short period. The identified proteins in anther of maintainer and
CMS lines provide the insights to the actual mechanism underlying in sterility of rice lines. The study
showed the genetic mutations are not only helpful to improve the plant characteristics, they also help
in understanding the mechanisms underlying the biochemical behavior changes in cell of the plants.

5. Conclusions

The CRISPR/Cas9 technology induces fastest changes to plant genome than other molecular
approaches and mutations passed to the next generations without any rewriting or emendations.
Different types of mutations were achieved for both genes and a mutant library was generated which
laid an important material basis for further high-yield and stable hybrid breeding of rice. This study
provides an important theoretical and practical significance and reference for the rapid creation of
excellent rice germplasm with important application value such as rice quality, and male sterility, and
is expected to provide a safe and efficient new way for rice germplasm resources innovation. This study
applied a proteomic approach to identify the regulating proteins of a CMS and mutant maintainer rice
line and it is concluded that pollen development in different genetic material is associated with the
differential expression of several proteins. These results collectively suggested that the knowledge of
these parameters in rice breeding may be further applied as criteria to develop rice CMS lines. The
new germplasm with important application value was obtained which laid an important material
basis for further breeding program to facilitate the rice breeding to improve yield and quality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/12/290/s1,
Figure S1: Schematic representation of secondary structures of both sgRNAs used in this experiment. (a) structure
both sgRNA’s for Wx targets and (b) structure of both sgRNA’s for TGW6 targets. The stem loop sgRNA secondary
structure was predicted by online tool (http://crispr.hzau.edu.cn/cgi-bin/CRISPR/CRISPR); Figure S2: Isolation
of the binary plasmids and sgRNA intermediate plasmids; Figure S3: Sequences of the sgRNA vectors and those
of the expression cassettes; Figure S4: sgRNA expression cassette procedure by overlapping PCR containing a
target sequence. The chimeric primers with target sequence strands are given in additional file 3. The first PCR
is carried out in two separated reactions with U-F/U#T#- and gRT#+/gR-R primer pair, U# indicates a given
promoter, and T#+ and T#- indicate forward and reverse strands of a target sequence; Figure S5: Illustration
for transformation of E. coli; Figure S6: Schematic diagram of the procedure for CRISPR/Cas9 based generation
of mutant plants and analysis of target regions. The targets were selected using CRISPR-GE online web-based
tool and expression cassette was constructed by using overlapping PCR and inserted into a binary vector.
Agrobacterium mediated transformation was performed and T0 plants were regenerated and sequencing was
performed, and later generations were produced by self-pollination and genotyping was performed by using
target specific primers in T1 and T2 generations. The phenotypic data of mutant and wild type plants were
recorded and further analyzed. Pollen fertility analysis and protein identification was also performed; Figure S7:
Sequence alignment of the (a) Wx and (b) TGW6 gene in reference genome and 209B maintainer line. The SNPs
between reference genome and 209B are indicated in red box; Table S1: Efficiency score and positions of four
targets; Table S2: List of primers used in the study; Table S3: Detection of mutations on the putative off-target
sites; Table S4: Pollen fertility status of F1 lines.
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Abstract: In a proof of concept study aimed at showing that metabolites in bread wheat
(Triticum aestivum L. ssp. aestivum), phloem exudates have potential as biochemical markers for
cultivar discrimination, Argentinean cultivars from three quality groups (groups 1, 2, and 3 of
high, intermediate, and low quality, respectively) were grown under two nitrogen (N) availabilities
and analysed for metabolic profile by electrospray ionisation mass spectrometry. Data as signal
strengths of mass/charge (m/z) values binned to a resolution of 0.2 Daltons were subjected to
principal component analysis and orthogonal projections to latent structures discriminant analysis.
Certain bins were influential in discriminating groups taken in pairs and some were involved in
separating all three groups. In high N availability, group 3 cultivars clustered away from the other
cultivars, while group 1 cultivars clustered tightly together; group 2 cultivars were more scattered
between group 1 and group 3 cultivars. In low N availability, the cultivars were not clustered as
tightly; nonetheless, group 1 cultivars tended to cluster together and mainly separated from those of
group 2. m/z values also showed potential for discrimination between N availability. In conclusion,
phloem exudate metabolic profiles could provide biochemical markers for selection during breeding
and for discerning the effects of N fertiliser application.

Keywords: phloem metabolites; electrospray ionisation; mass spectrometry; cultivar; quality
groups; nitrogen

1. Introduction

The aim of the work reported in this paper was to examine whether metabolic profiling of wheat
phloem exudates could be used to discriminate between cultivars with different bread-making qualities
and to discern the effects of nitrogen (N) fertiliser application. Since the development of the wheat
grain depends on the supply of nutrients in the phloem [1], such measurements could potentially also
provide insights into aspects such as N use efficiency. The identification of biochemical markers useful
for discriminatory purposes and for selecting combinations of good quality, high yield, and good
tolerance to biotic and abiotic stresses appears feasible [2]. Metabolic profiling has been used to

Agronomy 2018, 8, 45; doi:10.3390/agronomy8040045 www.mdpi.com/journal/agronomy169



Agronomy 2018, 8, 45

distinguish between leaf and fruit extracts of species and cultivars of tomato and examine the effects
of N on metabolism in these organs [3–5].

In bread wheat (Triticum aestivum L. ssp. aestivum), one important target trait for improvement
is grain protein content (GPC), which is one of the determinants of international market price [1].
Argentinean wheat cultivars are currently classified into three quality groups for bread-making based
upon a range of tests, including grain protein content, wet gluten content, properties in the alveograph
and farinograph, and loaf volume. Group 1 is the best quality (including wheats that can be blended
with others to correct their visco-elastic properties and that are suitable for industrial bread-making),
and group 3, the poorest quality, which tends to include high-yielding cultivars of deficient quality
for bread-making (suitable for only short fermentation times, of less than eight hours). Group 2 is of
intermediate quality, including cultivars that are not correctors and that are suitable for traditional
bread-making and for fermentation of more than eight hours. Groups 1, 2, and 3 are expected to rank
from high to low for protein content and other quality traits [6], and phloem composition would be
expected to be related to such differences.

Soil or foliar applications of N, applied at different rates and stages of growth, are commonly
used to improve GPC. One of the principal contributors to GPC is the process of remobilisation from
leaves during organ senescence, but N runoff from soils creates environmental issues. Barneix [1]
demonstrated that more than 50–70% of final grain N is accumulated by the plant before anthesis and
is remobilised to the grain later. The relationship between the N supplied and that absorbed by the
plant is not linear; rather, there is a limit to the potential GPC, which lowers fertiliser use efficiency
when high N doses are supplied. The concentration of free amino acids in the phloem acts as a signal
to the roots that indicates the N status of the plant, which activates or inhibits NO3 uptake by the plant.
As a consequence, N metabolism in the shoot dictates the rate of NO3 uptake [1]. The concentration
of the majority of the amino acids in phloem exudates is proportional to the concentration in the
leaves [7], if no pathogens are involved [8].

The concentration of the majority of the amino acids in phloem exudates is proportional to the
concentration in the leaves [7], if no pathogens are involved [8]. Grain filling is mainly dependent on
remobilisation from the flag leaf and the adjacent leaf. Furthermore, the final GPC has been correlated
with the amount of free amino acids in the flag leaf during grain filling [9,10]. Therefore, the analysis
of the metabolites present in the phloem exudates provides a valid indicator of the compounds that
will be present in the future grains and of the effect of N fertilisation, given that secondary metabolites
serve as a N reserve [11].

These relationships, showing the potential importance for the quality of phloem exudate
composition, gave rise to the current work. Since direct injection mass spectrometry (DIMS) through
electrospray ionisation time-of-flight (ESI-TOF-MS) provides a rapid method to obtain an initial
metabolic profile of samples [3,12], it was chosen as an approach for profile analysis of phloem exudate
samples in this proof of concept study.

2. Materials and Methods

2.1. Experimental Design

The field trial was carried out at the Experimental Field of the Faculty of Agronomy, UNCPBA
(Lat.: 36◦45′ S; Long.: 59◦50′ W; Height above sea level: 132 m) situated on the Ruta Nacional No. 3 Km
307, in Azul, Province of Buenos Aires, Argentina.

The trial was a randomised complete block design with three replicate blocks, with a split plot
design where the main plot was N fertiliser level and the sub-plot was cultivar. Eight cultivars
of contrasting quality were sown: ‘ACA 304’, ‘Klein Proteo’, and ‘Buck Meteoro’ of group 1
(high bread-making quality); ‘Bio 3003’, ‘Bio 1000’, and ‘Buck Malevo’ of group 2 (medium
bread-making quality); and ‘Klein Gavilán’ and ‘Klein Guerrero’ of group 3 (low bread-making
quality). These cultivars have been previously evaluated for quality traits [13–19], amongst others.
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Soil N content before fertilisation was approximately 35 kg N per hectare and the field area was
fertilised with triple superphosphate (100 ppm) prior to sowing. Sowing date was adjusted according
to the cultivar cycle (short or long) with the aim of ensuring that the cultivars arrived simultaneously
at the required physiological stage for extracting phloem exudates. Plots measured 9.5 m × 2.8 m and
sowing density was 350 plants/m2. Half of each plot, randomly designated, was fertilised to achieve
100 ppm of N availability as urea by hand broadcasting. The herbicide DICAMBA-SPA was applied
for weed control. At exudate sampling the plants showed good general health status, with differences
in colour intensity between the well-fertilised treatments compared to the rest.

2.2. Extraction Method

Phloem exudate extraction was done according to Urquhart and Joy [20] as modified in [21].
Samples were taken when the flag leaf was fully expanded, which occurred within a lapse of eight
days covering all cultivars, meaning the different sowing dates for short and long cycled cultivars
resulted in the desired limited range of dates for the expanded leaf physiological stage, minimising the
effect of the cycle.

The exudates should mainly reveal the contents of the phloem; while we cannot rule out the
possibility of xylem contents and cellular leakage also occurring in the samples, such contamination
would be expected to be slight [20,22]. The flag leaf and the adjacent leaf were harvested
according to [21]. The extremes were cut and complete leaves kept for 15 min in a 20 mm pH 6
ethylenediaminetetraacetic acid (EDTA) solution, which was subsequently discarded to minimise such
contamination. Leaves were washed in new EDTA solution for one minute and then left for three
hours in a new aliquot of the EDTA solution to allow the phloem to exude. The whole procedure was
carried out in the dark to minimise leaf transpiration and absorption of the solution by the xylem.
The exudates were stored at −4 ◦C and lyophilised to −40 ◦C and 76 mm Hg for 24 h.

2.3. Sample Processing

Samples were resuspended in 1 mL of H2O and an aliquot of 20 μL was diluted in 100 μL
of methanol, 0.1 μL of formic acid, and distilled water to a final volume of 200 μL. The samples
were analysed by direct injection mass spectrometry (DIMS) through electrospray ionisation
time-of-flight (ESI-TOF-MS) using an Applied Systems/MDS Sciex (Foster City, CA, USA) hybrid
quadrupole time-of-flight Q-Star Pulsar-I mass spectrometer. For all samples three technical replicates
were analysed.

Of the 48 exudate samples (8 cultivars × 3 blocks × 2 N levels), those from ACA 304 without
added N (−N) block II, Bio 3003 −N block I, Bio 1000 with added N (+N) block III and Meteoro +N
block III went missing during processing.

2.4. Data Analysis

The mass spectra were processed according to Overy et al. [3]. Only mass/charge (m/z) values
occurring in all three technical replications were included and the data was binned to a resolution of
0.2 Daltons. The metabolic profiles thus obtained were then analysed by unsupervised statistics using
principal component analysis (PCA) with SIMCA14 (Umetrics, Umeå, Sweden). When clustering was
observed the data was processed by orthogonal projections to latent structures discriminant analysis
(OPLS-DA) to resolve the bins contributing towards the clustering of samples and putative metabolites
were assigned to these bins from empirical formulae.

Analysis of variance (ANOVA) was carried out using the software Infogen, Córdoba,
Argentina [23], for individual bins between quality groups and between N availability.
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3. Results

3.1. Resolution of Cultivars

An overall PCA of all data (all samples including all detected masses) showed that the proportion
of the total variation accounted for by principal components 1 and 2 was 56.5%. Since the analytical
approach used was completely untargeted, the data were examined to reveal any clustering, by using
an unsupervised statistical approach and then overlaying the known variables on the plot. Initially the
data for the plots with and without added N were analysed separately. From the analysis of plots
with added N (Figure 1a), it can be seen that the group 3 cultivars Gavilán and Guerrero cluster away
from the other cultivars, while the group 1 cultivars ACA 304, Proteo, and Meteoro cluster tightly
together. The group 2 cultivars are more scattered between the group 1 and group 3 cultivars, as
might be expected from their intermediate characteristics. For the plots without added N (Figure 1b),
the cultivars are not clustered as tightly. The group 3 variety replicates are more scattered, but the
group 1 cultivars tend to cluster in the right hand two quartiles and, apart from one Proteo replicate,
are separated from the group 2 cultivars. If fewer cultivars are included in the analysis to reduce the
total variance, the groups are more clearly separated (data not shown).

Figure 1. Principal components analysis: PC1 vs. PC2 of the cultivars under study (group 1—green;
group 2—blue; group 3—red). (a) With, and (b) without added N.

Since there is evidence of clustering of the data it was examined with an OPLS-DA analysis to
identify those bins that contribute most towards the separation. These values are obtained from the
loadings plot of the first predictive component of the model and correspond to the covariance of the
X-variables and the predictive score vectors. It is interesting to note that many of the bins that separate
group 3 from group 2 also separate group 3 from group 1 (Table 1). The cut-off point of the top ten values
was an arbitrary decision to illustrate that some bins contribute to the separation of all three groups,
such as bin 383; putative metabolites were assigned to these influential bins (Supplementary Table S1).

ANOVAs carried out for individual bins of high influence in the original overall analysis also
showed differences between quality groups (Table 2). For example, mean values for bin 203, given in
Table 1 as being influential in separating group 3 from the other groups, ranked group 1 < group 2 <
group 3 in the ANOVAs, and so may be associated with poor quality. In contrast, bin 370.6 ranked
group 1 > group 2 > group 3, and so may favour quality (Table 2). Bin 301.2, influential in separating
group 3 from group 1 and group 2 from group 1 (Table 1), gave a ranking consistent with this,
of 3 = 2 > 1, and bin 329, influential in separating group 2 from group 1 (Table 1), gave a ranking
consistent with this, of 2 > 1 = 3.
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Table 1. m/z bins that separate groups. The top 10 bins showing the strongest contribution in order of
their p and q values.

Group 3 from Group 2 Group 3 from Group 1 Group 2 from Group 1

203 203 301.2
140 140 471
239 301.2 361
118 383 157
383 239 227

701.2 261 173
204 539 449
539 441.2 329
156 245 195
261 156 383

Table 2. Influential mass bins showing significant differences between quality groups in ANOVA.

Ranking Pattern Mass Bin
Means

Group 1 Group 2 Group 3

3c > 2b > 1a 203 3.205 6.589 10.256

1c > 2b > 3a 370.6 0.141 0.096 0.046

2c > 1b > 3a 143 0.326 0.425 0.27
165 0.12 0.148 0.093

1b > 2a = 3a

131 0.124 0.094 0.094
315 10.939 5.972 5.517
651 0.202 0.099 0.061
673 1.276 0.717 0.598
695 3.607 2.311 1.804
696 0.581 0.27 0.242
717 1.481 1.077 0.835
316 1.05 0.444 0.508
375 1.144 0.661 0.668
376 0.039 0.015 0.023

2b = 1b > 3a
172 0.112 0.131 0.064
371 0.018 0.02 0.008
382 0.404 0.415 0.278

1b = 2b > 3a

144 0.011 0.009 0.004
255 0.223 0.208 0.089
269 0.128 0.108 0.062

287.2 0.189 0.142 0.075
370 1.097 0.894 0.402
761 0.335 0.297 0.148

3b > 1a = 2a

135 0.025 0.013 0.11
156 0.193 0.178 0.303
204 0.228 0.111 0.405
205 0.074 0.053 0.107
219 0.405 0.232 0.881
261 0.3 0.188 0.517
383 0.314 0.16 0.766

2b = 3b > 1a
167 0.056 0.092 0.09
181 0.06 0.094 0.088

307.2 0.083 0.114 0.11
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Table 2. Cont.

Ranking Pattern Mass Bin
Means

Group 1 Group 2 Group 3

3b = 2b > 1a

140 5.687 6.743 7.397
183 0.041 0.07 0.075

301.2 3.458 5.521 5.763
302.2 0.428 0.572 0.583
561 0.068 0.165 0.17

2b > 1a = 3a

222 0.013 0.02 0.014
249.2 0.11 0.202 0.119
295.2 0.056 0.07 0.059
299.2 0.142 0.42 0.252
309.2 0.149 0.272 0.193
403 0.657 1.218 0.663
180 0.01 0.014 0.008
195 0.125 0.181 0.123
199 0.377 0.568 0.367

300.2 0.008 0.02 0.008
329 0.111 0.202 0.085
392 0.199 0.345 0.1
449 0.069 0.148 0.058
560 0.162 0.272 0.073

1b = 3b > 2a 353 0.479 0.34 0.443

2b > 1ab > 3a

99 0.011 0.012 0.006
102 0.021 0.028 0.013
189 0.112 0.127 0.093

263.2 0.064 0.074 0.053
269.2 0.064 0.073 0.054
279 0.445 0.491 0.362

3b > 2ab > 1a 118 1.887 2.135 2.553
539 0.233 0.383 0.529

2b > 3ab > 1a

193.2 0.159 0.222 0.19
251.2 0.187 0.254 0.23
267.2 0.207 0.28 0.23
303.2 0.031 0.043 0.036
321.2 0.071 0.106 0.088

1b > 2ab > 3a
257 0.933 0.76 0.556
359 14.285 12.586 10.842
739 1.107 0.9 0.6

Group numbers followed by different letters differed significantly (LSD, p < 0.05). No mass bins showed patterns
2c > 3b > 1a; 3c > 1b > 2a; 1c > 3b > 2a; 3b = 1b > 2a; 3b > 1ab > 2a and 1b > 3ab > 1a.

3.2. Effect of Nitrogen

The effect of adding N was examined by cultivar (Figure 2a (Malevo) and Figure 2b (Guerrero)).
Adding N clearly alters the metabolic profiles of the exudates, but an OPLS-DA analysis of these
two cultivars do not reveal common masses in the top ten discriminant bins. We hypothesised that
the variation in field N could be creating additional variation and, therefore, examined the effect of
revealing the blocks. Clearly there is both an effect of block and addition of N on the metabolic profiles
of the exudates (Figure 3a,b). Block 3 clusters in the bottom left quartile. This field effect is creating
much variation in the samples and, with the small number of replicates used, limits the resolution of
the difference in metabolic profiles caused by N.

Effects of N could also be discerned with ANOVA of individual bins, where, in an overall analysis
including all cultivars in the three quality groups, nine mass bins were found to show significant
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differences for N availability (Table 3). Some of these mass bins were also influential in the original
overall analysis separating quality groups (bins 301.2 and 329 in Table 1).

Figure 2. Principal component analysis: PC 1 vs. PC 2 of (a) Malevo; and (b) Guerrero. With N—blue;
without N—green.

Figure 3. Principal component analysis: PC 1 vs. PC 2 of Malevo and Guerrero. (a) Block effect;
and (b) N effect.

Table 3. Mass bins responding to fertiliser levels in ANOVAs applied to quality groups.

Mass Bin
Means

−N +N

91 0.053a 0.111b

149 0.087a 0.114b

183 0.059a 0.065b

301.2 4.482a 5.346b

339 0.146a 0.211b

442.2 0.404a 0.435b

211 0.200a 0.252b

329 0.117a 0.148b

255 0.148a 0.198b

Values for a certain mass followed by a different letter were significantly different (LSD, p < 0.05).
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4. Discussion

Bread-making quality is determined by genetic and environmental factors. The balance between
gliadins and glutenins determines, at least partially, that the dough has properties suitable for baking.
Quality is usually determined by conventional and time-costly methods. However, more recently,
the genetic control of bread-making quality has been dissected into quantitative trait loci (QTL) in
numerous studies, for example, micro-alveograph testing and sub-components [24], sedimentation in
sodium dodecyl sulphate (SDS) [24–26], GPC [24,26–34], and hardness [24], amongst others. As well
as genetic factors, these traits are influenced by environmental factors and management practices,
such as N and water availability, temperature and light intensity [35–37]; for example, increases in
GPC can be achieved by N addition, but after incremental additions of N fertilizer, GPC reaches a
maximum and then remains constant, without any increase in N uptake or remobilization by the crop,
thus decreasing the efficiency of N fertilizer [1], hence, the importance of efficient tools to assist genetic
selection and management practices.

In this work, we propose a novel approach to study bread-making quality by metabolic
profiling. Electrospray ionisation mass spectrometry is highly suitable for analysing the wide range
of non-volatile compounds present in phloem exudates: it is a soft ionisation method at atmospheric
pressure; it is practical for molecules the size of metabolites; it provides good sensitivity; it is adaptable
to a wide range of aqueous and organic solvents and, therefore, can be used directly with metabolite
extracts prepared from plants; and it can analyse a wide range of different types of molecules, including
highly polar molecules, such as peptides, oligonucleotides, and oligosaccharides, as well as small
polar molecules, ionic metal complexes, and other soluble inorganic analytes. The analysis of ions
by MS-TOF is simple and allows analyses of a virtually unlimited mass range with a resolution of
0.0001 and high sensitivity.

The approach taken in this demonstration of principle experiment was to use a non-targeted
analysis of phloem exudates. Non-targeted approaches have been previously used in studies on
tomatoes and Arabidopsis [3,12]. PCA provides strong evidence that cultivars can be distinguished
from each other, as well as between quality groups. For example, in Figure 1, Gavilán germplasm is
clearly different to ACA 304.

The overall PCA identified PC 1 and PC 2, accounting for 56.5% of the total variation, which was
relatively high compared to values obtained in other work, such as Rogers et al. [38]; presumably these
cultivars differed in many aspects of their metabolism responsible for their different agronomic
performance. Some mass bins showed large differences between quality groups and could be important
for accounting for the differences responsible for belonging to different quality groups. For example,
the mass bin 203, which was shown to be the first in the ranking of the top ten bins for separating
group 3 from 2 and group 3 from 1 (Table 1), showed a ranking 1< 2 < 3 in the ANOVAs, meaning it
may be associated with poor quality. Another mass bin showing large differences between quality
groups in the ANOVAs was 370.6, that showed a ranking of 1 > 2 > 3 (Table 2). These mass bins could
be markers for the rapid selection of cultivars for quality.

Other mass bins showing different rankings for quality groups in the ANOVAs (Table 2) give
similar patterns to those observed in the top ten of Table 1. For example, ranking 3 > 1:301.2, 140, 283,
539, and 156; ranking 3 > 2:204, 156, and 383; ranking 2 > 1:301.2, 449, and 329.

Differences between N fertiliser levels identified by the PCA were to a certain extent masked by
the differences between cultivars, but could still be extracted from the data. For example, mass bins
203 and 305 identified responses to N treatment in the cultivars.

When only three replicates are used, as in this study, the variation between replicates and the
large amount of variation between cultivars clouds the separation. When the experimental blocks are
overlaid on the data (Figure 3) it is clear that block three samples cluster tightly, whereas blocks one
and two are more scattered. Thus, there is a large field effect in this experiment, meaning it may be
beneficial in future experiments to increase the number of blocks in order to better take into account
such heterogeneity [39]. In spite of this, clear effects on the addition of N on the metabolic profiles
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of the exudates were observed in PCA. Future work will also de aimed at widening the number of
cultivars under study and to relate their detailed quality characteristics with the masses analysed here;
as mentioned in the introduction, these cultivars have been studied for quality characteristics and we
propose to add our own quality data obtained from controlled field trials to these in future studies.

The period over which exudates were collected was short and the environmental conditions
changed little over this time; for example, mean maximum, minimum, and mean temperatures were
22.9 ± 3.01, 6.73 ± 2.67, and 15 ± 1.7 ◦C, respectively, and rainfall was minimal (0.3 and 0.2 mm).
Hence, we would not expect phloem exudate composition to be significantly affected. Moreover, Overy
et al. [3] and Tetyuk et al. [40] collected exudates from plants differing in age (three days in the former
and up to fourteen in the latter) and made no observations on this. The difference in the latter study
resulted in collection from different phenological stages; we, in our study, were interested in analysing
exudates from plants of the same stage, rather than the same age.

The results presented show that metabolic profiling may be used to extract biochemical markers
that may be of potential use in selection, in the discrimination of cultivars of differing quality, and in
elucidating the effect of N fertilisation. The challenge will be to identify which metabolites are those
associated with that performance and to determine the definitive identification of the metabolites that
goes beyond the putative metabolites included in the current study, in order to allow possible reasons
to be postulated for those differences, and to generate the potential for biochemical marker selection
for the important traits; future work will be directed towards this. Some of the mass bins identified
as differing significantly between the cultivars may be involved in grain protein composition and
quality characteristics. While these are possible candidates for explaining differences in agronomic
performance, further analysis will be needed in order to establish these relationships and, as previously
mentioned, the evaluation of a larger number of cultivars will be required. As data becomes available
from field trials over several years, designed to explore the consistency of responses for the mass bins,
this detailed analysis will be a focus for our resources.

5. Conclusions

In summary, we believe metabolic profiling has the potential to be developed into a breeding tool
to refine plant breeding efficiency. In particular, it would appear to be useful to identify when field
effects could be clouding the results of other screening methods.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2073-4395/8/4/45/s1,
Table S1: Putative metabolites for the top ten m/z bins that separate quality groups in Table 1.
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Abstract: Restriction site-associated DNA sequencing (RADseq) and its derived protocols, such as
double digest RADseq (ddRADseq), offer a flexible and highly cost-effective strategy for efficient plant
genome sampling. This has become one of the most popular genotyping approaches for breeding,
conservation, and evolution studies in model and non-model plant species. However, universal
protocols do not always adapt well to non-model species. Herein, this study reports the development
of an optimized and detailed ddRADseq protocol in Eucalyptus dunnii, a non-model species, which
combines different aspects of published methodologies. The initial protocol was established using
only two samples by selecting the best combination of enzymes and through optimal size selection
and simplifying lab procedures. Both single nucleotide polymorphisms (SNPs) and simple sequence
repeats (SSRs) were determined with high accuracy after applying stringent bioinformatics settings
and quality filters, with and without a reference genome. To scale it up to 24 samples, we added
barcoded adapters. We also applied automatic size selection, and therefore obtained an optimal
number of loci, the expected SNP locus density, and genome-wide distribution. Reliability and
cross-sequencing platform compatibility were verified through dissimilarity coefficients of 0.05
between replicates. To our knowledge, this optimized ddRADseq protocol will allow users to go
from the DNA sample to genotyping data in a highly accessible and reproducible way.

Keywords: SNP; SSR; next generation sequencing; genotyping by sequencing

1. Introduction

Efficient plant genome sampling, with sufficient and informative genetic markers, plays a key
role in breeding, conservation, and evolution studies. In recent decades, researchers have developed
different types of useful molecular markers, although nowadays SNPs have become the markers
of choice. This selection is based on their high abundance in genomes, stability, co-dominance,
and automation of the genotyping process [1].

SNP arrays are high-throughput and cost-effective tools, with the extra advantage of generating
relatively reduced amount of missing data. These features make them one of the most popular
genotyping tools for major crops and forest tree species. However, the development of a novel SNP
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array is costly, making them unaffordable for non-commercial plant species. Restriction site-associated
DNA sequencing (RADseq) [2], genotyping by sequencing (GBS) [3], and their derived protocols
(reviewed in [4] and [5]) are techniques that have recently emerged as promising genomic approaches
for SNP discovery at a genome-wide scale. They are based on reduced representation sequencing
of multiplexed samples, do not require a reference genome or previous polymorphism knowledge,
and combine marker discovery and genotyping in a one-step process. Thus, they provide a rapid,
high-throughput, and cost-effective strategy for carrying out multiple genome-wide analyses for
several non-model species and germplasm sets.

These approaches involve digesting the DNA with restriction enzymes and then sequencing a
specific size-selected range of generated fragments. Aiming to ameliorate some of the weaknesses
of the original RADseq, specifically with regard to the dependence of the length of the generated
fragments on random shearing effects [5,6], researchers have developed many derived methodologies,
including 2b-RADseq [7], ezRADseq [8] and ddRADseq [9]. Double-digest restriction site-associated
DNA sequencing, or ddRADseq, uses two different restriction enzymes to cut the DNA: one rare cutter
(i.e., an enzyme with a large recognition site) and a frequent cutter. Only the fragments falling between
both restriction sites and within a specific size range are sequenced [6]. This reduces the depth of
sequencing needed to reach optimal coverage, as well as the percentage of missing data, in comparison
with RADseq.

The original ddRADseq protocol was built and trained based on animal data, and it has been
widely applied in SNP marker development and genotyping for several species in this kingdom.
Applications of this technology to plants have been reported [10–14], especially in forest and fruit
trees (reviewed in [15]), and were specifically improved [16,17]. However, most researchers still use
universal default protocols that carry some limitations. Because of the diversity and complexity of
plant genomes, the different steps of the ddRADseq protocol require revision to achieve better results
in non-model plant species. The steps that would need revision include the selection of the pair of
restriction enzymes, the determination of the optimum size range, the suitability and performance of
the sequencing platform, the sequence depth, and the variant calling strategy. Moreover, because this
could involve testing steps, the development of an optimized protocol for setting up the methodology
in a small number of plant samples is mandatory, mainly for labs with low budgets.

A collateral application of this Next Generation Sequencing (NGS) technique in plants is the
cost-effective discovery of other genetic variants like polymorphic SSR loci [18,19]. SSRs have numerous
uses, including linkage map development, quantitative trait locus (QTL) mapping, marker-assisted
selection, cultivar or clone fingerprinting, and population structure and genetic diversity studies,
among others [20].

For Eucalyptus, several genotyping platforms, such as the recent SNP array EUChip60K [21], have
been developed [22,23]. However, some species, such as the important forest species Eucalyptus dunnii
Maiden (hereafter E. dunnii) are less represented in this case.

The present study involves the development of an optimized and lower-cost ddRADseq protocol
in E. dunnii through the setting up of a small number of samples. This optimized protocol may be
easily applied to any plant species. Additionally, this study presents the scaling up of the first protocol
to a second one, which allows its application to a larger number of samples. To our knowledge, to date
this is the most comprehensive and detailed ddRADseq report allowing users to optimize the protocol
from the DNA sample to the molecular marker data in an easy and accessible way.

2. Materials and Methods

2.1. Plant Material and DNA Extraction

A ddRADseq derived protocol was optimized and applied on two samples of E. dunnii (A and B),
and subsequently scaled up to another 24 samples (1 to 24). The samples belong to the INTA
Eucalyptus breeding program (Supplementary Table S1). Fresh young leaves were collected, dried in a
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freeze dryer (Labconco Corporation, Kansas City, MO, USA) and conserved in silica gel until DNA
extraction. Genomic DNA (gDNA) was extracted from the lyophilized leaves following the CTAB
method described by Hoisington et al. [24] with modifications for E. dunnii species as described in
Marcucci et al. [25]. Their quality was verified by Nanodrop (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis analysis. DNA was quantified using a Qubit 2.0 fluorometer
(Thermo Fisher Scientific).

2.2. Evaluation of Enzymes and Size Selection Range

Several in silico digestions of E. grandis v2.0 reference genome (available on Phytozome https:
//phytozome.jgi.doe.gov/pz/portal.html, [26]) were performed to assess both the optimal set of restriction
enzymes for the E. dunnii genome and the number of DNA fragments to be recovered by different
size selections [9,15]. Simulations were performed with SimRAD package [27]. The evaluated
restriction enzyme combinations PstI-MspI and SphI-MboI were selected based on the studies of
Peterson et al. [16] and Scaglione et al. [28], respectively. In addition, different size selections were
evaluated to achieve between 1e4 to 5e4 fragments in an optimal size selection window of 50 to 100
base pairs (bp), as suggested by Peterson et al. [9], or even of 150 bp. The average insert size was set
from 295 to 420 bp, which led to a final library size range between 350 and 600 bp. This size range is
suitable for bridge amplification in Illumina platforms and allows minimum overlapping of Paired
End (PE) Run reads of 150 bp or longer.

The insilico.digest routine was applied for both enzyme combinations and the adapt.select routine
was used to simulate the amplification of the fragments with both enzyme cutting site endings. Finally,
size.select was used to select different subpopulations of fragments per digestion. For double digestion,
the considered means were of 320, 370, 420 bp, with two window widths simulating manual (agarose
gel electrophoresis, 100 or 150 bp) and automatic selection (by SAGE ELF, 70 or 140 bp, for one or two
elution wells). Subsequently, in vitro E. dunnii gDNA digestions were run by using reaction conditions
described elsewhere [28]. The profile of the obtained fragments was visualized in agarose gel (Figure 3
of the Supplementary File S1) and capillary electrophoresis in a 5200 Fragment Analyzer System
(Advanced Analytical Technologies, Inc., Santa Clara, CA, USA) using the DNA high sensitivity kit
(Agilent Technologies, Santa Clara, CA, USA). Supplementary File S2 contains the SimRAD command
lines used for the simulation.

2.3. Protocol 1 (P1): Optimized ddRADseq

Digestion: For samples A and B, 150 ng of each gDNA was completely digested using SphI-HF and
MboI (2.4 U per enzyme, New England Biolabs (NEB), Ipswich, MA, USA), and incubated at 37 ◦C for
90 min. The reaction was inactivated at 65 ◦C for 20 min and purified with 1.5 volumes (×) of Ampure
XP bead (Beckman Coulter, Brea, CA, USA) [28]. At this point, the complete digestion of gDNA was
assessed by electrophoresis in a Fragment Analyzer System (Advanced Analytical Technologies, Inc.).
A homogeneous distributed fragment population shorter than about 3 kb was expected.

Ligation: The common adapters (double-stranded oligonucleotides) published by Peterson et al. [16]
were used (Supplementary Table S2). Specifically, Adapter 2 (A2) had a “Y” form for the specific
amplification of fragments with different cut site endings. Adapter 1 (A1) and A2 were modified
by changing their sticky ends for SphI and MboI, respectively. The final ligation was done using
2 pmol and 5 pmol of A1 and A2, respectively, and 2.4 Weiss units of T4 DNA ligase (Invitrogen,
Carlsbad, CA, USA). This final selection was based on the following tests: A1 and A2: 2 and 5 pmol
similar to Scaglione et al.’s protocol [28], 2 pmol of both adapters, as reported by Elshire et al. [3],
and 0.1 and 15 pmol, as reported by Peterson et al. [16]. The reaction was incubated for 1 h at 23 ◦C,
followed by an additional incubation for 1 h at 20 ◦C; finally, the reaction was inactivated for 20 min
at 65 ◦C [28]. A1 × Ampure XP bead purification per sample was done before performing PCR
(Polymerase Chain Reaction).
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PCR: The dual-indexed primers designed by Lange et al. [29] (Supplementary Table S2) were
used for the reactions. The oligonucleotides have a portion for sequencing on the Illumina platforms
plus an index (8 bp), which allows the identification of each library. NEB Phusion High-Fidelity DNA
polymerase was used with the following cycling parameters [28]: 3 min of initial denaturation (95 ◦C),
10 cycles of amplification (30 s at 95 ◦C, 30 s at 60 ◦C, 45 s at 72 ◦C), and 2 min of a final extension
(72 ◦C). A1.2× Ampure XP bead purification per PCR was subsequently performed.

Pooling: After adding the indexed primers by PCR, the obtained libraries were pooled based on
concentration (according to Qubit 2.0 fluorometer analysis) and concentrated in a SpeedVac (Eppendorf,
Hamburg, Germany).

Size Selection: A manual size selection was applied (a range between 450 and 550 bp, which
corresponds to DNA fragment size of interest between 310 and 410 bp) in low-melting 1.5% agarose
gel electrophoresis (Bio-Rad Laboratories, Hercules, CA, USA). Finally, the selected fragments were
purified from the gel with QIAquick Gel Extraction kit (Qiagen N.V., Hilden, Germany) [28].

Sequencing: The final libraries were quantified by Qubit 2.0 fluorometer (HS dsDNA kit, Thermo
Fisher Scientific) and their quality was checked on a Fragment Analyzer system (DNA High Sensitivity
kit, Agilent). A PE sequencing run (2 × 151 bp) was performed on MiSeq (Illumina Inc., San Diego, CA,
USA) for both samples (Figure 1).

Supplementary File S1 displays an extended version of P1.

 
Figure 1. Workflow of the two optimized ddRADseq protocols.

184



Agronomy 2019, 9, 484

2.4. Protocol 2 (P2): Optimized ddRADseq (Scaling Up to 24 Samples)

The Optimized ddRADseq P1 was subsequently scaled up by using the 24-plex P2 (samples 1 to
24, Supplementary Table S1). First at all, P2 was set up in 23 samples and consisted of P1 with some
modifications as follows.

Ligation: 24 variable-length (4 to 9 bp) barcodes designed by Poland et al. [30] were added, in
order to avoid low sequence quality of the first bases due to the restriction site [3,17] (Supplementary
Table S2).

Pooling: Ligations were mixed by equal DNA quantity in a 23-plex pool, then concentrated and
finally cleaned by one 1× Ampure XP bead purification per pool.

PCR: A PCR was performed per pool of libraries (a pair of indexes identifying each pool).
Sequencing: The libraries were sequenced on a very low depth PE (2× 250 bp) run of a MiSeq

instrument (Illumina Inc.).
Finally, the P2 was customized to the definitive protocol (Figure 1). This led to the construction

of new libraries from the gDNA of the same 23 samples plus an additional sample (24-plex),
as detailed below.

Ligation: each reaction was done with 160 U of ligase (NEB Cohesive End Ligation).
Pooling: the ligations were 24-plex pooled, based on the concentration of each digestion quantified

by Picogreen (Sigma-Aldrich) in a FluorStar Optima Fluorometer (BMG Labtech, Ortenberg, Germany).
Size selection: an automatic size selection run was performed in a 2% agarose cassette in the

SAGE ELF (Sage Science, Inc., Beverly, MA, USA) and the fragments of 450 bp on average (between
415 and 485 bp) were collected from one well. Subsequently, an extra step of 0.8× Ampure XP bead
purification was performed to ensure the elimination of the fragments below 300 bp.

Sequencing: as a final step, the pool was sequenced PE (2× 75 bp) on a NextSeq 500 sequencer
(Illumina Inc.).

Supplementary File S3 presents an extended version of P2. Figure S1 of Supplementary Tables
displays a schematic view of the library construction.

2.5. ddRADseq Data Analyses

The sequencing quality of each sample was checked using FastqC [31].
Although many bioinformatics software and R packages (R-3.5.2, R core team, Vienna, Austria)

can handle this kind of reduced representation sequencing data, Stacks [32,33] (v1.48, University of
Oregon, Eugene, OR, USA) is one of the software packages that performs equally well when working
with or without a reference genome. This software was developed mainly for organisms without
reference genomes and high-depth RAD sequencing. Additionally, Stacks is between the pipelines,
with high accuracy for SNPs calling on this kind of data [34,35].

Herein, data obtained using both protocols were analyzed with different components of the
software Stacks v1.48 [32,33], including cleaning raw reads, defining the ddRADseq loci and determining
the SNPs. Samples A and B were used to compare the efficiency between de novo and with reference
analyses for the species, as well as to assess the utility of P1. In the case of P2, on the other hand,
samples 1 to 24 (run on NextSeq 500) were analyzed with reference. Additionally, libraries of the
samples that were sequenced twice (MiSeq and NextSeq) were analyzed (both repetitions together) to
evaluate the performance of the Illumina platforms.

First, by using the process_radtag.pl component, reads were removed if they presented uncalled
bases, low Phred score (lower than 10), absence of enzyme recognition sites, and presence of adapter
sequence. Additionally, A and B samples were trimmed to 145 bp, because of quality drop in the last
bases according to mean average inspection using FastqC [31]. Otherwise, the raw data of samples 1 to
24 were demultiplexed and truncated to 66 bp after removing up to 9 bp of barcode sequences. For
downstream analyses, paired and unpaired clean reads were considered.

Subsequently, the denovo_map.pl pipeline was used to search loci and SNPs de novo (only for
P1), whereas ref_map.pl .pl was selected to assess SNPs after mapping cleaned reads to the E. grandis
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reference genome with Bowtie2 (default parameters) [36]. In all of the analyses, a minimum of three
reads was used to define an allele (or stack) within an individual (-m 3). Particularly for de novo
analysis, three mismatches between alleles were allowed to construct a locus within an individual
(- M 3) and three mismatches were allowed between loci to build the catalog (-n 3).

After running each pipeline, the rxstacks program was applied to filter out putative sequencing
errors of genotype and haplotype calls and, subsequently, the components cstacks and sstacks were
rerun. Thus, the bounded SNP model was applied, and loci with log-likelihoods higher than (minus)
-10 were kept. Furthermore, a proportion of individuals with confounded loci up to 0.05 were admitted,
and excess haplotypes from individual loci were pruned according to their prevalence in the population.

Finally, the pipeline Populations was run with different filter combinations, resulting in three
VCF (variant call format) files for the SNPs and ddRADseq polymorphic loci. For samples A and B,
the basic data matrix (Total markers) was obtained. A second matrix without missing data was built
(Shared markers). For the third matrix, allele data from samples 1 to 24 derived from P2 were filtered
by a minimum allele frequency (MAF) of 0.05, and presentation of a locus by a minimum of 80% of
individuals in order to be considered. Supplementary File S2 presents all the command lines used to
run Stacks (with and without the reference genome).

2.6. SSR Identification

SSRs for samples A and B were identified using the software MIcroSAtellite (Institute of Plant
Genetics and Crop Plant Research, Gatersleben, Germany) identification tool, also known as MISA [37],
as in Qin et al.’s study [38]. The fasta_sample option of the Population module (Stacks v1.48) was
used to obtain the sequences of the two haplotypes of each sample for each locus in FASTA format.
Then, according to the same criterion used by Torales et al. [19], SSRs with a minimum of five repeats
for dinucleotide, four repeats for trinucleotide, and three repeats for tetra, penta and hexanucleotide
motives were searched. The polymorphic SSRs were also analyzed. Supplementary File S2 displays all
the command lines used to run MISA.

2.7. Evaluation of Robustness—Sequencing Platform Comparison

The robustness of the protocol was evaluated by comparing MiSeq and NextSeq data sets from
46 libraries (23 MiSeq and 23 NextSeq). The VCF file was filtered by missing data and MAF lower
than 20% and 0.05 respectively (Populations pipeline of Stacks v1.48). A dissimilarity matrix between
all the samples was calculated directly from the filtered VCF using the R package SNPrelate [39].
The dendrogram was plotted using the R package ggplot2 [40].

3. Results

3.1. Evaluation of Enzymes and Size Selection Range

According to the in silico simulations of genome E. grandis v2.0 digestion, the enzyme pair
SphI-MboI generated 2,499,866 fragments (Figure 2a, grey area), of which 248,275 have both enzyme
cutting site endings (type AB and BA fragments, data not shown). The enzyme pair PstI-MspI produced
almost half (1,090,783) of the fragments of SphI-MboI (Figure 2b, grey area) and 174,771 of these
fragments contain the expected pair of ends (AB+BA).

Table 1 displays the predicted AB+BA fragments generated for both enzyme combinations of
different size selection ranges (270 to 420 bp, in manual size selection; 285 to 415 bp in automated
size selection).
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(a) 

 
(b) 

Figure 2. Histograms of in silico simulations (frequency versus fragment size). (a) In silico digestion
with SphI-MboI. (b) In silico digestion with PstI-MspI. Total fragments obtained in digestion (grey);
subpopulation of fragments obtained by manual size selection (the whole colored area); subpopulation
of fragments obtained by automatic size selection (pink + light blue area); and subpopulation of
AB+BA fragments selected, amplified and sequenced (manual: blue + light blue areas; automatic: light
blue area).

We selected the SphI-MboI enzyme combination for Eucalyptus, because of the larger number
of fragments in the thin window widths (100 and 70 bp). Specifically, we selected an average DNA
fragment population size of 370 bp. This size gave the minimum overlapping between 150 bp PE
reads (P1) in sequenced libraries. For this average fragment size, 24,508 AB+BA fragments fell within
the range of 320 to 420 bp for the manual size selection in P1 (actually, the library fragment size was
450 to 550 bp, including adapters and primers, Figure 2a, blue + light blue areas). On the other hand,
the automatic selection retrieved 17,317 AB+BA fragments in the range between 335 and 405 bp in
P2 (Figure 2a, light blue area). For PE sequencing, this is 24,508 × 2 = 49,036 predicted sequenced
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ddRADseq loci for manual size selection and 17,317 × 2 = 34,634 predicted sequenced ddRADseq loci
for automated size selection (70 bp range, due to the restriction of the equipment).

The enzyme pair PstI-MspI retrieved 12,026 AB+BA DNA fragments between a manual size
selection window of 100 bp (between 320 and 420 bp; Figure 2b, blue + light blue areas), whereas it
gave 8359 between an automatic size selection window of 70 bp (between 335 and 405 bp; Figure 2b,
light blue area). Again, for PE sequencing, this was 12,026 × 2 = 24,052 predicted sequenced ddRADseq
loci for manual size selection and 8359 × 2 = 16,718 predicted sequenced ddRADseq loci for automated
size selection.

Moreover, in vitro digestion analyses showed that the SphI-MboI enzyme combination displays a
more homogeneous pattern (Figure 3a). In accordance with the results from the in silico simulations,
these enzymes gave higher frequencies of lower-sized fragments within the range of selection than
those obtained with the PstI-MspI combination (Figure 3b).

(a) 

(b) 

Figure 3. In vitro digestions of E. dunnii genomic DNA. Fragment Analyzer system runs. (a) SphI-MboI.
(b) PstI-MspI.

Other enzymes and size selection combinations yielded a similar number of predicted fragments.
For example, the PstI-MspI enzyme combination with an average fragment size selection of 345 bp
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and a window width of 150 bp retrieved 18,826 predicted fragments. However, our size selection
equipment (SAGE ELF) at a window width of 70 bp retrieved several DNA fragment subpopulations
of different ranges at the same time, and consequently a size selection with a width of 150 bp can only
be done by collecting two elution wells or by manual selection.

3.2. Protocol 1: Analysis in Samples A and B

From the MiSeq sequencing, we obtained 1,984,145 and 2,294,900 PE reads of 151 bp for samples A
and B, respectively. The overall read quality, according to FastqC visualization [31], was high enough
for further analysis. Filtering by quality with the process_radtag.pl allowed us to obtain samples that
retained more than 96% of the reads, with a mean of 2,066,064.5 reads.

The use of Bowtie2 [36] with the default parameters as the aligner allowed us to map approximately
82% of the reads against the E. grandis reference genome. The ref_map.pl pipeline of Stacks identified a
total of 77,885 ddRADseq loci for sample A and 71,395 ddRADseq loci for sample B. These results
showed a mean depth coverage of 24.16× and were used to build a catalogue. Then, a subsequent
filtering by quality (with the rxstacks module) retained 41,834 ddRADseq loci. This result is at the
expected order of magnitude according to in silico simulation (49,016 = 2 loci on 24,508 fragments using
PE sequencing). Within these ddRADseq loci, 9299 were polymorphic (i.e., they had at least one SNP)
and held 19,525 SNPs (a mean of 2.1 SNPs per locus) and 4246 SSRs. Moreover, both samples shared
7346 of these ddRADseq loci with 15,792 SNPs (Table 2). Additionally, sample A and B shared 420 SSRs
with different motifs of repetition and 16 of these SSRs were polymorphic (Table 2, Supplementary
Table S1).

An analysis using the denovo_map.pl routine implemented in Stacks [33] allowed us to obtain a
higher number of ddRADseq loci (approximately the double: 156,013 and 135,501 for sample A and B,
respectively) and polymorphic markers than the with reference analysis. In this case, the definitive
catalog contained 125,432 loci. Within these de novo ddRADseq loci, 18,951 were polymorphic, and
held 33,313 SNPs in all (a mean of 1.8 SNPs per haplotype), as well as 1366 SSRs. Finally, the samples
shared 14,423 loci, 25,778 SNPs and 55 polymorphic SSRs (Table 2; Supplementary Table S3).

Table 2. Comparison of ddRADseq loci and polymorphic markers identified in two samples using with
reference and de novo analyses. Number of SNPs and SSRs markers discovered by with reference and
de novo analyses with Protocol 1. Total: total discovered markers; Shared: markers shared between
both samples.

Analysis
Total Shared

SNPs loci SSRs SNPs loci SSRs SSRs Polym.

with reference 19,525 9299 4246 15,792 7346 420 16

de novo 33,313 18,951 7717 25,778 14,423 1366 55

Dinucleotides (AG/GA> AT/TA> TC/CT) were the most frequent motifs observed in both cases
(SSRs discovered by with reference (16 SSRs) or de novo (55 SSRs) analysis), followed by tetra and
trinucleotides (approximate 15:5:1 respectively). At least 30 SSRs were polymorphic in a heterozygous
state (20 without reference analysis). According to the with reference analysis, polymorphic SSRs were
distributed in all chromosomes, except for chromosome 3 and 9 (Supplementary Table S3).

3.3. Protocol 2: Analysis in 24 Samples (Scaling-Up)

The demultiplexing of the 24-plex pool sequenced on NextSeq platform retrieved 27,400,302 good
quality PE reads, with a mean of 1,141,679.25 PE reads per sample. This number varied from 404,702
for sample 1 to 2,280,731 for sample 18, with a standard deviation of 440,542.6 and a variant coefficient
(VC) of 0.39 (Figure 4a; Supplementary Table S1). Of these reads, a mean of 82.39% was successfully
mapped against the E. grandis genome. The mean ddRADseq loci number per sample was 68,622.
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This result doubles the expected value according to our in silico prediction (34,634). This loci number
also varied between 31,733 and 110,951 per sample, and six samples showed more than 80,000 loci
(Figure 4). This loci number variation per sample shows a higher correlation with the number of
reads per samples (r2: 0.8742) than with the mean coverage per sample (r2: 0.3654). The overall depth
of coverage was 11.56 × (sd: 2.44, Supplementary Table S1). We identified 138,624 SNPs in 62,487
polymorphic loci. After applying filters of MAF 0.05 and 20% of missing data, we obtained 16,371
SNPs distributed in 9,466 ddRADseq loci, with a mean of 1.73 SNPs per locus. Of these SNPs, 15,950
were located through all the 11 chromosomes of the E. grandis genome (Figure 5), whereas the rest
were located in the scaffolds, and thus were discarded from further analysis.

 
(a) 

 
(b) 

Figure 4. Data of 24 samples sequenced on NextSeq: Number of loci per sample compared with:
(a) number of reads per sample and (b) mean depth of coverage (×) per sample.
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Figure 5. Distribution of 15,950 SNPs in the 11 chromosomes of E. grandis reference genome, NextSeq
24-plex run (1 Mb window).

3.4. Evaluation of Robustness—Sequencing Platform Comparison

The 23-plex pool of libraries was sequenced using MiSeq (Illumina Inc.) in low coverage (4.49×,
with a range between 3.94 and 5.32×). From the overall number of 138,403 PE reads that were
obtained per sample, 85% mapped successfully against the E. grandis reference genome. Subsequently,
the 46 samples (23 replicates) of both pools sequenced in different platforms (NextSeq and MiSeq) gave
158,996 unfiltered SNPs in 294,212 loci with a mean of 16,807.63 loci per sample. However, after filtering
them by quality with the rxstacks correction module, MAF lower than 0.05, and 20% missing data,
a total of 1051 SNPs in 702 ddRADseq loci were kept. This final SNP matrix was used to construct a
dendrogram (Figure 6). All replicates clustered together, with a dissimilarity coefficient lower than 0.05.
This dissimilarity can be explained by the 20% missing data (mostly in MiSeq data, because of the low
sequencing coverage), the expected error rate of sequencing and the differences between sequencing
technologies. In addition, half-sibs (i.e., family samples 222, 247, 262) had the lowest dissimilarity
coefficients (below 0.17), in accordance with the expected close relationships within families.
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Figure 6. Dendrogram for the combined MiSeq and NextSeq dataset of 23 E. dunnii samples with a
MAF of 0.05 and missing data below 20%. Each of 23 individuals has two sets of ddRADseq SNPs data:
one set sequenced on a MiSeq and another sequenced on a NextSeq 500.

4. Discussion

Restriction-site associated DNA sequencing methodologies are becoming the most popular
strategies in genomic data generation for a variety of applications related to crop and tree species
breeding and genetics [15]. Nevertheless, for the Eucalyptus genus, the use of RADseq-derived methods
is scarce. To date, the easy access to the commercial SNP array (EUChip60K) has led researchers to
use it in the analysis of the genus [41–44], rather than RADseq-derived methods. Some species are
poorly or less frequently represented in this chip than E. grandis (which is represented for its economic
importance), and for this reason, the population allele frequencies and genetic relationships between
individuals can be affected [45–47]. RADseq and GBS-based methodologies have the potential to avoid
this type of bias [30], but the experience in Eucalyptus reported to date is not encouraging. Indeed,
Duran et al. [41] applied GBS on 500 E. globulus individuals and only obtained 2597 polymorphic
SNPs between them. The low number of markers suggests that the protocol should be improved
for this genus in order to get enough whole genome coverage markers to perform population-level
studies, such as genome-wide association mapping and genomic selection, among others. In addition,
there are technical inconveniences associated with GBS and its derived protocols, since these can only
enrich populations of sequenced DNA fragments that are below ~350 bp. Moreover, these protocols
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also result in high levels of missing data (reviewed in [48] and [49]). RADseq, on the other hand,
involves more steps and equipment, as well as higher quantities of initial gDNA, and shows high read
depth variation.

This study describes the optimization of a ddRADseq derived protocol for E. dunnii genotyping.
Unlike these last methods, ddRADseq uses two enzymes and reduces the subset of sampled fragments,
which allows higher reproducibility, greater loci coverage, larger fragment sizes and more effective
SNPs [9,49]. Although allele dropout increases in comparison with RADseq [5], all the mentioned
characteristics make ddRADseq genotyping a putatively more appropriate strategy.

With this in mind, we developed a modified protocol for achieving an optimized low-cost
ddRADseq (P1) for plant species. This protocol was set up with a small sample (only two individuals),
and thereafter was scaled up to perform on larger population analyses (P2).

Like in Peterson et al.’s protocol [16], the ligation step in P1 involves universal adapters, and
PCR is performed before pooling the samples. Thus, the size selection turns out to be the last step
of the protocol. The development of the P1 involved the analysis of different enzyme combinations
and three concentrations and proportions of the adapters. Additionally, instead of the 6 bp-length
Index Illumina primers, we used 16 forward primers and 96 reverse primers with an 8 bp-length index,
which were designed by Lange et al. [29]. This change allowed higher multiplexing of samples, not
only for library construction, but also for sequencing (up to 1536 samples). Moreover, we changed
automatic size selection for manual size selection by agarose gel. All these modifications allowed P1
to be easily applicable on a very low number of E. dunnii samples and with minimal cost. Thus, this
strategy may be extrapolated to other plant species, becoming an attractive tool for low-budget labs.

Despite its potential utility for setting up a ddRADseq protocol in any plant species, P1 involved
the management of each sample independently until almost the end of the protocol, precluding its
use with a large number of samples. In this regard, we propose P2 as a scale-up of P1. The addition
of 24 adapters with barcodes in the ligation step allowed the pooling of samples and the application
of size selection before PCR, as reported in ddRADseq [9]. Moreover, the use of different barcode
lengths (4 to 9 bp, Poland et al. [27]) allowed us to avoid sequencing phasing error at the beginning of
reads, as reported in GBS and MiddRADseq [3,17], but not considered in the original ddRADseq [9].
For this scaled-up P2, we also proposed the use of automatic size selection, which would decrease
the possibility of cross-contamination and increase the precision and consistency when applying the
protocol for more than one pool of samples [5], as reported in the original ddRADseq [9].

The first and maybe most critical step in every RADseq method is obtaining good quality, quantity
and integrity of DNA material. Even ddRADseq has this high quality gDNA requirement [49]. Thus,
gDNA extraction has to be done with a method that ensures gDNA integrity, and this integrity must
be checked (e.g., by using a Nanodrop®-type spectrophotometer). gDNA needs to be quantified
through a sensitive method such as Qubit® (Thermofisher). For instance, if gDNA is degraded, or if
the quantity is insufficient, the results may retrieve higher VC between the read numbers obtained
for each sample. With the CTAB DNA extraction protocol, we were able to reach the required gDNA
integrity and quantity (See Supplementary File S1) [50]. However, high concentrations of good quality
gDNA are not always easy to achieve in all species. In this regard, the initial amount of gDNA needed
for the protocol is something to be considered. Whereas some ddRADseq-derived protocols rely on a
high amount of starting material (e.g., 1000 ng [51]), our protocol requires minimal quantities (only
150 ng). The VC obtained for our samples (0.39) is lower, but at the same order of magnitude, than the
ones reported for other ddRADseq approaches (e.g., 0.42, [28], 0.47, [51]). Moreover, the obtained VC is
clearly influenced by the E. dunnii-1.202.SD sample, which has the lowest number of sequenced reads,
and thus the lowest amount of genotyped markers.

Regarding the criteria for enzyme selection, some authors have proposed selecting enzymes for
a specific species based only on in silico prediction, whereas others have suggested using universal
enzymes (e.g., after doing an in silico evaluation of many enzymes). For example, Yang et al. [17]
reported the use of the single universal pair AvaII-MspI for all angiosperms, which include Eucalyptus.
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Based on our results, the evaluation of enzyme combinations (one frequent and one rare cutter)
through both in silico and in vitro methods is an essential step in optimizing ddRADseq in new species
(e.g., [52]). Owing to the absence of a reference genome for E. dunnii, we used the reference genome of
a species of the same genus (E. grandis) for in silico prediction instead. Nevertheless, if the species
under study lacks a reference genome (or a species that may be taken as reference because of its close
proximity), the in silico prediction can also be done based on other information such as GC content
and genome size [27].

In this study, the combination SphI-MboI showed a homogeneous digestion profile with a high
number of fragments in the size selection range evaluated by both in silico and in vitro digestions,
in comparison with PstI-MspI. Therefore, we selected SphI-MboI for the subsequent steps.

Another critical step to be adjusted is the size selection range window. First, according to previous
studies (i.e., [28,51]), if the size selection for a RADseq-derived protocol is done in gel, and with a
100 bp ladder, the use of multiple ranges of 50 bp or 100 bp is advisable in order to minimize hand
excision errors. That is why we evaluated (in silico) windows of 100 bp or 150 bp in a range between
220 and 470 bp for insert DNA fragments of interest within a range of 350 to 600 bp, when manual size
selection was performed in P1. This inconvenience does not occur when using automatic size selection
equipment. However, the amplitude of the range is delimited by the capacity of the equipment
used in this study (i.e., in Sage ELF 2%, the range of each size selected correctly is around 70 bp,
sagescience.com). This last window size is comparable to the “wide” size selection (72 bp) applied in
the original ddRADseq protocol [9].

On the other hand, final library fragment sizes should not be too small (i.e., <200 bp) to avoid
overlapping of the PE sequences, which should result in SNPs overestimation when doing de novo
and with reference analyses. This is because Stacks v1.48 considers PE reads as independent loci
(i.e., the software does not perform contig assembly in overlapping reads, [32]). Neither should the
fragments be too long (i.e., >800 bp), because long fragments retrieve lower base quality in Illumina PE
sequencing [53].

In comparison with MiddRADseq [17], we also used in silico prediction to evaluate the size
selection. However, while those researchers used a window size of 300 bp (400–700 bp), we selected
a narrower window of 70 or 100 bp (in the range of 320–420 bp in the manual selection and a mean
of 370 bp for the automated selection). In a recent publication, Kess et al. [51] reported the use of a
300-bp window size. The use of thinner ranges avoids potential PCR amplification bias that would
increase when using fragments with different lengths, while declining data quantity and quality [54,55].
Moreover, fewer reads per sample are needed to reach an optimal mean coverage per locus.

In terms of the number of ddRADseq loci generated with P1, we obtained 50% more loci per
sample than the predicted loci (74,640 mean loci obtained per sample and 49,016 expected loci).
Moreover, after filtering the catalog by rxstacks, we obtained a better correlation, with only 15% fewer
loci than the predicted loci (41,834 ddRADseq loci). On the other hand, by using P2, we obtained a
mean of 68,622.38 ddRADseq loci per sample. This result doubles the expected in silico prediction
(34,634.00). According to Scaglione et al. [28], this phenomenon may be due to the stochastic possibility
of each individual to yield loci that are out of the target [32]. In fact, ddRADseq loci present variability
between samples, showing a higher correlation with the number of reads per samples (r2: 0.8742) than
with the mean coverage per sample (r2: 0.3654). Moreover, the differences in genome sizes between the
species and in the genome structures should also be considered. Indeed, only around 82% of the reads
of E. dunnii were successfully mapped against the E. grandis reference genome.

With regard to the size selection methodology, we used both manual and automatic size selection.
For P1, we applied the manual excision in agarose electrophoresis gels to reach a low-cost methodology,
as in Scaglione et al. [28] and MiddRADseq [17], whereas for P2 we used the SAGE ELF device. In most
publications, researchers use Pippin-prep as the automatic method of choice (e.g., [9]). However, we
used SAGE ELF. We selected this method because it is easier to set up and gives tighter and higher
DNA recovery in comparison with BluePippin [56]. As expected, the implementation of the manual
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size section (P1) method compared to the automatic one (P2) showed that the automatic method
resulted in few recovered loci (74,640 vs. 68,622 loci). The lower number of loci is due to the restricted
size range used in P2.

Another critical point for the set-up is the optimal concentration of adapters. In this work,
we tested different concentrations (data not shown), and finally chose similar concentrations to
those reported in Scaglione et al. [28]. Some protocols assess different adapter concentrations by
titration [3,9]. Nevertheless, this procedure is not required for species with genomes below 20 Gb,
such as Eucalyptus [17]. An excess of adapters can be used for proper ligation with DNA fragments,
as in our protocols. Moreover, we used a Y-adapter form for the common restriction site. This generates
ddRADseq libraries where Adapter 1 and Adapter 2 are on opposite ends of every amplified fragment.
This type of library construction can reduce complexity [9,16,17,30]. Our P1 only requires a pair of
adapters per set of enzymes, thus avoiding a substantial investment of funds at the beginning of
the assay.

The P2 includes adapters with barcodes, as in the original ddRADseq and MiddRADseq
protocols [9,17]. This addition simplifies downstream steps. For instance, many samples can be pooled
in the same library, thus reducing the number of simultaneous reactions to just one. In addition,
we specifically used 24 barcodes of different length designed for two-enzyme GBS protocol [30],
as proposed in the original GBS protocol [3], and as performed in MiddRADseq [17], but not in the
original ddRADseq [9]. The use of barcodes with different length avoids phasing error (low sequence
quality). This error occurs when all the bases at the beginning of reads are the same in all clusters
(Illumina sequencing) because of the restriction site. In P1, we solved this problem by using at least 5%
of PhiX, as described in Peterson et al.’s protocol [16], or by mixing the ddRADseq libraries in the same
sequencing run with other types of libraries with greater nucleotide variability in the first bases.

In the PCR step, an extra level of multiplexing can be achieved by using forward and reverse
indexes that allow the inclusion of more libraries in the same sequencing lane. This is one of the main
singularities of our protocols. In both protocols, we used the dual indexes developed by Lange et al. [29]
within the PCR primers forward (16) and reverse (96). These combinatorial indexes allowed us to
multiplex almost 1536 samples/libraries in the same lane. In this sense, our protocols are not limited
by the number of Illumina Indexes, as in other ddRADseq methods [9,16,17]. Lower throughput
sequencers (e.g., MiSeq, Illumina Inc.) may not support pooling such large numbers of libraries.
By contrast, the use of higher throughput sequencers usually requires the capability of multiplexing
to reduce budgets. With P2, we would be able to multiplex up to 36,864 samples (24 barcodes ×
1536 primers). For example, we would be able to run them in low depth on a NovaSeq sequencer,
which gives a maximum number of reads of 20 billion (for a dual S4 flow cell run on the NovaSeq 6000
System, Illumina Inc.).

Due to the absence of a reference genome for E. dunnii, we decided to work with Stacks [32] on both
strategies, de novo and with reference analyses (called ref_map.pl and denovo_map.pl, respectively,
in the software), to compare the obtained results in P1. Thus, we were able to apply both analyses to
identify SNPs and SSRs with high accuracy after applying stringent bioinformatics settings and quality
filters (Supplementary File S2). As expected, the de novo analysis retrieved more ddRADseq loci and
markers, as all the reads were considered for marker identification, than with reference analysis, which
only considered the reads that mapped against the reference genome (82% of the reads).

Both protocols achieved an optimal coverage (10–20× [5]), and consequently these can be efficiently
used for a confident de novo loci calling. However, this strategy requires more stringent criteria
and parameters when defining the loci, because of the larger number of false positives obtained
using this method [57]. Thus, for further evaluation, we worked with the SNPs called using the
E. grandis reference. Using the information of samples A and B generated with P1, we identified
7346 SNPs shared between the two samples. When applying P2 on 24 E. dunnii individuals, and after
discarding the markers with high percentage of missing data, we identified and physically mapped
15,950 SNPs. These markers showed homogeneous distribution in the chromosomes. Even though
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a higher number of SNPs (138,624) was identified using P2 data. Based on our previous experience
with imputation strategies for ddRADseq data [58], we applied a 20% missing data cut-off before
performing further analysis.

We identified a mean of 1.95 SNPs within 145 bp between individuals A and B of E. dunnii
with P1 (1 SNP each 74 bp) and 1.73 SNPs within 66 bp through 24 individuals with P2 (1 SNP
each 38 bp). The difference between P1 and P2 also relies on the different number of samples tested
between protocols (two individuals vs. 24, respectively). This causes P2 to yield higher polymorphism
frequencies (or SNPs locus density). Even though there is no reported information for E. dunnii,
these frequencies are in the same range than those observed for other species from the Eucalyptus
genus. Indeed, Hendre et al. [59] reported 1 SNP per 65 pb in introns and per 108 pb in exons in
E. camaldulensis, whereas Külheim et al. [60] detected 1 SNP in every 33 bp, 31 bp, 16 bp and 17 bp for
E. nitens, E. globulus, E. camaldulensis and E. loxophleba, respectively.

The cross-platform compatibility of the obtained SNPs and the robustness in the ddRADseq
derived SNPs calling are critical, but these issues have been studied less. Only one report [61] describes
the assessment of the performance of Hiseq and NextSeq for ddRADseq-derived identification of
SNPs in the butterfly genus. In our study, we sequenced the same 23 samples with both MiSeq and
NextSeq sequencing platforms. As expected, the 23-sample NextSeq library (P2) recovered more loci
than the 23-sample MiSeq library, with an overall higher mean read depth per locus and less missing
data. This is attributed to the lower sequenced depth used in MiSeq data vs. NextSeq (4.49× vs. 11.56×,
respectively). Both sequencing platforms achieve a high quality of data, according to FastqC report.
More than 96% of the generated reads passed the Stacks quality filters and were kept for subsequent
analysis. The low dissimilarity coefficient values between replicates (0.05) confirmed high reliability,
despite the differences between the libraries’ constructions and sequencing platforms.

P1 may be used in the first steps when applying a GBS/ddRADseq methodology in a laboratory.
Its low cost relies mainly on the use of universal adapters for each enzyme, such as those used by
Peterson et al. [16], the use of primers with 1536 combinatorial dual-index and the performing of a final
size selection by agarose gel electrophoresis. Moreover, depending on the research focus, the generated
sequences for a small number of samples (at least two) could be enough to obtain new marker
information. It is interesting to notice that, whereas the cost per SNP genotyped in an array or an NGS
derived technique falls when the number of interrogated SNPs rises, not all genomic studies relies on
genotyping of a high number of markers. Because of the cost balance, many population studies, mainly
related to conservation and evolution, give priority to raising the number of individuals sampled,
rather than to adding more markers. A good example of this is the use of sequences for species-specific
SSR identification, and even more so, for polymorphic SSRs and the heterozygous state of an individual.
RADseq methods involve NGS, and the reads can consequently be used to design primers. These SSRs
could then be used for population fingerprinting by using another genotyping strategy like fluorescent
capillary electrophoresis. By using with reference genome analysis, we successfully identified SSRs
(420 putative SSRs and 16 polymorphic in almost all chromosomes) using MISA [37] based on P1 data
(sample A and B). A more comprehensive analysis of SSR identification using ddRADseq data can be
found in a previous publication [38].

In summary, after setting an initial protocol P1 for the species of interest, P2 can be used for
scaling up. The incorporation of adapters with custom-designed barcodes compatible with the enzyme
restriction sites can make the method faster. This incorporation allowed us to pool 24 samples in the
same library. This early barcoding simplified the following steps in the protocol. As with the original
ddRADseq protocol, the approach described here can be used with a range of different restriction
enzymes to produce a higher or lower complexity reduction of the genome being assayed.
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5. Conclusions

The combined or individual use of our two protocols (P1 for setting up in a low number of
samples and P2 for scaling up the number of samples) presented here show the pros of similar reported
protocols but diminishes the drawbacks. Furthermore, the advantages of RADseq-derived methods,
such as de novo marker discovery and removal of ascertainment bias in new germplasm, may make
the ddRADseq technology one of the most promising genotyping approaches in the future.
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for ddRADseq data analysis. Supplementary_File_S3_Protocol2_Aguirre_et_al_2019.docx: Protocol 2: Optimized
ddRADseq (scaling up to a higher number of samples). Supplementary_Tables_Aguirre_et_al_2019.xlsx: Table S1.
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Abstract: Drought stress is one of the most adverse environmental limiting factors for wheat
(Triticum aestivum L.) productivity worldwide. For better understanding of the molecular mechanism
of wheat in response to drought, a comparative transcriptome approach was applied to investigate
the gene expression change of two wheat cultivars, Jimai No. 47 (drought-tolerant) and Yanzhan
No. 4110 (drought-sensitive) in the field under irrigated and drought-stressed conditions. A total
of 3754 and 2325 differential expressed genes (DEGs) were found in Jimai No. 47 and Yanzhan
No. 4110, respectively, of which 377 genes were overlapped, which could be considered to be the
potential drought-responsive genes. GO (Gene Ontology) analysis showed that these DEGs of tolerant
genotype were significantly enriched in signaling transduction and MAP (mitogen-activated protein)
kinase activity, while that of sensitive genotype was involved in photosynthesis, membrane protein
complex, and guard cell differentiation. Furthermore, 32 and 2 RNA editing sites were identified in
drought-tolerant and sensitive genotypes under drought compared to irrigation, demonstrating that
RNA editing also plays an important role in response to drought in wheat. This study investigated
the gene expression pattern and RNA editing sites of two wheat cultivars with contrasting tolerance
in field condition, which will contribute to a better understanding of the molecular mechanism of
drought tolerance in wheat and beyond.

Keywords: differentially expressed genes; drought; RNA-seq; RNA editing; wheat

1. Introduction

Drought is one of the most hazardous environmental stresses limiting plant growth and
development, which gradually becomes a major threat to the world’s agricultural production nowadays
and leads to huge yield losses of major crops annually [1–3]. According to statistics, only 20%
of cropland worldwide is available for irrigation and it provides approximately 40% of global
food production, whereas rain-fed agriculture provides the remaining 60% [4]. Understanding of
the molecular mechanism of drought response in crops is crucial for genetic improvement and
breeding for drought tolerance, which could meet the challenge of population boom and food
security in the 21st century [5]. To date, extensive studies have been conducted to uncover the
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complexity of mechanisms of plants in response to drought at the morphological, physiological,
and molecular level [6–9]. Generally, plants rapidly close their stomata when subjected to drought
stress to decrease water losses from leaves, and then a series of downstream response processes are
triggered [10–12]. On a cellular level, an osmotic adjustment is first activated and the osmolytes such as
proline, glutamate, and mannitol as well as sorbitol and trehalose are accumulated, which could
prevent the plant cell from dehydration by increasing the osmotic stress to keep cell membrane
integration and enzyme function under drought stress [13,14]. In addition, these substances have
been used as the physiological indictors to assess the drought tolerance in plants. On molecular
level, several genes and proteins have been reported to be induced in response to drought tolerance,
such as dehydration-responsive element binding protein (DREB), C-repeat-binding factor (CBF) and
myeloblastosis oncogene (MYB) [15–17]. These drought-responsive genes are mostly transcription
factors, which play the hub role in drought-signaling transduction and regulation pathway, such as
ROS (reactive oxygen species) [18,19]. It is well known that drought is a complex quantitative trait,
which is affected by various factors including environmental condition, genotype, developmental
stage, drought severity, and duration [16,20–22]. Thus, an increasing number of studies are further
needed to uncover the complex regulatory mechanism of drought tolerance.

Wheat is one of the most important cereal crops all over the world, occupying 17% of cultivated
lands and providing the main food source for 30% of the global population [23,24]. Furthermore, wheat
is widely grown in a large range of lands under both irrigated and rain-fed conditions. Due to global
warming, drought has become the most serious environmental constraint to wheat production and
has caused about 5.5% average loss annually [25,26]. Therefore, mining and using drought-tolerant
genes to improve wheat varieties with enhanced drought tolerance is urgently needed to meet the
challenge of global climate change and food security [27]. Recently, great progress has been made in
revealing the molecular mechanism of drought response and many drought-responsive genes have
been identified in wheat [28–31]. It demonstrated that over-expression of TaNAC69 could enhance
the drought tolerance in bread wheat [32], and TaSAP5 could alter the drought stress responses by
promoting the degradation of DRIP (DREB interacting protein) proteins [33]. In addition, the wheat
MYB gene TaMYBsdu1 is found to be up-regulated under drought stress but showed differential
expression between tolerant and sensitive genotypes, suggesting it plays a crucial role in regulating
drought tolerance [34]. With the advent of high-throughput sequencing technology, RNA deep
sequencing has been widely used to investigate the gene differential expression profiles involved in
drought response in wheat at the transcriptome level, which provided a direct and effective method to
identify drought-inducible genes and also contribute to better understanding of drought-signaling
pathways [35,36]. It has been demonstrated that different wheat cultivars had diverse molecular
basis for drought response and adaptation and the performance of wheat under controlled conditions
showed less correlation with field performance [20,37,38]. However, most current studies were
conducted using the limited genotypes (drought-tolerant or sensitive) under the controlled conditions.
The transcriptional difference of drought-tolerant and drought-sensitive wheat varieties under irrigated
and drought-stressed field conditions are not well understood up to now. Here, we investigated the
gene expression profiles of two elite wheat cultivars with contrasting drought tolerance, namely Jimai
No. 47 (drought-tolerant) and Yanzhan No. 4110 (drought-sensitive) in the field under irrigated and
drought-stressed conditions to provide more information for better understanding of the molecular
mechanism of drought tolerance in wheat and beyond.

2. Materials and Methods

2.1. Plant Samples and RNA Isolation

Two wheat elite varieties, Jimai No. 47 and Yanzhan No. 4110, were used in this study, of which
Jimai No. 47 is a widely grown in the arid area of northern China with excellent drought tolerance
and Yanzhan No. 4110 is a high-yield but drought-sensitive variety. These two varieties were grown
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in field plots of Luoyang A&F institute (Luoyang, Henan, China) with the same plant density in the
2017–2018 crop season. Each plot was 6 m2 with 2 m in width and 3 m in length. The normal field
management was used but differed in water condition. The irrigated treatment was applied three
times in November 2017, January 2018, and March 2018 while the drought-stressed treatment was
rain-fed with 280 mm of rain in overall crop season. Six replication and randomized block design were
used. At the grain-filling stage, the flag leave of 10 wheat plants in each plot were randomly collected
for RNA isolation.

Total RNA of the above prepared samples was firstly isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and treated with RNase-free DNase I to remove any contaminating genomic DNA
according to the manufacturer’s instructions. Then, the quality of RNA was checked by agarose gel
electrophoresis and the quantity was measured by NanoDropND-1000 Spectrophotometer (NanoDrop
Technologies, Waltham, MA, USA). Finally, the equal quantity RNA of three replications for the same
treatment was pooled and used for RNA sequencing.

2.2. RNA Deep Sequencing and Data Analysis

The four pooled RNA samples were used to construct the RNA sequencing libraries following
Illumina’s standard pipeline (Illumina, San Diego, CA, USA). High-throughput sequencing was
performed on an Illumina HiSeq3000 platform following the standard protocol at Sangong
Bio-Technology Corporation (Shanghai, China). The RNA-seq data have been deposited into the
genome sequence archive (GSA) database in BIG Data Center, Beijing Institute of Genomics (BIG),
Chinese Academy of Sciences, with the accession number CRA001148, and are publicly accessible at
http://bigd.big.ac.cn/gsa [39].

The quality of raw data obtained for sequencing was tested by FastQC and then quality filtered
by FASTX-toolkit. The adaptor contamination, low-quality reads (quality scores < 20), reads with
ambiguous “N” bases more than 10% bases, as well as reads less than 20 bases were removed to obtain
the clean data. Then, all the clean data was aligned to wheat reference genome The International Wheat
Genome Sequencing Consortium (IWGSC) RefSeq v1.0 [40] by HISAT2 with the default parameters
(version 2.0.5) [41]. Then, gene expression levels were calculated based on the FPKM (fragments per
kilobaseof exon per million fragments mapped) method and only the high-confidence gene models
annotated in wheat RefSeq v1.0 were used. Pearson correlations between biological replicates were
also calculated based on the FPKM values of all expressed genes, to assess the reliability.

2.3. Identification of Differentially Expressed Genes (DEGs)

Differential expression genes were identified using DESeq2.0 [42]. The adjusted p-value < 0.05 and
fold-changes > 2 (Log2

(treatment/control)| ≥ 1) were used as thresholds for differentially expressed
analysis. Then, a K-means clustering was used to extract the fundamental patterns of gene
expression [43]. GO terms that are significantly over-represented in each cluster were determined by
the AgriGO [44]. Singular Enrichment Analysis (SEA) in AgriGO was used to detect over-represented
GO categories in each cluster compared to the whole genes. GO terms with corrected FDR of less than
0.05 were taken as significant ones. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways
were obtained by searching against KEGG database [45].

2.4. Analysis of RNA Editing Sites

To identify the RNA editing sites of these two wheat varieties between irrigated and
drought-stressed, all the clean reads of RNA-seq were mapped to the wheat genome IWGSC RefSeq
v1.0 using SPRINT (SnP-free RNA editing IdeNtification Toolkit) software with default parameters [46].
To avoid any errors, the independencies mapping software BWA (http://biobwa.sourceforge.net) [47]
and SNP nomenclature tools Samtools (http://www.htslib.org) [48] were integrated to identify the SNP
between RNA reads and reference genomic DNA. The overlapping results obtained by both methods
were retained for further analysis. Then, using the irrigation samples as background, the SNPs at the
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same position in drought-stressed sample which were different from the background were considered
as the potential RNA editing sites. Finally, the editing sites were further filtered using the following
parameters: (1) the edited sites having more than 5 mapped reads; (2) the ratio of editing reads and
total mapped reads more than 50%; (3) the editing site identified in both biological replications.

3. Results and Discussion

3.1. RNA-seq Analysis

To enrich the knowledge of drought tolerance mechanism in wheat, we investigated the gene
expression profiles of wheat cultivar Jimai No. 47 (drought-tolerant, JM) and Yanzhan No. 4110
(drought-sensitive, YZ) in the field under irrigated (I) and rain-fed (R) conditions by RNA-seq
technology. A total of 8 pooled RNA samples were sequenced, and about 61.43 Gb of raw data
was obtained, with an average of about 53 million pair-end reads with 150 bp in size for each sample
(Table 1). After a quality filter, 55.81 Gb of clean data remained, representing 90.8% of the raw data.
In addition, the clean reads of these samples ranged from 41,653,874 to 51,913,178, with an average of
48,402,376 reads representing 6.97 Gb. Then, all the clean reads were mapped to the wheat genotype
Chinese Spring reference genome IWGSC_V1 (accessed from URGI (Unité de Recherche Génomique
Info) database on 6 June 2018). Results showed that on average, about 80% of clean reads could be
mapped to the wheat reference genome, and approximately 77% were uniquely mapped, which was
similar to previous studies [9,35]. The unmapped 20% reads might be due to genotype specifics or
incompletion of the reference genome. Furthermore, most of RNA-seq reads were mapped onto
the exon region of the reference genome, although they were also mapped to intergenic and intron
regions with very low frequency. Based on the mapping result, the expression level of the annotated
genes in these mapped regions were obtained. Then, we used the gene expression level to calculate
the correlating coefficient of two biological replicates of all samples to examine the repeatability
and reliability. Results showed the biological replicates of all samples showed strong correlation
relationships with the coefficient (R2) of more than 0.90.

Furthermore, we compared the abundance of expressed gene in these samples. Out of 110,790
high-confidence genes annotated in wheat genome, 58,498 (52.8%) genes were detected to be expressed
in these samples, of which 45,258 genes were found to be expressed in all tested samples, representing
the core gene set of wheat (Figure 1). A total of 50,981, 51,140, 52,622 and 52,961 genes were expressed in
JM_I, JM_R and YZ_I and YZ_R, respectively. This means that compared to irrigation condition, more
genes were induced to express by drought stress in both drought-tolerant and sensitive genotypes,
which is consistent with previous studies [20,36]. From the point of view of the genotype, the variety YZ
has more abundant expressed genes than the JM variety. Additionally, 1167, 903, 1189 and 1223 genes
were found to be specifically expressed in JM_I, JM_R and YZ_I and YZ_R respectively (Figure 1).
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3.2. Identification of the Differentially Expressed Genes

To identify the drought-responsive genes, the differentially expressed gene (DEGs) were analyzed
between different treatments and different genotypes using padj < 0.05 and |log2Ratio| ≥1 as
thresholds. In drought-tolerant genotypes (JM), 2754 DEGs were identified between irrigation and
drought condition, of which 1152 gene were up-regulated, and 1612 gene were down-regulated
(Figure 2). In drought-sensitive genotype (YZ), there were 2325 DEGs, and 1075 and 1250 were
up-regulated and down-regulated, respectively (Figure 2). GO analysis found that the DEGs of
drought-tolerant genotype JM were enriched into signal transducer activity (GO:0005057), MAP
kinase activity (GO:0004707), intracellular signal transduction (GO:0035556) and cellular response
to abiotic stimulus (GO:0071214) while those of drought-sensitive genotype YZ were mainly
involved in photosynthesis (GO:0015979), membrane protein complex (GO:0098796), ER membrane
protein complex (GO:0072546), guard cell differentiation (GO:0010052), and positive regulation of
response to oxidative stress (GO:1902884) (Figure 3). These results indicated that the drought-tolerant
genotype activated a series of signaling pathways in response to drought stress and made adaptive
adjustment, so the cell process and membrane activity were not negatively affected by drought
stress, while the drought-sensitive genotype did not rapidly activate signaling transduction but
activated photosynthesis and cellular process to cope with drought stress. The enriched KEGG
pathway of the DEGs also showed the drought-tolerant genotype as mainly involved in signaling
pathway while the drought-sensitive genotype was involved in photosynthesis and cellular activity
(Figure 4). The different mechanisms of tolerant and sensitive genotypes responding to drought will
contribute to develop an effective method to cope with drought stress and to assess the ability of stress
tolerance. Furthermore, it is found that 377 DEGs were overlapped in drought-tolerant and sensitive
genotypes, which could play fundamental roles in the regulation of drought response in wheat,
including AP2/ERF (APETALA2/ethylene responsive factor), MYB and WRKY transcription factors.
Additionally, 2377 and 1948 DEGs were specifically identified in genotypes JM and YZ respectively,
which might be involved in genotype-specific regulatory pathway in response to drought.

Figure 2. The differentially expressed genes between irrigation and rain-fed condition identified
in drought-tolerant genotype Jimai No. 47 and drought-sensitive genotype Yanzhan No. 4110.
JM = the Jimai No. 47 (drought-tolerant) and YZ = Yanzhan No. 4110 (drought-sensitive); I = irrigation;
R = rain-fed (drought).
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Figure 3. GO enrichment analysis of the DEGs in drought-tolerant and drought-sensitive genotypes.
(A): drought-tolerant genotype Jimai No. 47; (B) drought-sensitive genotype Yanzhan No. 4110.

The expression patterns of genes will provide the crucial information for understanding their
biological function [49]. Thus, all the identified DEGs were further used to define clusters based on
their specific expression patterns in each sample. A K-mean clustering method was conducted with
the squared Euclidean distance measure, and all DEGs could be classified into 10 categories (Figure 5).
The cluster I-V showed the relatively higher expression in sensitive genotype than tolerant genotype
under both well-watered and drought conditions. Among them, Cluster I comprised 84 genes showing
high expression in YZ_R but showed almost similar expression in other samples, suggesting they
might be specifically induced by drought in sensitive genotypes. Cluster 2 with 647 genes showed low
expression in JM_I and showed high expression in other samples. These genes might be involved in
response to drought and GO enrichment analysis found they mainly functioned in cellular response to
stress (GO:0033554), plant organ senescence (GO:0090693) and ARF (Auxin response factor) protein
signal transduction (GO:0032011) and regulation of ARF protein signal transduction (GO:0032012).
The cluster VI-X showed relatively high expression in the tolerant genotype compared to the sensitive
genotype. Cluster 9 with 169 genes showed specifically high expression in JM_R, suggesting these
genes play a crucial role in regulating tolerance to drought. Then, GO analysis of these 169 genes found
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that they mainly enriched the positive regulation of cellular response to oxidative stress (GO:1900409),
positive regulation of response to ROS (GO:1901033), stomatal movement (GO:0010118) as well as
auxin-activated signaling pathway (GO:0009734), which proved their roles in regulating wheat defense
systems to tolerate drought stress.

Figure 4. Comparison of KEGG enrichment analysis of the DEGs in drought-tolerant and
drought-sensitive genotypes. (A): drought-tolerant genotype Jimai No. 47; (B) drought-sensitive
genotype Yanzhan No. 4110.

Figure 5. Cluster analysis of the differentially expressed genes. JM = the Jimai No. 47 (drought-tolerant)
and YZ = Yanzhan No. 4110 (drought-sensitive); I = irrigation; R = rain-fed (drought).
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3.3. Analysis of RNA Editing Sites

RNA editing is a process that occurs in the RNA molecular base change or modification when
transcribed, which is one of most important mechanisms regulating gene expression and enriching
genetic information at the post-transcription level [50]. A larger number of studies have reported that
RNA editing not only controls plant organ formation, growth, and development, but also plays an
indispensable role in the response to diverse stresses [51,52]. The RNA-seq data provides a resource
to identify the RNA editing sites at the whole transcriptome level. Using methods described in the
Material and Methods section, we detected the RNA editing sites between water and drought condition
to identify the drought-induced RNA editing sites (Table 2). In total, 32 drought-responsive RNA
editing sites in 22 genes were found, of which 30 were found in drought-tolerant genotype JM and
2 were in drought-sensitive genotype YZ. TraesCS6B01G079400.1 have 4 editing sties, of which 3 were
in genotype JM and 1 in YZ, followed by TraesCS4B01G293600.3 showing 3 editing sites and another
6 genes with 2 editing sites. The remaining 13 genes owned one sites. Function annotation of these
genes with RNA editing sites found that they included the transcription factor gene, such as MYB
(TraesCS6B01G012800.1) and bHLH (TraesCS5A01G279200.1), kinase proteins as well as histone and
plasma membrane, suggesting RNA editing might function as the key regulator in activating the
processes and pathways of drought tolerance. Furthermore, 13 sites were found in UTR regions and
the remaining 19 sites were in coding regions, of which 9 sites were edited at the third position of
the codon, 8 at the second position and 2 at the first position. The 10 edited sites occurred at the first
and second position of the codon caused the alteration of amino acid, which could be considered as
candidates for further functional study. Finally, a total of 7 types of base change were introduced by
RNA editing in these 32 sites, of which C to T mutation is the most abundant type with the value
of 10 times, followed by T to C and G to A with the number of 5, C to A with the number of 4, G
to T and G to C with the number of 3 as well as A to G with the number of 2. This result showed
that the transition (22) was significantly higher than transversion (10) in these identified RNA editing
sites in wheat, which was consistent with the previous reports in the plastomes of einkorn wheat and
Aegilops tauschii. L. [51,52].
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4. Conclusions

In this study, we investigated the gene expression profiles of drought-tolerant and
drought-sensitive genotypes under irrigated and rain-fed conditions to identify the drought-responsive
genes in the field environment in wheat. Results showed that the drought-tolerant and
drought-sensitive genotype adopted different mechanisms to respond to drought. Furthermore,
the drought-responsive RNA editing sites were identified and a total of 34 editing sites were found,
demonstrating that RNA editing could play a crucial role in regulating drought response and
adjustment in wheat. This is the first study to report drought-responsive RNA editing by RNA-seq
data, which will contribute to a better understanding of the molecular mechanism of drought tolerance
in wheat and beyond.
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Abstract: The genetic diversity of 14 Japanese plum (Prunus salicina Lindl) landraces adapted to an
ecosystem of alternating flooding and dry conditions was characterized using neutral simple sequence
repeat (SSR) markers. Twelve SSRs located in six chromosomes of the Prunus persica reference genome
resulted to be polymorphic, thus allowing identification of all the evaluated landraces. Differentiation
between individuals was moderate to high (average shared allele distance (DAS) = 0.64), whereas the
genetic diversity was high (average indices polymorphism information content (PIC) = 0.62, observed
heterozygosity (Ho) = 0.51, unbiased expected heterozygosity (uHe) = 0.70). Clustering and genetic
structure approaches grouped all individuals into two major groups that correlated with flesh color.
This finding suggests that the intuitive breeding practices of growers tended to select plum trees
according to specific phenotypic traits. These neutral markers were adequate for population genetic
studies and cultivar identification. Furthermore, we assessed the SSR flanking genome regions (25 kb)
in silico to search for candidate genes related to stress resistance or associated with other agronomic
traits of interest. Interestingly, at least 26 of the 118 detected genes seem to be related to fruit quality,
plant development, and stress resistance. This study suggests that the molecular characterization of
specific landraces of Japanese plum that have been adapted to extreme agroecosystems is a useful
approach to localize candidate genes which are potentially interesting for breeding.

Keywords: Japanese plum; SSR; diversity; genetic structure; candidate genes

1. Introduction

The genus Prunus consists of more than 400 species, of which plum, peach, almond, and cherry
trees stand out for their commercial importance worldwide. The Japanese plum (Prunus salicina Lindl)
is one of the most commercially important plum species. This diploid (2x = 2n = 16) species has been
cultivated in different environments and was introduced to North America from China in the 19th
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century [1]. Today, most Japanese plum cultivars grown worldwide come from the early selections
originated in California at the end of the 19th century [2]. Besides, most planted plum orchards in other
extensive production regions of Argentina derive from a few introduced cultivars of global distribution.

By contrast, European immigrant growers early in the last century who settled in the Paraná River
Delta (PRD) introduced old traditional cultivars from their European countries. They selected wild
plants emerged by the spontaneous sowing of seeds of the introduced varieties that they cultivated
based on good performance and high-quality traits. Growers from the PRD had to face a particularly
harsh environmental ecosystem.

The PRD is a unique ecosystem dominated by floods because of water discharges mainly from
the Paraná River followed by discharges from the Uruguay and Gualeguay rivers. Tidal and storm
surges from the Río de la Plata estuary as well as local rainfalls also contribute to generate these
wetlands [3]. Precipitations in this region are influenced by the El Niño Southern Oscillation (ENSO) [4].
Indeed, three important floods associated with El Niño took place in PRD in 1982, 1998, and 2007 [3,5].
Furthermore, the alternation of wet and dry periods in the PRD influences the variability of the
ecosystem. All these features give place to at least 15 landscape units [3] with a high ecological diversity
distinctly adapted to annual hydrological cycles [6].

In this climate context, growers from the PRD generated local plum landraces that were cultivated
after multiplication by grafting or from seeds, and therefore obtained the best wetland-adapted plants.
In this way, they intuitively created a specific fruit tree germplasm for fruit production in an ecosystem
with harsh environmental conditions that alternates river flooding periods with extreme dry season.
The generated germplasm, which presents different harvest times (November to February, Table 1),
is highly variable regarding pulp and skin coloration, as well as in its organoleptic characteristics.

Table 1. Characteristics of the landraces collected from the Paraná River Delta (PRD).

Landrace Origin Flesh Color Harvest

Ratto Seedling Delta red Very late season—End of January

Severiana Seedling Delta red Very late season—End of January to
mid-February

Remolacha de Berisso Seedling Delta red Very late season—End of January to
early February

Fragata Seedling Delta red Very late season—End of January

Remolacha de Leber Seedling Delta red Middle season—Early/middle
December

Gigaglia Seedling Delta red Middle season—Mid-November to
early December

Capri Seedling Delta red Late season—Late December

Giordano Seedling Delta red Middle season—Late November to
early December

Ciervita Seedling Delta pink Early season—Mid-to late November
Reina de oro Seedling Delta yellow Late season—Early January

Juanita Seedling Delta yellow Early season—Mid-November to
early December

Gascón Seedling Delta yellow Middle season—Late November to
early December

Tricerri Seedling Delta yellow Mid-November
“X” Seedling Delta yellow Mid-November

Thus, Japanese plum landraces selected in the PRD are a unique genetic resource in the world,
and one of the few adapted to delta edaphic conditions and to humid temperate climate [7]. These
landraces could constitute the closest reservoirs of “useful” alleles for future genetic improvement in
the context of climate change. They contain the genetic variants naturally or artificially selected by
growers because of their adaptation, productivity, or resistance to different stresses in the territory [4,5].
The knowledge of this interesting germplasm collection’s diversity is essential for its characterization,
conservation, and maintenance, as proposed for sweet cherry [8].

Genomics has triggered a revolution in the study of diversity [9,10] and conservation [11] by
providing methods for the genetic characterization of individuals, populations, and species. The
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availability of Prunus genomic resources such as peach whole-genome sequences [12] allows the search
for sequences of interest for breeding purposes (see for review [13]).

Mnejja et al. [2] isolated 27 microsatellites or simple sequence repeats (SSRs) in P. salicina, whereas
Carrasco et al. [14] analyzed genetic diversity and correlation among 29 Japanese plum cultivars
using a combination of inter simple sequence repeat (ISSR) and SSR markers. On the other hand,
Klabunde et al. [15] genotyped 47 cultivars with eight microsatellite markers. A unique genetic map
based on Restriction Fragment Length Polymorphism (AFLP) has been generated for this species [16].
Recently, González et al. [17] reported a set of EST-SSR markers for P. salicina developed from specific
genes, which determine different organoleptic properties of the fruit, and analyzed 29 cultivars with
these markers.

Microsatellite markers generate genotype profiles that can allow the identification and traceability
of different cultivars in the diverse stages of their breeding. Therefore, the use of microsatellite markers
could be a valuable tool to describe and protect Japanese plum germplasm. In addition, the genome
position of SSR on a reference genome, together with potential candidate genes for fruit properties and
self-incompatibility systems, could also be a useful tool for breeding purposes [13].

This unique plum germplasm was studied through the use of SSR markers to assess the diversity,
genetic structure, and relationships between 14 landraces of Japanese plums from the PRD. Therefore,
we also analyzed the flanking regions of the polymorphic SSR with bioinformatics tools to search
for candidate genes. These candidate genes were in linkage disequilibrium with polymorphic SSR
markers in an adaptive evolution to water stress conditions and fruit quality.

2. Materials and Methods

2.1. Plant Material

Fourteen landraces of P. salicina and two introduced commercial cultivars were assessed to
evaluate amplification and polymorphic status of the 12 selected pairs of primers from Mnejja et al. [2].
The analyzed landraces were “Ratto”, “Severiana”, “Remolacha de Berisso”, “Fragata”, “Remolacha
de Leber”, “Gigaglia”, “Capri”, “Ciervita”, “Giordano”, “Reina de oro”, “Juanita”, “Tricerri”, “X”
(unknown origin), “Gascón”. The introduced cultivars consisted of one Japanese plum of American
origin (“Santa Rosa”) and one European plum cultivar (P. domestica; “Reina Claudia”). Two peach
cultivars (P. persica) “Sol de Mayo” and “Zelanda” were included as outgroups (Table 1). All samples
were collected from one representative tree of each clonally reproduced genotype located in the
Pacífico River, San Fernando Island of the PRD, Province of Buenos Aires, Argentina (34◦12′01.62” S,
58◦40′07.66” W).

2.2. DNA Extraction, PCR, and Gel Electrophoresis Conditions

Total genomic DNA from 20 mg of leaf samples was extracted with a Nucleo SpinR Plant II kit
(Macherey-Nagel, Düren, Germany).

The samples were screened for polymorphisms with 12 SSR markers [2]. PCR was performed
according to Mnejja et al. [2]. The amplification products were denatured for 5 min in denaturing loading
buffer at 95 ◦C and separated by a 6% polyacrylamide gel electrophoresis (6% acrylamide/bisacrylamide
20:1, 7.5 M urea, 0.5 × TBE) along with a 25 bp DNA ladder standard (Invitrogen, Waltham, USA). The
DNA silver-staining procedure of Promega (Madison, WI, USA) was used for visualization.

2.3. Genetic Analyses

The number (Na), effective number (Ne) and frequency of alleles, as well as the observed
heterozygosity (Ho), unbiased expected heterozygosity (uHe), and private alleles by population
were determined for the 14 local Japanese plums samples using the GenAlEx 6.5 program [18]. The
polymorphism information content (PIC) of each marker was calculated according to Botstein et al. [19].
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Genetic diversity analysis was performed on plum and peach genotypes. Shared allele distance
(DAS) [20] was implemented between individuals using POPULATIONS 1.2.28 [21]. The unweighted
pair group method using arithmetic averages (UPGMA) algorithm was used for cluster analysis and
the development of the corresponding dendrogram2.4. Population Structure.

The population structure pattern was assessed by performing a Bayesian analysis with the
software STRUCTURE v.2.3.3 [22]. Assignment of individuals to a group was evaluated according to
the membership coefficient Q criteria (Q ≥ 0.8). The model used was an admixture model with ten
replicates for each number of genetic groups (K = 1–10) and 100,000 iterations of burn-in followed by
250,000 Markov chain Monte Carlo (MCMC) iterations. The outputs of the genetic group analysis were
extracted in Structure Harvester [23]. The optimal K-value was determined using the delta K method,
as described by Evanno et al. [24].

Because the assumptions underlying the population genetic model in STRUCTURE (e.g.,
Hardy–Weinberg or linkage equilibrium (LD)) may limit its use, this analysis was complemented with
a discriminant analysis of principal components (DAPC) [25]. The value of K was determined using
the Bayesian Information criterion (BIC) value given by the software [26]. The critical membership
value was set at 0.8. The DAPC was implemented in the R package adegenet 2.0 [27,28].

2.4. Mapping of SSR Markers on the Prunus persica Genome and Identification of Their Flanking Genes

The obtained amplification sequences for the 12 SSR were mapped to the P. persica genome [29]
(Phytozome–Prunus persica v2.1 (phytozome.jgi.doe.gov)). Mapping was performed using the Bowtie2
Alignment tool with default settings [30]. A custom Perl script (Higgins J., personal communication)
was used to determine the annotated genes of the P. persica genome within a flanking region of 50 kb
(± 25 kb adjacent to each SSR locus). This window size was selected based on the high macrosynteny
found between Prunus species [31] and studies in sweet cherry (P. avium L), which presents the lowest
LD in Prunus genus. Indeed, in sweet cherry, the intra-chromosomal LD is lower than peach, therefore
declining among 0.05 and 0.1 Mb [8].

3. Results

3.1. Diversity Study

All SSRs generated polymorphic bands in the 14 P. salicina landraces (Table 2). The alleles were
clearly differentiated, with no discrepancies in the banding pattern.

The 12 polymorphic SSRs in the 14 evaluated local landraces of Japanese plums generated 66
different alleles (Electronic Supplementary Material, Table S1). The Na per locus ranged from four
to seven, with a mean of 5.5 (SD 1.0), and the Ne ranged from 2.2 to 4.2, with a mean of 3.1 (SD 0.6).
Additionally, PIC, Ho, and uHe ranged from 0.51 to 0.73, 0.15 to 0.86, and 0.56 to 0.79, with global
means of 0.62 (SD 0.06), 0.51 (SD 0.23), and 0.70 (SD 0.06), respectively (Table 2). Thus, the genetic
diversity levels were moderate to high, and kept 37 private alleles in 12 SSRs (20 with a frequency
below 0.08) with respect to 4 private alleles in 4 SSRs (all of them with a frequency of 0.25) found in the
analyzed outgroups.

3.2. Cluster and Genetic Structure Analyses

These 12 SSRs allowed the unambiguous genotype differentiation of the 14 landraces studied.
DAS values between plum individuals fluctuated from 0.14 (between “Ratto” and “Severiana”, which
shared 19 alleles out of 24) to 1 (between “Reina de oro” and “Remolacha de Berisso”; with no shared
alleles), with an average DAS of 0.64 among all the landraces (Electronic Supplementary Material,
Table S2).

In order to easily represent the genetic relationship among all samples, a DAS-based dendrogram
was developed. Therefore, the genotypes were grouped in three main groups (Figure 1). One group
contained nine accessions with red flesh fruits (Group 1: “Ratto”, “Severiana”, “Remolacha de Berisso”,
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“Fragata”, “Remolacha de Leber”, “Gigaglia”, “Capri”, “Ciervita”, and “Giordano”) and within this
group “Ratto” and “Severiana” were the closest genotypes (DAS = 0.14). A second group consisted of
seven accessions with yellow flesh fruits (Group 2: “Reina de oro”, “Juanita”, “Tricerri”, “X”, “Gascón”,
and the two introduced commercial genotypes “Santa Rosa” and “Reina Claudia”). The sample from
the “X” landrace showed higher genetic similarity with “Tricerri” (DAS = 0.31) but differed from all
the other samples. Finally, the third group contained the outgroup varieties, that is, the two peach
samples (Group 3: “Sol de Mayo” and “Zelanda”).

Table 2. Information of the 12 analyzed polymorphic simple sequence repeat (SSR) markers in 14 local
landraces of Japanese plums.

SSR Marker Location AR (pb) N Na Ne Ho uHe PIC

CPSCT011
(AY426199.1) C 5 (4163117–4164052) 171–189 13 6 3.04 0.38 0.70 0.63

CPSCT018
(AY426204.1) C 8 (123199–124139) 3e- 151–172 13 6 2.18 0.23 0.56 0.51

CPSCT021
(AY426206.1) C 2 (27308766–27309699) 132–157 11 6 3.66 0.36 0.76 0.69

CPSCT022
(AY426207.1) C 5 (16620819–16621314) 159–179 13 7 2.91 0.77 0.68 0.62

CPSCT024
(AY426209.1) C 1 (28058204–28058903) 157–179 13 4 2.89 0.61 0.68 0.60

CPSCT025
(AY426210.1) C 3 (6709070–6709740) 181–223 12 5 2.51 0.66 0.64 0.53

CPSCT026
(AY426211.1) C 7 (11365276–11365753) 176–195 14 4 2.78 0.43 0.66 0.60

CPSCT027
(AY426212.1) C 1 (23010058–23010528) 137–156 13 5 2.66 0.31 0.65 0.57

CPSCT030
(AY426215.1) C 5 (15121388–15122031) 179–200 14 7 4.21 0.86 0.79 0.73

CPSCT034
(AY426219.1) C 2 (29946149–29946699) 177–224 14 6 3.70 0.64 0.76 0.68

CPSCT042
(AY426226.1) C 7 (16682143–16682742) 167–185 14 5 3.53 0.71 0.74 0.67

CPSCT044
(AY426228.1) C 2 (20793617–20794126) 218–241 13 5 3.35 0.15 0.73 0.65

Mean 5.50 3.12 0.51 0.70 0.62
SD 1.00 0.58 0.23 0.06 0.06

Location on the reference genome of P. persica, C: chromosome, AR: allele size ranges (pb), N: sample size, Na: number
of alleles, Ne: effective number of alleles, Ho: observed heterozygosity, uHe: unbiased expected heterozygosity, PIC:
polymorphism information content, SD: standard deviation.

Subsequently, the Bayesian analysis [22] supported the existence of a genetic structure among the
studied genotypes, with a most probable value of K = 3 subpopulations. All the accessions except for
“Ciervita” (Q = 0.77) were assigned to a group with Q values above 0.85. The low membership value
(Figure 2a) for “Ciervita” suggests a possible genetic mixed origin of this variety.

Similarly, the DAPC analysis also retrieved K = 3 genetic groups according to cultivar flesh color
(Figure 2b). This analysis supported the results obtained by the Bayesian model and the genetic
distance results.

These three main groups had several private alleles, and half of these alleles were at a very low
frequency in plums. For instance, the red pulp group (9 genotypes) presented 13 private alleles (9 SSRs)
and 5 alleles with a frequency below 0.06. The yellow pulp group (7 genotypes) contained 26 private
alleles (11 SSRs), of which 10 had a frequency below 0.08. Both peaches had 10 private alleles (8 SSRs),
and all these alleles showed a frequency above 0.25.

Comparison of the genotypic and phenotypic data enabled the identification of a marker/allele
related to flesh color phenotype. Marker CPSCT25 revealed an allele of 193 bp that was exclusively
present in all the red flesh plums. Allele “193-bp” was present in a heterozygous or homozygous
state (Electronic Supplementary Material, Table S1). BLASTx search using the sequences harboring
CPSCT25 against the GenBank non-redundant protein database revealed significant matches with
P. persica protein FAR1-Related sequence 6.
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Another SSR marker, CPSCT11, presented a private allele, allele “171-bp”. This allele was present
in all the yellow flesh plums, except for the “Reina de Oro” cultivar, but absent from the red flesh
plums (Electronic Supplementary Material, Table S1). BLASTx search using the sequences harboring
CPSCT11 revealed significant matches with P. mume abscisic acid receptor PYR1 isoform X1. Both
FAR1 and PYR1 are related to the abscisic-acid-mediated signaling pathway and to seed germination
regulation [32].

Figure 1. Cluster analysis. Dendrogram obtained by unweighted pair group method using arithmetic
averages (UPGMA) calculated by shared allele distance (DAS) based on 12 SSRs. Group 1: red flesh
plums, Group 2: yellow flesh plums, Group 3: outgroups (peach samples).

 

Figure 2. Estimated population structure. Genetic structure of 16 plum genotypes (14 landraces and two
introduced cultivars) analyzed as estimated by (A) model-based Bayesian cluster analysis implemented
in the program Structure; and (B) discriminant analysis of principal components (DAPC) implemented
in the adegenet package of R software. Inset I: Inference of the number of clusters (Clusters vs. Bayesian
information criterion (BIC)). Inset II: Relative importance of the two most important axes.
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3.3. Mapping of SSR Markers on the Prunus persica Genome and Identification of Their Flanking Genes

The sequences containing polymorphic SSR were mapped and annotated on the reference genome
of P. persica. The loci were physically mapped to a unique position on six out of eight chromosomes
(1, 2, 3, 5, 7, and 8) (Table 2) with sequence similarities above 85%.

By an in-silico analysis, we identified 118 genes located within the 50 kb windows flanking
the SSRs.

Interestingly, within these genes, some candidates were related to stress resistance (NAC
transcription factor and glutathione S-transferases (GSTs)), fruit quality (Squamosa, AGAMOUS-like
MADS box, Transducin/WD40 repeat-like superfamily protein and possibly NAC), plant growth and
development (VQ motif-containing proteins and microspore-specific promoter proteins) (Electronic
Supplementary Material, Table S3).

4. Discussion

In this study, we detected high levels of diversity within 14 different plum landraces from the
PRD region that have been selected through the years by local growers. The diversity indexes were
lower than those described by Carrasco et al. [14] (He = 0.80 and Ho = 0.90) and Ferrero Klabunde
et al. [15] (PIC = 0.80 and Ho = 0.77) with eight SSR markers. However, this was expected due to a
higher number of P. salicina cultivars analyzed (29 and 47, respectively). On the other hand, the PIC
value detected in the present study was closer to the value obtained in a study of 24 cultivars from
different areas in China evaluated with 16 SSR markers (PIC = 0.7) [33]. Likewise, the levels of diversity
in our study were similar to or higher than those of other Prunus species, such as peach (Ho = 0.35;
He = 0.55 [34]), apricot (Na = 3.5; Ho = 0.58 [35]), and cherry (He = 0.66; [36]).

Although the number of genotypes analyzed in this study was small, the degree of diversity was
high. This could be due to the mating system of P. salicina. Indeed, P. salicina requires cross-pollination
because of its strong gametophytic self-incompatibility system, and this characteristic makes it more
diverse [37] and heterozygous. Cross-pollination may have played an important role in the evolution
of landraces in the PRD region because early 20th century producers very likely multiplied their trees
by seed planting instead of vegetative cloning.

The 12 SSRs allowed the unambiguous identification of the genotypes studied (DAS values
between plum individuals ≥ 0.14). Thus, the 14 evaluated plum landraces were genetically unique (i.e.,
with SSR genotypes different from the rest). Cases of synonyms among samples with different names
but identical SSR profiles at the 12 analyzed loci were discarded.

The cluster analysis (UPGMA) grouped the plum genotypes into two groups: plums with red
and yellow flesh, respectively. Half of the private alleles of both groups occurred in a low frequency.
Furthermore, the genetic relationship analysis supported the existence of genetic structure within the
studied landraces. The two different methods of accessing genetic structure (Bayesian and DAPC
analyses) coincided in differentiating the landraces based on the color of fruit flesh. The high Q values
in the Bayesian study could reflect the selection history in response to flesh color.

Particularly, the membership of “Ciervita” to a group varied depending on the software applied.
This characteristic suggests a genetic mixed origin in this landrace. Interestingly, “Ciervita” has fruits
with a pink flesh phenotype.

Another interesting result is that “Santa Rosa” and “Reina Claudia” were grouped within Group 2,
that is, based on a phenotypic characteristic of fruits (yellow flesh fruits). Because both are introduced
commercial cultivars and have some private alleles, we would have expected that these cultivars were
within another group, or at least that they would differ more from the rest of the genotypes within this
group. With the use of more (or different) SSRs, we may obtain different results, and these independent
cultivars would be separated from these groups.

By contrast, González et al. [17] found that the cultivars they evaluated in their study were
grouped based on other characteristics. They used SNPs and EST–SSR markers developed from the
putative flavonoid pathway transcription factors to study the genetic structure. Only when using
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the specific markers EST-SSR (PsMYB10, PsMYB1, and PsbHLH35) did they obtain three clusters of
cultivars related to the skin color: two cultivars with red skin fruits and a third cluster that grouped all
the cultivars with yellow skin fruits.

Although nutritional traits like the anthocyanin content of plum fruit flesh are interesting,
the reason for characterizing PRD landraces was because of their unique adaptation to a peculiar
water-stressed ecosystem. Many genes may contribute to this adaptation, and for this reason the first
goal was to represent-as much as possible-a plum genome with this rather limited number of molecular
markers. The genetic mapping of SSR loci to the P. persica v2.1 genome enabled us to establish the
position of the 12 polymorphic SSR markers used. The next step was to evaluate if these polymorphic
markers were flanked, probably linked, to genes that could be associated to water stress conditions.
The information of annotated genes nearby polymorphic SSRs (< 25 kb) allowed us to describe the
context of the markers and provided a first step to future association studies by identifying candidate
genes for the expression of important agronomical characteristics.

We identified 118 genes located within the 50-kb windows. Of these genes, 106 corresponded
to homologous genes described in Arabidopsis. Anatomical and physiological comparisons between
Arabidopsis and Prunus species indicated marked similarities between them [35]. Cautiously taking
into account the phylogenetic distance between Prunus and Arabidopsis, as well as their enormous
biologic differences, we found some similarities in predicted gene functions that were also found in
various plant taxonomic groups. Therefore, we detected candidate genes related to stress resistance,
fruit quality, and other interesting candidate genes (Electronic Supplementary Material, Table S3).

For instance, genes encoding Acyl-CoA N-acyltransferases (NAT) superfamily proteins found
close to marker CPSCT021 are associated with flavor generation during ripening in some fruit species,
such as apricot [38] and peach [39]. Marker CPSCT022 was also close to other genes associated with
fruit ripening and quality: SQUAMOSA MADS Box [40] and AGAMOUS-like MADS box genes [41,42].
Interestingly, these two genes have been also associated with the metabolic pathway of anthocyanins
responsible for fruit color. Indeed, they were associated with the regulation of anthocyanin accumulation
or synthesis in pear and Arabidopsis [43,44], as well as in bilberry [45]. Anthocyanin biosynthesis is
cooperatively regulated by transcriptional regulators, including WD40 proteins (adjacent to CPSCT042).
These regulators form a complex that binds to promoters and activates the transcription of structural
genes of the anthocyanin biosynthetic pathway [46]. In addition, an alpha/beta-hydrolases superfamily
protein involved in delaying fruit senescence under low temperature in strawberry fruit [47] was close
to marker CPSCT025 (Electronic Supplementary Material, Table S3).

Stress-related genes corresponding to the NAC (No Apical Meristem) domain transcriptional
regulator superfamily protein and tau-type glutathione S-transferases (GSTs) [48,49] were located
close to CPSCT024. Additionally, stress-related genes encoding reversibly glycosylated polypeptide
(RGP family) [50] and the bZIP transcriptional regulator gene [51] were adjacent to CPSCT022 and
CPSCT042, respectively.

The NAC protein consists of a large and complex family of transcription factors that are involved in
multiple biological processes in plants, including perception of biotic/abiotic stress, signal transduction,
transcription control, and gene activation. The NAC transcription factors regulate the differentiation of
cells specialized for water conduction in vascular plants, and their conserved genetic basis suggests
roles for NAC proteins in the adaptation of plants to land [52].

Interestingly, NAC (close to CPSCT024) was also related to cold-stress responses in P. mume [53],
and to the metabolic pathway of anthocyanins responsible for fruit color in different plants such as
peach, plum, and Arabidopsis [54–56].

On the other hand, the bZIP families described by Janiak et al. [51] have a role in gene expression
regulation in roots and may have an impact on root development under drought stress conditions.

Furthermore, genes involved in plant growth and development encoding VQ motif-containing
proteins and microspore-specific promoter proteins [57,58] were close to CPSCT011.
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Although the evaluated sample size was too small to define associated markers by association
mapping analysis through haploblocking definition (genetic blocks where alleles are grouped in linkage
disequilibrium without recombination), pedigree history could also explain this result [13].

Further analyses are needed to assess the potential contribution of these genes to the specific
adaptation of the local landraces to water-stressed environments. Some, or even all, of the allele
associations described above, could still be attributed to demographic or management reasons that
have nothing to do with adaptation to the environment.

In peach, an analysis of 53 SSRs distributed through the genome was carried out in 104 landraces
from six Chinese geographical regions, determining an LD decay across all populations of 2500 kb [59].
However, lower LD decay was found in grape (~1300 kb) [60] and in sweet cherry (~100 kb) [8],
independently of the number and type of molecular markers used. In our work, the evaluated
sequences for searching interesting candidate genes were up to 25 kb distance from the SSR markers,
so we expect that linkage between them is high enough to be considered in future breeding studies
with association markers.

The findings described here could provide an interesting working hypothesis for future research in
plum molecular breeding. The incorporation of the markers linked to the annotated genes in this study
could be of high value in marker-assisted selection breeding programs and in future genome-wide
association studies (GWAS).

5. Conclusions

This is the first study characterizing a representative sample of different plum landraces adapted
to water-stressed environments, particularly in the PRD region of Argentina.

Twelve SSRs allowed us to estimate the genetic diversity and structure of PRD plums. These
landraces showed a high degree of diversity and a differentiation between accessions with red and
yellow flesh.

The genetic fingerprinting profiles could allow the identification and traceability of different
genotypes in the various stages of breeding. Furthermore, these profiles could contribute to registering
the assessed genotypes in the National Register of Cultivars. The results highlight the utility of
bioinformatics to identify genes involved in complex characters to contribute to the understanding
of the genetics behind the phenotypic variation. Potentially, the markers close to candidate genes
are suitable for comparative QTL mapping, molecular-marker-assisted breeding, and for population
genetic studies across different species within the genus Prunus.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/9/487/s1.
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