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Preface

Traditional plant breeding has significantly boosted food production over the past half-century,

enabling countries to outpace population growth. Yet, sustaining these gains and adapting to climate

change are pressing concerns today. Yield increases in major cereals have plateaued over the last two

decades. Meeting contemporary agricultural and horticultural demands for sustainable, nutritious

crops that are environmentally resilient is challenging. Plant biotechnology emerges as a promising

solution to address these challenges.

Advances in biotechnology have revolutionized our approach to food production and

environmental sustainability. Techniques such as induced mutation, gene editing, and synthetic

biology enable the development of crops with enhanced resilience to environmental stresses, disease

resistance, and higher yields. These innovations not only boost food, feed, and fiber production

but also enhance product quality while reducing environmental impact. The economic and

environmental benefits of over 200 million hectares of biotech crops cultivated by 17 million farmers

across 27 countries underscore the pivotal role of biotechnology in addressing global food security

challenges.

This Special Issue of Plants gathers a diverse range of studies and reviews showcasing the

latest breakthroughs in plant biotechnology. Contributions to this issue span diverse crop groups

and continents, from well-domesticated species like wheat and barley to underexplored crops

like prickly pear and tef. Articles cover a spectrum of biotechnological applications, including

novel gene-editing methods and transcriptome analysis, emphasizing the importance of ongoing

research and collaboration in advancing plant biotechnology for food security. Furthermore, these

articles delve into the broader implications of biotechnologies, including ethical, socio-economic, and

environmental impacts.

We hope this collection serves as a valuable resource for researchers, students, policymakers, and

industry professionals, offering insights into the latest developments in plant biotechnology while

fostering meaningful discussions on its wider implications. We extend our gratitude to the authors

for their contributions, the anonymous reviewers for their time and expertise, and the Plants Editorial

Office staff for their support in making this publication possible.

Ranjith Pathirana and Francesco Carimi

Editors

ix





Citation: Pathirana, R.; Carimi, F.

Plant Biotechnology—An

Indispensable Tool for Crop

Improvement. Plants 2024, 13, 1133.

https://doi.org/10.3390/

plants13081133

Received: 7 April 2024

Accepted: 15 April 2024

Published: 18 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Editorial

Plant Biotechnology—An Indispensable Tool for
Crop Improvement
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1. Introduction

Traditional plant breeding has helped to increase food production dramatically over
the past five decades, and many countries have managed to produce enough food for the
growing population, particularly in the developing world. Sustaining these gains in crop
productivity and adapting to climate change are becoming urgent concerns in modern
times. In fact, yield increases in our major cereals have slowed down in the past 20 years.
Global hunger is still above pre-pandemic levels, with around 690–783 million people
faced with hunger in 2022, and meeting Sustainable Development Goal 2 of ending hunger
by 2030 has become a daunting task [1]. Although increased yields through the Green
Revolution helped to cultivate an additional 18–27 million hectares, this increased food
production was accompanied by environmental degradation and micronutrient deficiencies
across populations [2,3]. Developing crop cultivars that meet the present-day requirements
of agriculture and horticulture is challenging, as they need to provide sustainable food and
healthful nutrition for populations, and, at the same time, must be environmentally friendly
and resilient to climate change. The global community is projected to face increasing food
crises due to changing dietary styles and the rising population, which is set to reach almost
10 billion people by 2050 [4]). The challenge ahead is determining how to reduce the use of
limiting resources (water, energy, and agricultural land) for intensive agriculture, ensuring
sufficient production of food (Figure 1). Taking even the most conservative estimates,
food production needs to double in the coming 30 years to meet the basic demands of
the growing population [5]. Despite these challenges, there is growing evidence that food
security and adequate nutrition for the global population can be achieved using climate-
smart, sustainable agricultural practices, while reducing the negative impacts of agriculture
on the environment, particularly greenhouse gas emissions [6].

Plant biotechnology is seen as the breakthrough technology that can help to meet this
challenge in this next phase of plant breeding. Plant biotechnologies that aid in developing
new varieties and individual traits within existing plant varieties include cell and tissue
manipulation, marker-assisted selection, transgenic technologies, genomics, and molecular
breeding. Cell and tissue culture technologies provide a range of applications in the
creation, conservation, and utilization of the genetic variability in crops, such as in vitro
pollination and embryo rescue for distant hybridization, the production of haploids and
doubled haploids, polyploid breeding, in vitro mutagenesis, somaclonal variation, in vitro
selection, germplasm preservation (in vitro for medium-term and cryopreservation for
long-term), protoplast fusion for producing somatic hybrids, and gene manipulation for
producing transgenic crops or the newly emerging techniques that allow for the generation
of gene-edited plants.

Plants 2024, 13, 1133. https://doi.org/10.3390/plants13081133 https://www.mdpi.com/journal/plants1
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Figure 1. Food systems are increasingly vulnerable due to human pressures on natural ecosystems
and the climate: The challenge ahead. * World Resource Institute (WRI)’s 2023 report. Avail-
able online: https://research.wri.org/wrr-food (accessed on 22 January 2024); ** Statista Energy
Consumption Worldwide from 2000 to 2019, with a forecast until 2050, by Energy Source. Avail-
able online: https://www.statista.com/statistics/222066/projected-global-energy-consumption-
by-source/ (accessed on 22 January 2024); *** Mahpul IN, Mohamad AH, Mazalan MF, Razak
A, Rasyidee A (2021) Population, food security, nutrition and sustainable development. Avail-
able online: https://www.un.org/development/desa/dpad/publication/un-desa-policy-brief-102-
population-food-security-nutrition-and-sustainable-development/ (accessed on 22 January 2024) [4].

High-resolution genetic analysis has allowed physical mapping and positional gene
cloning for traits of interest, while molecular markers allow for the characterization of
germplasm and finding duplicates and gaps in collections [2]. They are becoming indis-
pensable in some breeding programs when used for the early culling of unwanted material
in perennial crops such as in the case of culling male vines early in hybrid populations,
screening in kiwifruit for marker-assisted selection [7,8], the development of saturated link-
age maps, and pyramiding genes in introgressive breeding [9,10]. Despite the strict laws
governing genetically modified crops, transgenic varieties of maize, soybean, rapeseed,
cotton, tomato, potato, papaya, etc., occupy over 190 million hectares across 26 countries,
grown by 17 million farmers, bringing in both economic and environmental benefits and,
at the same time, some social controversy [6]. The many tools that plant biotechnology
provides for crop improvement for developing resilient food systems while conserving the
environment are shown in Figure 2. These aspects have been addressed in the 17 papers
published in this Special Issue titled ‘Plant Biotechnology and Crop Improvement’. There
have been four general review papers covering different biotechnologies and thirteen
original research contributions focusing on different crop groups, including tropical and
temperate cereal, legume, root and tuber, fruit, ornamental, and industrial crops. With
44,000 views and 86 citations at the time of writing, this Special Issue has attracted much
attention across the scientific community as expected, considering the relevance of the topic
to the current challenges in global food production.
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Figure 2. The many aspects of the contribution of biotechnology towards crop improvement for
resilient food systems while also contributing to environmental protection.

This Special Issue also contains methodology development for plant genetic transfor-
mation through the use of an easy selection marker for discriminating transformed plants
from escapes. The reviews in this Special Issue look at specific trait improvements such
as stress resistance using gene-editing technologies and manipulation of phytohormone
metabolism, as well as exploring if a second “quantum-leap” in food production is possible
using these technologies. Another review describes the contribution of genomics to our
understanding of crop evolution. With a wide array of applications of plant biotechnology
to crop improvement available, the research papers addressed several of these technologies
in extensively cultivated crops such as wheat, barley, bean, and potato, as well as in under-
utilized crops with high potential such as tef and prickly pear. The technologies applied to
improve crops in these papers include somaclonal variation, induced mutagenesis, in vitro
polyploidization, embryo rescue, and gene editing. Several papers describe the use of
genomics, transcriptome analysis, molecular markers, and metabolic profiling to assist in
selection in breeding programs and monitoring of transgenic plants.

The possibility of modifying phytohormone metabolism and signaling is a promising
direction of research aimed at the improvement of crop productivity and stress tolerance. In
her review, Nowicka (contribution 1) summarizes the state-of-the-art research concerning
the modulation of phytohormone content aimed at the stimulation of plant growth and the
improvement of stress tolerance. In particular, the roles of auxins, cytokinins, gibberellins,
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brassinosteroids, abscisic acid, ethylene, jasmonic acid, and their derivatives are analyzed.
The author hypothesizes that modification of this signaling at various levels, from ele-
ments of signaling cascades, through transcription factors to miRNAs, is a very promising
direction of genetic engineering of crop plants aimed at improving the resilience of plants.

Remarkable progress in genome-editing technologies has been achieved over the
past 10 years and have begun to show extraordinary utility to develop crop varieties
with superior qualities, or those that can tolerate adverse environmental conditions. In
their review, Hamdan et al. (contribution 2) provide a detailed analysis of the genome-
editing technologies that have been expertly applied to improve important agronomic
traits, especially yield, quality, and stress resistance of the most important crops. In
particular, the review focuses on the Clustered Regularly Interspaced Palindromic Repeats
(CRISPR/Cas) system, which has been the focus in recent years as a revolutionary genome-
editing tool used for various crops. The authors discuss the current developments and
future applications of genome-editing technologies for developing crops that can help in
mitigating the impacts of climate change on agriculture with notes on future perspectives.
A bibliographic analysis is also presented covering CRISPR-related papers published from
2012 to 2021 (10 years) to identify trends and potential in CRISPR/Cas-related plant research.
The authors conclude that combining conventional and more innovative technologies in
agriculture would be the key to optimizing crop improvement beyond the limitations of
traditional agricultural practices. A more pessimistic view is provided in a review carried
out by Buzdin et al. (contribution 3), reporting that, according to estimates, global crop
yields must double by 2050 to adequately feed an increasing global population without
a large expansion of crop area. To achieve this “quantum-leap” in improvements in
crop yield, we must respect environmental constraints and, at the same time, reduce the
impact of agriculture on the environment. The authors support the long-debated idea that
new technologies are unlikely to provide a rapidly growing population with significantly
increased crop yield. Finally, in their review, Zhao et al. (contribution 4) analyze how recent
advances in genomics have revolutionized our understanding of crop domestication. The
authors summarize cutting-edge research on crop domestication by presenting the main
methodologies and analyze the prospects for both targeted re-domestication and de novo
domestication of wild species.

2. Cereal Crops

Dramatic increases in rice and wheat yields were achieved during the ‘Green Revolu-
tion’, where dwarfing genes were transferred to adapted cultivars through crossbreeding.
The ‘Green Revolution’, with its high-input and technology-dependent approach, has been
able to feed the growing world population in recent decades. It ensured food security,
particularly in developing nations. However, long-term impacts are now evident: degraded
soils, reduced groundwater levels, contaminated and salinized water bodies, and reduced
biodiversity. Furthermore, high crop yields cannot be sustained without increased fertilizer
use [6,11–13]. Traditional crossbreeding is straightforward when selecting for morphologi-
cal traits that are easy to observe in field, such as height, grain size, color, and leaf shape, etc.
The main change in rice and wheat achieved during the “Green Revolution” is dwarfing,
resulting in greater partitioning of photosynthates in grains and better fertilizer response,
without lodging. Hence, it was not difficult to identify dwarf plants in the segregating pop-
ulations. However, traits such as nutritional quality, disease, and abiotic stress resistance
are not easy to select visually in segregating populations under field conditions where
breeders encounter many variables. Lab-based approaches to increase genetic variability or
to genetically modify and select desirable genotypes are therefore required.

Over the past few decades, biotechnology has made significant contributions to ce-
real crop improvement by enhancing yield, nutritional content, biotic and abiotic stress
tolerance, herbicide tolerance, and many other valuable traits. It has also played a crucial
role in promoting environmental sustainability and has had positive economic impacts
on agriculture. For example, the introduction of perennial cereals can alleviate many
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problems of annual monocultures [6,11–13]. Thinopyrum spp. is the most sought-after
perennial grain in hybridization programs with wheat as it hybridizes freely with Triticum,
producing fertile progeny [13], and perennial selections have outperformed the standard
wheat cultivars in grain protein and mineral nutrient contents [14]. Yet, with genomic
tools, selection for perennial growth and other quality traits would be easier and faster [13].
Thus, intermediate wheatgrass has been used in sequencing and marker-assisted recurrent
selection [15], and a high-quality genetic map is now available online [16]. With these
developments, breeding perennial wheat for large-scale cultivation will be possible.

Similarly, perennial rice (PR) will be the start of a second ‘Green Revolution’ as the
data from 15,333 ha of perennial rice grown by 44,752 small holder farmers in southern
China demonstrate [17]. The parents for the breeding program to develop PR were ‘RD23’,
a cultivar of Oryza sativa ssp. indica, and a rhizomatous and perennial African species,
O. longistaminata. Embryo rescue (a tissue-culture-based biotechnological intervention)
of F1 facilitated overcoming incompatibility and resulted in the foundation material for
developing the commercialized PR. PR produced similar yields to annual rice over a period
of four years, with eight harvests from a single planting. Farmers prefer PR due to 58.1%
labor savings and 49.2% savings on inputs every growth cycle. Higher organic carbon and
nitrogen accumulation in soils and improved soil water retention are other advantages [17].
Attempts to develop perennial rye using perennial wild rye Secale montanum L. [13] and
perennial maize using tetraploid maize (Zea mays 2n = 4x = 40), tetraploid Tripsacum
dactyloides (2n = 4x = 72), and tetraploid Z. perennis (2n = 4x = 40) [18] are underway.

Many other biotechnological interventions are possible in the development and selec-
tion of climate-resilient cereals. For example, Kruglova and Zinatullina [19] describe many
examples of in vitro selection for drought, simulating water deficiency in culture media.
They suggest using embryos at a certain developmental stage, when they are autonomous.
In vitro selection for iron toxicity [20], aluminum toxicity [21], nickel, and NaCl toxicity
tolerance [22] has been demonstrated in cereal crops. In vitro mutation induction and
selection have also been demonstrated in many cereals [23]. More targeted mutations can
be used in crop improvement thanks to the development of techniques such as Targeting
Induced Local Lesions in Genomes (TILLING), as well as the latest gene-editing techniques.
For example, Acevedo-Garcia et al. [24] developed bread wheat cultivars resistant to pow-
dery mildew by TILLING. The first genome-editing tools were Zinc Finger Nucleases
(ZFN) and Transcription Activator-Like Effector Nucleases (TALENs), but, later, Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) and Crispr associated protein
(Cas) became the most widely used genome-editing tool due to its high editing efficiency,
multiplex capability, and ease of use. Gene editing has enabled researchers to increase grain
number and size in rice, and grain weight and yield in wheat. Powdery mildew resistance
in wheat and resistance to Xanthomonas in rice have also been achieved using gene-editing
technologies [25].

Wheat, barley, and tef are among the cereal crops covered in this Special Issue. In wheat
breeding, crested wheatgrass Agropyron cristatum is considered a potential donor of valuable
traits for abiotic (cold, drought, and salinity) and biotic (leaf rust, stripe rust, and powdery
mildew) resistance. Crested wheatgrass belongs to the tribe Triticeae to which wheat also
belongs and similar to Triticum has polyploid series with a basic chromosome number
x = 7, but with the basic genome P. Agropyron is in the tertiary gene pool in the context of
wheat breeding, and phylogenetically more distantly related than those in the primary
and secondary gene pools of wheat. Fortunately, previous genetic studies have revealed
that synteny is conserved between wheat and the P genome. Being a perennial species
widely used in temperate regions for grazing beef and dairy cattle, it is also a candidate for
transforming wheat into a perennial crop in futuristic sustainable agricultural systems [26].
In hybrids of these two species, chromosome recombination is key to transferring beneficial
alleles from crested wheatgrass to wheat. Using in situ hybridization, a technique used to
locate specific genomic DNA sequences within chromosomes, Prieto et al. (contribution 5)
analyzed chromosome associations during meiosis in Triticum aestivum lines carrying
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chromosome introgressions of breeding interest (5P and 6P) in two sets of progenies: those
with and without the Ph1 locus located in the long arm of chromosome 5B of wheat, known
to genetically control chromosome pairing and recombination. The authors did not find
homoeologous chromosome pairing either in the presence or absence of the Ph1 locus,
indicating that this locus does not influence chromosome pairing between the two species.

The second cereal featured in this Special Issue is barley. Co-evolution of Hordeum
vulgare and the fungus Blumeria graminis (D.C.) Golovin ex Speer, f. sp. hordei Em. Marchal
(Bgh), causing powdery mildew is well studied and recorded, with more than 70 resistance
genes. Most of the cultivated winter barley varieties carry one or more of these genes in
different combinations, and this information can be used to authenticate accessions in a
collection. Using sets of five single-plant progenies (SPPs) per accession from 172 winter
barley accessions belonging to the core collection of Czeck gene bank, Dreiseitl and Nes-
vadba (contribution 6) tested 53 isolates of the pathogen for virulence/avirulence. While
the majority of the accessions showed a single phenotype for resistance in their five SPPs,
78 (45.7%) accessions had more than one phenotype indicating heterogeneity in their seed
stocks. With defined powdery mildew resistance genes in the SSPs, these accessions can
be used with confidence in barley breeding for powdery mildew resistance. The third
cereal featured in this Special Issue is the ancient grain tef (Eragrostis tef (Zucc.) Trotter),
an underutilized cereal from Ethiopian highlands with outstanding nutritional value and
more resilient than traditional cereals under marginal conditions. With no gluten epitopes,
it is recommended for people suffering from celiac disease; hence, it is gaining increased
attention around the globe. In this Special Issue, Numan et al. (contribution 7) describe
the use of in vitro culture and mutagenesis to improve disease and lodging resistance, as
well as the use of molecular markers for selection in tef. They conclude by discussing the
potential of genome-editing technologies in tef improvement.

3. Pulse Crops

Pulses constitute an integral part of cropping systems and provide low-cost proteins
in diets as well as essential micronutrients. They are the primary source of proteins in
vegetarian and vegan diets as well as in the diets of the majority of the population in
many developing countries where protein malnutrition is widespread. They improve soil
through biological nitrogen fixation, helping to reduce nitrogen fertilizer requirements of
the pulse crop, as well as for the next non-legume crop in cropping systems. The value of
pulses was highlighted by declaring 2016 as the year of pulses at the 68th United Nations
General Assembly (UNGA) with Food and Agriculture Organization (FAO) facilitating its
implementation with the participation of Governments and various other stakeholders [27].
Recognizing the potential of pulses to achieve the 2030 Agenda for Sustainable Devel-
opment, the UNGA designated 10 February 2023 as World Pulse Day [28]. Additionally,
legumes are an important component of animal feed.

Conventional breeding of leguminous crops has been based on the selection for agro-
nomic traits in the vegetative and reproductive phases that have distinct heritability values.
One of the main features for mechanized cultivation of legumes is their transformation
from an indeterminate growth habit to a determinate growth habit, facilitating synchronous
flowering, pod maturation, and resistance to lodging. Soybean yields have increased
globally from around 1130 kg ha−1 in the early 1960s to the current 2800 kg ha−1, with the
yields in the three top soybean-producing countries (USA, Brazil, and Argentina) recording
3200–3300 kg ha−1 [29]. The breeding of determinate cultivars is a major factor for such
yield increases and the expansion of the production area through mechanization. The de-
terminate trait is recessive and monogenically inherited, with the heterozygous individuals
showing semi-determinate growth [30,31]. Determinate growth habits have been bred into
many other leguminous crops used for seeds, such as pea, chickpea, pigeon pea [31,32],
mung bean, black gram [33], grass pea, and cowpea [34]. Many of the first determinate
cultivars were bred by mutation induction [35] and not through traditional crossbreeding.
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Pulses were regarded as ‘orphan crops’ until recently due to lesser attention given to
them compared to cereals. However, many of the pulse crops have now become ‘main-
stream crops’, with draft genomes of many of them completed in the past decade [36–39]
improving the efficiency of breeding efforts. Next-generation sequencing technologies have
enabled the deployment of modern genomic tools, including a range of molecular markers
associated with many agronomic traits, and disease and abiotic stress tolerances [40].

Beans, chickpeas, and peas are the most well-known and widely consumed pulses
in the world [28], and two of these are featured in this Special Issue. Common beans
(Phaseolus vulgaris) were introduced to Ethiopia in the 16th century, and farmers have
selected varieties adapted to the local climate and soils over centuries. Their wide genetic
diversity, particularly their tolerance to biotic and abiotic stress, has been incorporated in
selections developed by the National Common Bean Improvement Program in Ethiopia.
Tigist et al. (contribution 8) used 144 genotypes in a multilocation study to understand
the variation in 15 agro-morphological traits. Multivariate analysis revealed six principal
components. Based on agro-morphological traits, the clustering patterns were according
to seed size with considerable genetic variation for the studied characters. The study
revealed several accessions with distinct advantages in terms of agro-morphological traits
and adaptability suitable for further improvement in the breeding program.

Chickpea (Cicer arietinum) is the second most consumed pulse after dry beans, and
Australia is a major producer and exporter of this pulse. Among all the continents, Australia
is the second driest continent after Antarctica; hence, the drought resistance of crops is a
top priority in breeding programs. In both Australia and India (the largest producer of
chickpea), chickpea is sown on residual summer moisture and left to grow in progressively
depleting soil water, finally maturing under terminal drought. There are many traits
associated with drought tolerance, such as root biomass and some leaf anatomical and
physiological features. Early maturity is a drought escape strategy in crops such as chickpea
sown on residual moisture. There is intensive ongoing work in identifying molecular
markers for marker-assisted selection for drought tolerance in chickpea, and a quantitative
trait loci (QTL) hotspot region for this trait has been found. The variety ‘Geletu’ with a
high yield and drought tolerance was released in 2019 through a backcrossing program
to introgress drought tolerance from accession ICC4958 to a high yielding Indian cultivar
‘JG11’, using this hotspot as a selection marker in a backcross breeding program [41].
However, other more innovative methods for screening populations for drought tolerance
in the early growth stages would further accelerate breeding. In their paper in this Special
Issue, Purdy et al. (contribution 9) went a step further and identified metabolites in young,
watered seedlings of chickpea that can be prognostically used to predict seed numbers in
mature plants under terminal drought. Among the yield components of annual crops, it is
the seed number, not the seed size (weight) that is sacrificed under abiotic stress, drought
in particular (contribution 9) [42,43]. Hence, identifying metabolites that can be used as
indicators of seed number under terminal drought later in the life cycle would help in
selecting drought-tolerant segregants early on in breeding populations. In chickpea, pinitol,
sucrose (negative correlation with seed number), and gamma-aminobutyric acid (positive
correlation) can be used to predict high or low seed numbers under these conditions
(contribution 9). This is the first instance where a predictive marker was identified for
screening drought tolerance that could be used by breeders to identify genotypes that
perform well under adverse conditions, without having to expose them to drought.

4. Root and Tuber Crops

Almost all root and tuber crops are traditionally propagated vegetatively, and most
are either sterile or partially sterile (cassava and yam); moreover, flowering is irregular
and asynchronous (cassava), or crops do not flower at all (aroids such as Colocasia) [44].
Therefore, these crops are ideal candidates for improvement through in vitro-based biotech-
nological approaches. Potato [45] and sweet potato [46] have been improved through
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hybridization and selection; therefore, modern genomics tools are invaluable in improving
the efficiency of breeding.

As tuber and root crops are an important source of carbohydrates in many impov-
erished communities around the world, attention has been focused on improving their
mineral and vitamin contents because hidden hunger resulting from their deficiencies is
prevalent in these communities, with an estimated two billion people affected [47]. About
800 million people use cassava (Manihot esculenta Crantz—Euphorbiaceae) as their staple
food, and one third of the sub-Saharan population depends on cassava for over 50% of
their caloric intake [48]. Breeding for increased mineral nutrition in cassava is hampered
by the lack of genetic variation for these traits [49]; hence, transgenic approaches have
been tested. For example, the overexpression of a gene for vacuolar iron sequestration,
AtV1T1, resulted in altered partitioning of iron, with an iron content that was three to
seven times higher in storage roots in transgenic plants compared to the wild type in
field trials. The coexpression of a mutant Arabidopsis thaliana iron transporter IRT1 and A.
thaliana ferritin (FER1) produced transgenic cassava plants that accumulated iron levels that
were 7–18 times higher and zinc levels that were 3–10 times higher, providing 40–50% of
estimated average requirements (EAR) of iron and 60–70% of EAR of zinc for 1–6-year-old
children and nonlactating, nonpregnant West African women [50]. In recent developments
in the genomics of cassava, a haplotype-resolved diploid genome of an African landrace
cassava (‘TMEB 117’) has been sequenced to a high level of accuracy providing valuable
insights into the heterozygous genome of cassava and its resistance to African cassava
mosaic virus [51].

Cassava mosaic disease (CMD), caused by a group of at least eight geminiviruses
transmitted by white fly Bemisia tabaci and through infected planting material, is the most
devastating disease of cassava in Africa and the Indian subcontinent. With an annual
estimated economic loss of USD1.9–2.7 billion, it is considered the most damaging plant
virus disease in the world [52]. The newly emerged cassava brown streak disease (CBSD)
caused by two species of ipomoviruses, Cassava brown streak virus (CBSV) and Ugandan
cassava brown streak virus (UCBSV), also transmitted by white fly, has become a serious
threat to millions of subsistence farmers in Eastern and Central Africa. RNAi-based
technology can be deployed for the simultaneous management of multiple viruses using
hairpin probes with sequences from several viruses. This approach was used by Beyene
et al. [53] to develop transgenic plants of the popular African cultivar ‘TME204’, expressing
an inverted repeat construct derived from coat protein sequences from CBSV and UCBSV
fused in tandem. The resulting transgenic plants showed robust resistance to both viruses
while retaining the desirable agronomic characteristics of the cultivar preferred by Ugandan
farmers, ‘TME204’ [53]. CBSD-tolerant GM cassava was approved for cultivation in Kenya
in 2020 [54]. Although the disease resistance and safety of the cultivar has been tested,
the release is still surrounded by skepticism and criticism [55]. A non-GM approach
to mutation induction has also been attempted to develop mutants with a tolerance for
CMD and CBSD. Field trials conducted in different agro-ecological regions in Kenya have
revealed that the three mutants have better tolerance to these diseases than their respective
parents [56]. On the other hand, an attempt to increase β carotene content by co-expression
of transgenes for deoxy-d-xylulose-5-phosphate synthase and bacterial phytoene synthase
in cassava resulted in reduced dry matter and starch content, despite a 15–20-fold increase
in carotenoids [57].

Sweet potato (Ipomoea batatas (L.) Lam—Convolvulaceae) is the other most important
root and tuber crop cultivated worldwide, ranking seventh overall in terms of produc-
tion [57] and having considerable potential to reduce the Global Hunger Index, particularly
in sub-Saharan Africa, the Pacific Islands, and parts of Asia [58]. Hexaploidy and self-
and cross-incompatibility in sweet potato introduce difficulties in using both traditional
breeding and genomic approaches for their improvement. Nevertheless, in recent times,
next-generation sequencing, high-throughput genotyping, and phenotyping technologies
have been applied to this crop, providing genomic tools and resources for its genetic
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improvement. The available genomic resources, databases, bioinformatic tools, and the
current reference genome of sweet potato were recently reviewed by Yan et al. [46]. The
improvement of sweet potato can now be fast-tracked thanks to the availability of efficient
Agrobacterium transformation systems based on embryogenic suspension cultures [59]
and via direct organogenesis using petiole explants [60], enabling, for example, the devel-
opment of transgenic sweet potato with herbicide tolerance [61]. Biolistic transformation
has also been successfully developed for this species [62]. Sweet potato feathery mottle
virus (SPFMV), a Potyvirus in the family Potyviridae, is a devastating virus for sweet potato
growers worldwide. Using the electroporation method of transformation, Okada et al. [63]
introduced an expression vector harboring the coat protein of SPFMV and hygromycin
phosphotransferase genes driven by cauliflower mosaic virus 35 S promoter into a popular
sweet potato variety, ‘Chikei 682-11’. Greenhouse testing of three independent transfor-
mants showed resistance to both primary and secondary infection by the virus, confirming
the possibility of using coat-protein-mediated resistance to SPFMV [63].

Potato, cassava, and sweet potato, the three most important root and tuber crops
worldwide, are featured in this Special Issue. Traditional hybridization-based potato breed-
ing is cumbersome due to the tetraploid nature of cultivated potato (Solanum tuberosum)
and its narrow genetic base. Starch content on a fresh and dry weight basis is an impor-
tant breeding objective in potato breeding. Despite the common use of in vitro-produced
microtubers in commercial production and germplasm conservation of potato, in vitro
techniques remain in limited use as research tools for understanding the biochemical and
molecular bases of the physiology of tubers or in breeding. Traits such as dormancy [64,65],
cold-induced sweetening [66], and salinity tolerance [67] have been shown to be amenable
to examination when using this system. In their paper published in this Special Issue, Adley
et al. (contribution 10) used callus cultures to induce somaclonal variation in the variety
‘Lady Rosetta’ and screened 105 regenerants for starch content. They isolated a somaclonal
variant with 42% and 61% higher fresh and dry weights, respectively. This somaclone had
a 10% and 75% higher starch content based on the dry weight and average content per
plant, respectively, compared to ‘Lady Rosetta’. Molecular analysis using real-time PCR of
the new variant named ‘Ros 119’ demonstrated upregulation of six starch-synthesis genes
(contribution 10).

Cassava (Manihot esculenta Crantz) is the third largest source of food carbohydrates in
the tropics after rice and maize. It is one of the most drought-tolerant food crops; hence,
it is the staple crop in the poorest and most remote areas in Africa. With great variation
in climatic conditions in the tropics, particularly with regard to rainfall and temperature,
cultivars with stable high yields across environments are required, especially in large
countries with varying climates. In this Special Issue, Amelework et al. (contribution 11)
report the results of testing 11 advanced selections of cassava in six sites across South
Africa. They analyzed of genotype and environment, and the effects of their interaction
on fresh root yield (FRY) and dry matter content (DMC). The results revealed that the
variation in percentage due to genotype x environment interaction was highest for FRY,
whereas genotypic variation was the main contributor to the total variation in DMC. The
authors identified two genotypes providing high DMC and FRY across all environments,
and three sites that are representative of the variation in climatic conditions, suitable for
variety evaluation and breeding.

Sweet potato (Ipomoea batatas (L.) Lam.) is a valuable source of carbohydrates, vitamins,
fibers, and minerals, and is considered one of the most important crops in both tropical
and subtropical climates. Cylas formicarius (Fabricius) and West Indian sweet potato weevil
(Euscepes postfasciatus (Fairmaire)) are the most damaging pests of sweet potato in many
continents including Central and South America, the South Pacific, and Japan. In the first
comprehensive gene expression analysis during weevil infection in the resistant ‘Kyushu
No 166’ cultivar published in this Special Issue, Nokihara et al. (contribution 12) show that
genes related to phosphorylation, metabolic, and cellular processes, as well as terpenoid-
related genes responsible for producing plant-derived juvenile hormones, are upregulated.
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5. Industrial Crops

The only plantation crop that sustainably supplies natural rubber for aviation and
other industries, as well as domestic uses, is the Pará rubber tree (Hevea brasiliensis); this
tree originated in the Amazon, but was domesticated in Asia. As a result of domestication
in a distant continent, Pará rubber tree populations have a very narrow genetic base in
cultivation and are prone to many diseases. With 3–4 years from seed planting to flowering,
6–7 years to start tapping for rubber, and another 5–10 years required to assess yield,
traditional breeding is a difficult and prolonged process. It takes, on average, three decades
to complete the entire cycle of selection and release of new clones for planting. Therefore,
marker-assisted selection and genetic transformation can accelerate breeding. Somatic
embryo-based transformation has been developed for Hevea, and the advances made in
this area have been discussed in detail in a recent review by Wang et al. [68]. The first
draft of the H. brasiliensis genome was reported by Rahman et al. [69] in 2013. Their results
indicated that 78% of the genome comprised repetitive DNA and 12.7% of the gene models
unique to Hevea. Key genes associated with rubber biosynthesis, disease resistance, and
allergenicity were identified [69]. Genome assembly of the popular rubber clone ‘RRIM
600’ revealed an expansion in the number of rubber-biosynthesis-related genes and their
high expression in latex, explaining its high rubber yield [70]. This was further confirmed
in the report by Tang et al. [71], who demonstrated the expansion of the REF/SRPP (rubber
elongation factor/small rubber particle protein) gene family and its divergence. Using a
high-density single-nucleotide polymorphism (SNP)-based map, Pootakham et al. [72] were
able to anchor about two thirds of protein-coding genes into 18 linkage groups of the H.
brasiliensis ‘BPM 24’ clone. Comparative analysis of the intragenomic homeologous synteny
provided evidence for the presence of paleotetraploidy in the species. Chao et al. [73]
demonstrated the relationship of increase in rubber yields during the domestication process
with the increase in the number of laticifer rings and its high correlation with HbPSK5
encoding the small-peptide hormone phytosulfokine—a key domestication gene of rubber.
Thus, through genomic studies, our understanding of the expression of different traits of
agronomic interest in rubber trees has increased. In a recent review, Priyadarshan [74]
discussed the possible application of molecular markers to rubber plants in their juvenile
phase to select for traits expressed after maturity using genomic selection. These studies
will no doubt accelerate the breeding of new rubber clones with desired traits and improve
the efficiency of breeding as well.

The three main diseases affecting rubber plantations worldwide are caused by Phytoph-
thora spp. (causing shoot rot, abnormal leaf fall, patch canker, and black stripe diseases),
Corynespora cassiicola (causing Corynospora leaf fall disease), and Colletotrichum spp. (causing
Colletotrichum leaf fall disease). All these diseases reduce plant growth and latex yield,
and are controlled using fungicides. Breeding for resistance using traditional hybridiza-
tion and selection is practically impossible because of the high degree of heterozygosity
in Pará rubber clones, thus requiring several backcrosses to introgress genes controlling
disease resistance in this species with a long breeding cycle and the large land area re-
quired for screening such populations. Thus, early screening of breeding populations at
the seedling stage can revolutionize breeding of this valuable species. Polymerase chain
reaction (PCR) is a simple and rapid method that can detect nucleotide polymorphisms
and sequence variation. When PCR reactions are conducted competitively in the presence
of allele-specific primers to preferentially amplify only certain alleles, the variant is called
allele-specific PCR (AS-PCR). Kompetitive Allele-Specific PCR (KASP) is a variant of AS-
PCR modified for fluorescence-based detection of amplification results. In this Special
Issue, Roy et al. (contribution 13) report the identification of 12 single nucleotide polymor-
phisms (SNPs) significantly associated with resistance against Phytophthora, Corynespora,
and Colletotrichum in six linkage groups using an integrated linkage map of a F1 progeny
in an interspecific cross between H. brasiliensis (‘RRII 105’—susceptible parent) and H.
benthamiana (‘F4542’—resistant parent) using 23,978 markers. To demonstrate the possible
application of these findings in marker-assisted breeding of rubber for resistance to these
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diseases, the authors used KASP assays for all 12 SNPs that showed significant associations
with the disease traits. When the KASP assays were applied to 178 ‘RRII’ 105 × ‘F4542’ F1
progeny, the genotypes could be clearly separated on the basis of resistance. Four F1 plants
were found to carry favorable alleles from H. benthamiana for all the three disease traits.
They also predicted 41 key genes within proximity to those SNPs that were previously
reported to be associated with disease resistance. This is the first report of the development
of molecular markers for the three diseases, and this work has the potential to fast-track
the breeding of disease-resistant Pará rubber.

6. New Crops for Arid Regions

The impact of climate change on the agro-forestry systems and the adaptive capacity
of plants and animals will be of strategic importance in the immediate future to ensure
food security. Numerous evidence suggests that reduced water availability and rising
temperatures associated with global warming will have a significant impact on agriculture
in the future [75]. Water is an essential component of agricultural production. According
to UN and FAO data, approximately 3000–5000 L of water are needed to meet the daily
food requirement of a person [76]. Furthermore, in the Global Risks Report of the World
Economic Forum, water crises are stated as the third most important global risk in terms of
impact on humanity [77].

Climate change has caused an increase in average temperatures and an ever-increasing
demand for water. Furthermore, given that the demand for food production is likely
to increase in the future [78], the challenge of sustainably producing food and non-food
resources with organisms adapted to new environmental conditions will become of strategic
interest. The application of biotechnology to drought-resistant crops would be a long-
term solution for the production of more food with less water in increasingly warmer
environments. An important contribution to achieving this objective comes from the use
of cacti, known for their minimum water requirement; they have been grown extensively
in arid lands, for food, feeds, and medicinal and therapeutic uses [79]. Cacti utilize
Crassulacean Acid Metabolism (CAM) for photosynthesis, a unique process in desert
plants that opens their stomata only at night when the plant is relatively cool, so that
less moisture is lost through transpiration. Among the most interesting species, Opuntia
ficus-indica (commonly known as prickly pear) represents an archetypal constitutive CAM
species. In this Special Issue, Carra et al. (contribution 14) describe the use of the in vitro
rescue of zygotic embryos for the genetic improvement of O. ficus-indica. Prickly pear
cactus is an important forage and food source in arid and semiarid ecosystems, and is
the most important cactus species cultivated globally. Both fruits and seeds have shown
important antioxidant and nutritional properties, and can be a potential source of functional
and nutraceutical ingredients. This crop is one of the most promising in the face of
new environmental conditions due to climate change which will increasingly reduce the
availability of water. In fact, it is able to produce fruits even in conditions where other crops
cannot survive. The high degree of apomixis in the species is a hindrance in plant breeding
programs where genetic segregation is sought for the selection of superior genotypes.
Therefore, the protocols described for in vitro embryo rescue open a pathway to increase
the availability of zygotic seedlings in O. ficus-indica breeding programs through in ovule
embryo culture.

7. Ornamental Crops

The economic importance of ornamental plants has been increasing significantly in
many countries with international demand expanding rapidly, providing many benefits to
nature and humans both in urban and peri-urban areas. Ornamental plants, including cut
flowers, foliage, and live plants, showed a positive trend in export growth, which led to an
aggregate world value of around EUR 18 billion in 2020 [80]. Ornamental plants, cultivated
both in indoor and outdoor environments, can contribute to human health and wellbeing,
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and can ensure essential environmental services (Figure 3), including the mitigation of the
climate change, reduction in air and soil pollution, and providing food for habitants [81,82].

Figure 3. Ecosystem services and benefits obtained from ornamental plants in an urban and peri-
urban area.

Ornamentals are a hugely diverse group of commercially significant plants that are
grown and traded usually for decorative purposes, either as whole plants or for their parts.
Among the ornamental plants, orchids have a special place due to their stunning displays
of color and the shape of the flowers. Apart from their scientific fascination due to many
unusual biological features, orchids account for a great part of the global floriculture trade.
These are either traded as whole plants or cut flowers. Novelty is of great importance in
the ornamental plant industry and many biotechnological approaches have applications in
developing such novelties. In this Special Issue, such applications in two valuable orchid
species of commercial importance have been described.

Polyploidy is much more pronounced in the plant kingdom than in the animal king-
dom and has played a key role in plant evolution, species adaptation, and spread. Poly-
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ploids are more frequent among agricultural crops than in nature as they have many
agronomic benefits such as larger size of organs, higher concentration of secondary metabo-
lites, and better adaptation. Although polyploidization occurs in nature sporadically, in
plant breeding it is artificially induced at higher frequencies. The development of new poly-
ploid orchids often results in superior ornamental characteristics compared to their diploid
counterparts. Orchids of the genus Cattleya are commercialized as hybrids. Although
there are protocols for the polyploidization of Cattelya spp., there are no protocols for
their interspecific or intergeneric hybrids, the widely commercialized types. In the current
Special Issue, Vilcherrez-Atoche et al. (contribution 15) describe the use of in vitro cultured
protocorms and seeds to induce polyploidy in Brassolaeliocattleya, a cross between three
genera: Brassavola, Laelia, and Cattleya [83], using colchicine—an inhibitor of microtubule
formation in the chromatic spindle resulting in the nondisjunction of chromosomes; this,
in turn, results in the duplication of chromosomes within the nucleus. They report higher
rates of polyploidization in protocorms and use flowcytometry to confirm the ploidy level
in regenerants.

Dendrobium orchids are traded both as cut flowers and potted plants. They are among
the top ten orchid taxa of commercial importance, with a wide variety of choices in flower
color, texture, and shape, and a good vase life. However, two varieties account for 70%
of the world trade, indicating a limited choice of varieties suited for the export market.
Hence, there is an enormous potential for the right cultivars to break into the export market.
However, compatibility barriers in intersectional crossing, negative genetic linkages in
promising traits and prolonged juvenile phase and high mortality at hardening stages of
in vitro cultures are barriers to improvement and commercialization of novel Dendrobiums.
Induced mutations offer unique opportunities to improve elite cultivars by rectifying a
defect such as late flowering, disease susceptibility or flower size [23]. The Dendrobium
hybrid ‘Emma White’ is popular, but has a long juvenility after micropropagation. With
the objective of developing an early flowering mutant of ‘Emma White’, Sherpa et al.
(contribution 16) used gamma irradiation on protocorm-like bodies of this mutant and
studied growth responses at different dosages and found optimal dose levels for producing
high mutation rates with low mortality. By screening the mutant population, they were
able to isolate a mutant with early flowering (294 days vs. 959 days in “Emma White’),
demonstrating the value of in vitro mutagenesis in improving orchids.

8. Development of New Methodologies in Plant Biotechnology

Genetic transformation is a breakthrough biotechnology that has transformed agri-
culture in recent times, with 29 countries growing over 190.5 million ha of biotech crops.
Although the number of countries is small, the impact of biotech crops is high, with most of
North and South America, China, India, Australia, Indonesia, Vietnam, Myanmar, Pakistan,
Bangladesh, the Philippines, and large countries in Africa (South Africa, Nigeria, Ethiopia,
Kenya, Sudan, etc.) growing these crops. Thanks to improved traits such as insect resistance,
growing these crops is more environmentally friendly, and the additional income from
these crops is estimated at USD 225 billion for the 20-year period since 1996 thanks to the
production of an additional 824 Mt of food, feed, and fiber [6]. Stable gene transformation
systems and strong positive selection markers are imperative for developing transgenic
plants. Co-cultivation of the host plant tissue in vitro along with Agrobacterium carrying
the desired gene construct is the traditional method for transformation, and antibiotic-
or herbicide-resistant genes inserted along with the desired gene/s are used as positive
selection markers. Due to environmental and health concerns with such genes in plants,
other markers such as β-glucuronidase or fluorescent protein markers are used, but they
require destructive staining for former or expensive equipment to detect fluorescent cells
for the latter option. Therefore, more robust and simple selection marker development for
crop transformation is important. In this Special Issue, Lim et al. (contribution 17) report
the development of a simple system for the selection of transgenic plants. They report the
use of the R2R3 MYB transcription factor gene CaAN2 from chili pepper (Capsicum annuum)
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for use as a visible selection marker with successful selection in both transient assays and in
stable transformation, using tobacco as the model system. Transgenic tobacco plants harbor-
ing the chili pepper CaAN2 readily promoted the accumulation of anthocyanin throughout
the plant, allowing easy selection at the plant regeneration stage of the transformation
experiment without the involvement of additional steps to identify the transgenic plants.
The method has the potential to dramatically improve the efficiency of selection in plant
genetic transformation, a key biotechnological approach for crop improvement.
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Abbreviations Full Name

AS-PCR allele-specific PCR
Cas Crispr associated protein
CAM Crassulacean Acid Metabolism
CBSV Cassava Brown Streak Virus; CMD—Cassava Mosaic Disease
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
DMC Dry Matter Content
DXS Deoxy-d-xylulose-5-phosphate synthase
FAO Food and Agriculture Organization of the United Nations
FRY Fresh Root Yield
KASP Kompetitive Allele-Specific PCR
PCR Polymerase Chain Reaction
PR Perennial Rice
QTL Quantitative Trait Loci
SNP Single-nucleotide Polymorphism
SPP Single Plant Progeny

TALENs
Transcription Activator-Like Effector Nucleases TILLING—Targeting Induced
Local Lesions in Genomes

UNGA United Nations General Assembly
ZFN Zinc Finger Nucleases
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Modifications of Phytohormone Metabolism Aimed at
Stimulation of Plant Growth, Improving Their Productivity and
Tolerance to Abiotic and Biotic Stress Factors
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Abstract: Due to the growing human population, the increase in crop yield is an important challenge
for modern agriculture. As abiotic and biotic stresses cause severe losses in agriculture, it is also crucial
to obtain varieties that are more tolerant to these factors. In the past, traditional breeding methods
were used to obtain new varieties displaying demanded traits. Nowadays, genetic engineering is
another available tool. An important direction of the research on genetically modified plants concerns
the modification of phytohormone metabolism. This review summarizes the state-of-the-art research
concerning the modulation of phytohormone content aimed at the stimulation of plant growth and
the improvement of stress tolerance. It aims to provide a useful basis for developing new strategies
for crop yield improvement by genetic engineering of phytohormone metabolism.

Keywords: phytohormones; transgenic plants; biotic stress; abiotic stress; growth regulators

1. Introduction

Due to the constantly growing human population, ensuring high crop productivity is
an important challenge for 21st century agriculture. The research aimed at obtaining high-
yielding varieties is being carried out [1]. Another important issue is to obtain varieties
displaying enhanced tolerance to biotic and abiotic stresses that cause significant loss of
yield. Among the abiotic stresses, the most important are drought, thermal stress (too
high or too low temperature), light stress, salt stress, and stress caused by environmental
pollution, e.g., by heavy metal ions. Due to anthropogenic climate change, an increase
in abiotic-stress-evoked losses of crop yield is expected in the near future [2]. Apart
from abiotic factors, the biotic ones, such as pathogens, competing plants, parasites, and
herbivores, also limit plant growth and productivity.

The application of mineral fertilizers, herbicides, and pesticides, as well as growing
high-yielding varieties obtained via traditional breeding methods, enabled a significant
increase in crop productivity during the second half of the 20th century [3]. For example,
the average cereal yield in 1951 was 1.2 t/ha, while in 1993 it was 2.3 t/ha [4]. However,
this yield increase has slowed down in the 21st century. It is currently believed that for the
most important crop species, further increases in their productivity obtained by traditional
breeding methods are possible only to a small extent. For this reason, research based
on genetic engineering became crucial for the future of agriculture [1]. In addition to
experiments on transgenic organisms, extensive genome analyses of major crop species
are also being carried out. Their goal is to identify quantitative trait loci (QTLs), which are
genes determining quantitative traits [5].

Research on transgenic plants conducted over the past decades resulted in the develop-
ment of various strategies of genetic modification aimed at obtaining lines with increased
yield or improved tolerance to stress [6,7]. One of the promising research directions is
associated with the modulation of phytohormone levels [2]. Phytohormones participate
in the regulation of plant growth and development. They also play a role in response to
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environmental factors. These compounds include auxins, cytokinins, gibberellins, abscisic
acid (ABA), ethylene, jasmonic acid (JA) and its derivatives, and brassinosteroids. Auxins,
cytokinins, gibberellins, and brassinosteroids are considered particularly important for the
regulation of plant growth and development, while JA, ABA, and ethylene play crucial roles
in stress response. However, one needs to remember that growth-stimulating hormones
participate in stress responses, while those primarily associated with the stress response are
also involved in the regulation of various plant developmental processes, such as dormancy,
fruit maturation, or senescence [8]. Plant hormones have pleiotropic effects. Furthermore,
the result of their action often depends on cross-talk between various phytohormones and
signaling molecules [9]. Phytohormones occur in plants at very low concentrations; their
biosynthesis and degradation are strictly regulated. In some cases, reversible inactivation
by conjugate formation is also possible [10].

This review presents the current state of research on the modulation of phytohormone
content aimed at obtaining transgenic plants with traits favorable for the breeder, such as
increased yield and improved tolerance to abiotic and biotic stress factors.

2. Strategies Applied in Phytohormone-Targeted Genetic Engineering

The research aimed at improving crop performance by modification of phytohormone
metabolism and signaling starts with identification of the crucial genes. This is possible
mainly due to the studies carried out on mutants or by comparing crop varieties display-
ing desirable traits with the other ones [10]. Gene and genome sequencing enables the
identification of loci crucial for the observed effects. Analyses of phenotypes and detailed
analyses at the biochemical level, i.e., determination of phytohormone content, enable
scientists to discover gene functions. When the sequence and function of its product are
known, bioinformatics provides tools to find homologues in other species. At this point,
the plant transformation can be carried out to increase or decrease the level of a certain
phytohormone. The increase in hormone level can be achieved by the overexpression
of the gene encoding enzyme participating in the phytohormone biosynthetic pathway
or silencing of the gene whose product catalyzes hormone degradation. The decrease
can be achieved by silencing of the gene crucial for phytohormone biosynthesis or by
overexpression of the gene whose product is involved in hormone degradation. The manip-
ulation of the genes encoding enzymes carrying out phytohormone conjugation was also
carried out [10]. Sometimes, the increase in phytohormone level may be achieved by the
enhanced production of an enzyme catalyzing the formation of a metabolite that serves as
a phytohormone precursor (for example, xanthophyll precursors of ABA biosynthesis) or a
cofactor needed by the hormone-synthetizing enzyme (for example, molybdenum cofactor
required for abscisic aldehyde oxidase activity) (see subchapter concerning ABA). The re-
search on the engineering of phytohormone transport was also carried out (see subchapter
about auxins). The significant progress in our understanding of phytohormone signaling
opens a wide range of possibilities, as various elements of signaling cascades, transcription
factors, and miRNAs are emerging targets for potential modifications. These strategies
have been mentioned, but their detailed description is beyond the scope of the present
review. In the early research, scientists used strong, constitutive promoters to provide the
overexpression of desired genes. The discovery of tissue-specific, developmental-stage-
specific, and stress-responsive promoters enabled the improved control of the time and
site of transgene expression [10]. Furthermore, artificial promoters have been developed.
Considering gene silencing, various constructs may be applied, including antisense se-
quences, 3′-untranslated regions, and hairpin constructs. The recent development of the
CRISPR/Cas9 system paved the way for extensive genome editing (see subchapter about
future perspectives).

3. Auxins

Auxins play a key role in the regulation of plant growth and development, therefore,
modulation of their biosynthesis and signaling has been a subject of intensive research [11].

20



Plants 2022, 11, 3430

The most important auxin is indole-3-acetic acid (IAA). The substrate for its synthesis is
tryptophan, but this amino acid can be transformed in various ways, all of them leading to
the same final product. One of the known pathways of IAA synthesis involves two steps:
tryptophan oxidation to indole-3-pyruvate, followed by oxidation of indole-3-pyruvate
to IAA. The second reaction is catalyzed by monooxygenase encoded by YUCCA genes.
Alternatively, indole-3-pyruvate can be converted to indole-3-acetaldehyde and then to
IAA. Another known IAA biosynthetic pathway leads through indole-3-acetamide. There
is also a pathway specific to the Brassicaceae family, for which the intermediate is indole-3-
acetonitrile [12]. The concentration of auxins depends on the synthesis, degradation, and
transport of this phytohormone; it is also regulated by conjugation. In the latter case, the
important role is fulfilled by enzymes encoded by the GH3 family of genes [13].

The results of the experiments carried out on transgenic lines with changed auxin
content are summarized in Table 1. In terms of practical application, the modification
of auxin levels in developing flowers seems to be the most promising direction. This
effect is achieved by the expression of bacterial gene encoding tryptophan monooxygenase
(e.g., iaaM from Pseudomonas syringae pv. savastanoi) under the control of an ovule-specific
promoter. Increased auxin content stimulates the growth of generative shoots and fruits
of transgenic plants. The application of tissue-specific promoters is better than the use of
constitutive ones because the enhanced auxin synthesis occurring in whole plants often
leads to undesirable developmental disorders (Table 1). Apart from the genes directly
involved in auxin biosynthesis and degradation, the genes whose products play regulatory
roles can also be targets of manipulation. It was observed that the expression of OsIAA6
was highly induced by drought stress. Transgenic rice with overexpression of this gene
under the control of a constitutive promoter displayed enhanced expression of YUCCA
genes and was more tolerant to drought [14].

The research carried out on mutants is also important for better understanding of
auxin roles. Arabidopsis thaliana mutant yuc7-1D, with the altered gene YUCCA7, displayed
a phenotype characteristic for plants with auxin overproduction: tall stems and curled,
narrow leaves. It was also more tolerant to drought when compared to control plants [15].
A. thaliana mutant arf2 producing inactive Auxin Response Factor protein (ARF) developed
longer and thicker flower shoots, larger and darker leaves, and larger seeds [16]. The
brachytic2 (br2) maize mutant with impaired auxin transport in the stem had shorter intern-
odes. This observation may be of practical significance because dwarfism is a desirable
trait of cereals as it provides a more favorable ratio of grain biomass to shoot biomass and
increases lodging resistance [17]. The modification of soybean GmPIN1 using CRISPR/Cas9
method resulted in plants displaying changed architecture [18].

Table 1. Summary of the results of the experiments on transgenic plants with changed auxin
concentration or transport. MDA, malonyldialdehyde; RWC, relative water content.

Protein
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

indole-3-
pyruvate

monooxygenase
35S::AtYUCCA6 potato (Solanum

tuberosum)

- changed morphology: increased height,
erect leaves, narrow
downward-curled leaves

- increased longevity
- increased drought tolerance: far less

pronounced wilting symptoms, increased
water content in the leaves of
stress-exposed plants (plants not watered
for 18 days), ability to recover after
rewatering while control plants
were dying

- decreased tuber biomass per plant

[19]
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Table 1. Cont.

Protein
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

SWPA2::AtYUCCA6
oxidative

stress-induced
promoter

poplar (Populus
alba × P. glandulosa)

- rapid shoot growth, retarded main root
development, increased root
hair formation

- disturbed leaf morphology: folded leaves,
elongated petioles, long internodes

- delayed hormone- and dark-induced
senescence of detached leaves

- increased drought tolerance: less
pronounced symptoms of wilting (plants
not watered for 6 days)

[20]

SWPA2::AtYUCCA6 sweet potato
(Ipomea batatas)

- changed morphology: narrow,
downward-curled leaves, increased
height, increased node number

- increased drought tolerance: higher RWC
and lower content of MDA in stressed
plants (plants not watered for 16 days)

- lower storage root formation

[21]

tryptophan
monooxygenase

from bacteria

DefH9::iaaM
ovule-specific

promoter

tomato
(Lycopersicon
esculentum)

- parthenocarpic fruit development [22]

DefH9::iaaM

raspberry
(Rubus idaeus)

strawberry
(Fragaria × ananassa)

- more inflorescences, flowers and fruits
- bigger fruits
- increased fruit biomass normalized

per plant
- parthenocarpic fruit development

[23]

DefH9::iaaM grape vine
(Vitis vinifera)

- more inflorescences per shoot
- increased berry number per bunch

[24]

FBP7::iaaM
flower-specific

promoter

cotton
(Gossypium hirsutum)

- enhanced fiber yield (field trials)
- increased fiber quality

[25]

B33::tms1
tuber-specific

promoter

potato
(Solanum tuberosum) - enhanced tuberization [26]

enzymes
catalyzing auxin

conjugation

35S::OsGH3.1 rice (Oryza sativa)

- dwarfism
- increased tolerance to fungal infection

(less pronounced symptoms of infection
by Magnaporthe grisea)

[13]

Ubi1::OsGH3-2 rice (Oryza sativa)

- changed morphology: dwarfism, smaller
leaves, fewer crown roots and root hairs,
smaller panicles

- decreased tolerance to drought: earlier
and more pronounced wilting symptoms,
much lower survival rate (seedlings not
watered for 4 days)

- increased tolerance to cold stress: less
pronounced symptoms on leaves,
significantly increased survival rate after
recovery (5 days in 4 ◦C)

[27]
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Table 1. Cont.

Protein
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

auxin transporter 35S::ZmPIN1a maize (Zea mays)

- increased number of lateral roots and dry
weight of roots

- lower shoots, shorter internodes
- increased seed biomass per plant under

high-density cultivation
- increased drought tolerance: wilting

symptoms of stress-exposed plants
appeared later, the majority of transgenic
plants survived drought, while most of
the wild type plants died (seedlings not
watered for 5 days)

- increased seed biomass per plant under
drought conditions (field trials)

[28]

The knowledge concerning auxin-initiated signaling pathways has intensively broad-
ened during the last decades. The modification of these pathways allows us to obtain
plants with desired traits. For example, overexpression of the gene encoding auxin-induced
protein ARGOS in A. thaliana resulted in the stimulation of cell proliferation and an increase
in organ size [29]. Overexpression of maize ARGOS1 (ZAR1) stimulated organ growth,
enhanced grain yield, and drought stress tolerance in transgenic maize [30]. Overexpres-
sion of Auxin Response Factor 19 (ARF19) homolog from Jatropha curcas in A. thaliana and
J. curcas increased seed size and yield [31]. Expression of gene IbARF5 from sweet potato
under the 35S promoter in A. thaliana resulted in enhanced tolerance to drought and salinity
in transgenic plants [32]. On the other hand, downregulation of Auxin Response Factor
4 (ARF4) in tomato increased tolerance to salinity and drought stress [33]. Similar results
were obtained by Chen et al. [34]. Overexpression of the gene OsAFB6, encoding an auxin
receptor, in rice resulted in increased grain yield per plant both in short day and long day
conditions [35]. Another auxin receptor, AFB3, when overexpressed in Arabidopsis caused
the increase in salt stress tolerance [36]. Transgenic maize overexpressing Auxin Binding
Protein 1 (ABP1) was more resistant to sugarcane mosaic virus [37].

4. Cytokinins

Cytokinins are another class of phytohormones necessary for plant growth stimulation
and controlling many developmental processes. They also participate in the regulation
of plant senescence. Prolonging organ longevity due to cytokinin action enables longer
biomass production by the plant [38]. Among the enzymes participating in cytokinin
biosynthesis, the main targets of genetic engineering are as follows: isopentenyl transferase
(IPT) catalyzing condensation of isoprenoid residue with adenine nucleotide, cytokinin
dehydrogenase (CKX) involved in the degradation of these phytohormones, and glycosyl
transferases converting cytokinins into their conjugates [38–41]. It was observed that
mutations in ckx genes led to the increase in cytokinin content. Arabidopsis ckx3 ckx5
double mutant formed larger inflorescences, floral meristems, and flowers and displayed
increased seed yield per plant [42]. Similarly, ckx3 ckx5 mutants of oilseed rape showed
an increased cytokinin concentration that resulted in larger and more active inflorescence
meristems, increased amounts of flowers and ovules and slightly increased seed yield [43].
Natural variations in soybean GmCKX7-1 were linked to altered cytokinin profiles and
yield characteristics [44].

The first attempts of genetic engineering of cytokinin metabolism were carried out
in the 1990s. Gan and Amasino [45] transformed tobacco with the IPT gene under the
control of SAG12 promoter from A. thaliana, responsible for triggering gene expression in
senescing leaves. The obtained transgenic lines displayed a greater number of flowers and
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seeds, delayed leaf senescence, and enhanced biomass production [45]. Due to the success
of this strategy, promoters from the SAG family have been often used for plant genetic
engineering. However, it has to be mentioned that in some cases, the delayed senescence
of older leaves delayed nutrient allocation to seeds and storage organs. As a result, no
yield increase and sometimes even yield reduction were observed. Furthermore, in the
situation of nitrogen shortage, it was observed that old non-senescing leaves started to
compete with younger leaves, which disturbed nitrogen recycling in plants. In rice, early
senescing cultivars have a higher yield than those which undergo senescence later [46].
Positive effects were obtained by crossing the transgenic line of A. thaliana overexpressing
CKX3 under the control of root-specific PYK10 promoter and displaying enhanced root
growth with the lines displaying enhanced leaf growth [47].

Another promoter involved in the regulation of gene expression during senescence
but also during stress response is senescence associated receptor protein kinase promoter
(SARK). Expression of the IPT gene under the control of this promoter allowed for obtaining
transgenic rice and tobacco with increased drought tolerance [48,49]. The examples of the
experiments concerning the modulation of cytokinin metabolism are shown in Table 2.

The observed effects vary depending on the species and method used; not all of them
are beneficial [50]. The application of inducible promoters responding to specific conditions
allows better control of cytokinin content in transgenic plants. This allows us to avoid
adverse effects occurring when too many of these phytohormones are synthesized in the
plant [9]. Interestingly, the overexpression of AGO2, encoding protein belonging to the
ARGONAUTE family and playing a role in the regulation of gene expression, led to the
enhanced expression of cytokinin transporter BG3 and changed the pattern of cytokinin
distribution in transgenic rice. This, in turn, resulted in an increase in grain length and salt
tolerance [51]. Interesting results were obtained by Wang et al. [52], who used CRISPR/Cas
gene editing to introduce changes into the cytokinin biosynthetic gene OsLOG5. The
researchers managed to obtain rice lines with improved yield properties under drought
stress when compared to stressed control [52].

It is noteworthy that in many cases researchers managed to obtain transgenic lines
with increased biomass production or seed yield, but also more tolerant to abiotic stresses,
such as drought and salinity (Table 2). However, it needs to be emphasized that there are
some inconsistencies between the literature data, because the increased tolerance to some
abiotic stresses was reported for plants with both increased and decreased cytokinin content.
It needs to be remembered that in the experiments on transgenic plants, various species
and promoters were used; there were also differences in the stress conditions applied [53].

Furthermore, cytokinins are a group of compounds, including trans-zeatin; cis-zeatin;
N6-isopentenyladenine; dihydrozeatin; N6-benzylaminopurine; kinetin; ortho-, meta-, para-
topolins; and ribosides of above-mentioned compounds [54]. It is already known that
particular cytokinins vary in sites and timing of their production and degradation, transport
routes, signaling pathways, and activity [54,55]. In A. thaliana, trans-zeatin and isopen-
tenyladenine are the most active forms, present in higher concentrations than other cy-
tokinins [54]. Trans-hydroxylated cytokinins, namely, the trans-zeatin-type, are synthesized
in the roots and transported to the shoots in xylem sap. They are thought to play an
important role as a nitrogen-supply signal in stimulation of the shoot growth. On the other
hand, N6-isopentenyladenine and cis-zeatin-types are predominant in the phloem sap of
A. thaliana. These species are thought to participate in systemic shoot-to-root signaling
in cooperation with other signaling molecules [56]. The understanding of the specificity
of certain cytokinin types synthesis, transport, and signaling is crucial for the successful
genetic engineering of these phytohormones.

Plant responses aimed at restoring the homeostasis of cytokinin levels and signaling
were also observed in plants with changed biosynthesis or degradation of these hormones.
In some of the experiments, the cytokinin content in transgenic lines was not assessed,
while in some others, the methods of cytokinin measurements were questioned by other
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scientists [55]. The intensive research on cytokinin synthesis, degradation, transport, and
signaling is being carried out, which should enable us to explain these effects in the future.

Table 2. Summary of the results of the experiments on transgenic plants with changed cytokinin
concentration. APX, ascorbate peroxidase; CAT, catalase; Chl, chlorophyll; CKX, cytokinin dehydro-
genase; IPT, isopentenyl transferase; O2

•−, superoxide; POX, peroxidase; PSII, photosystem II; ROS,
reactive oxygen species; RWC, relative water content; SOD, superoxide dismutase.

Enzyme
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

IPT

Ubi::IPT tall fescue
(Festuca arundinacea)

- increased tillering
- increased tolerance to cold stress: delayed

senescence in plants grown outdoors,
decreased electrolyte leakage in detached
leaves kept at temperature range 0 to –28 ◦C

[57]

35S::IPT wheat (Triticum
aestivum)

- increased tolerance to flooding: less
pronounced growth inhibition during
flooding and higher yield after recovery
(plants flooded for 14 days)

[58]

Wild type/35S::IPT
(scion/rootstock)

tomato
(Lycopersicon
esculentum)

- reduced root growth
- increased tolerance to salt stress: increased

fruit yield of stressed grafted plants (plants
treated with 75 mM NaCl)

[59]

SAG12::IPT thale cress
(Arabidopsis thaliana)

- increased tolerance to flooding: increased
biomass and carbohydrate retention of
waterlogged plants (plants flooded for 5 days)

- improved recovery from waterlogging stress
and after submergence stress (stress duration
5 days)

[60]

SAG12::IPT
SAG13::IPT

senescence-specific
promoters

tomato
(Lycopersicon
esculentum)

- suppression of leaf senescence
- stem thickening, short internodal distances
- loss of apical dominance
- advanced flowering
- slight increase in fruit weight per plant

[61]

SAG12::IPT cassava
(Manihot esculenta)

- delayed leaf senescence observed both during
dark induction of senescence of detached
leaves in the greenhouse and during
field trials

- increased drought tolerance: reduced leaf
senescence and wilting during water deficit
(plants watered with lesser amount of water
for 4 weeks)

[62]

SAG12::IPT
HSP18::IPT

heat-stress-induced
promoter

creeping
bentgrass (Agrostis

stolonifera)

- increased tolerance to heat stress: enhanced
growth and root biomass of plants exposed to
stress (plants grown at 35 ◦C/30 ◦C
day/night for 10 days)

[63]
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Table 2. Cont.

Enzyme
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

SAG12::IPT
creeping
bentgrass

(Agrostis stolonifera)

- increased tolerance to drought (plants not
watered for 21 days): more extensive root
system, decreased MDA content and
electrolyte leakage in roots, lower O2

•− and
H2O2 levels in roots

- increased antioxidant response in
drought-exposed plants: increased ascorbate
content, increased activity of SOD, CAT, APX,
glutathione reductase, and dehydroascorbate
reductase in roots

[64]

SAG12::IPT
creeping
bentgrass

(Agrostis stolonifera)

- increased drought tolerance: suppression of
drought-induced leaf senescence and root
dieback, reduced wilting, lower MDA
content, enhanced activity of SOD, CAT, POX
(plants not watered for 2 weeks)

[65]

SAG12::IPT
creeping
bentgrass

(Agrostis stolonifera)

- increased proline and soluble sugar content in
drought-exposed plants (plants not watered
till leaf RWC dropped to 47%)

[66]

SAG12::IPT eggplant
(Solanum melongena)

- increased vegetative growth rate and fruit
yield per plant

- delayed leaf senescence
- decreased MDA content, increased SOD and

POX activity
- increased drought tolerance: delayed chlorosis

and wilting (plants were not watered)
- increased cold tolerance: delayed chlorosis

and wilting (plants kept in 4 ◦C)

[67]

SAG12::IPT
DEG::IPT

dexamethasone-
inducible promoter

thale cress
(Arabidopsis thaliana)

- increased drought tolerance: faster and more
vigorous recovery of stressed plants (plants
not watered for 13 days)

[68]

GHCP::IPT
promoter belonging

to SAG family

cotton
(Gossypium hirsutum)

- delayed leaf senescence
- increased lint yield, increased fiber quality

(more uniform, stronger and longer fibers)
- increased tolerance to salt stress: increased

germination percentage under salt stress (on
paper moistened with 250 mM NaCl)

- increased dry biomass of plants exposed to
salt stress (hydroponically grown seedlings
exposed to 200 mM NaCl for 21 days)

[69]

SARK::IPT tobacco
(Nicotiana tabacum)

- increased tolerance to drought: less severe
stress symptoms, higher leaf water content
and plant dry weight, improved recovery,
increased seed yield of recovered plants
(plants not watered for 2 weeks)

- improved antioxidant defense in
drought-exposed plants: increased ascorbate
and glutathione content, decreased H2O2
level in leaves

- only minimal seed yield loss of
water-restricted plants (70% less watering)

[70]
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Table 2. Cont.

Enzyme
Promoter and

Gene
Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

SARK::IPT tobacco
(Nicotiana tabacum)

- increased tolerance to water deficit: increased
CO2 assimilation rate (70% reduced watering
for 70 days)

[48]

SARK::IPT peanuts
(Arachis hypogaea)

- increased drought tolerance: increased fresh
and dry biomass of shoots and roots of
stressed plants (plants not watered for 15
days, then watered with 1

4 of the optimal
water amount for 45 days)

- increased shoot dry weight and seed weight
per plant grown under water deficit
(field trials)

[71]

SARK::IPT rice (Oryza sativa)

- increased drought tolerance: delayed wilting,
increased total dry biomass and seed yield
per plant in stress-exposed plants (plants not
watered for 6–10 days before flowering phase
or 2 weeks after flowering)

[49]

SARK::IPT rice (Oryza sativa)

- increased tolerance to drought: less
pronounced stress symptoms, increased RWC
and maximum quantum efficiency of PSII, no
decrease in carbon and nitrogen assimilation
and protein content (plants not watered for 3
days at pre anthesis)

- increased sucrose and starch content in flag
leaf, enhanced nitrate content, higher nitrate
and nitrite reductase activity, and sustained
ammonium content in
drought-exposed plants

[72]

SARK::IPT
cotton

(Gossypium
hirsutum)

- delayed leaf senescence (detached leaf assay)
- increased drought tolerance: increased root

and shoot biomass, Chl content, and
photosynthetic rate under water deficit in the
greenhouse; increased root and shoot biomass
and cotton yield under water deficit in
growth chamber (66% less watering)

[73]

SARK::IPT maize (Zea mays)

- increased drought tolerance: delayed wilting
and leaf senescence, increased water content
in stress-exposed plants, 30-fold higher
average seed biomass per plant (plants not
watered for 3 weeks)

[74]

SARK::IPT sweetpotato
(Ipomea batatas)

- delayed senescence
- improved tolerance to drought: improved

growth characteristics and leaf RWC (plants
exposed to various irrigation regimes for
96 days)

[75]

HMW::IPT
seed-specific

promoter

tobacco
(Nicotiana tabacum)

- increase in seed yield
- increase in ethanol-insoluble carbohydrates

and protein content
[76]
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Promoter and
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Species

Phenotype of Transgenic Plants Compared to
Control Lines

References

lectin::IPT
seed-specific

promoter

tobacco (Nicotiana
tabacum)

- increase in seed dry weight and
protein content

- faster growth of seedlings
[77]

TP12::IPT
flower-specific

promoter

narrow-leafed
lupin (Lupinus
angustifolius)

- increased branching
- increased total number of fruits (pods) in

some lines
[78]

AtMYB32xs::IPT
developmental-
process-related

promoter

canola (Brassica napus)

- delayed leaf senescence both under controlled
conditions and in the field

- more flowers and siliques
- increased yield (field trials)

[79]

AtMYB32xs-p::IPT wheat
(Triticum aestivum)

- delayed leaf senescence
- increased yield
- improved drought tolerance: improved

canopy green cover, lower canopy
temperatures, higher leaf water potential
(field trials)

[80]

rd29A::IPT
stress-induced

promoter

tobacco
(Nicotiana tabacum)

- increased tolerance to salt stress: delayed leaf
senescence and decreased MDA content in
stressed plants (plants exposed to 150 mM
NaCl for 2 weeks)

[81]

AtCOR15a::IPT
cold-stress-induced

promoter

sugarcane
(Saccharum officinarum

and S. spontaneum
hybrids)

- increased tolerance to cold stress: less
pronounced symptoms of leaf senescence
(detached leaves exposed to 27 ◦C, 4 ◦C or
4 ◦C and then 0 ◦C),

- increased Chl content, decreased MDA
content, and electrolyte leakage in
cold-stressed plants (plants were exposed to
decreasing temperatures for acclimation, then
incubated in 0 ◦C for 8 h and recovered for 24 h)

[82]

AtMT::IPT
stress-induced

promoter

tobacco (Nicotiana
tabacum)

- improved drought tolerance: less severe stress
symptoms (plants not watered for 3 weeks)

- improved tolerance to salt stress: less severe
stress symptoms, faster recovery (plants
watered with 100 mM NaCl for 10 days, then
with 200 mM NaCl for 11 days)

[83]

PtRD26pro::IPT
promoter of

senescence and
drought-inducible

transcription factor

poplar (Populus
tomentosa)

- increased height, stimulated adventitious root
generation

- increased net CO2 assimilation
- increased drought tolerance: less severe stress

symptoms, higher levels of maximum
quantum efficiency of PSII, RWC, net CO2
assimilation rate, stomatal conductance, and
electron transfer rate, improved survival rate
(plants not watered for 10 days)

[84]

Trans-zeatin
synthetase

hsp70::tzs
heat shock induced

promoter

rapeseed (Brassica
napus)

- reduced root system
- increased height and branching
- increased seed yield per plant

[85]
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Phenotype of Transgenic Plants Compared to
Control Lines

References

CKX

35S::AtCKX1
35S::AtCKX2
35S::AtCKX3
35S::AtCKX4

tobacco
(Nicotiana tabacum)

- retarded shoot development, dwarfed
phenotype, small leaves

- stimulated root growth
[86]

35S::AtCKX1
35S::AtCKX2
35S::AtCKX3
35S::AtCKX4

thale cress
(Arabidopsis thaliana)

- reduced shoot growth
- stimulated root growth

[87]

35S::CKX1
35S::CKX2
35S::CKX3
35S::CKX4

thale cress
(Arabidopsis thaliana)

- reduced growth of some lines
- increased tolerance to salt stress: less

pronounced stress symptoms and improved
survival rate (plants exposed to 200 mM NaCl
for 6 days)

- increased drought tolerance: less pronounced
wilting symptoms and improved survival
rate (plants not watered for 2 weeks)

[88]

35S::AtCKX3
tomato

(Solanum
lycopersicum)

- smaller leaf area, decreased stomata density
- decreased transpiration
- increased drought tolerance: increased leaf

water content (plants not watered for 4 days)

[89]

35S::MsCKX thale cress
(Arabidopsis thaliana)

- enlarged root system
- increased salt tolerance: improved root

growth and seedling fresh weight (seedlings
exposed to 100 or 150 mM NaCl for 7 days),
improved survival rate and maximum
quantum yield of PSII (plants watered with
increasing concentrations of NaCl for 4 days,
then with 350 mM NaCl for 10 days)

- improved membrane properties and
antioxidant defense under salt stress:
decreased ion leakage, MDA content, H2O2
and O2

•− levels, increased proline content
and SOD, CAT, POX activity (plants subjected
to 150 mM NaCl for 10 days)

[90]

35S::AtCKX2 rapeseed
(Brassica napus)

- enlarged root system, longer primary roots,
increased number of lateral and adventitious
roots, increased root density, enhanced
root-to-shoot ratio

- no reduction in shoot growth
- increased P, Ca, Mg, S, Zn, Cu, Mo, and Mn

concentration in leaves
- increased Chl content under Mg- and

S-deficiency
- improved phytoremediation capacity of Cd

and Zn from contaminated medium and soil

[91]
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35S::PpCKX1 Physcomitrella patens

- larger size of protoplasts, curved protonemal tissues
- delayed transition to gametophores, reduced

number of spores
- enhanced rhizoid development
- improved tolerance to dehydration: increased

survival rate after drying of protonemal tissues
- improved tolerance to salt stress: improved

growth (protonemal tissues exposed to 100 or
200 mM NaCl for 30 days)

[92]

Ubi::TaCKX1 wheat
(Triticum aestivum)

- increased spike number and grain number
- lower 1000-grain weight

[93]

W6::CKX1
root-specific
promoter

tobacco
(Nicotiana tabacum)

- stimulation of root growth, increased ratio of
root to shoot biomass

- increased drought tolerance: increased
survival rate (plants not watered for 26 days)

[94]

35S::CKX1
WRKY6::CKX1

root-specific
promoter

tobacco
(Nicotiana tabacum)

- enlarged root system and dwarfism in line
transformed with 35S promoter construct

- improved drought tolerance: higher water
potential in lower leaves, more negative
osmotic potential in leaves (plants not
watered for 10 days)

- lower leaf temperature in 35S:CKX1 line
(plants exposed for 40 ◦C for 2 h)

[95]

RCc3::OsCKX4
root-specific
promoter

rice (Oryza sativa) - enhanced root development [96]

RCc3::OsCKX4 rice (Oryza sativa)
- increased Zn concentration in roots, shoots,

and grains
- increased grain yield per plot

[97]

bGLU::AtCKX1
root-specific
promoter

barley
(Hordeum vulgare)

- stimulated lateral root growth
- improved drought tolerance: higher RWC,

less pronounced decrease in yield (plants
exposed to water deficit)

- faster recovery and higher RWC in some
drought-exposed transgenic lines
(hydroponically grown plants were deprived
of the growth medium for 24 h), improved
growth after stress recovery (observed 2
weeks after severe stress application to
hydroponically grown plants and 4 weeks
after 3 days of watering withdrawal in
soil-grown plants)

[98]

EPP::CKX1
EPP::CKX2
root-specific

promoter

barley
(Hordeum vulgare)

- stimulation of root growth
- increased concentration of various micro- and

macro-elements in leaves
- increased tolerance to drought: higher CO2

assimilation rate in stressed plants (plants
were not watered until the soil moisture level
dropped to 10%, this level was maintained for
the next 2 weeks)

[99]
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EPP::CKX1
EPP::CKX2

barley
(Hordeum vulgare)

- increased Zn concentration in grains
- increased Fe concentration in grains of

some lines
[100]

RCc3::AtCKX1 maize (Zea mays)
- stimulation of root growth
- increased concentration of micro- and

macro-elements in leaves: K, P, Mo, Zn
[101]

CaWRKY31::CaCKX6
root-specific
promoter

thale cress
(Arabidopsis thaliana)

chickpea
(Cicer arietinum)

- increase in lateral root number, root length,
and root biomass in Arabidopsis and
chickpea without any penalty to vegetative
and reproductive growth of shoot

- soil-grown chickpea exhibited higher
root-to-shoot biomass

- enhanced drought tolerance in soil-grown
chickpea: increased shoot and root growth,
increased CO2 assimilation rate (plants not
watered for 40 days)

- seed yield in some chickpea lines up to 25%
higher with no penalty in protein content

- higher levels of Zn, Fe, K, and Cu in
transgenic chickpea seeds

[102]

RCc3:OsCKX5 rice (Oryza sativa)

- stimulated root growth: greater volume,
length, projection area, higher number of tips,
enhanced surface area

- no detrimental impact on shoot growth
- increased root biomass, root to shoot ratio,

deeper root system in plants grown on
low-fertility soil

- increased P, K, Ca, Mg, Zn, Fe concentration
in roots

- increased K, Mg, Fe, Zn concentration in
shoots (not in all lines)

[103]

35S::MdCKX5.2 thale cress
(Arabidopsis thaliana)

- longer primary root, stimulation of lateral
root development

- increased tolerance to drought: less severe
stress symptoms, significantly improved
survival rate (plants not watered for 20 days)

- increased tolerance to salt stress: less severe
stress symptoms, longer primary roots and
more lateral roots, increased fresh weight and
Chl content (seedlings exposed to 100 or 150
mM of NaCl for 9 days)

[104]

OsCKX2
promoter::3′-UTR

of OsCKX2
target silencing

rice (Oryza sativa) - increased grain number per plant [105]

35S::HvCKX1
35S::TaCKX1

hairpin target
silencing

barley (Hordeum
vulgare), wheat

(Triticum aestivum)
triticale

- increased seed yield, seed number per plant
and 1000-grain weight in some lines

- increased root biomass
- lower shoots

[106]
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35S::HvCKX2
hairpin target

silencing

barley
(Hordeum vulgare)

- increased height
- increased spikes number
- increased seed yield, seed number, and

1000-grain weight

[107]

35S::HvCKX1
hairpin target

silencing

barley
(Hordeum vulgare)

- increased root mass
- increased seed yield [108]

Ubi::shRNA-CX3
Ubi::shRNA-CX5

hairpin target
(OsCKX2) silencing

rice (Oryza sativa)

- delayed senescence
- increased tillering
- increased panicle number, grain yield per

plant, and 1000-grain weight (field trials)

[109]

35S::GhCKX hairpin
target silencing

cotton
(Gossypium hirsutum)

- delayed leaf senescence
- more fruiting branches and bolls, increased

seed size
- increased seed yield and lint yield of

moderately suppressed lines (per 25 m2

plot size)

[110]

35S::OsCKX2
antisense

target silencing
rice (Oryza sativa)

- enhanced panicle branching, increased seed
biomass per plant, increased
1000-grain weight

- increased tolerance to salt stress: increased
water content and higher shoots of stressed
plants, at the end of stress-exposure wild type
plants were dying (plants watered with
200 mM NaCl for 30 days)

- less pronounced decrease in yield of plants
exposed to salt stress at pre-flowering stage until
maturity (plants watered with 100 mM NaCl)

[111]

Act1::HvCKX1
hairpin

target silencing

wheat
(Triticum aestivum) - increased grain number per plant [112]

Ubi1::HvCKX1
5′ end of the ORF
and 3′ UTR, target

silencing
HvCKX1 knockout

obtained by
CRISPR/Cas9

barley
(Hordeum vulgare)

- increased spike number and grain number
per plant

- decreased 1000-grain weight
- increased yield for m2 (field trials)

[113]

OsCKX2 knockout
obtained by

CRISPR/Cas9
rice (Oryza sativa)

- increased shoot fresh and dry weight both in
normal-phosphate and low-phosphate
conditions

- lesser leaf yellowing and increased maximum
quantum efficiency of PSII under Pi
deficiency

- increased P concentration in roots and shoots
under low-Pi conditions

[114]

proAGIP::GhCKX3b
silencing construct

carpel- and
stamen-specific

promoter

cotton (Gossypium
hirsutum)

- increased seed number
- increased lint yield

[115]
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glucosyl-
transferase

35S::ZOG1 tobacco (Nicotiana
tabacum)

- primary root elongation and
diminished branching

[116]

Act1::cZOGT1
Act1::cZOGT2 rice (Oryza sativa) - short shoots

- delayed leaf senescence
[117]

Ubi1::ZOG1 maize (Zea mays)

- delayed leaf senescence
- shorter stature, thinner stems,

narrower leaves
- increased root biomass and branching
- disturbed floral development, smaller ear

[118]

35S::UGT85A5 tobacco
(Nicotiana tabacum)

- increased tolerance to salt stress: increased
seed germination rate on the medium
containing NaCl (100–200 mM); increased
total fresh weight of salt-treated seedlings
(exposed to 100 or 200 mM NaCl for 4 weeks)

- lesser decay of Chl content in leaf discs
incubated in 100–300 mM NaCl

- survival under strong salt-induced stress
(seedlings watered with NaCl solution
increasing to 300 mM for 4 weeks)

- increased proline content and decreased
MDA content in salt-treated plants (watered
with 300 mM NaCl for 1 week)

[119]

35S::OscZOG1
OsZOG1 silencing

construct under Ubi
promoter

rice (Oryza sativa)

- in overexpressing line: improved growth of
lateral roots, decreased shoot growth and
yield-associated traits, accelerated senescence

- in silenced line: improved crown roots
growth and tillering, higher shoots, increased
yield-associated traits: panicle branching,
grain number per panicle, seed size, and
1000-grain weight

[120]

35S::AtUGT76C2 thale cress
(Arabidopsis thaliana)

- reduced tolerance to osmotic stress at
postgermination stage: decreased
germination rate, slower germination and
primary root growth, more severe stress
symptoms (seeds sown on medium with 200,
250, 300 mM mannitol)

- increased tolerance to drought at mature
stage: less severe stress symptoms, improved
survival rate (plants not watered for 7 days),
decreased water loss and faster stomata
closure in detached leaves

[121]
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Ubi::AtUGT76C2 rice (Oryza sativa)

- enhanced root growth
- increased sensitivity to abiotic stresses during

germination and post-germination growth:
slower germination and decreased seedling
growth (seeds exposed to 100 mM NaCl, 7.5%
PEG8000, or 150 mM mannitol)

- increased tolerance to salt stress: less severe
stress symptoms, decreased electrolyte
leakage, increased survival rate, increased
proline and soluble sugar content (seedlings
watered with 200 mM NaCl for 2 weeks),
lower H2O2 and O2

•− level, increased
activity of SOD, CAT, and APX (plants
exposed to 200 mM NaCl for 12 h)

- increased drought tolerance: less severe stress
symptoms, increased survival rate, increased
proline and soluble sugar content (seedlings
not watered for 1 week), decreased water loss
from detached leaves

[122]

5. Gibberellins

Gibberellins are a large group of tetracyclic diterpenoids. Among them, only a few
compounds participate in the regulation of growth and development of higher plants—
primarily GA1 and GA4 [2]. Gibberellin deficiency causes dwarfism [123]. For arable crops,
especially cereals, dwarfism can be an advantage, because it improves lodging resistance
and changes assimilate partitioning so that more assimilates are allocated to flowers and
grains. Breeding of semi-dwarf cereal varieties has been proven to be enormously successful
in increasing grain yield since the advent of the “green revolution” [124]. The rice semidwarf-
1 (sd-1) gene, encoding gibberellin 20 oxidase, is well known as the “green revolution gene”
and is considered to be the one of the most important genes deployed in modern rice
breeding. It has contributed to the significant increase in crop production that occurred
in the 1960s and 1970s, especially in Asia [125,126]. The genes responsible for the “green
revolution” in wheat are semi-dwarfing genes Reduced height (Rht). The most important
and widely used are the alleles Rht-B1b and Rht-D1b that are found in >70% of current
commercial wheat cultivars. They are known to reduce stem extension by causing partial
insensitivity to gibberellins due to the changed signaling process [127,128].

The crucial enzymes associated with gibberellin metabolism are GA20ox and GA3ox
gibberellin oxidases, catalyzing the last two steps of the synthesis of biologically active
gibberellins, as well as GA2ox oxidase, catalyzing the oxidation of these phytohormones to
inactive catabolites. The three types of enzymes mentioned above are encoded by small
gene families, GA20ox, GA3ox, and GA2ox, respectively [129]. All of them were targets
of genetic engineering. The introduction of GA20ox and GA3ox or GA2ox genes enables
us to obtain plants with either increased or decreased active gibberellin content (Table 3).
Increased gibberellin content stimulates elongation growth and lignin synthesis, while a
reduced level of these phytohormones results in dwarfism, stimulation of lateral shoot
formation, and reduction of lignin content (Table 3). Change in gibberellin content also
allows us to obtain other useful traits. Tomato fruits with GA20ox1 gene overexpression
remained firm for a longer time, which prolonged their shelf life [130]. The formation of
longer xylem fibers in transgenic poplars overexpressing AtGA20ox1 is beneficial for paper
production [131]. On the other hand, reduced lignin content in transgenic switchgrass with
decreased gibberellin content facilitates the bioethanol production process. However, the
GA2ox-overexpressing lines were semi-dwarf, which is not a desired trait in plants grown
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for biomass production [132]. Enhanced activity of gibberellin biosynthetic enzymes may
be not beneficial in terms of resistance to certain pathogens. Transgenic rise overexpressing
OsGA20ox3 was more susceptible to Xanthomonas oryzae pv. oryzae (causing bacterial blight)
and Magnaporthe oryzae (causing rice blast), while OsGA20ox3 knockdown lines displayed
enhanced resistance to these pathogens [133].

Modification of gibberellin signaling was also taken into consideration. DELLA protein
was identified as a repressor in the gibberellin signaling pathway. The above-mentioned Rht
alleles encode DELLA proteins [128]. Canola mutant ds-3 bearing a mutation in the gene
encoding DELLA protein is semi-dwarf [134]. The overexpression of SLR1 encoding rice
DELLA protein enhanced cold tolerance in this species, while plants with overexpression of
GA20ox1 were more sensitive to this kind of stress. These results suggest that weakening of
gibberellin signaling leads to the improvement in chilling tolerance [135]. Overexpression
of GoGID1 encoding gibberellin receptor in alfalfa allowed to obtain transgenic plants
with increased growth rates, heights, and biomass production when compared to the
control [136].

Table 3. Summary of the results of the experiments on transgenic plants with changed gibberellin
concentration. CAT, catalase; Chl, chlorophyll; GAMT, gibberellin methyltransferase; GAox, gib-
berelin oxidase; MDA, malonyldialdehyde; POX, peroxidase; RWC, relative water content; SOD,
superoxide dismutase; WUE, water-use efficiency.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

Modifications aimed at increasing of active gibberellins level

GA20ox

35S::AtGA20ox1
hybrid aspen
(Populus tremula × P.
tremuloides)

- increased growth rate
- increased biomass
- longer and more numerous xylem fibers

[131]

35S::AtGA20ox1 tobacco
(Nicotiana tabacum)

- shoot growth stimulation
- increased biomass production
- increased lignin content
- stimulation of xylem formation

[137]

35S::CcGA20ox1
tomato
(Lycopersicon
esculentum)

- changed morphology: higher shoots,
non-serrated leaves, some flowers had
longer style

- delayed flowering
- increased fruit number and their total weight

per plant, some of the fruits were
parthenocarpic, which was not observed in the
control plants

- delayed fruit ripening

[130]

Ubi1::AtGA20ox1 maize (Zea mays)
- higher and more slender stems
- increased vegetative biomass
- increased content of lignin and cellulose

[138]

35S::PdGA20-
OXIDASE
DX15::PdGA20-
OXIDASE
poplar xylem-specific
promoter

hybrid poplar
(Populus tremula L. ×
Populus alba)

- increased shoot growth and biomass
production, accompanied by poor root growth
and unstable shoots in plants with
constitutive overexpression

- enhanced growth without changing the overall
phenotype in plants with
xylem-specific expression

[139]
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Modifications aimed at increasing of active gibberellins level

GA3ox

35S::StGA3ox2
StLS1::StGA3ox2
leaf-specific promoter
Tub1::StGA3ox2
tuber-specific
promoter

potato
(Solanum tuberosum)

- plants with constitutive overexpression or
leaf-specific overexpression were higher and
tuberized earlier when grown under short
day conditions

- plants with tuber-specific overexpression did
not display differences in shoot height, their
tuberization was slightly delayed

- increased tuber biomass per plant in line with
constitutive overexpression

[129]

Modifications aimed at decreasing of active gibberellins level

GA2ox

Act::OsGA2ox1
D18::OsGA2ox1
promoter of a gene
participating in
gibberellin synthesis
in rice

rice (Oryza sativa)

- plants with constitutive overexpression
displayed changed morphology: dwarfism,
darker green, broader and shorter leaves, they
also failed to set grains

- lines with expression under D18 promoter were
semi-dwarf and developed normal flowers
and grains

[140]

35S::AtGA2ox8 canola
(Brassica napus)

- dwarfism
- increased anthocyanin content in leaves
- stimulated branching, increased number

of siliques
- increased seed yield per experimental plot

[141]

35S::OsGA2ox5
thale cress
(Arabidopsis thaliana)
rice (Oryza sativa)

- dwarfism, delayed onset of generative phase
- increased starch granule accumulation and

gravity responses
- increased tolerance to salt stress: improved

survival rate and less reduced seedling growth
(seeds exposed to 100 mM or 140 mM NaCl for
7 days); significantly improved survival rate
(seedlings exposed to 170 mM NaCl)

[142]

rbcs::PtGA2ox1
leaf-specific promoter
TobRB7::PtGA2ox1
root-specific
promoter
LMX5::PtGA2ox1
stem-specific
promoter

tobacco
(Nicotiana tabacum)

- slower growth
- increased drought tolerance: increased RWC,

increased proline and sugar content, decreased
MDA content, elevated POX, SOD, and CAT
activities (plants not watered for 19 days)

[143]

Ubi1::PvGA2ox5
Ubi1::PvGA2ox9

switchgrass (Panicum
virgatum)

- semi-dwarfism
- increased tillering
- decreased lignin content

[132]
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Modifications aimed at decreasing of active gibberellins level

Ubi::GA2ox6
mutated versions rice (Oryza sativa)

- changed morphology: reduced plant height,
expanded root system, enhanced tillering

- increased WUE and photosynthesis rate
- increased grain yield (field trials)
- increased drought tolerance: less pronounced

wilting symptoms; improved leaf recovery;
increased survival rate; increased proline
content and activities of SOD, CAT, POX;
decreased H2O2 content (plants were air-dried
for 6 h then recovered for 6 days)

- increased tolerance to salt stress: increased
survival rate (plants exposed to 200 mM NaCl
for 2 days)

- increased tolerance to temperature (both heat
and cold) stress: increased survival rate (plants
exposed to 4 ◦C or 42 ◦C for 2 days)

- increased tolerance to biotic stress: less
pronounced symptoms of infection with the
bacterium Xanthomonas oryzae pv. oryzae,
increased seedling weight after infection with
the fungus Pythium arrhenomanes, limited
spread of fungus Fusarium fujikuroi

[144]

35S::GhGA2ox1 cotton
(Gossypium hirsutum)

- increased drought tolerance: increased proline,
Chl, and RWC in stressed plants (plants not
watered for 10 days)

- increased tolerance to salt stress: increased
proline, Chl, and RWC in stressed plants (plants
watered with 200 mM NaCl for 10 days)

[145]

GAMT 35S::AtGAMT1
tomato
(Solanum lycopersicum)

- changed morphology: reduced plant height,
smaller leaves of changed shape

- smaller stomata
- increased drought tolerance: delayed wilting

symptoms, higher leaf water status, reduced
transpiration, improved recovery of stressed
plants (plants not watered for 14 days)

[146]

CYP
cytochrome
450

ProEui::PtCYP714A3
native promoter of
one of CYP genes
in rice

rice (Oryza sativa)

- semi-dwarfed phenotype, promoted tillering,
reduced seed size

- increased tolerance to salt stress: less severe
stress symptoms, improved survival rate
(seedlings exposed to 150 mM NaCl for
12 days)

[147]

35S::CYP71D8L rice (Oryza sativa)

- dwarfed phenotype, reduced grain number
per panicle

- increased drought tolerance: less severe stress
symptoms, increased Chl content and
decreased H2O2 level after 5 days of drought
(plants not watered for 10 days)

- increased tolerance to salt stress: less severe
stress symptoms, increased Chl content and
decreased H2O2 level after 3 days of stress
(plants watered with 150 mM NaCl for 8 days)

[148]
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6. Brassinosteroids

Similar to other phytohormones, brassinosteroids have a pleiotropic effect and they
participate both in the regulation of development and stress response [149]. Consider-
ing their chemical structure, these compounds belong to polyhydroxy steroids and are
similar to animal steroid hormones [150]. Many experiments concerning the impact of
brassinosteroids on plant development and stress tolerance were carried out by spraying
the plants with solutions of these phytohormones. There are also data in the literature on
genetic engineering of the pathway of their biosynthesis [151]. Important determinants of
yield that are regulated by brassinosteroids are plant height, leaf angle, and inflorescence
architecture [152]. The results of the experiments on transgenic plants with increased brassi-
nosteroid content are shown in Table 4. There were also experiments aiming at decreasing
the level of these phytohormones. Overexpression of AtBAT1 encoding brassinosteroid-
inactivating acyltransferase in bentgrass resulted in decreased growth rate, erect leaves,
prolonged leaf longevity, and improved drought resistance [153].

The rice mutant ebisu dwarf (d2) with impaired brassinosteroid biosynthesis had erect
leaves, which improves light penetration into the canopy. On the other hand, it produced
smaller seeds [154]. However, another rice mutant, osdwarf4-1, had a stature similar to the
d2 mutant, while the morphology of its flowers and seeds remained unchanged [155,156].
Barley accessions carrying a single recessive gene uzu, encoding the brassinosteroid receptor,
are semi-dwarf. This gene has been introduced in almost all Japanese hull-less barley
cultivars [157,158]. Brassinosteroid insensitive semi-dwarf barley mutants were more
tolerant to drought [159].

Transgenic tomatoes overexpressing SIBRI1 encoding brassinosteroid receptor dis-
played increased height, yield, and fruit number per plant. Transgene overexpression also
caused an increase in the levels of carotenoids, ascorbic acid, soluble solids, and soluble
sugars during fruit ripening [160]. On the other hand, it led to a decrease in drought
tolerance [161]. Rice line overexpressing SERK2, encoding membrane protein interact-
ing with brassinosteroid receptor, produced larger grains and was more tolerant to salt
stress [162]. Overexpression of kinases participating in brassinosteroid-induced signaling,
e.g., membrane localized ZmBSK1 and downstream acting ZmCCaMK, in corn, led to
the improved drought tolerance [163]. Overexpression of the gene TaBRI1 from wheat,
encoding transmembrane receptor kinase, in Arabidopsis resulted in increased sensitivity
to brassinosteroids, earlier flowering, and increased silique size and seed yield [164]. While
the modification of signaling through BRI receptors is linked to growth arrest, the overex-
pression of BRL3, a vascular-enriched member of the brassinosteroid receptor family, in A.
thaliana enhanced tolerance to drought without penalizing plant growth [165]. In recent
years, there has been significant progress in the deciphering of brassinosteroid signaling,
which opens the way to successful modification of crop plants [152].

Table 4. Summary of the results of the experiments on transgenic plants with increased brassinos-
teroids concentration due to overexpression of hydroxylases participating in the biosynthesis of these
phytohormones. CAT, catalase; MDA, malonyldialdehyde; POX, peroxidase; RWC, relative water
content; SOD, superoxide dismutase.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

C-22α
hydroxylase

35S::AtDWF4 thale cress
(Arabidopsis thaliana)

- stimulation of generative shoot branching
- increase in siliques and seed number

[166]

expression of cDNA
of CYPs from maize,
A. thaliana, and rice
under AS promoter
active in stems,
leaves, and roots

rice (Oryza sativa)

- enhanced tillering
- increased grain yield per plant, increased

grain weight (greenhouse and field trials)
- increased leaf angle, more loose stature (not

desired trait)

[167]
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35S::CYP724B1 rice (Oryza sativa)
- increased spikelet number per panicle
- increased grain size and 1000-grain weight
- increased leaf angle, more loose stature

[168]

35S::AtDWF4 canola
(Brassica napus)

- longer roots, increased root biomass
- larger leaves
- stimulation of branching, increase in

siliques number
- increased seed yield per plant
- increased drought tolerance: improved

survival rate, increased root and shoot
biomass of recovered plants (plants not
watered for 12 days)

- increased tolerance to heat stress: improved
survival rate of stressed plants (plants
exposed to 45 ◦C for 3 or 4 h)

- increased resistance to necrotrophic fungal
pathogens Leptosphaeria maculans and
Sclerotinia sclerotiorum: less pronounced
symptoms of infection

[169]

35S::SoCYP85A1 tobacco
(Nicotiana tabacum)

- longer primary root and more lateral roots
- enhanced drought tolerance: less severe

stress symptoms, higher RWC, decreased
water loss rate, increased proline content in
one transgenic line, decreased MDA content
and H2O2 level, increased activity of SOD,
CAT, and POX (plants not watered for
10 days)

[170]

35S::PtCYP85A3

tomato
(Lycopersicon
esculentum)
poplar (Populus
davidiana ×
P. bolleana)

- promoted growth and biomass production
- increased plant height, shoot fresh weight

and fruit yield in tomato
- increased plant height and stem diameter,

enhanced xylem formation in poplar

[171]

Ubi::OsDWF4
Gt1::OsDWF4
seed-specific
promoter

rice (Oryza sativa)

- enhanced tillering
- increased grain yield per plant, slightly

increased 1000-grain weight
- increased leaf angle, more loose stature (not

desired trait)

[172]

Ubi::ZmDWF4 maize (Zea mays)

- bigger ears, improved grain yield per ear
- increased 1000-grain weight
- faster growth, increased plant height and

node number
- increased leaf area, delayed leaf senescence

[173]

35S::PeCPD poplar
(Populus tomentosa)

- increased plant height, biomass, stem
diameter and xylem formation

- increased tolerance to salt stress: less visual
injuries, lower H2O2 and O2

•− formation,
decreased MDA content, increased levels of
soluble proteins and proline, increased SOD
activity (plants exposed to 50 mM NaCl for 3
days and then to 100 mM NaCl for 12 days)

[174]
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Table 4. Cont.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

cytochrome
catalyzing
conversion of 6-
deoxocastasterone
to castasterone

35S::DWF
tomato
(Lycopersicon
esculentum)

- faster germination and seedling growth
- increased plant height and weight
- slender stature, leaf deformations
- faster ripening of fruits
- decrease in fruit yield per plant but increase

when normalized on the cultivated area due
to higher density of plants

[175]

35S::DWF
tomato
(Lycopersicon
esculentum)

- increased tolerance to chilling stress: lesser
amount of oxidized proteins, lower level of
lipid peroxidation and electrolyte leakage,
increased maximum quantum efficiency of
PSII, increased activity of APX and enzymes
participating in ascorbate and glutathione
recycling (plants exposed to 4 ◦C for 3 days)

[176]

enzyme catalyzing
the conversion of 6-
deoxocathasterone
and 3-dehydroteas-
terone to 6-deoxoty
phasterol and
typhasterol,
respectively

Ubi::TaD11-2A rice (Oryza sativa)

- increased grain length and 1000-grain
weight

- increased starch content and decreased
amylose content

[177]

7. Abscisic Acid

The most important functions of ABA include regulation of dormancy, stomata open-
ing, as well as maturation and germination of seeds. This phytohormone also participates
in the response to abiotic stress, primarily drought [2]. In higher plants, carotenoids,
specifically violaxanthin or neoxanthin, are substrates for ABA biosynthesis. An impor-
tant enzyme necessary for the synthesis of violaxanthin (and indirectly neoxanthin) is
zeaxanthin epoxidase (ZEP). In the ABA biosynthetic pathway, both xanthophylls are
converted to the conformation 9-cis, and then 9-cis-epoxycarotenoid dioxygenase (NCED)
catalyzes xanthoxin formation. Later, xanthoxin undergoes two-step oxidation—first to
abscisic aldehyde and then to ABA. These reactions are catalyzed by short-chain alcohol
dehydrogenase/reductase (SDR) and abscisic aldehyde oxidase (AAO), respectively [178].
Seo et al. [179] observed that under stress conditions AAO expression does not change,
while the expression of the LOS5/ABA3 (LOS5) gene is enhanced. This gene encodes
an enzyme responsible for sulphation of AAO molybdenum cofactor [180]. Therefore,
experiments on plants overexpressing the LOS5 gene were also conducted.

The results of the experiments on transgenic plants with increased ABA content are
collected in Table 5. They indicate that the modifications associated with this phytohor-
mone are a very promising direction of research aimed at obtaining varieties with increased
drought tolerance. On the other hand, it was reported that ABA overproducing transgenic
tomato was significantly more vulnerable to xylem embolism [181]. Apart from the syn-
thesis and degradation of this phytohormone, ABA transport also has an impact on stress
tolerance. The Lr34res gene conferring durable resistance to multiple fungal pathogens in
rice was reported to be an ABA transporter [182].

ABA-induced signaling pathways are a subject of intensive research. The expres-
sion of tomato genes encoding ABA receptors belonging to PYR/PYL/RCAR family in
A. thaliana improved drought tolerance of transgenic plants [183]. Similarly, overexpres-
sion of native genes of subfamily III of PYR/PYL/RCAR family in A. thaliana resulted
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in increased ABA-sensitivity and enhanced drought resistance [184]. Overexpression of
OsPYL3 and OsPYL9 in rice enhanced tolerance to cold stress and drought; and simi-
larly, overexpression of TaPYL4 in wheat improved drought tolerance [185]. Transgenic
poplars overexpressing PtPYRL1 or PtPYRL5 were more tolerant to drought, cold, and
osmotic stress [186]. Membrane-bound kinase OsPKR15 was shown to interact with Os-
PYL11, an orthologue of AtPYL9. Ectopic expression of OsPKR15 in A. thaliana increased
its sensitivity to ABA and resulted in the enhancement of drought tolerance [187]. The
potential of ABA receptors overexpression for the improvement of water-use efficiency
(WUE) in crops was proposed by Mega et al. [188]. Rice overexpressing OsPYL6 under
the control of Arabidopsis thaliana Responsive to Dehydration 29A (AtRD29A) promoter
displayed enhanced tolerance to dehydration. On the other hand, the reduced grain yield
under non-stress conditions due to reduction in height, biomass, panicle branching, and
spikelet fertility was also observed in transgenic plants [189]. The role of SNF 1-RELATED
PROTEIN KINASE 2 (SnRK2), comprising a subfamily of plant-specific protein kinases,
in ABA signaling and stress tolerance is being investigated [190]. Overexpression of
wheat genes of TaSnRK2s in A. thaliana resulted in improved tolerance to drought, salt,
and cold stress [185]. Overexpression of ARR5, encoding one of the SnRK2 targets, in
A. thaliana resulted in ABA hypersensitivity and enhanced drought tolerance [191]. Trans-
genic A. thaliana expressing TaCIPK27, encoding a wheat kinase involved in stress response,
displayed enhanced ABA-sensitivity and improved drought tolerance [192].

Table 5. Summary of the results of the experiments on transgenic plants with increased abscisic
acid concentration. APX, ascorbate peroxidase; CAT, catalase; LOS, sulfurase of molybdenum
cofactor required for abscisic aldehyde oxidase activity; MDA, malonyldialdehyde; NCED, 9-cis-
epoxycarotenoid dioxygenase; POX, peroxidase; RWC, relative water content; SOD, superoxide
dismutase; WUE, water-use efficiency; ZEP, zeaxanthin epoxidase.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

ZEP

35S::AtZEP
thale cress
(Arabidopsis thaliana)

- increased tolerance to salt stress: increased
fresh weight of stressed plants (seedlings
exposed to 0–160 mM NaCl for 10 days)

- increased tolerance to osmotic stress: increased
fresh weight of stressed plants (seedlings
exposed to 0–400 mM mannitol for 10 days)

- increased drought tolerance: drought survival
(plants not watered for 3 weeks, control plants
died); reduced water loss from detached shoots

[193]

35S::MsZEP tobacco
(Nicotiana tabacum)

- increased tolerance to salt stress: increased
content of soluble sugars and proline, increased
activity of SOD, and decreased content of MDA
(plants watered with 200 mM NaCl for 2 weeks)

- increased drought tolerance: less pronounced
wilting symptoms, increased content of soluble
sugars and proline, increased activity of SOD
and decreased content of MDA (plants not
watered for 2 weeks)

[194]

EsABA1 under the
control of artificial
superpromoter

tobacco
(Nicotiana tabacum)

- increased tolerance to salt stress: increased
shoot dry weight and total root length in
stressed plants (seedlings exposed to 250 mM
NaCl for 4 weeks)

- reduced Chl degradation in leaf discs incubated
in 400 and 600 mM NaCl solutions for 3 days

[195]
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Table 5. Cont.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

NCED

35S::AtNCED3 thale cress
(Arabidopsis thaliana)

- increased drought tolerance: lower
transpiration rate, less pronounced wilting
symptoms in stressed plants (plants not
watered for 18 days)

[196]

35S::VuNCED1
creeping
bentgrass
(Agrostis stolonifera)

- increased tolerance to salt stress: increased
fresh and dry biomass and less pronounced
wilting symptoms in stressed plants, increased
survival rate (plants watered with 0.2–0.8%
NaCl for 10 weeks)

- increased drought tolerance: increased fresh
and dry biomass, less pronounced wilting
symptoms in plants exposed to water deficit,
increased survival rate (reduced watering for
10 weeks)

[197]

35S::OsNCED3 thale cress
(Arabidopsis thaliana)

- delayed seed germination, slower growth,
changed leaf morphology

- sugar oversensitivity
- increased drought tolerance: less severe stress

symptoms (plants not watered for 9–13 days)

[198]

35S::CrNCED1 tobacco (Nicotiana
nudicaulis)

- increased tolerance to salt stress: reduced Chl
degradation and H2O2 and O2

•− generation in
leaf discs incubated in 200 mM NaCl solution
for 4 days

- increased drought tolerance: reduced water
loss from detached leaves, higher turgor and
increased RWC in stressed plants (plants not
watered for 1 week), lower H2O2 and O2

•−
generation in leaves subjected to 80 min
dehydration

- increased tolerance to oxidative stress: reduced
Chl degradation in leaf discs incubated in 1%
H2O2 solution for 4 days

[199]

35S::OsNCED4
thale cress
(Arabidopsis
thaliana)

- delayed seed germination, slower growth,
changed morphology

- sugar oversensitivity
- increased drought tolerance: less severe stress

symptoms (plants not watered for 9–13 days)

[200]

35S::OsNCED3 rice (Oryza sativa)

- promotion of leaf senescence (darkness
induction protocol)

- increased drought tolerance: increased survival
rate of stressed plants (seedlings not watered
for 18 days)

- increased tolerance to salt stress: increased
survival rate of stressed plants (seedlings
exposed to 150 NaCl)

[201]

35S::VaNCED1 grapevine (Vitis
vinifera)

- changed leaf morphology
- increased drought tolerance: less severe stress

symptoms (plants not watered for 50 days)
[202]
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Table 5. Cont.

Enzyme Promoter and Gene Species
Phenotype of Transgenic Plants Compared to

Control Lines
References

PvNCED1 under
dexamethasone-
inducible promoter

tobacco
(Nicotiana
plumbaginifolia)

- increased drought tolerance: reduced water
loss from detached leaves with induced
transgene expression; less pronounced wilting
symptoms in plants with induced transgene
expression (plants not watered for 10 days)

[203]

HvLea::AtNCED6
drought-responsive
promoter

barley
(Hordeum vulgare)

- improved performance under water deficit:
higher RWC and CO2 assimilation rate, improved
WUE (plants maintained at 10% soil moisture
level for 4 days, stress imposed after anthesis)

[204]

rd29A::LeNCED1
stress-responsive
promoter

petunia
(Petunia hybrida)

- increased drought tolerance: less pronounced
wilting symptoms in stressed plants, reduced
water loss, significantly increased survival rate
(plants not watered for 2 weeks)

[205]

LOS

AtLOS5 under the
control of artificial
superpromoter

tobacco
(Nicotiana tabacum)

- increased drought tolerance: reduced water
loss from detached leaves; less pronounced
wilting symptoms, increased activity of CAT
and APX and increased proline content in
stressed plants (plants not watered for 6 days)

[206]

AtLOS5 under the
control of artificial
superpromoter

cotton
(Gossypium
hirsutum)

- increased drought tolerance: reduced water
loss from detached shoots; less pronounced
wilting symptoms in stressed plants (plants not
watered for 5 days)

- increased fresh weight; SOD, POX, and APX
activities; and proline content; decreased MDA
content in plants exposed to reduced watering
for 8 weeks

[207]

AtLOS5 under the
control of artificial
superpromoter

maize (Zea mays)

- increased drought tolerance: reduced water
loss from stressed plants and increased survival
rate (plants not watered for 2 weeks)

- increased SOD, CAT, and POX activities and proline
content, decreased content of H2O2 and MDA in
plants exposed to reduced watering for 5 days

[208]

Hydroxylase
participat-
ing in ABA
catabolism

RNAi-mediated
suppression of the
Hv8′ hydroxylase
construct expressed
under drought-
responsive promoter

barley
(Hordeum vulgare)

- improved performance under water deficit:
higher RWC and CO2 assimilation rate, improved
WUE (plants maintained at 10% soil moisture
level for 4 days, stress imposed after anthesis)

[204]

RNAi-mediated
suppression of the
OsABA8ox1

rice (Oryza sativa)

- increased tolerance to alkalinity: increased
survival rates, decreased membrane injury, MDA,
H2O2, and O2

•− content in roots (seedlings were
exposed to 10, 15, 20 mM Na2CO3)

- increased survival rate, less severe stress
symptoms, more vigorous growth, increased
Chl content, increased panicle number,
spikelets per panicle, percentage of filled
spikelets and 1000-grain weight (seedlings were
transplanted into soil of pH 7.59, 8.86, and 9.29)

- increased grain yield per plant under salt stress (plants
grown in soil of pH = 9.29, EC = 834.4 μS cm−1)

[209]
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Many of the ABA-responsive transcription factors have been identified to date, among
them, those belonging to NAC, bZIP, AP2/ERF, and WRKY families [210]. Stress-responsive
grapevine transcription factor VvNAC17 was shown to increase sensitivity to ABA and
drought tolerance when its gene was overexpressed in Arabidopsis [211]. Similarly, the
overexpression of soybean GmNAC019 in A. thaliana led to the hypersensitivity to ABA
and higher survival rate in a soil-drying assay [212]. The overexpression of drought-
induced maize ZmWRKY26 in A. thaliana improved its tolerance to drought and heat [213].
The positive role of MaWRKY80 from banana in drought stress resistance was shown
in the experiment with transgenic Arabidopsis. Among other effects, this transcription
factor modulated the expression of genes encoding ABA biosynthetic enzymes [214].
Capsicum annuum ABA Induced ERF (CaAIEF1) expressed in A. thaliana enhanced drought
tolerance of transgenic plants [215]. The overexpression of VlbZIP30, encoding a transcrip-
tion factor belonging to the bZIP family in grapevine, in transgenic A. thaliana improved
dehydration tolerance [216]. It was shown that corn transcription factor ZmbZIP33 inter-
acts with core components of ABA signaling. Its overexpression in Arabidopsis led to the
increase in ABA content and drought tolerance [217]. Arabidopsis plants overexpressing
TabZIP14-B from wheat exhibited enhanced tolerance to salt and cold, as well as increased
ABA sensitivity [218]. A maize gene ZmMYB3R, encoding MYB transcription factor, is
known to be induced by ABA. Its overexpression in A. thaliana caused increased sensitivity
to ABA and enhanced tolerance to drought and salt stress [219]. Increased sensitivity to
ABA resulting in the enhanced tolerance to drought, salt, and osmotic stress was also
observed in A. thaliana with overexpression of another transcription factor from maize,
ZmHDZIV14 [220]. Dehydration responsive element binding factors (DREB) belong to the
AP2/ERF family. The expression of ABA-induced AhDREB1 from peanuts in A. thaliana
resulted in increased ABA levels and increased sensitivity to this phytohormone, as well
as in improved drought tolerance [221]. ZmPTF1 transcription factor, belonging to the
bHLH family, is known to be a positive regulator of ABA synthesis. Its overexpression
in maize caused an increase in ABA content and enhanced drought tolerance [222]. The
other examples of genetic modification of ABA receptors, ABA signaling components, and
ABA-responsible transcription factors can be found in the reviews [223–225].

8. Ethylene

Ethylene is another phytohormone important for the regulation of the stress response.
Among its other functions, the one important for farmers is the stimulation of fruit ripen-
ing [226]. Due to the simple structure of the molecule and ethylene occurrence in the gas
phase, this compound is often applied exogenously. Treatment with the ethylene precursor,
1-amino-3-cyclopropane-1-carboxylic acid (ACC), was also applied [227].

As ethylene is known to be a plant growth inhibitor, many of the experiments aimed
to decrease the synthesis of this phytohormone (Table 6). The main target of genetic
engineering is 1-amino-3-cyclopropane-1-carboxylic acid synthase (ACS), responsible for
the synthesis of the direct precursor of this phytohormone. This enzyme was discovered to
be crucial for the regulation of ethylene biosynthesis. Partial silencing of the expression
of ACS encoding genes in maize resulted in higher yields of transgenic lines compared to
control when plants were exposed to drought [228]. Apple and melon fruits with decreased
ACS activity ripened more slowly and were firmer than the fruits of non-transformed
plants, which is a desirable trait if there is a need for longer storage [229,230]. Interestingly,
inoculation of pea with the soil bacterium Variovorax paradoxus synthesizing ACC deaminase
(ACC decomposing enzyme) resulted in improved growth and seed yield under drought
conditions when compared to plants inoculated with the V. paradoxus mutant, in which
ACC deaminase activity was significantly lower [231].
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Table 6. Summary of the results of the experiments on mutant and transgenic plants with changed
ethylene concentration. ACC, 1-aminocyclopropane-1-carboxylic acid; ACS, 1-aminocyclopropane-1-
carboxylic acid synthase; CAT, catalase; ERF1, ethylene response factor 1; POX, peroxidase; RWC,
relative water content; SOD, superoxide dismutase.

Protein Promoter and Gene Species
Phenotype of Transgenic Plants

Compared to Control Lines
References

ACS

mutant acs7
thale cress
(Arabidopsis
thaliana)

- slightly faster germination
- faster growth at the vegetative stage
- increased tolerance to salt stress:

improved survival of salt-treated
seedlings (exposed to 150 mM NaCl);
germination in presence of 150 mM
NaCl slowed down to a lesser extent

- increased tolerance to osmotic stress:
germination in presence of 300 mM
mannitol slowed down to a
lesser extent

- increased tolerance to heat stress:
lower percentage of chlorosis in
stressed seedlings (exposed to 43 ◦C
for 3 h)

[232]

35S::ACS
antisense target silencing

apple tree
(Malus pumila)

- firmer fruits
- increased shelf-life

[229]

35S::PmACS
antisense target silencing

melon
(Cucumis melo)

- firmer fruits
- slower ripening

[230]

ZmUbi1::ZM-ACS6
hairpin target silencing maize (Zea mays)

- increased grain yield of some lines in
locations where drought occurred
(field trials)

- increased yield under low-nitrogen
treatment (field trials)

[228]

ZmUbi1::ScACS1
ZmUbi1::ScACS2
ZmUbi1::ScACS3
hairpin target silencing

sugarcane hybrid
cultivar (Saccharum
officinarum ×
Saccharum
spontaneum)

- increased plant height, leaf length,
and leaf area

- reduced carbon assimilation
- no reduction in Chl content or

sucrose levels
- induction of non-enzymatic

antioxidant apparatus

[233]

ACC
deaminase

35S::ACCD from bacteria
Other promoters used were:
root-specific promoter of rolD
gene from
Agrobacterium rhizogenes,
pathogenesis-related promoter
of prb-1b gene from tobacco

tomato
(Lycopersicon
esculentum)

- increased tolerance to flooding,
especially in lines where root-specific
promoter was used: increased shoot
fresh and dry weight, increased Chl
content (plants flooded for 9 days)

[234]

35S::ACCD from
Pseudomonas putida,
Other promoters used were:
root-specific promoter of rolD
gene from
Agrobacterium rhizogenes,
pathogenesis-related promoter
of prb-1b gene from tobacco

canola
(Brassica napus)

- increased tolerance to salt stress in
lines where root-specific promoter
was used: increased shoot and root
dry weight, increased protein and Chl
content (seedlings treated with 0–200
mM NaCl for 6 weeks of growth)

[235]
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Table 6. Cont.

Protein Promoter and Gene Species
Phenotype of Transgenic Plants

Compared to Control Lines
References

35S::TaACCD from fungus
Trichoderma asperellum

thale cress
(Arabidopsis
thaliana)

- improved root growth: increase in
root length and root number, increase
in total fresh weight and RWC (but no
difference in dry weight), increase in
seed number per pod

- improved tolerance to salt stress: less
severe stress symptoms, increased
root length, number, and weight,
increased RWC, decreased H2O2
content, later occurrence of O2

•− level
increase and cell damage, decreased
electrolyte leakage, less pronounced
decrease in Chl content, increased
POX activity (seedlings watered with
150 mM NaCl for 8 days)

[236]

35S::acdS gene of
Pseudomonas veronii

thale cress
(Arabidopsis
thaliana)

- slightly improved tolerance to salt
stress: improved seedling growth
(seeds exposed to 0, 50, 100 mM NaCl,
seedlings grown for 25 days)

- improved tolerance to flooding: less
severe stress symptoms (plants
water-logged for 5 days)

[237]

35S::ACCD from
Achromobacter xylosoxidans

geranium
(Pelargonium
graveolens)

- increased tolerance to salt stress: less
pronounced decrease in Chl content,
higher CO2 assimilation rate, lower
content of H2O2, increased activity of
SOD, CAT, and POX (plants exposed
to 50–200 mM NaCl for 30 days)

- increased drought tolerance: less
pronounced decrease in Chl content,
higher CO2 assimilation rate, lower
content of H2O2, increased activity of
SOD, CAT and POX (reduced
watering or ceasing watering for
15 days)

[238]

Inactivation of ZmACO2 encoding ACC oxidase2 catalyzing the final step of ethylene
biosynthesis via genome editing using CRISPR/Cas9 method led to the reduction of
ethylene production in developing ears and increased grain yield per ear [239].

There were also attempts to modify ethylene-induced signaling. The ethylene response
factor superfamily is known to participate in response to various environmental stresses,
such as drought, salt, heat, and cold. An elegant summary of the research on ERFs, their
participation in stress response, and their genetic engineering using CRISPR/Cas9 genome
editing tool was written by Debbarma et al. [240]. The modification of ERF-dependent
signaling turned out to be promising also in the case of improving biotic stress response.
Transgenic rice overexpressing OsERF83 was more resistant to Magnaporthe orizae, causing
one of the most destructive diseases in rice [241]. Overexpression of GmERF3 in tobacco
resulted in increased tolerance to drought and salt stress but also enhanced resistance
to the bacteria Ralstonia solanacearum, fungus Alternaria alternata, and tobacco mosaic
virus [242]. Transgenic A. thaliana with overexpression of MbERF12 from Malus baccata
displayed enhanced antioxidant response and increased tolerance to low temperature and
salt stress [243]. Transgenic lines of A. thaliana overexpressing ERF1 were more tolerant
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to drought, salt, and heat stress [244]. It was shown that ectopic constitutive expression
of ERF95 and ERF97 led to the increase in tolerance to the heat stress in A. thaliana [245].
Overexpression of native ERF in rubber tree resulted in the stimulation of root growth,
increased dry biomass, and increased tolerance to salt stress [246]. Overexpression of
TdSHN1, encoding cDNA of SHINE-type ERF transcription factor from durum wheat,
in tobacco improved tolerance to Cd, Cu, and Zn [247]. Overexpression of MdERF1B
from the apple tree significantly enhanced cold tolerance of Arabidopsis thaliana seedlings,
and transgenic apple seedlings and calli [243]. Transgenic tomato overexpressing SlERF5
was more tolerant to drought and salt stress [248]. Other examples of modulation of
ethylene signaling resulting in the enhancement of the tolerance to salt stress were reviewed
by Riyazuddin et al. [249]. Members of the ARGOS family are known to be negative
regulators of ethylene responses. Genetic engineering targeted at ARGOS8, including
both overexpression and modification by the CRISPR/Cas 9 method, was used to obtain
maize with improved grain yield under drought stress conditions [250]. The regulatory
role of miRNA in stress response and its connection with ethylene signaling were also
elucidated. For example, salinity-induced miR319 was reported to positively regulate
ethylene synthesis and increase tolerance to salt stress in switchgrass [251].

9. Jasmonic Acid and Its Derivatives

Jasmonates play a role in plant response to various stress factors, including biotic
ones [252]. They also participate in the regulation of plant development. The exogenous
application of methyl jasmonate increased the yield of soybean [253]. Application of JA
or JA together with gibberellin GA3 resulted in an increase in ginseng yield [254]. The
administration of JA alleviated the adverse effects of salt stress on rice and barley [255,256].
However, there is inconsistency in the results reported in the literature, as improved salt
tolerance was also observed in transgenic plants with enhanced JA degradation [257]. JA is
also used as an elicitor in the production of various secondary metabolites [258].

The experiments on transgenic plants with changed content of JA or its methyl ester
were also carried out (Table 7). Among them, interesting ones concern plants overexpress-
ing jasmonic acid carboxyl methyltransferase (JMT), which converts JA into its methyl
ester. Another strategy is obtaining plants with overexpression of 13-lipoxygenase or
12-oxophytodienoate reductase participating in the biosynthesis of this phytohormone.
Such modifications resulted in an increased tolerance to selected biotic and abiotic stresses
and stimulation of the growth of underground storage organs.

Table 7. Summary of the results of the experiments on transgenic plants with increased concentration
of jasmonic acid or its methyl ester. AOC, allene oxide cyclase; JMT, jasmonic acid carboxyl methyl-
transferase; LOX, lipooxygenase; MDA, malonyldialdehyde; OPR, 12-oxophytodienoate reductase;
SOD, superoxide dismutase.

Enzyme Promoter and Gene Species Phenotype of Transgenic Plants Compared to Control Lines References

Enhancement of jasmonic acid biosynthesis

LOX

35S::TomloxD
tomato

(Lycopersicon
esculentum)

- increased tolerance to heat stress: less pronounced
wilting symptoms and faster recovery (seedlings
exposed to 50 ◦C for 2 h)

- increased resistance to fungal infection: less
pronounced symptoms of infection by
Cladosporium fulvum

[259]

35S::TomloxD
tomato

(Lycopersicon
esculentum)

- decreased herbivore insect feeding (plants exposed to
Helicoverpa armigera)

- increased resistance to necrotrophic pathogen: less
severe visual symptoms of infection with
Botrytis cinerea

[260]
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Table 7. Cont.

Enzyme Promoter and Gene Species Phenotype of Transgenic Plants Compared to Control Lines References

Enhancement of jasmonic acid biosynthesis

35S::CmLOX10
thale cress

(Arabidopsis
thaliana)

- increased drought tolerance: less severe wilting symptoms,
increased survival rate, lower electrolyte leakage, H2O2
and MDA level (plants not watered for 10 d)

- decreased stomatal aperture and water loss from leaves

[261]

35S::TgLOX4
35S::TgLOX5

thale cress
(Arabidopsis

thaliana)

- longer leaves in TgLOX5 overexpressing line, wider leaves
- increased plant height
- stimulated branching

[262]

AOC

35S::TaAOC1
Ubi:TaAOC1

thale cress
(Arabidopsis

thaliana)
wheat (Triticum

aestivum)

- shorter roots
- increased activity of SOD
- improved tolerance to salt stress: less pronounced

reduction in root growth of transgenic wheat
(seedlings were treated with increasing concentrations
of NaCl for 4 days then exposed to 200 mM NaCl for
the next 4 days); increased survival rate of transgenic
Arabidopsis (plants were treated with increasing
concentrations of NaCl for 4 days, then exposed to 200
mM NaCl for the next 2 weeks)

- improved tolerance to osmotic stress and oxidative
stress in transgenic Arabidopsis: no or very small
reduction in root length (seedlings exposed to 100, 200,
300 mM mannitol or 1, 2 mM H2O2 for 10 d)

[263]

35S::TaAOS
tobacco

(Nicotiana
benthamiana)

- enhanced tolerance to Zn: lesser decrease in Chl content in
leaf discs exposed to 10 and 20 mM ZnCl2 for 6 days

[264]

Ubi::AhAOC rice
(Oryza sativa)

- increased plant height and root length
- improved tolerance to salt stress: less pronounced

reduction in seedling root growth (seeds germinated in
presence of 80 or 120 mM NaCl); less severe stress
symptoms, less pronounced reduction in plant height,
increased content of proline and soluble sugars (plants
exposed to 120 mM NaCl for 2 weeks)

[265]

35S::GhAOC1
thale cress

(Arabidopsis
thaliana)

- enhanced tolerance to Cu: higher survival rate, increased
shoot fresh weight and photosynthetic efficiency, reduced
cell membrane damage and lipid peroxidation (plants
watered with 120 μM CuCl2 for 10 days)

[266]

OPR

35S::ZmOPR1
thale cress

(Arabidopsis
thaliana)

- increased tolerance to salt and osmotic stress:
improved germination in the presence of NaCl or
mannitol (seeds exposed to 100–200 mM NaCl or
100–500 mM mannitol), more seedlings remained green
(observations made after 7 days)

- no differences in survival rate when older seedlings
were exposed to NaCl (300 mM NaCl for 10 days)

[267]

Ubi1::AtOPR3 wheat (Triticum
aestivum)

- changed timing of development: delayed germination,
slower growth, late flowering, delayed senescence

- increased tolerance to short-term freezing: higher
maximum quantum efficiency of PSII and decreased
electrolyte leakage (plants were transferred to 4 ◦C for
24 h; their detached leaves were then subjected to
decreasing temperatures to final 1 ◦C, −2 ◦C, or −5 ◦C
and then incubated for 24 h)

[268]

48



Plants 2022, 11, 3430

Table 7. Cont.

Enzyme Promoter and Gene Species Phenotype of Transgenic Plants Compared to Control Lines References

Enhancement of methyl jasmonate biosynthesis

JMT

35S::AtJMT
thale cress

(Arabidopsis
thaliana)

- increased resistance to fungal infection: lack of severe
infection symptoms in plants 3 days after spraying
with Botrytis cinerea spores

[269]

35S::AtJMT
thale cress

(Arabidopsis
thaliana)

- increased resistance to infection with bacteria
Pseudomonas syringae and enhanced expression of
defense genes

[270]

35S::BcNTR1 soybean
(Glycine max)

- increased drought tolerance: less pronounced wilting
symptoms, plant survival (plants not watered for 6
days, all control plants died); reduced water loss from
detached leaves

- increased tolerance to osmotic stress: increased fresh
biomass of seedlings germinating in the presence of 0.3
M mannitol

[271]

35S::AtJMT potato (Solanum
tuberosum)

- stimulated tuberization, increased tuber size
- increased tuber yield per plant [272]

35S::AtJMT ginseng (Panax
ginseng)

- root growth stimulation
- increased content of protopanaxadiol group

of ginsenosides
[273]

Jasmonic acid signaling is an object of intensive research [274]. For example, over-
expression of TdTIFY11a, a member of TIFY protein family participating in JA signaling,
from Triticum durum in A. thaliana promoted germination under salt stress [275]. Expres-
sion of VaNAC17, encoding Vitis amurensis transcription factor, known to be induced by
drought stress, in A. thaliana resulted in enhanced JA synthesis and drought tolerance [276].
Similarly, the overexpression of VaNAC26 improved tolerance to drought and salt stress
in A. thaliana [277]. The overexpression of OsbHLH034 gene encoding transcription fac-
tor acting as positive regulator in JA signaling resulted in the increased resistance to
rice bacterial blight, but it also increased sensitivity to salt stress [278]. The overexpres-
sion of OsbHLH148 improved drought tolerance in transgenic rice [279]. Heterologous
overexpression of JA-responsive transcription factor from Ipomea batatas IbMYB116 in
A. thaliana caused upregulation of the expression of JA biosynthetic genes, promoted JA
accumulation and the JA response, and improved the tolerance to drought stress [280].
Enhanced proline accumulation and increased drought tolerance were also observed in
soybean overexpressing another JA-responsive transcription factor, GmTGA15 [281]. The
modulation of the expression of JAZ proteins that are negative regulators of JA signaling
allow us to obtain plants more tolerant to salinity and drought [257,282].

10. Future Perspectives

The examples presented here indicate that modification of phytohormone metabolism
and signaling is a promising direction of research aimed at the improvement of crop
productivity and stress tolerance. The progress in this field is possible due to broadening
of the knowledge concerning the regulation of plant growth, development, and stress
response, as well as due to the improvement of the methodology used. Many genes that
can be targets of genetic engineering have been identified up to date [7]. The extensive
research aiming at deciphering phytohormone signaling pathways is being carried out. The
modification of this signaling at various levels, from elements of signaling cascades, through
transcription factors to miRNAs, is a very promising direction of genetic engineering of
crop plants.
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Considering the methods of genetic engineering, the most promising innovation is
genome editing using the so-called CRISPR/Cas9 system [283]. The system is based on
nucleases that can be relatively easily programmed to search for specific DNA sequences.
Available variants of effector nucleases allow various modifications of the target region.
This makes CRISPR/Cas9 a fast, effective, and precise genome editing tool [283]. It is used
both to discover functions of certain genes and to obtain plants of potential application in
agriculture. CRISPR/Cas9 genome editing seems especially promising in research aimed
at modulation of cytokinin levels [284].

Intensive research on the regulation of gene expression led to the discovery of many
promoters specific to certain tissues, organs, or stage of plant development. The application
of these promoters allows better control of the time and site of transgene expression.
Scientists also designed artificial promoters [285]. There are systems enabling us to combine
and introduce multiple genes at once (such as the Golden Gate modular cloning box), as well
as methods for the introduction of large DNA fragments into plant cells. New successful
protocols of crop species transformation are being developed [7].

An important obstacle in obtaining transgenic plants with improved yield is the
well-known trade-off between stress defense and plant growth. One of its reasons is the
energetic cost of the development and maintenance of various protective mechanisms,
both biochemical and morphological. However, the negative effect of defense induction
on growth often results from antagonistic crosstalk between phytohormones rather than
from an identified metabolic expenditure. Sometimes, it is caused by pleiotropic effects
of certain resistance traits or is a consequence of genetic linkage [286]. Therefore, it is
possible to reduce the costs of plant defense. The strategies aimed at such a reduction were
summarized by Karasov et al. [286].

To date, the majority of studies on transgenic lines with altered phytohormone con-
tent or signaling have been conducted under laboratory conditions. To obtain improved
varieties suitable for regular cultivation, it is necessary to carry out large-scale field tests
to determine whether the modifications introduced allow us to obtain the desired pheno-
type under natural conditions. At the same time, care should be taken to minimize the
risk of transgene leak, so that genetically modified varieties would not pose the threat of
contamination to the genomes of closely related wild species.
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Abstract: Climate change poses a serious threat to global agricultural activity and food production.
Plant genome editing technologies have been widely used to develop crop varieties with superior
qualities or can tolerate adverse environmental conditions. Unlike conventional breeding techniques
(e.g., selective breeding and mutation breeding), modern genome editing tools offer more targeted
and specific alterations of the plant genome and could significantly speed up the progress of de-
veloping crops with desired traits, such as higher yield and/or stronger resilience to the changing
environment. In this review, we discuss the current development and future applications of genome
editing technologies in mitigating the impacts of biotic and abiotic stresses on agriculture. We fo-
cus specifically on the CRISPR/Cas system, which has been the center of attention in the last few
years as a revolutionary genome-editing tool in various species. We also conducted a bibliographic
analysis on CRISPR-related papers published from 2012 to 2021 (10 years) to identify trends and
potential in the CRISPR/Cas-related plant research. In addition, this review article outlines the
current shortcomings and challenges of employing genome editing technologies in agriculture with
notes on future prospective. We believe combining conventional and more innovative technologies in
agriculture would be the key to optimizing crop improvement beyond the limitations of traditional
agricultural practices.

Keywords: biotechnology; climate change; CRISPR; crop improvement; genome editing

1. Introduction

Climate change, such as extreme weather or temperature, drought, increasing soil
salinity, and flooding, significantly affects the food production system, posing serious
threats to food security. The adverse effects of climate change on agricultural productivity
have been reported in several regions, including Asia [1], sub-Saharan Africa [2], and the
European Union (EU) [3]. For example, the heatwave and drought in the EU in 2018 have
reduced cereal production by 8% compared to the previous five-year average [4], causing
fodder shortages for livestock and increasing commodity prices. The impacts of climate
change on agriculture in developing countries are more significant than in developed coun-
tries, mainly as these countries are located in tropical latitudes, which are more sensitive to
climate change [5]. In addition, differences in vulnerability between these regions might
be due to differences in endowments of human skills, physical infrastructure, and rapid
demography growth, causing developing countries to have lower levels of resilience [6–8].
Ensuring sustainable crop production and food security has become challenging not only
due to the growing environmental pressures but also the ever-increasing human population.
Around 720 to 811 million people, about a tenth of the global population, still suffer from
hunger. Meanwhile, more than 2 billion people are in the ‘food insecure’ category [9].
Another 130 million people may be added to the latter category due to the recent COVID-19
pandemic [10]. These problems will continue to worsen with the projected global popu-
lation growth since the yield of grain crops, such as rice, wheat, and maize, has already
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reached a plateau [11]. With an estimated world population of 9.7 billion by 2050, crop
productivity will need to increase by another ~70% while simultaneously reducing the
environmental impacts [12]. Moreover, climate change increases the severity of biotic and
biotic stresses on crops. Biotic stresses, such as pathogens, insect pests, and weeds, cause
average output losses ranging from 17.2% in potatoes to 30.0% in rice [13]. Likewise, abiotic
stresses, such as temperature extremes, drought, and lack of nutrient deficiency, caused the
loss of 51–82% of the global crop output annually [14]. As the intensity of biotic and abiotic
stresses on crops increases because of climate change, novel approaches are required to
enhance plant tolerance. Given that the conventional agricultural practices are inadequate
to meet current and future food demands and deal with the aggravated impacts of biotic
and abiotic stresses due to climate change, developing practical and effective adaptation
strategies is indispensable to enhance crop productivity and ensure food security. Ideally,
the strategies driving this effort should be sustainable and environmentally friendly while
minimizing adverse environmental impacts.

Crop breeding, including cross-breeding and mutation breeding, has been used to
enhance crop performance under climate change scenarios. However, breeding programs
can be laborious and time-consuming, even aided by marker-assisted selection. It can take
8 to 10 years [15] or 6 to 15 years [16] to produce a genetically superior cultivar for agricul-
tural production. Plant breeders have used cross-breeding based on naturally occurring
mutations [15] or mutation breeding techniques based on ionizing radiation and chemical
mutagens to generate new varieties with desired agronomic traits, including improved
stress-tolerance potential and biofortification [17]. Nevertheless, since cross-breeding is
limited to traits present in the parental genomes, low variability in elite germplasms re-
strains the use of this technique. The outcomes of the mutation breeding technique are
unpredictable even though lower mutation rates have been reported in essential genes
compared to non-essential genes [18]. In addition, complex and tedious screening and
selection procedures are required to identify the desired trait from a large population of
mutagenized plants [19]. Transgenic technologies that involve transferring desired trait-
coding genes into the elite cultivars are undoubtedly an alternative to counter losses in
crop yield [20]. However, the time and expenses for developing a genetically modified
(GM) crop with desirable traits are enormous. The major limitation of this method is the
low public acceptance of GM crops and, related to this, the complex and strict safety regu-
latory procedures [21]. In addition, different countries have adopted different regulatory
procedures. However, to date, only a few countries, such as Switzerland, strictly restricted
or legally prohibited the cultivation of GMOs [22].

Given the importance of securing sustainable crop yield, the challenge now is to
improve the existing technologies or develop alternative technologies/solutions to increase
crop yields. Here, we discuss the possibility of using genome editing, particularly the
CRISPR/Cas9 system, to alleviate the impact of environmental stress and enhance crop
production. A bibliometric analysis of CRISPR-related articles published in the SCOPUS
database was done to evaluate its current trend of publications from 2012 to 2021. The
selected timeline represents the first decade since the discovery of CRISPR/Cas9 in 2012
for use in genome editing [23]. This content analysis allows us to identify certain ‘hot spots’
or themes and reveal the potential of CRISPR-related research in plants.

2. Genome Editing Technologies

Genome editing techniques using sequence-specific nucleases (SSNs) have become
popular in plant research. They have been used to develop high-yielding crops, improve
the adaptability of crops to environmental stresses or enhance their nutrition content [24].
To date, there are four SSNs, namely meganucleases, zinc finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENs), and clustered regularly interspaced
palindromic repeat (CRISPR)/CRISPR-associated (Cas) protein systems (Figure 1). These
technologies allow precise targeting and modifying of specific DNA sequences in three
common steps: (1) an exogenous engineered nuclease consisting of a recognition module
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and nuclease domain recognizes the target DNA sequence, (2) the engineered nuclease
binds to the target DNA sequence and induces double-strand breaks (DSBs) at or in the
vicinity of the target site and (3) the DSBs will then be repaired by either non-homologous
end-joining (NHEJ) or homologous recombination (HR). NHEJ is an error-prone repair
mechanism that often results in insertion and deletion (Indel) mutations, whereas HR
results in a precise repair of DSBs [25].

 

Figure 1. Different types of sequence-specific nucleases and types of editing. (A) Meganucleases,
zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and CRISPR/Cas9
induces double-stranded breaks, which were corrected by non-homologous end-joining (NHEJ) and
homologous recombination (HR). (B) Schematic diagram of target insertion, target deletion, and
chromosomal arrangement through genome editing technologies. InDel, insertion-deletion.

Meganucleases were the first SSN used to create targeted DSBs in eukaryote genomes [26].
They are naturally occurring endonucleases found in prokaryotes, archaea, and unicellular
eukaryotes [27]. The first meganuclease, I-SecI, was discovered in yeast [28]. Meganucle-
ases are the most specific naturally occurring endonucleases as they recognize 14–40 bp
long DNA sequences [29]. These enzymes have a larger recognition site than the type II
restriction enzymes used in recombinant DNA technology. Due to their long recognition se-
quence and high specificity, meganucleases can efficiently target and modify any sequence
of interest [30]. For these reasons, meganucleases have been used to create targeted DSBs
in eukaryote genomes since the 1990s. In 1993, Puchta and colleagues published a land-
mark paper demonstrating that I-SecI-induced DSBs enhance HR in Nicotiana tabacum [31].
This marked the arrival of precise genetic engineering in plants using SSNs. Since then,
several efforts have been made to introduce trait genes into plants. For example, D’Halluin
et al. [32] inserted multiple trait genes, 4-hydroxyphenylpyruvate dioxygenase (hppd) and
modified enol-pyruvylshikimate-3-phosphate synthase genes (epsps) into cotton using
meganucleases to enhance its herbicide tolerance. Although meganucleases have been
successfully applied for targeted gene editing in the plant, they have a few limitations, such
as the low catalytic activity of the enzyme, prone to sequence degeneracy, and the lack of
mature DNA binding structure, which hinders their wide applications [33,34].

ZFNs are fusions of the DNA recognition domain of zinc finger protein and the cleav-
age domain of the FokI endonuclease [35]. ZFNs act through DNA/protein recognition,
and each zinc finger recognizes three base pairs (bp). As FokI must dimerize to become
active, ZFNs should be designed as a pair to ensure the correct orientation and appropriate
spacing for FokI dimerization [36]. To date, ZFN-mediated gene modification has been
reported in various crops, such as soybean [37], maize [38], wheat [39], and rice [40]. Yet,
their application as an editing tool in crops is limited because of the complexity and cost
of the protein construction for each targeted site, and the potential cytotoxicity effects,
presumably due to cleavage at off-target sites [41].
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Similar to ZFNs, TALENs comprise transcriptional activator-like effector (TALE) re-
peats (comprise the DNA binding domain) and a FokI endonuclease (comprises the cleavage
domain) [30]. TALEs are type III effector proteins derived from Xanthomonas spp. Their
DNA binding ability was first reported in plants in 2007 [42,43]. In 2009, the recognition
code of TALE targeting DNA sequence was also decrypted [44]. The DNA binding domain
in TALE monomers contains a central repeat domain, which consists of tandem repeats of
34 amino acid residues. Each 34-amino-acid-long repeat in the central repeat domain targets
only one nucleotide in the target DNA sequence. This made TALENs a better gene-editing
tool compared to ZFNs as they allow flexible target design. Two hypervariable amino
acid residues at the 12th and 13th positions are highly variable (termed as repeat variable
di-residue [RVD]) and critical for specific nucleotide recognition.

TALENs have been demonstrated in various plant species, such as Arabidopsis, to-
bacco, soybean, sugarcane, maize, and wheat [45,46]. The use of TALENs in crop improve-
ment was first reported in rice, where OsSWEET14 (bacterial blight susceptibility gene) was
disrupted, and the resulting mutant rice displayed bacterial blight resistance [47]. Other
applications of TALENs in crop improvement include producing flavor in rice [48], devel-
oping powdery mildew resistant wheat [49], enhancing the nutrient content of soybean [50],
and increasing anthocyanin levels in tomatoes [51]. However, despite their potential for
crop improvement, several challenges of TALENs have limited their applications. One
major drawback is the inefficient delivery of the TALEN system into a cell due to the large
size of cDNA encoding TALEN (about 3 kb). Furthermore, the construction of TALE repeats
remains a bottleneck and the efficiency of TALENs targeting a gene is variable [45].

The discovery of the CRISPR/Cas9 genome editing system has revolutionized the
fields of functional genomics in animal and plant biology. Originating from bacteria and
archaea as an adaptive immunity system, the CRISPR/Cas9 system has become a viable
tool for targeted genome editing in prokaryotes and eukaryotes.

3. The CRISPR/Cas System

In 1987, CRISPR was discovered accidentally in the Escherichia coli genome while Ishino
et al. [52] were sequencing the iap gene encoding alkaline phosphatase isozyme conversion
enzyme. Downstream the iap gene, the authors discovered a unique set of tandemly
repeating 29-nucleotide (nt) DNA sequences interspersed with 32-nt spacer sequences.
They were unaware of the biological role of these repeats due to the lack of sequence
homology with other known sequences. Later in 1993, long tandem repeats were discovered
by Mojica et al. while sequencing several Haloferax mediterranei genome segments [53]. This
marks the first finding of archaeal direct repeats. The series of interspaced repetitions was
later classified as clustered regularly interspaced short palindromic repeats (CRISPR) [54].
As biological science advances towards the genomic era, CRISPR has now been identified
in various bacterial and archaeal genomes.

In 2005, it was finally revealed that spacers present within CRISPRs were produced
by invading phages and plasmids [55,56]. This established the CRISPR/Cas system as
an adaptive immune system of bacteria and archaea that defends bacteria from bacterio-
phages and mobile genetic elements (MGEs) by eliminating invasive genomic elements [57].
CRISPRs can prompt the capture of invading DNA fragments to serve as a record of prior
genetic aggressions [55,56]. The significance of CRISPR/Cas systems as adaptive immunity
has been reinforced by subsequent experimental findings, which reiterated that new spacer
sequences from the infecting phage are acquired by the bacterial CRISPR array [58–61].

The CRISPR/Cas systems were initially classified into three types (Types I, II and III)
based on proteins and accessory RNAs. Type I and III systems use a complex of multi-Cas
protein for target DNA recognition and cleavage, whereas the Type II system relies on
a single Cas9 protein to accomplish the interference [62]. Further experimentation and
analysis have further divided the classification into 2 classes, 6 types and 33 subtypes [63].
As the classification of CRISPR has been described in earlier reviews [64,65], we are not
explaining it in detail in this paper.
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The type II CRISPR/Cas system is the most widely used and best studied due to its
straightforward constructs compared to the other systems. Type II CRISPR/Cas system
employs a single protein, Cas9, and two non-coding RNAs, CRISPR RNA (crRNA) and
trans-activating crRNA (tracrRNA), for target recognition and cleavage. The dualtracr-
RNA:crRNA guides the Cas9 nuclease to recognize protospacer adjacent motifs (PAMs or
5′-NGG-3′) on the target DNA sequence. Cleavage of the target DNA is then performed by
two Cas9 nuclease domains, the HNH domain (cleave the DNA strands complementary)
and RuvC-like domain (cleave the non-complementary). Both induce a DSB three bases
upstream of the PAM site of the target region.

The newly established CRISPR/Cas system replaces the dual-tracrRNA:crRNA with a
single guide RNA (sgRNA) to ease the genome modifications. With this system, one can per-
form genome editing by simply modifying the 20-nucleotide sgRNA to be complementary
to the target DNA. Overall, a CRISPR/Cas9 project involves the steps below:

(i) Target and PAM sequence identification;
(ii) Evaluate off-target effects;
(iii) sgRNA synthesis;
(iv) Cloning of the sgRNA into a suitable plant expression plasmid;
(v) Plant transformation and screening of the edited lines.
As described above, CRISPR-mediated genome editing involves the generation of Cas9-

induced DSBs that are repaired by NHEJ or HR. For developing agronomic traits, precise
genome modification is required. Although HR can be used to precisely repair the DSBs
when DNA donor templates are supplied, it is rarely used in crop improvement because of
its low efficiency in higher plants. The recent developed powerful technologies, i.e., base
editing and prime editing, have partly overcome such barriers and greatly improved crop
breeding opportunities.

Base editing (BE) is a technique that directly converts one target genomic DNA base
into another at a targeted locus without producing a double-stranded break. Combining
cytosine or adenine deaminases with CRISPR-Cas9, a range of cytosine base editors (CBEs)
and adenine base editors (ABEs) has been developed in recent years [66–68]. These varieties
allow exact C-to-T or A-to-G base conversions without causing a DSB. Using CBE, cytosine
(C) is deaminated to create uracil (U). The uracil (U) is read as thymine during DNA
replication (T). CBE consequently provides a single-base substitution from CG to TA [69].
In ABE, the inactive CRISPR–Cas9 domain is connected to adenosine deaminase, which
helps convert adenine (A) to inosine, unlike cytidine deaminase in CBE. This inosine is
read during DNA replication as guanine (G). Consequently, ABE generates AT to GC
base substitutions [70]. Since their discovery, base editors have become valuable tools for
precisely modifying the genomes of eukaryotic organisms [71–74].

Prime editing (PE) is another innovation made to the genome editing toolbox. Previous
BE procedures created single base substitutions for four transitions (C > T; T > C; A > G;
G > A), and newer studies included two transversions (C > G and G > C). Instead of
a deaminase, PE uses an extended guide RNA (pegRNA)-guided reverse transcriptase,
which allows pegRNA to install substitutions, insertions, and deletions [75]. In contrast, PE
contains all 12 alterations, including the eight transversions. This increases the versatility
and robustness of the gene editing strategy. Although still in its infancy, PE applications
show promise in multiple cell types, organoids, and mice embryos. Data on its application
in plant systems have also started to emerge. In maize, PE has introduced W542L and S621I
double mutations in two ALS genes, ZmALS1 and ZmALS2, which may confer resistance
to several ALS-inhibiting herbicides. In rice, the level of PE efficiencies ranged from
2.22 to 31.3% [76]. In one experiment, triple amino acid substitutions (T169I, A170V, and
P173S) were introduced into OsEPSPS [77], which may confer a higher level of glyphosate
resistance [78].

In addition to the Cas9 protein, three more family proteins, namely Cas12, Cas13, and
Cas14, as well as their orthologs, have been identified. Cas12 family protein is considered
more advanced and versatile than Cas9 due to several characteristics, such as smaller size,
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lack of need for trans-activating crRNA (tracrRNA), and ability to cleave DNA via its
RuvC domain. In addition, it can edit many genes from a single RNA transcript due to
an intrinsic RNAse that can process its own guide RNA array [79–81]. Type IV Cas13 has
an RNA-guided RNase domain that could degrade nearby single-stranded-RNA (ssRNA)
molecules [82]. It has been applied for targeted RNA interference in various organisms,
including animals, human viruses, and plants [83]. Cas14 is exceptional for sequence
detection since it does not need a PAM and is particularly sensitive to mismatches in the
center of its target region [84].

Given the simplicity, versatility, and efficacy of the CRISPR/Cas9 system, this tech-
nology shows great potential for target mutagenesis in various plant species. Despite
these advantages and significant developments in the CRISPR/Cas system, continuous
efforts to improve its efficiency and practicality in agriculture are still desirable. Figure 2
summarizes the general procedures involved in plant transformation and CRISPR-based
plant genome editing.

 

Figure 2. General procedures in plant transformation, delivery methods of CRISPR cargo, and
transgene-free mutant development. (A) Major steps in plant genome editing. Once transforma-
tion vectors are designed and constructed, their activity may be validated with protoplasts before
being delivered into the host plant. Protoplast transformation can also be used directly to produce
transformed cells and eventually plants as described in panel D. The general procedure of transfor-
mation also usually followed by a selection process to select resistant cells and seedlings, and finally
a sequencing process to confirm presence of transformed mutants. (B) Plant genome editing via
Agrobacterium-mediated delivery of CRISPR DNA. Agrobacterium containing the vectors are trans-
fected into plant cells in the form of calli, embryos, or leaf explants, followed by the selection process
to produce genome-edited plants (C) Conventional and transient expression approaches for particle
bombardment-mediated genome editing via CRISPR DNA, RNA, or RNP delivery. Transformation
vectors-coated gold particles are bombarded into plant cells followed by the selection process (D) Pro-
toplast transformation with CRISPR DNA, RNA, or RNP. Transformation vectors, protoplasts, PEG,
and Ca2+ ions are mixed before further selection processes to isolate transformed calli, seedlings, and
finally genome-edited plants. (E) Two ways to obtain transgene-free mutants. Using the conventional
method, a selection agent is used to select resistant calli and transgenic plants. Transformation vectors
can be segregated out from the mutant genomes via selfing or crossing. Using the transient method,
no selection agent is needed to segregate out the transformation vectors to produce transgene-free
mutants. [RNP, ribonucleotide protein].
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4. CRISPR/Cas9 for Genome Editing in Crops

The CRISPR/Cas9 system has been used in various crops to develop desirable and
heritable traits, such as yield improvement, and biotic and abiotic stress management.
Table 1 summarizes the applications of the CRISPR/Cas9 for crop improvement.

Table 1. Examples of CRISPR/Cas9 applications for crop improvement.

Improvement Trait Crop
sgRNA Target

Area
Type of Editing Target Area Result References

Abiotic stress
resistance

Drought Chickpea cDNA Frameshift
deletion

Coumarate ligase
(4CL) and Reveille

7 (RVE7)

Enhanced
tolerance [85]

Cold Rice cDNA InDel mutation OsMYB30 Improved
tolerance [86]

Herbicide Maize cDNA Base editing ZmALS1,
ZmALS2

Plants with
Sulfonylurea

herbicide-
resistant

[87]

Salinity Tomato DBD domain of
cDNA 49-bp deletion SlARF4 Enhanced

salinity tolerance [88]

Heavy metals Rice cDNA Downregulation OsNramp5
Decreased
cadmium

accumulation
[89]

Heat Tomato cDNA 1-bp insertion
4-bp deletion SlMAPK3 Enhanced heat

tolerance [90]

Biotic stress
resistance

Viral disease Barley Coding sequence Base editing

MP, CP,
Rep/Rep,
IR/Virus
genome

Resistant plants [91]

Fungal disease Rice Genome 80-bp insert ALB1, RSY1/
Fungal gene

Improved
resistance to rice

blast
[92]

Bacterial disease Tomato JAS domain
C-terminal Deletion SIDMR6-1/Host

S-gene Resistant plants [93]

Insect pest Soybean Coding region 1-bp and 33-bp
deletion GmUGT

Enhanced
resistance to
Helicoverpa

armigera and
Spodoptera litura

[94]

Plant/crop
quality

Crop growth Rice cDNA Frameshift

PYL1–PYL6 and
PYL12(gp-1),

PYL7–PYL11 and
PYL13(gp-2)

Improved plant
growth and

grain
productivity

[95]

Crop yield Wheat cDNA 10-bp deletion
TaCKX2-1,

TaGLW7, TaGW2,
and TaGW8

Improved grain
yield [96]

Crop nutrition Rice Genomic Safe
Harbor 5.2kb insertion 5.2 kb carotenoid

cassette insertion

Increased
β-carotene

content
[97]

Grain size Rice cDNA InDel mutation OsGS3 Increased grain
size [98]

Grain number Rice cDNA InDel mutation OsGn1a Increased grain
number [98,99]

Fruit size Tomato Promoter 85-bp deletion SlENO Enhanced fruit
size [100]

4.1. Abiotic Stress

Climate change leads to various abiotic stresses, threatening agricultural food produc-
tion worldwide [101]. About 90% of all arable lands are prone to single or multiple abiotic
stresses, such as water stress, extreme temperature, and salinity [102]. To survive, plants
have evolved various mechanisms to respond to and cope with these stresses [103]. How-
ever, the plant stress-responsive and adaptation mechanisms are complex and governed by
various genes, posing challenges to developing novel cultivars using the conventional meth-
ods [104]. As such, targeted genome editing on a single or multiple target sites through the
CRISPR/Cas9 system could be a promising approach to developing abiotic stress-resilient
crop varieties [25].

The CRISPR/Cas9 approach has been exploited to improve crop survival under
adverse environmental stresses. For example, Zhang et al. [105] developed salinity-resistant
rice through the CRISPR/Cas9 approach. By knocking out the OsRR22 gene, the authors
found that the generated rice showed better plant growth than wild-type under salinity
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conditions [105]. A recent study indicated that OsNAC041 is a critical transcription factor
involved in the salt stress response in rice. A targeted osnac041 mutant obtained using
the CRISPR/Cas9 method showed a higher plant height than wild-type [106]. Other
studies demonstrated that members of the AP2/ERF domain containing the RAV (related
to ABI3/VP1) transcription factor family are involved in salinity stress adaption [107,108].
For instance, when the rice was exposed to salt stress, the OsRAV2 gene was activated. To
determine the role of the GT-1 element in the OsRAV2 gene, Duan et al. [109] designed a
sgRNA targeting the GT-1 region of the promoter. They found that the mutant lines could
not express the OsRAV2 gene under salinity conditions, confirming the importance of this
gene in response to salinity stress. A similar finding has been reported by Liu et al. [110],
where the CRISPR/Cas9-mediated OsGTγ-2 knockout lines showed salt-hypersensitive
phenotypes. Besides rice, the CRISPR/Cas9 genome editing technology has also been
applied to other crops, such as wheat [111], soybean [112], maize [113], and tomato [114].

Drought stress disturbs physiological and biochemical processes in plants, limiting
plant growth and yield [115]. Several genes and phytohormone signaling pathways have
been shown to play critical roles in drought stress responses. Of these, abscisic acid (ABA)
is a central regulator of water use and coordinates the plant’s responses to drought stress.
Hence, several studies have been conducted to improve drought tolerance in crops by
targeting the genes involved in ABA signaling. For example, Zhang et al. [116] determined
the role of OsABA8ox2, which encodes ABA 8′-hydroxylase, in rice drought tolerance.
The authors found that the CRISPR/Cas9-mediated OsABA8ox2 knockout lines showed
increased drought-induced ABA in roots and induced root formation beneficial to drought
tolerance. In contrast, overexpressing OsABA8ox2 in rice suppressed root elongation and
exhibited hypersensitivity to drought stress [116]. The ENHANCED RESPONSE TO ABA1
(ERA1), which encodes the β-subunit of the protein farnesyltransferase, was mutated
in Japonica rice cv. Nipponbare using the CRISPR/Cas9 system [117]. The rice osera1
mutant lines showed increased sensitivity to ABA and drought tolerance through stom-
atal regulation, suggesting that ERA1 could be a potential candidate gene for enhancing
drought tolerance in crops. Another study by Yin et al. [118] showed that the OsEPFL9
(Epidermal Patterning Factor like-9) mutants had more than an eight-fold reduction in
stomatal density (SD) in the CRISPR/Cas9-edited rice plants. The reduced SD allows the
edited rice lines to resist drought stress. Under optimal conditions, a significant reduction
in carbon assimilation and conductance and enhanced water use efficiency (WUE) was
observed when SD was reduced by 50% in barley and wheat [119,120]. Likewise, in well-
watered conditions, a CRISPR-based knockout of grapevine VvEPFL9-1 reduced SD by 60%
and caused reduced carbon assimilation as compared to WT [121]. In tomatoes, slmapk3
mutants generated through CRISPR/Cas9 showed that SlMAPK3 is involved in drought
response, and the slmapk3 mutants showed more severe wilting symptoms and suffered
cell membrane damage under drought stress [122].

Some studies used the CRISPR/Cas9 technology to reduce mineral toxicity. For
example, Nieves-Cordones et al. [123] developed low cesium-containing rice plants by
inactivating the K+ transporter OsHAK1 using the CRISPR/Cas9 system. In rice, knocking
out OsARM1 and OsNramp5 showed improved arsenic tolerance [124] and low cadmium
accumulation [125], respectively. Another example of increasing plant stress resistance
was shown by Shao et al. [126], where the authors developed a semi-dwarf variety of
bananas using the CRISPR/Cas9 system to disrupt the genes responsible for the gibberellin
biosynthesis. As a result, the developed bananas are more resistant to storms and heavy
wind. Besides generating knockouts on the susceptible genes, genome-editing tools can
also be used for knock-ins of a desirable gene. For instance, Shimatani et al. [127] used
CRISPR/Cas9 to insert a maize promoter before the drought tolerance gene, ARGOS8.
Consequently, the edited maize crops showed a greater grain yield during water stress.

These studies demonstrated that the CRISPR/Cas system could edit the plant genome,
allowing us to investigate the role of genes involved in response to abiotic stresses. However,
reports on targeting abiotic stress tolerance genes are scarce, primarily due to the complexity
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associated with abiotic stress tolerance, often involving the modulation of several genes to
alter the trait of interest.

4.2. Biotic Stress

Plants are constantly plagued by pathogens, such as viruses, bacteria, and fungi, which
can significantly reduce crop quality and yield [128]. The majority of disease-resistant crops
against non-viral diseases are produced through genome editing and targeted mutagenesis
of genes that negatively influence defense [129]. While few such genes are available for
increasing disease resistance, many of these loci have already been successfully exploited
for increased resistance.

In rice, genome editing has shown a remarkable result in combating diseases using
CRISPR/Cas9. Most pathogens use the sucrose transporters that are encoded by the SWEET
gene family in many plants [130]. In two experiments, CRISPR/Cas9 was utilized to target
the promoter region of a few OsSWEET genes to develop resistance against bacterial leaf
blight [131,132]. Knockout of the OsERF922 gene that expresses ethylene response in the
plant using CRISPR/Cas9 reduced the effect of leaf blast disease, thereby enhancing its
tolerance toward it [133]. Additionally, CRISPR/Cas9 editing of the eukaryotic elongation
factor, eIF4G, in rice resulted in plants that were immune to the rice tungro virus [134]. The
infected CRISPR-edited plants contained no detectable viral proteins and produced better
yields than wild-type plants.

The advancement of the CRISPR/Cas9 system has furthered the development of
resistance to multiple diseases at the same time. Engineering the broad spectrum of dis-
ease resistance in staple crops on a large scale could provide a single solution to several
diseases that are affecting crop production [131]. The editing of bsr-k1, a rice gene that
binds to and increases the turnover of defense-related genes [135], is an example of this
strategy. By “turning off” these critical defense genes, edited rice plants were resistant
to both leaf blast and bacterial leaf blight. When challenged with rice leaf blast in the
field, the transgenic lines show a greater yield of 50% more without affecting other agro-
nomic features [135]. Likewise, the same strategy has also been applied to other crops
for disease resistance. For example, broad-spectrum resistance was obtained by altering a
single locus in tomatoes [136]. The SlDMR6-1 mutations by CRISPR/Cas9 in the edited
lines maintain an increased salicylic acid level in the plant with a significant reduction of
disease symptoms and pathogen abundance, gaining resistance to Pseudomonas syringae,
Phytophthora capsici, and Xanthomonas spp. [136]. In barley, CRISPR/Cas9-mediated editing
of MORC1, a defense-related gene, increased resistance to barley powdery mildew and
Fusarium graminearum [137]. In addition, the authors showed that the edited barley plants
had lower levels of fungal DNA and fewer lesions.

In some species, targeting homologs of Mildew-resistance Locus (MLO) and other
loci enhanced the resistance to these fungal infections. By concurrently targeting the
three homologs of the MLO, TaMLO-A, TaMLO-B, and TaMLO-D, CRISPR/Cas9 can in-
crease the resistance of wheat to powdery mildew [49]. Another example is the Tomelo
transgene-free tomato, which is resistant to powdery mildew disease and was produced
by targeting SlMlo1 gene using CRISPR/Cas9 [138]. Zhang et al. [139] changed the three
homologs of the wheat TaEDR1 gene simultaneously using CRISPR/Cas9 to improve resis-
tance to powdery mildew disease. In grapevine, targeting of the MLO homologs boosted
the resistance to powdery mildew, whereas the edited line of grapevine had a two-fold
reduction in powdery mildew sporulation [140]. In other efforts, knockout of the 14-3-3
c and 14-3-3 d protein simultaneously, a negative regulator of disease response, in cotton
enhanced resistance to Verticillium dahliae [141]. The edited cotton showed fewer disease
symptoms and lowered pathogen presence compared to control [141].
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4.3. Yield

One of the essential keys to sustaining food production is crop yield. It is the most
direct means to address the ever-rising food demand from a growing population. However,
crop yield is a complex trait regulated by many factors. Therefore, much research has been
done to identify the quantitative trait loci (QTLs) associated with morpho-agronomic and
yield-related traits in various crop plants [142].

One way genome editing can increase crop yield is to eliminate genes that have a
detrimental impact on yields, such as genes limiting grain size and weight [143,144]. In
one recent example, CRISPR/Cas9 was used to individually knock out the genes of four
negative yield regulators (Gn1a, DEP1, GS3, and IPA1) in the rice cultivar Zhonghua 11.
Each of the individual knockout mutants, Gn1a, DEP1, and GS3, showed increased yield
characteristics in the T2 generation [145]. Similarly, Xu et al. [146] used a CRISPR/Cas9-
mediated multiplex genome-editing technology to knock out three main rice negative
regulators of grain weight (GW2, GW5, and TGW6) simultaneously, and the resulting
mutants had a considerable increase in thousands of grain weights. In another study on
wheat, CRISPR/Cas was used to knock out the three homoeoalleles of GASR7, and the
mutant plant produced a much heavier kernel weight when compared to the wild-type
wheat plants [147]. Besides grain, targeting a tomato cis-regulatory region in the CLAVATA-
WUSCHEL stem cell circuit (CLV-WUS) using CRISPR/Cas9 resulted in an edited tomato
with an increased number of locules (seed compartments) and bigger fruit size [148].

Alternatively, genome editing can also influence crop yield through other strategies.
CRISPR/Cas9 technology was employed in maize to create high amylopectin variants
from superior cultivars by knocking out the waxy gene [149]. The edited maize cultivars
yielded 5.5 bushels per acre more than conventionally bred high amylopectin varieties.
Furthermore, they could be developed in a shorter time, demonstrating the feasibility of
genome editing in particular specialized applications [149]. Furthermore, reducing the
ABA response of rice plants can also enhance the yield. Rice plants with simultaneous
mutations of class I PYL genes (encoding receptors for ABA) using CRISPR/Cas9 had
better yields than the control [95]. Under well-watered conditions, triple knockout of PYLs
1,4,6 resulted in a 30% increase in yield [95]. It is interesting to see how these ABA-encoding
PYL genes affect yield under less-optimal conditions. A recent study shows that under
drought conditions, the wheat PYL1-1B (TaPYL1-1B) is responsible for increased yield and
drought resistance, where it exhibited higher ABA sensitivity, photosynthetic capacity and
WUE [150].

A higher yield of tomatoes can also be achieved by modifying the flower repressor
gene using CRISPR/Cas9. Knockout of the flowering repressor SELF-PRUNING 5G (SP5G)
gene produced tomato plants that have rapid flowering, which in turn yield earlier with
compact determined growth [151]. In contrast, mutations in the SELF PRUNING (SP) gene
changed the plant architecture to a bushier state with more branches [152]. The resultant
mutants with two modifications had faster flowering time and earlier fruit ripening than
the control lines. In another study, CRISPR-based knockout of tomato SlAGL6 enhanced
yield under heat stress. The tomato agl6 mutants displayed facultative parthenocarpy
without any pleiotropic effect and produced seedless fruits of equal weight and shape to
WT [153]. Under salinity stress, the CRISPR-edited soybean gmaitr mutants yield was much
less affected than the WT in plant height, number of pods per plant, and seed weight [112].
The number of studies on plant yield and resilience improvement is expected to grow, in
line with the rapid advancement of genome editing tools.

5. VOSviewer Bibliometric Analysis

We used ‘Visualization of similarities (VOS) viewer’ version 1.6.17; [154] to visualize
and analyze the bibliometric network of CRISPR-related publications extracted from the
SCOPUS database for the past 10 years (2012 to 2021). VOSviewer is a handy tool that allows
a graphical representation and interpretation of networks representing co-authorship,
journals, institutions, or co-occurring keywords based on a selected topic of interest [155].
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Based on our keyword search, more than 5200 scientific papers focused on “CRISPR”
OR “genome editing” AND “plants” have been published in the last ten years (2012–2021).
We compiled a list of relevant publications with the co-occurrence of keywords in the
title, abstract, and keywords sections from all publication types (2012–2021), including
journal articles, books, and conference proceedings, to generate bibliographic maps and
networks using the software VOSviewer. The criteria were set as follows: the keywords
repeated at least five times were selected, singular and plural forms were standardized to
singular forms to avoid redundancies, and full names and abbreviations were standardized
to full names. Interchangeable keywords (e.g., ’corn’ and maize’) and spelling differences
(e.g., ‘colour’ vs ‘color’) were also standardized in the ‘thesaurus’ option before running
the bibliographic analysis. Based on these premises, 50 keywords were used and clustered
according to their strength of association. Four clusters (sets of closely related nodes)
were generated and integrated into a network overlay visualization map. The maps and
networks for the analyses are presented in Figure 3. The list of 50 keywords based on their
ranking is presented in Table 2.

 

Figure 3. Co-occurrence network of 50 most used keywords in CRISPR-related plant research from
2012 to 2021. (A) Network visualization of the keywords based on total link strength. Green, yellow,
red, and blue nodes represent four different clusters of keywords identified. A minimum strength of
40 was set for the lines to appear between the nodes. The relatedness of the keywords depends on the
number of articles in which they occur together, which is indicated by the size of the nodes/keywords,
and the length/thickness of the lines between the nodes. The bigger the nodes/keywords, the larger
the weight of the nodes/keywords. The shorter and thicker the lines between the nodes, the more
frequently they appear together in the publications. (B) Density visualization of the keywords based
on occurrences. The density of a keyword depends on the number of keywords around the node.
Keywords in the yellow areas indicate a more frequent occurrence in the publications while green
areas indicate a less frequent appearance.

Table 2 shows that “crispr”, “CRISPR/Cas9”, and “plant protein” are the three most
used keywords in CRISPR-related plant research publications. Of several different types of
plants/crops (e.g., model plants, food crops, industrial crops, and ornamental plants) [156],
only the model plants (Arabidopsis and tobacco) and food crops (rice, tomato, wheat, maize
and soybean) are present in the network map. Their total number of occurrences (shown in
brackets) are as follows: Arabidopsis (673), tobacco (192), rice (525), tomato (239), wheat
(224), maize (213), and soybean (134).
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Table 2. A list of 50 most frequently occurring keywords in CRISPR-related plant research publications
from 2012 to 2021. The ranking is based on the number of occurrences in the publications. Total link
strength indicates the number of publications in which two keywords occur together.

Rank Keyword Occurrences
Total

Link Strength
Rank Keyword Occurrences

Total
Link Strength

1 crispr 2386 6260 26 chloroplast 146 384
2 CRISPR/Cas9 821 1873 27 plasmid 146 499
3 plant protein 769 2385 28 crispr/cas 144 267
4 arabidopsis 673 2111 29 transgene 141 542
5 human 535 1629 30 protoplast 140 494
6 crop 531 1450 31 soybean 134 453
7 rice 525 1462 32 enzyme 128 437
8 gene 514 1677 33 flower 124 427
9 plant 512 1597 34 quantitative trait locus 123 405

10 animal 409 1287 35 transcription activator like
effector nuclease 117 494

11 plant disease 335 991 36 chromosome 110 376

12 transcription
factor 292 1008 37 microrna 110 387

13 agrobacterium 282 1026 38 mitochondrion 108 285
14 protein 262 938 39 double stranded dna break 105 440
15 tomato 239 772 40 plant cell 105 375
16 wheat 224 690 41 bacterial protein 99 414
17 plant leaf 220 814 42 plant virus 96 310
18 maize 213 742 43 fungus 91 314
19 allele 195 708 44 drought 76 211
20 esterase 193 398 45 intron 75 156
21 tobacco 192 699 46 host pathogen interaction 72 267
22 bacterium 181 625 47 cas 70 292

23 site-directed
mutagenesis 170 630 48 mouse 60 215

24 endonuclease 155 687 49 fatty acid 54 159
25 plant root 152 498 50 recombinant protein 53 192

Four CRISPR system-related keywords, “crispr” (2386), “cas” (70), “crispr/cas” (144),
and “CRISPR/Cas9” (821), have been identified in the top 50 keywords during the keyword
search. These keywords were not grouped in the ‘thesaurus’ option before the analysis
since each keyword may represent a unique value. The highest cited keyword, “crispr”
(2386 occurrence), may represent the investigation of CRISPR as a biological phenomenon
in the bacterial immune system, which later formed the basis of “CRISPR/Cas” technology.
After the discovery of the CRISPR/Cas technology, studies on CRISPR as a biological
phenomenon have continued to provide knowledge to further improve the CRISPR/Cas
system applications.

Further advancements in the CRISPR/Cas systems are oriented to expand its appli-
cations to other organisms and cell types and identify other alternatives to Cas9 proteins
to improve CRISPR editing scope and specificity [156]. This is reflected by the presence
of the keyword “cas” in the network map. The three most distinguishable variants of Cas
proteins identified so far are Cas3 in type I systems, Cas9 in type II systems, and Cas10 in
type III systems [157]. In addition, many other Cas proteins have also been harnessed to
expand the CRISPR/Cas targeting scope, including Cas9, Cas12a, and Cas13 variants and
orthologs. The expanding list of these Cas proteins and their applications has been covered
extensively in recent reviews [64,158–161].

The closeness of the keyword “CRISPR/Cas9” with its surrounding keywords, such as
“chromosome”, “gene”, “transgene”, “site-directed mutagenesis”, and “crop” indicated the
application of the CRISPR/Cas system for the past decade as genome editing tools in crops,
allowing specific and targeted changes in the gene of interest. A key approach in plant
engineering for the past few decades has involved the integration of specifically assembled
DNA cassettes or foreign genes into the host plant. The ability to express non-native
segments of DNA in certain plants or crops resulted in novel plants with desirable traits
such as herbicide resistance, pest resistance, and disease resistance [162]. It is also worth
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noting that transgene-free plants produced by genome editing using the CRISPR/Cas-based
system (e.g., site-directed-nuclease-1 (SDN-1) type) is rapidly becoming its main selling
point to avoid unnecessary regulatory issues and to gain better public perception [163,164].
These two factors are important for genome editing technology to be fully utilized and
positively impact on the agricultural sector [165]. This may explain the relatedness of the
keywords “crispr/cas” and “transgene” in the network map.

Genome editing reagent delivery into the host genome is a crucial topic in plant
genome editing. The two most common ways of transferring a gene of interest into a host
plant involved Agrobacterium-mediated transformation (AMT) or direct DNA transfer [166].
Both techniques aim to express the integrated transgene, silencing endogenous gene expres-
sion or modifying endogenous gene activity or function [167]. Compared to direct DNA
transfer, AMT is more cost-effective and accessible to most plant researchers due to its
low input (requiring low copies of DNA fragments carrying the gene of interest) and high
throughput (high transformation efficiency) [168]. AMT also enables the transfer of large
DNA fragments with minimal rearrangement, unlike the direct DNA transfer technique.
These qualities made AMT the favored approach for plant transformation. This scenario
is reflected by the network map (Figure 3), where the keyword “agrobacterium” stays in
proximity to keywords, such as “crispr/cas”, “transgene”, and “crops”.

In contrast, keywords that may be related to physically or chemically direct DNA
transfer methods, such as “biolistic delivery”, “gene gun”, “plant bombardment”, “elec-
troporation”, “microinjection”, or “Polyethylene glycol (PEG)-mediated transfer” are not
present in the network map. Another topic commonly associated with genome editing
and CRISPR tools is using protoplasts (plant cells without cell walls) as a rapid validation
system. It provides a platform to test the mutagenesis efficiency of RNA-guided endonu-
cleases, promoters, sgRNA designs, or Cas proteins before the full-scale transformation
in the host plant [169]. The popularity of this approach is reflected in the network map in
which the keyword “protoplast” is present near “site-directed mutagenesis”, “crispr/cas”,
and “transgene” nodes.

Apart from identifying the research “hot spots”, the network map in Figure 3 also
revealed gaps in the current state of CRISPR research. For example, the lack of connecting
lines and the relatively large distance between “CRISPR” and both plant organelles, “chloro-
plast” and “mitochondria” indicate the lack of CRISPR application in those organelles, as
compared to its already wide application in the nuclear genome in various species. This
scenario is probably due to the impermeability of those plant organelles to most RNA and
DNA [170]. In addition, the delivery system of CRISPR reagents into the host plant genome
remains a challenge in plant transformation. For example, the use of plant bombardment to
deliver CRISPR/Cas components may not require a binary vector. However, this technique
has other disadvantages, such as random integration into the plant genome, less editing
efficiency, and being costlier compared to AMT [171].

Given that one of the main aims of plant genome editing is to mitigate the effects of
climate change, it is quite surprising to see the absence of keywords related to environmen-
tal stresses (e.g., drought, extreme weather, and elevated temperature or carbon dioxide
level). Perhaps these keywords are more used in the other sections (e.g., Introduction or
Conclusion sections) and less frequently elaborated in detail in the sections extracted for
this analysis (i.e., Title, Abstract, and Keyword sections). In summary, it is possibly safe to
assume that the first decade of CRISPR/Cas research may have focused on the ‘foundation’
of the CRISPR/Cas editing system by making various technical improvements in its appli-
cations (e.g., the discovery of different Cas proteins, improvements on the delivery system,
and evaluation of altered DNA and possible off-target mutations).
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6. Limitations and Challenges

Genome editing technologies have been employed to make precise changes in plant
genomes. They significantly impact both fundamental research and agricultural improve-
ment [172]. Recent modification approaches, particularly CRISPR/Cas, have increased the
effectiveness and feasibility of genome editing without the need for incorporating foreign
DNA. However, there are still significant obstacles to these technologies in terms of efficient
and practical application in crop improvement. One prominent limitation is the off-target
effect of these technologies that rely on using SSNs for targeted disruption, insertion, or
replacement of selected loci [173]. While most off-targets are caused by identical sequences
homologous to the targeted sequence, these effects can also occur in the region close to the
target site with unrelated sequences [174]. Efforts have been made to reduce the off-target
effects, especially in the CRISPR/Cas system. For instance, many different alternatives
of the traditional Cas9 protein have been introduced and developed for higher efficiency
and lower off-target effects [175–180]. Others, such as base editors that allow for exact
nucleotide modifications, epigenome modifiers that change DNA confirmation and related
expression levels, and prime editing for precision insertion of small DNA segments, are all
prospective options [181–183].

Another major challenge of utilizing genome editing technologies to develop improved
crops is the stringent regulatory frameworks and extensive risk assessment procedures
on GM crops [184]. Most nations have biosafety frameworks in place to govern GM crops
generated using recombinant DNA technology. These biosafety frameworks often draw
on the fundamental concepts for food safety and the environmental risk assessment of
conventional GM crops inserted with foreign gene(s) with desired characteristic(s) [185].
However, with the advent of the gene-edited crop, it is necessary to reassess the present
definition of GM crops and the accompanying regulatory frameworks, because different
gene editing techniques may introduce different types of alterations in the plant genome.
For example, SDN-3 mutation is more similar to the conventional recombinant technique,
which introduces a whole transgene into the plant genome, therefore the final product
is usually considered a GMO in many nations. In contrast, the SDN-1 can introduce
single base substitutions, and in certain cases without the need for introducing DSB. As a
result, the genetic features of certain gene-edited crops may differ from conventional GM
crops, therefore requiring a case-by-case approach to assess the risk associated with each
individual product of the genome editing event [186].

Currently, there is no common regulatory approach at the international level for
genome editing because of the continuous debate over the similarities, and differences
between gene-edited crops and conventional GM crops. Hence, many countries do not
have a clear regulatory policy on the gene-edited crops produced, which further impedes
the development and implementation of these improved crops in the field. Nevertheless,
the broad use of gene-editing technology poses major technological problems for regulatory
bodies to identify and distinguish the regulated crop, as it can be difficult to distinguish
the naturally occurring edited events in the plant genome from artificial means. Therefore,
an agenda supported by various entities such as experts, associations, regulators, and
researchers are needed to address these complex issues and concerns raised by gene-editing
in the plant for the benefit of all [187].

7. Conclusions and Future Prospects

Genome editing technologies can potentially improve plant agriculture and food pro-
duction to feed the world’s growing population. Due to their efficiency, ease of engineering,
and robustness, CRISPR/Cas systems have revolutionized plant genome engineering and
globalized its applications. The current consensus is that CRISPR/Cas systems have the
potential to improve plants and crops in various ways, such as increasing crop quality and
yield, introducing abiotic stress-resistant traits (such as drought-, herbicide-, and insecticide-
resistance), improving food safety by removing the need for an antibiotic-resistant marker,
and prolonging food product shelf-life.
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The main findings from the bibliographic analysis can be summarized as follows:
(1) CRISPR/Cas systems are mainly used for nuclear genome editing. In addition to the
nuclear genome, further development and applications of the CRISPR/Cas tools in the
plant organelles (i.e., mitochondria and chloroplast genomes) are expected to increase as
the technology advances, (2) most CRISPR/Cas editing so far is done on model plants
(e.g., Arabidopsis and tobacco) or food crops (e.g., rice, tomato, and wheat). Discovery
of novel Cas variants and orthologs and other CRISPR reagents should further expand
the targeting scope of CRISPR/Cas systems to other types of plants/crops irrespective
of species, (3) the issue of ‘transgene’ usage is one of the most widely discussed in the
field of genome editing. Emerging studies on novel genome editing tools are focused on
transgene-free editing, which are deemed to be more ‘regulatory-friendly’ and may attract
improved public approval, and (4) the research publications are mostly focused on technical
advancement in CRISPR systems (e.g., types of editing, targeting scope expansion, types of
genomes targeted, and its delivery system) as portrayed by the frequency and relatedness
of the extracted keywords in the network map (Figure 3).

Keywords related to regulatory, biosecurity, policymaking, and public acceptance
issues are not present in the 50 most used keywords. Keywords related to climate change
were also absent from the extracted sections. Despite this, climate change is one of the
main driving forces for agricultural innovations to improve food sustainability and security.
Regulatory approval and public opinion are also among the key deciding factors for
genome-edited plants or crop adaption and commercialization [165,188]. The expanding
gap between the fast-paced advances of CRISPR/Cas systems and the surrounding issues
related to its regulation, adoption, and public acceptance should not be neglected if the
potential of the technology in agriculture and food production is to be fully realized.

The present status of CRISPR technology allows for a wide range of applications
aimed at increasing plant yield, disease resistance, and resilience to environmental changes.
However, various technological advancements are still required, including precise editing
and direct delivery of gene engineering reagents. One way to improve CRISPR delivery
into the host genome is to reduce the cargo capacity so that a smaller delivery vehicle
can be used to transfer CRISPR proteins through a cell. Another possibility is to use a
hypercompact CRISPR CasΦ system. The CasΦ protein (~70 kD) has a molecular weight of
half that of Cas9 and Cas12a enzymes [189]. Similar to Cas12a, CasΦ does not require a
tracrRNA and produces staggered 5′-overhangs. It also has a minimal PAM requirement,
allowing a wider range of target sites in the genome. Despite its low editing efficiency
(0.85%), the possibility of using a hypercompact Cas delivery system may pave the way for
the use of efficient small gene editors, further expanding the CRISPR editing toolbox.

The bibliographic analysis indicates that the trend of CRISPR/Cas research for the
past decade has focused on various ways to improve the CRISPR/Cas functionality (e.g.,
targeting scope and delivery system). However, only recently, ‘natural brakes’ that could
switch off the CRISPR/Cas activity when needed have been discovered. These tools
are known as ‘anti-CRISPR’ technology, which uses phages and other mobile genetic
elements that express anti-CRISPR proteins (Acrs). These proteins may nullify CRISPR/Cas
activity by blocking Cas from binding or cleaving nucleic acid substrates [190]. Future
improvements on these ‘natural brakes’ allow for more customized control of plant genome
editing and expression, a needed innovation to improve the robustness of the existing
CRISPR/Cas toolbox.

The recent development of biotechnologies and the production of novel crop varieties
may benefit agricultural efficiency in the face of climate change. Establishing a technology
adoption system across multiple farmlands is important to fully realize the potential
benefits of these technologies and crop varieties. One of the issues towards adopting
technology is the insufficient baseline empirical data to model the risks and benefits of
sustainable farming across multiple farm types, farm sizes, and environments [191]. As
technological developments are rapidly evolving, there is a constant need to deliver broad
knowledge of sustainable farming to the public or industry to reduce the uncertainty about
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biotechnology and facilitate the adoption of agricultural biotechnology. These combined
efforts will hopefully bring a paradigm shift in the farmer’s perspective on sustainable
farming and work towards the common goal of food security.
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Abstract: Growing scientific evidence demonstrates unprecedented planetary-scale human impacts
on the Earth’s system with a predicted threat to the existence of the terrestrial biosphere due to
population increase, resource depletion, and pollution. Food systems account for 21–34% of global
carbon dioxide (CO2) emissions. Over the past half-century, water and land-use changes have
significantly impacted ecosystems, biogeochemical cycles, biodiversity, and climate. At the same
time, food production is falling behind consumption, and global grain reserves are shrinking. Some
predictions suggest that crop yields must approximately double by 2050 to adequately feed an
increasing global population without a large expansion of crop area. To achieve this, “quantum-leap”
improvements in crop cultivar productivity are needed within very narrow planetary boundaries of
permissible environmental perturbations. Strategies for such a “quantum-leap” include mutation
breeding and genetic engineering of known crop genome sequences. Synthetic biology makes it
possible to synthesize DNA fragments of any desired sequence, and modern bioinformatics tools
may hopefully provide an efficient way to identify targets for directed modification of selected
genes responsible for known important agronomic traits. CRISPR/Cas9 is a new technology for
incorporating seamless directed modifications into genomes; it is being widely investigated for its
potential to enhance the efficiency of crop production. We consider the optimism associated with
the new genetic technologies in terms of the complexity of most agronomic traits, especially crop
yield potential (Yp) limits. We also discuss the possible directions of overcoming these limits and
alternative ways of providing humanity with food without transgressing planetary boundaries. In
conclusion, we support the long-debated idea that new technologies are unlikely to provide a rapidly
growing population with significantly increased crop yield. Instead, we suggest that delicately
balanced humane measures to limit its growth and the amount of food consumed per capita are
highly desirable for the foreseeable future.

Keywords: CRISPR/Cas9; crop yield potential (Yp) limits; quantum leap; synthetic biology

1. Introduction

Growing scientific evidence demonstrates unprecedented planetary-scale human
impacts on the Earth’s system [1]. In 1971, John Harte published “Patient Earth” [2],
which discusses rising problems in the nascent field of environmental science, including
human population growth, resource scarcity, and nuclear contamination. In 1972, Donella
Meadows and her colleagues published a landmark book entitled “The Limits to Growth” [3],
the message of which is that the resources of the Earth probably cannot maintain the current
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rate of economic and population growth well after 2100 even with the use of advanced
technologies, which is still in dispute today. The major challenges facing civilization have
become undoubtedly evident [4]. Rising atmospheric CO2 levels were predicted by Svante
Arrhenius in 1896 [1], and a strong correspondence between the temperature and the
concentration of carbon dioxide in the atmosphere observed during the glacial cycles of the
past several hundred thousand years can be seen at the site of NOAA’s National Centers
for Environmental Information [5].

The warming atmosphere has influenced global wind and precipitation patterns and
increased the intensity of extreme weather [6]. Catastrophic fires observed in different
areas of the planet are evident expressions of this change. Atmospheric chemistry is also
affected by human activities [7]. Food systems account for 21–34% of global emissions.
Over the past half-century, land-use changes have significantly impacted ecosystems,
biogeochemical cycles, biodiversity, and climate. The global area equipped for irrigation has
doubled since the 1960s; agriculture now represents 70% of freshwater withdrawals around
the world and global fertilizer use has quadrupled, leading to increased nutrient runoff
into inland waters and coastal seas [8]. Expanding agricultural land use is a significant
contributor to rising atmospheric CO2 levels and biodiversity loss due to deforestation
and the draining of wetlands [9]. The list of influences could be continued. The causes of
slowing global grain production and shrinking reserves [10] are yet to be answered [11].
Some predictions suggest that crop yields must double by 2050 to adequately feed an
increasing global population without a large expansion of crop area, although this is a hotly
debated issue [1,9,11–17]. Doubling agricultural yield within the next 30 years requires
an annual increase of ~2.2%, which exceeds the average annual increase witnessed over
the past 50 years [18]. We do not discuss the highly important problems of poor food
distribution and wastage of one-third of the world’s food talked over in this review [19].

“Quantum-leap” improvements in crop cultivar productivity are needed to achieve
sufficient annual yields within a narrow window of permissible environmental perturba-
tions. In 2009, “the planetary boundaries framework” was put forward defining a “safe
operating space for humanity” [20] (see also [21]). It was argued that a set of nine “plan-
etary boundaries” must not be crossed by humanity at the cost of its own peril through
scientifically defined targets of the maximum allowed human interference with processes
that regulate the state of the planet. The nine processes are climate change; biogeochemical
(nitrogen and phosphorus) flows; land-system change; freshwater use; aerosol loading;
ozone depletion; ocean acidification; the loss of biosphere integrity, including functional
and genetic biodiversity; and the introduction of novel entities, such as toxic chemicals and
plastics. The concept of planetary boundaries has generated significant academic debate
and policy recommendations worldwide [21–23]. However, it is a very useful reminder for
people to be extremely cautious in transforming nature.

“Green Revolution” technologies of the post-war years have resulted in cereal pro-
duction increases of 30% per capita over the last 50 years [8]. However, the revolution
had great unintended consequences [24]. Greater than 90% losses in crop genetic diversity
have occurred over the 20th century due to agricultural practices relying upon only three
plant species: rice (Oryza sativa), maize (Zea mays), and wheat (Triticum aestivum) towards
supplying nearly 60% of the world’s plant-based food [8]. Improvement in crop diversity
is necessary to achieve resilience to abiotic and biotic stress [25]. Enhancement in crop
yield and stability requires a systems approach by combining agronomic and technological
management with the implementation of new crop cultivars [11,12,25,26]. Ideally, new
crop varieties should have genetic combinations that alleviate losses from the multiple
environmental and pest constraints encountered during the crop lifecycle in a farmer’s
field. The integration of mechanistic understanding, genetic variation, and genome-scale
breeding will be essential for technological solutions to manage shortfalls in agriculture
yield and stability in a growing worldwide population [11,26,27]. This is also true for
forage legumes [28], which play a crucial role as feedstock in the global production of
meat [29] and occupy comparable planting space as food crops [30].
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There are three strategies for significantly improving crop yield and stability: mutation
breeding, genetic engineering, and directed modification. Mutation breeding involves
exposing seeds to chemicals or radiation to generate mutants with desirable traits to be bred
with other cultivars. Genetic engineering of crops with known genome sequences allows
the creation of agronomically relevant variations [31], and synthetic biology techniques
allow the synthesis of extended DNA fragments with desired sequences [32,33]. Currently,
the most widely adopted genetically modified trait in crops is resistance to herbicides
and insects, which has been incorporated into Zea mays, Glycine max (soybean), Gossypium
hirsutum (cotton), and Brassica napus (canola). They are usually monogenic traits. Directed
modification involves targeting specific DNA regions or selected genes that are known as
important agronomic traits for DNA editing. New technologies such as “clustered regularly
interspaced short palindromic repeats/CRISPR-associated protein 9” (CRISPR/Cas9) are
being widely investigated for their potential to enhance crop production efficiency. These
expectations are very high [15,16]. Bioinformatics plays an important role in the selection
of targets for directed modification by relying on existing information about DNA, RNA,
and protein sequences contained in databases such as GenBank, Ensembl, or UniProt as
well as their functional activities contained in databases such as gene ontology (GO). A
database Gramene for plants is being actively developed (see below, Section 12, page 15).
However, most GO annotations are incomplete and imperfect [34,35]. Therefore, predicting
the associations between genes and phenotypes is rather problematic, as is the identification
of adequate targets for modification. It is suggested that a better understanding of the
mechanisms controlling yields in variable environments is required for necessary crop
improvement.

Here, we assess the validity of the optimism associated with new genetic technologies
in terms of the complexity of most agronomic traits, especially crop yield potential (Yp)
and its theoretical limits. We discuss possible directions for overcoming these limits and
suggest alternative ways of providing humanity with sufficient food without transgressing
planetary security boundaries. The suggestions vary from innovative urban agriculture
development [36–38] to the development of crops tolerant to poor soil [39]. Due to the
limited space, we do not consider the problems associated with the second and third green
revolutions since these terms are heterogeneously interpreted by different authors.

2. The Green Revolution and Its Genes

Modern agriculture has its roots in the green revolution that began with the introduc-
tion of high-yielding wheat and rice cultivars in the 1960s [24,38,40–42]. Norman Borlaug,
the father of the green revolution, bred wheat to favour shorter, stronger stalks that better
support larger seed heads. In 1953, he crossed a Japanese dwarf variety of wheat called
Norin 10 with a high-yielding American cultivar called Brevor 14. Norin 10/Brevor 14 is
a semi-dwarf cultivar that is one-half to two-thirds the height of standard varieties and
produces more stalks and, thus, more heads of grain per plant. Borlaug also crossbred the
semi-dwarf Norin 10/Brevor 14 cultivar with disease-resistant cultivars to produce wheat
varieties that are adapted to tropical and sub-tropical climates. Borlaug’s new semi-dwarf,
disease-resistant varieties dramatically changed the potential yield of spring wheat. By
1963, 95% of Mexico’s wheat crops used the semi-dwarf varieties developed by Borlaug
and the harvest was six times than that in 1944, the year Borlaug arrived in Mexico. Mexico
has become fully self-sufficient in wheat production and a net exporter of wheat.

Plant height is a major agronomic trait closely correlated with crop yield, which is
controlled by multiple genes that may be optimized through breeding strategies (see
“Complexity of agronomic traits” for further discussion). The genes responsible for
dwarfing traits interfere with the action or production of gibberellic acid (GA) plant
hormones. Two main “green revolution genes”, namely Rht (reduced height), which en-
codes a growth repressor DELLA protein of GA signaling, and sd1 (semi-dwarf1), which
encodes (GA) 20-oxidase [41,43–45], were cloned from wheat and rice, respectively, and
are now widespread through international breeding programs. Only 3 out of the more
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than 21 reduced-height (Rht) genes reported in wheat have been used extensively in wheat
breeding programs (Rht-1 homoeoalleles Rht-B1b and Rht-D1b, Rht8, and Rht12) [42,46–49].
Remarkably, both Rht-1 homoeoalleles originate from the same Japanese variety, Norin
10. In addition to the widely used GA-insensitive dwarfing genes Rht-B1 and Rht-D1,
there is a wide spectrum of loci that can be used to modulate plant height [50]. Rice sd1
was initially defined as a semi-dwarfism gene encoding a defective enzyme in the GA
biosynthetic pathway [41,51–54], and pleiotropic changes were revealed by the recovery
of the wild-type cultivar following restoration of the sd1 mutant protein to wild-type in
rice [54].

Since interference with the plant’s response to GA triggers adverse effects for a range
of important agronomic traits, attempts have been made to identify mutants without these
shortages. Recently, a major Rht locus on wheat chromosome 6A, Rht24, substantially
reduced plant height alone as well as in combination with Rht-1b alleles. Unlike the two
Rht-1b alleles, plants carrying Rht24 remain sensitive to GA treatment [40]. Nowadays, as
many as 61 genes (d1 to d61) are known to cause dwarfism in rice [55].

In addition to GAs, brassinosteroids and strigolactones are also involved in controlling
plant height. The genes involved in changing the levels of these hormones offer additional
opportunities for expanding the genetic basis of semi-dwarf rice breeding [52,56]. The
above-mentioned genes controlling plant height lie in a complex regulatory network, and
additional dwarfing genes are involved in other pathways [40,56]. Phytohormones regulate
many aspects of plant life by activating transcription factors that bind sequence-specific
response elements (REs) in regulatory regions of target genes. Specific RE variants are
highly conserved in core hormone response genes and regulate the magnitude and spatial
profile of hormonal responses suggesting that hormone-regulated transcription factors
bind a spectrum of REs, each coding for a distinct transcriptional response profile [57].
Such intricate regulation adds an additional level of trait complexity, see [58] for a detailed
review.

In his 1970 Nobel lecture, Borlaug summarized the qualities of wheat that he had
bred: “It is the unusual breadth of adaption combined with high genetic Yp, short straw,
a strong responsiveness and high efficiency in the use of heavy doses of fertilizers, and a
broad spectrum of disease resistance that has made the Mexican dwarf varieties a powerful
catalyst that they have become in launching the green revolution” [59].

Plant diseases are responsible for substantial crop losses each year and pose a threat
to global food security and agricultural sustainability. However, it is challenging to breed
varieties with resistance that is effective, stable, and broad spectrum [60–63]. Plant growth
and disease resistance are tightly regulated, and many negative correlations between
growth and defence are the result of regulatory crosstalk [60]. There is increasing evidence
that resistance to one disease involves trade-offs with responses to other bio-antagonists.
For example, numerous pleiotropic effects of mildew resistance locus O (MLO) were
recently reviewed [64]. There may occur substantial genotype-by-environment interactions
in fitness costs, which makes experiments studying disease resistance in plants especially
challenging [60,62–68].

Insecticide resistance mutations are widely assumed to carry fitness costs [66]. For
example, an intercellular sucrose transporter was recently identified as a major suscep-
tibility locus in blight-resistant rice O. sativa [69]. This transporter moves sugars from
the photosynthetic tissues into the phloem for transport to tissues requiring externally
supplied sugar for growth and development. A disadvantage of transporting sugars out-
side of the plant cell is the supply of a carbon source for endophytes [69]. Coordination
between growth and disease resistance demonstrates the activity of GAs in the presence
and absence of microbes [70,71]. When a microbe is detected, an immune cascade overrides
the destabilising activity of GA on DELLA proteins and re-establishes DELLA-mediated
suppression of growth [72].

It is suggested that genes with large effects on defence against a bio-antagonist also
have large pleiotropic effects on survival, growth, reproduction, and responses to other
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bio-antagonists. The exceptions to this rule include many resistance genes but in many
cases have little or no detectable fitness cost. Therefore, the alleles of resistance genes
selected by plant breeders have extensive benefits in providing strong disease-resistant
crops with yields comparable to wild-type [64].

Plants adopt various strategies to reduce the cost of mounting resistance. This largely
involves the restriction of defences to particular tissues, developmental stages, and/or
windows of time. Cost amelioration may involve tritrophic interactions [73,74], where the
activity of another species (such as within a protective microbiome) prevents the invasion
of pathogens [75].

The commonly accepted notion is that most spontaneous mutations are deleterious
with negative fitness effects on the survival of the individuals who carry them, and only a
small fraction is beneficial. It is also suggested that the majority of deleterious mutations
have small fitness effects (1% or less on average) [76]. Meanwhile, compensatory mutations
may counteract the negative effects of other deleterious mutations, although alone, they
are also deleterious. A large variation in the fitness effects of deleterious mutations may
be an important factor in the survival and growth of some small natural populations. In
silico modelling of gene regulatory networks [77,78] implied that compensatory mutations
are surprisingly frequent and can drive gene regulatory network evolution. Furthermore,
predictions indicate that the smaller the population, the larger the effect of compensatory
mutations on fitness recovery, with the compensatory effect increasing sharply with a
decreasing population [76]. Future empirical studies should test this prediction, and, in any
case, it should serve as a warning to researchers selecting favourable traits in experimental
fields.

3. Theoretical Limits on Crop Productivity. A Complex System Cannot Be Predictably
Modified but Can Be Replaced by a Functionally Similar Complex System

The theoretical limits of crop productivity were initially examined in 1992 by [79]. They
stated that environmental limitations render crops unable to achieve their genetic yield
potential even in the best field conditions. Crop growth in controlled hydroponic conditions
with high CO2 levels is limited by photosynthetic photon flux even at daily levels that are
three times higher than maximal summer sunlight. Therefore, biomass productivity and
edible yield are still well below the predicted maximal output. Photosynthesis emerges
as the key remaining route to increasing the genetic Yp of the major crops, yet it has
improved little and falls far short of its biological limit. A better understanding of the
mechanisms of photosynthetic processes should lead to the development of strategies for
Yp improvement [80].

The Yp of crop can be described by the following equation [80–82]:

Yp = Q·εi·εc·εp

Q is the total solar radiation; εi is the efficiency of light capture; εc is the efficiency of
conversion of the intercepted light into biomass; and εp is the harvest index, the proportion
of biomass partitioned into grain. In the absence of environmental stress, parameters, such
as harvest index, are close to the theoretical maximum. Plant breeding brings εp and εi
close to their theoretical maxima, leaving εc, primarily determined by photosynthesis, as
the only remaining major prospect for improving Yp [82]. This is an excellent idea, and it
has many active apologists.

Photosynthesis is dependent upon the interactions between chloroplast organelles
and the nucleus [32,83] since chloroplast fitness relies on nuclear-encoded genes. In an-
giosperms, the chloroplast genome (plastome) expresses only approximately 50 protein-
coding genes involved in tRNA and rRNA genes, chlorophyll synthesis, photosynthesis,
and metabolic processes [84]. Meanwhile, up to 2500–3500 nuclear-encoded proteins are
predicted to be chloroplast localised in Arabidopsis thaliana [84]. However, organelle-to-
nucleus signaling coordinates the expression of nuclear genes encoding chloroplast proteins
with the metabolic and developmental state of the organelle [85].
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Improvement of the currently low conversion efficiency of light to biomass (~2%)
has received considerable attention [86]. The dramatic environmental changes that land
plants have repeatedly experienced in the course of their evolution probably resulted in
the formation of a rather robust photosynthetic system, with unoptimised efficiency for
particular conditions. This means that modern photosynthetic productivity is maintained
at optimal rates under many adverse conditions rather than tuning efficiency to conditions
used in modern farming [87]. It is predicted that improving photosynthetic efficiency will
not be easy. The successful modification of photosynthesis to enhance plant growth and
yield has been limited to a few cases [88,89]. This provides some support that the genetic
engineering approach is an avenue worth pursuing for the improvement in Yp through the
optimisation of photosynthetic processes [18,80,81,90,91].

Four major research areas for redesigning photosynthesis were suggested [32]: (i) study-
ing natural variations in photosynthesis, (ii) coordinating photosynthesis with pathways
using photosynthesis, (iii) transfer of highly efficient photosynthetic systems existing in
non-host species, and (iv) engineering photosynthetic systems not existing in nature.

Overexpressing A. thaliana SBPase in tobacco (Nicotiana tabacum) was the first suc-
cessful photosynthetic carbon metabolism engineering. The transgenic plant had higher
SBPase activity, increased photosynthetic rate, greater accumulation of sucrose and starch,
and a higher total biomass increment (for a brief recent review see [83]); we also mention a
couple of other examples reviewed in [83] for clarity.

SBPase activity was increased in the transgenic rice cultivar (Oryza sativa L. ssp. japon-
ica) by overexpressing OsSbp cDNA from the rice cultivar 9311 (Oryza sativa ssp. indica).
The transgenic plants accumulated SBPase in chloroplasts and developed enhanced toler-
ance of transgenic rice plants to salt stress at the young seedling stage [92]. Chilling is a
factor limiting growth and yield in tomato production. Genetically engineering tomato
plants with an appropriate target gene could ameliorate the chilling injury. It was re-
ported [93] that in transgenic tomato plants (Solanum lycopersicum) with increased SBPase
activity, photosynthetic rates were increased as well as sucrose and starch accumulation.
Tomato plants with increased SBPase activity were more chilling tolerant. Thus, the higher
level of SBPase activity provides an advantage to photosynthesis, growth, and chilling
tolerance in tomato plants. Another consequence of this work is that an individual enzyme
in the Calvin cycle may be a useful target for genetic engineering to improve production
and stress tolerance in crops.

The level of the SBPase in wheat has been increased through transformation and
expression of a Brachypodium distachyon SBPase gene construct and showed enhanced leaf
photosynthesis and increased total biomass and dry seed yield [94]. South et al. inserted a
synthetic glycolic acid metabolic pathway in N. tabacum chloroplasts by expressing pump-
kin (Cucurbita maxima) malate synthase and green alga (Chlamydomonas reinhardtii) glycolate
dehydrogenase and demonstrated that engineering alternative glycolate metabolic path-
ways into crop chloroplasts while inhibiting glycolate export into the native pathway can
drive increases in C3 crop yield under agricultural field conditions [95].

These examples show that challenges in Yp improvement can potentially be overcome
using genetic engineering in conjunction with synthetic biology and computational mod-
elling strategies [80]. Synthetic biology tools allow the redesign of entire processes using
simpler existing systems, for example, by introducing algal/bacterial ‘inventions’, such as
carboxysomes, into land plants [87]. Moreover, instead of changing single components, syn-
thetic biology tools allow the engineering and redesigning of entire processes [18,83,89–91].

On the other hand, we can expect a certain success from the side of “blue” biotechnol-
ogy, namely from unicellular algal biotechnology. Algae are important sources of nutrients
for both humans and agricultural species [96,97]. Microalgae can produce biomass that is
enriched in proteins [98–100], low saturated fatty acids [101], and antioxidants [102]. Since
they have comparatively rapid growth rates with varying photosynthetic apparatus and
mechanisms [103], they may be regarded as attractive targets for genetic modifications to
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improve their metabolic productivity. However, scepticism remains as to whether increased
photosynthetic capacity may increase food crop yields [104] (see below).

4. Complexity of Agronomic Traits

The cause of slowing crop yield growth is yet to be determined [11]. The gap between
the actual yield and yield potential may be accounted for by several variables, including
genetics, environment, management practices, and socioeconomic factors. These results
indicate that many agronomic traits in plants are complex systems. Complex genetic archi-
tectures include numerous interacting loci (or alleles) with small effects and interactions
with the genetic background, environment, or age. Complex agronomic traits, such as
plant height, harvest index, total biomass, number of productive tillers, grain number per
spike, spike length (SL), number of kernels per spike, thousand seed weight, and grain
weight per spike, and physiological traits, such as canopy temperature (CT), chlorophyll
content, photosynthetic rate, and water-soluble carbohydrates (WSC), contribute to grain
yield improvement in wheat [105]. The complexity of optimizing a particular complex trait
may be visualised by a comparison with recent research demonstrating that human height
is associated with at least 10,000 DNA markers [106] and missing heritability [107].

Yield depends on many intrinsic and extrinsic factors, such as plant height, biotic and
abiotic stresses, the efficiency of light energy capture by photosynthetic light reactions,
the efficiency of conversion of light energy into biomass, and harvest index [18]. Such
complex traits are defined as quantitative traits (QT). These traits are collectively regulated
by several loci (QTL) that may interact with each other and with the environment and
affect the mode of gene action. Recent advances in next-generation sequencing make
it possible to map QTL genomic regions and help map phenotypes for thousands of
traits. This leads to the partial reconstruction of gene networks at the transcript level and
explains the relationship among traits [55,108,109]. Many agronomically important traits
are quantitatively inherited, especially yield and yield-contributing traits [49,55]. Crop
yield is a QT [55] that is controlled by many plant genes. In wheat, for example, three
main phenotypic yield components were identified: thousand kernel weight (TKW); kernel
number per spike; and spike number per unit area (SN), which determines wheat yield.
Correspondingly, many genetic loci related to wheat yield have been identified. Recently,
58 QTL-rich clusters were defined based on their distribution on chromosomes [110];
however, their complete genetic architecture and key genetic loci for selection remain
largely unknown [110]. Current methodologies in quantitative genetics [111] can only
detect the determinant genes with the strongest effects, which are unlikely to represent all
of the components required to produce a phenotypic characteristic [112]. There is every
reason to believe that there are constraints on the magnitude of allowable variations of
regulatory genes that are typically dosage sensitive. This multifactoriality makes it difficult
to identify the appropriate targets for gene editing.

Recently, the role of the environment in the variability of phenotypic traits in maize,
including crop yield, was investigated [113]. The variation in observed phenotypes can be
partitioned into three main factors: genotype, environment, and genotype × environment
interaction (G × E), in addition to other minor factors and measurement errors. In plant
breeding, G × E plays an important role as the relative performance of different genotypes
in different environments influences plant breeders’ recommendations of best-performing
varieties for specific regions. Typically, plant breeders minimize G × E by producing
cultivars that are appropriate for regions that share common environmental characteristics.
With an improved understanding of specific components of genotype, environment, and
G × E, breeders may use data-based approaches to enhance their ability to position a
larger number of genotypes in environments to maximize productivity. Grain yield is of
primary importance in breeding Zea mays L. and is commonly considered alongside several
traits that affect it indirectly or directly, such as flowering, height, and yield-component
traits. Due to their differences in heritability and sensitivity to environmental factors,
these different types of traits may show different levels of G × E [113]. G × E interactions
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showed between 9.0 and 20.4% of the phenotypic variance with greater effects in the
yield-component traits [113].

However, the ability to fine-tune the expression of a QTL rather than only utilizing
what is available in wild relatives is shown as a promising way to increase yield. For
example, researchers edited genes that altered the promoters in three pathways contributing
to productivity in tomato plants—plant architecture, fruit size, and inflorescence [11]. The
resulting plants displayed a series of previously unobserved phenotypes, including several
with increased yields.

5. Nitrogen Input

In the current bottleneck of crop production, we should leave habitual standards
and search for new approaches to the problem of human survival. The considerations of
experienced sceptics should be considered, for example, T. R Sinclair et al. [104]: “It seems
crucial to further elucidate the role of resource inputs other than carbon in influencing crop
yield... Given the conclusion that nitrogen input to crops has been and will continue to
be critical in limiting crop grain yield, there are important questions for future research
targeting nitrogen availability and use in crop plants . . . ”.

In the above-cited Nobel lecture, Borlaug stated: “In my dream I see green, vigorous,
high-yielding fields of wheat, rice, maize, sorghums, and millets, which are obtaining, free
of expense, 100 kg of nitrogen per hectare from nodule-forming, nitrogen-fixing bacteria...”.

In the following sections, we discuss some of the strategies directed at the solution of
this critical issue.

6. Is It Possible to Transfer Nitrogen-Fixing Genes from Legumes to Non-Legumes?

Biological N2 fixation, catalysed by the prokaryotic enzyme nitrogenase, is an attrac-
tive alternative to the use of synthetic N fertilizers. Associations with nitrogen-fixing
bacteria delivering the complete nitrogen needs of the host plants are limited to a select
group of species. It is tempting to try to radically improve nitrogen availability for cereal
crops by transferring the symbiosis trait encoding genes from legumes to non-legumes,
especially to economically important crops, such as rice, maize, and wheat (reviewed
in [25,114]).

Extensive genetic and biochemical studies have identified the common core set of
genes/gene products required for functional nitrogen biosynthesis [25,114–116]. Molybde-
num nitrogenase is an O2-labile metalloenzyme composed of NifDK and NifH proteins,
which requires several nif gene products. The sensitivity of nitrogenase to O2 and the ap-
parent complexity of nitrogenase biosynthesis are the main barriers identified to date. The
expression of active NifH requires NifM and NifH and possibly NifU and NifS, whereas
active NifDK requires NifH, NifD, NifK, NifB, NifE, and NifN and possibly NifU, NifS,
NifQ, NifV, NifY, NifW, and NifZ. Plastids and mitochondria are potentially viable sub-
cellular locations for nitrogenases since they provide the ATP and electrons required for
nitrogenase activity. These organelles differ in their internal O2 levels and their ability to
incorporate ammonium into amino acids. The direct transfer of nif genes into cereals to
increase cereal crop productivity is challenging due to the sensitivity of nitrogenase to O2
and the apparent complexity of nitrogenase biosynthesis.

Associations with nitrogen-fixing bacteria that deliver the complete nitrogen needs
of the host plants are limited to a select group of species. The ability to fix nitrogen
has been found in a wide range of bacterial genera, many of which are known to be
associative (residing on or near the root surface) and endophytic (residing within plant
cells) rhizobacteria, including Azospirillum, Azotobacter, Burkholderia, Gluconacetobacter,
Herbaspirillum, Klebsiella, Paenibacillus, and Pseudomonas [117]. Engineering biological
nitrogen fixation in plants by the direct introduction of nif genes, as well as in the case
of photosynthesis, requires elegant synthetic biology approaches to ensure highly active
and stable nitrogenase activity through expression in the appropriate stoichiometry of the
subunits. This, if possible, may be achieved by synthetic engineering of the nitrogenase
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system into mitochondria or chloroplasts since these organelles potentially provide the
reducing power and ATP required for nitrogen fixation [118].

7. Taking Advantage of Plant–Microbe Interactions

Billions of microorganisms and macroorganisms (from viruses to nematodes) live
on, inside, and near plants, both above and below ground [119]. The results of beneficial
plant–microbe interactions include the direct stimulation of plant growth, the protection
of plants from pathogens and insect pests through the direct production of toxins or
through induced resistance in the plant, and improved resilience to environmental stress
(e.g., drought, salinity). Beneficial interactions occur in the root zone (rhizosphere), leaf
surfaces (phyllosphere), and internal tissues (endosphere) [11,120,121]. In leguminous
plants, some Rhizobium species of bacteria induce the formation of root nodules in a
symbiotic relationship that converts atmospheric and largely inert N2 into ammonia (NH3)
and other molecular precursors that the plant uses in the biosynthesis of nucleotides,
coenzymes, and amino acids. In many more species of plants, fungal symbionts (arbuscular
mycorrhizal fungi) form hyphae that increase the ability of plant roots to access minerals
(particularly phosphorus) and water [119]. The hundreds of land plant and algal genomes
that are now available enable genome-wide comparisons of gene families associated with
plant immunity and symbiosis. However, few plant–microbe interactions have been studied
in depth, with only a few land plant lineages. Subsequent investigations may reveal new
types of symbiotic or pathogenic interactions [117,122]. Synthetic biology tools may provide
an opportunity to design plant–microbe associations that improve crop productivity. Such
associations can be studied using gene editing in plants, microbes, or both [118]. For
example, plant genes controlling nodule formation by nitrogen-fixing rhizobacteria may be
expanded to non-legume crops to reduce the need for fertilizer application, and microbial
consortia present in the root zone could be engineered to produce novel plant growth
promoters or protectants.

However, the complexity of plant genetics, metabolism, and nitrogen fixation ma-
chinery makes this an extremely challenging task [117,122]. Early ancestral cereals were
associated with nitrogen-fixing bacteria according to a recent study (reviewed in [117]).
Efforts are being made by multiple research groups to enhance biological nitrogen fixation
in cereal crops through (a) enabling symbiosis between plants and nitrogen-fixing bacteria
using genetic engineering and (b) identifying and utilising nitrogen-fixing bacteria to sup-
plement plant nitrogen requirements. Symbiosis of native cereal crops with root-associated
nitrogen-fixing bacteria offers a potentially sustainable solution for nitrogen management
on a shorter timescale [114,117,123].

Utilising the plant microbiome is a reliable approach for the next green revolution
and to meet global food demand in sustainable and eco-friendly agriculture [124]. Tech-
nological developments such as next-generation sequencing, gene editing, and synthetic
biology allow the manipulation of plant and microbe genotypes at an unprecedented
scale. Combining the prospecting of plant and bacterial natural diversity with genetic
engineering will hopefully provide a more sustainable global food source in the short and
long term [123].

8. Plant-Mediated Strategies for Shaping the Rhizosphere Microbiome

Characteristics of interest are manipulated using two different approaches: plant breed-
ing and genetic engineering (see [121] and references therein). Plant breeding techniques
for selecting a specific microbial community aim to increase crop yield by providing plant
resistance to a variety of stresses. Many studies have manipulated plants by modifying the
production of key exudates, which directs the establishment of specific plant microbiomes.
For example, Koyama et al. [125] reported that transgenic plants have a greater ability to
secrete citrate from the roots and therefore grow better in phosphate-limited soil. Yang
et al. [126] and Gevaudant et al. [127] manipulated the pH of the rhizosphere by using
transgenic lines of Arabidopsis thaliana and N. tabacum plants overexpressing an H+-ATPase
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protein, which increased H+-efflux from the roots of the plant. This created a more acidic
environment in the rhizosphere resulting in enhanced growth at a lower pH, increased
resistance to drought stress through the expression of pyrophosphate-energised vacuolar
membrane proton pump 1 (AVP1), and augmented tolerance to salinity stress in tobacco
lines [128]. Similar examples can be continued. More recently, site-directed genetic engi-
neering of DNA has used methods such as CRISPR/Cas9 and transcription activator-like
effector nucleases (TALENs).

9. Genome Editing Technologies for “Quantum-Leap” Improvements in Yield-Limited
Crops Are Ready, but Where Are the Targets?

There are two problems in targeted genome editing: (1) the identification of target(s),
which should be modified to achieve desirable phenotypic change, and (2) precise targeted
genome modification. The advent of precise genome-editing tools is expected to revolu-
tionise the way we create new plant varieties. Three groups of tools currently available
are classified according to their mechanism of action: programmable sequence-specific
nucleases, base-editing enzymes, and oligonucleotide-directed mutagenesis [129,130]. The
most commonly used today is CRISPR/Cas9, which has been implemented in more than
20 crop plants (reviewed [121,130,131]) for a variety of desired traits to improve crop yield
and management of abiotic and biotic stress tolerance in plants. This genome-editing
technology is adopted from the prokaryotic adaptive immunity system, which is found in
several bacterial and archaeal genomes. It uses small stretches of RNA sequences coupled
with nucleases Cas-, the enzymes that specifically cut the genome of invading viruses
to suppress them. This system is used for the introduction of desired variations at the
chosen location in the genome [132]. The technology can be applied to modify virtually
any genomic sequence with the only restraint being the accessibility of the protospacer
adjacent motif (PAM). PAM is a short, typically 2–6 bp sequence recognised by any com-
patible Cas-nuclease sequence near the target sites. Different Cas-nucleases distinguish
various PAMs, and, frequently, there are even differences among orthologs. In such a way,
site-directed nucleases (SDNs) are constructed and used for targeted genome editing to
introduce double-stranded breaks (DSBs) at precise sites into plant genomes. This technol-
ogy can be used to modify virtually any genomic sequence with the only restraint being
the accessibility of the PAM near the target sites [133,134].

In the immense literature devoted to the CRISPR technology used for editing plant
genomes, we found 39,100 articles with the words “CRISPR plant editing”, which con-
tained contradictory data on the efficiency and specificity of this technology. As this
technology is widely used, we do not describe it in detail here since it is best described in
multiple reviews [15,16,132,135–138]. CRISPR/Cas9 is economical, easy to use, highly ac-
curate, and effective even when performing multiplex genome editing (MGE) [15,139–144].
CRISPR/Cas9, CRISPR/Cas12a, and base editing are being improved continuously [15].
A simple scheme showing that this technology may be used to insert point mutations or
extended DNA fragments into defined genomic sites is shown in Figure 1.

MGE involves the simultaneous targeting of multiple related or unrelated targets.
The latter is the most straightforward using the CRISPR/Cas9 system because multiple
guide RNAs (gRNAs) can be delivered either as independent expression cassettes with
their own promoters or as polycistronic transcripts processed into mature gRNAs by en-
dogenous or introduced nucleases. MGE in plants initially focused on input traits, such
as herbicide resistance, but has recently expanded to include hormone biosynthesis and
perception, metabolic engineering, plant development, and molecular farming, with nu-
merous simultaneous targeting events reported. Knockout mutations in all three homologs
of TaMLO (T. aestivum mildew resistance locus o) provided resistance against powdery
mildew in wheat [141]. A non-complete list of edited genomes can be found [145] (see
above, “Complexity of agronomic traits”).
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Figure 1. Genome-editing schemes with site-specific DNA nucleases. Double-stranded breaks (DSBs) induced by a nuclease
(e.g., CRISPR/Cas9) at a specific site can be repaired by non-homologous end joining (NHEJ) or homology-directed
recombination (HDR). (A) Repair by NHEJ usually results in the insertion or deletion of random base pairs causing gene
knockout. (B) HDR with a donor DNA template with homologous arms can be exploited to achieve gene insertion and
deletion, (C) to modify a gene by introducing precise nucleotide substitutions, and (D) inserting a correct gene copy instead
of the mutant gene. DSB = double-stranded break.

Direct modification typically involves targeting protein-coding regions; however, re-
cent examples include promoter modifications to generate mutants with varying gene
expression levels [11,142,146]. CRISPR/Cas9 editing of promoters generates diverse cis-
regulatory alleles that provide beneficial quantitative variation for breeding. A genetic
scheme was devised to rapidly evaluate the phenotypic impact of numerous promoter vari-
ants on genes regulating three major productivity traits in tomato: fruit size, inflorescence
branching, and plant architecture. This procedure allows for the immediate selection and
fixation of novel alleles. It also provides an approach for testing complex relationships
between gene regulatory changes and the control of QTs [147].

Researchers have paid great attention to the frequency of nonspecific mutations in
CRISPR/Cas9. The data are highly contradictory, with one report stating an off-target speci-
ficity of 9.8–97.3% in Arabidopsis [148] to no evidence of off-target cleavage activity when
specific gRNAs predicted by bioinformatics were chosen [149]. DNA breaks introduced by
single-gRNA/Cas9 frequently resolved into deletions extending over many kilobases [150].
Furthermore, lesions distal to the cut site and crossover events have been identified [150].
Specificity may depend on the delivery method [151], and the problem of off-targeting
may be tackled by the use of recently discovered CRISPR/Cpf12a (Cpf1), which creates
a staggered double-strand break at the target site [136,152]. However, recently, Murugan
et al. [153] revealed that Cas12a has multiple nicking activities against dsDNA substrates.
SDN-mediated off-target changes can contribute to a small number of additional genetic
variants compared to those that occur naturally in breeding populations or are introduced
by induced-mutagenesis methods [154].

The second modified CRISPR “base editor” system can generate precise single-base
mutations in the targeted DNA. It does not rely on DSB formation to induce targeted
changes but instead uses a partly disabled nuclease with an additional protein domain.
The targeting components of the nucleases are still intact, thereby allowing site-directed
nucleotide changes and additional protein units to target specific genomic locations. Appli-
cations include targeted base editing with deaminase domains, transcriptional knockdown
using repressors, targeted DNA methylation, and numerous other applications. In addi-
tion, the technology does not need the introduction of DSB to modify a base pair, and,
consequently, the likelihood of major perturbations in the genome, such as deletion or
chromosomal translocations, is considerably reduced. For example, cytosine and adenine
base editors converting C to T and A to G, respectively, fuse a nickase-type Cas9 with a
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deaminase domain and, thus, do not induce DSBs (Figure 2). The two single-base edi-
tors (cytidine deaminase and adenosine deaminase) were fused to produce simultaneous
double-base conversions (C → T and G → A) [15,154–159].

Figure 2. Base editing illustrated with cytidine deamination. In this type of base editing, cytidine
deaminase fused with dCas9 targets the desired location. There is no DSB; C is converted directly
into U on the free strand; and during mismatch repair, a C → T substitution can be created when the
modified strand is used as a template [15].

Cas9 can be easily adapted to facilitate genome-scale perturbations. For example,
Cas9 nuclease can be converted into an RNA-guided DNA-binding protein (dCas9) and
then fused to transcription activation or repressor domains. These dCas9-activator fusions
target the promoter/enhancer regions of endogenous genes to modulate gene expres-
sion [160,161].

The significance of nonspecific CRISPR-caused mutations is unclear given the nat-
ural background of mutations that constantly appear stochastically in the genome. The
estimated haploid spontaneous single nucleotide mutation rate for A. thaliana is about
7 × 10−9 per site per generation [162]. Approximately the same rate was reported in
rice lines with 3.4-fold higher mutation rates in heterozygotes (1.1 × 10−8) than homozy-
gotes [163]. The spontaneous mutation rate in Zea mays is 2.2 to 3.9 × 10−8 per site per
generation [164] (reviewed in [154]). A detailed analysis of various off-target effects is
presented in an excellent review by Graham [154]. Other stochastic de novo mutations
occur during in vitro culture referred to as somaclonal variation. The estimated mutation
rate in Arabidopsis root explants (living cells transferred to culture medium) is between
4 × 10−7 and 2.4 × 10−6 mutations per nucleotide, while a mutation rate of 1.0 × 10−7

occurs in rice plants regenerated through tissue culture [154]. During in vitro culture, many
regenerated plants develop differences in appearance relative to the parental genotype,
and these induced changes may include heritable genetic and epigenetic alterations [154].

When discussing the significance of off-target mutations, it should be noted that plants
differ from animals in substantive ways that alter the impact of induced changes. First,
unlike many animals, genetic changes in juvenile plants can be transmitted to reproductive
tissues [154]. In addition, plants frequently develop multiple independent reproductive
structures, with only a fraction affected by new mutations. Breeding to develop new lines
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for commercial release involves an intensive process of selection of individual plants with
useful phenotypes while eliminating individuals with undesirable mutations or phenotypes
(commonly known as “off-types”) [154]. For these reasons, off-target edits in crops present
fewer safety concerns than those that could arise with the therapeutic applications of
genome editing.

In conclusion, it should be mentioned that to generate a wide variety of new traits
in plants using CRISP/Cas genome editing [165], Agrobacterium-, biolistic-, and also
virus-mediated methods were used to deliver CRISPR/Cas into plant cells [166,167]. A
high-throughput gene-editing assay Automated Protoplast Transformation System was
recently developed [168].

10. Success Stories of CRISPR/Cas9

Since the introduction of CRISPR/Cas9 for editing mammalian genomes, it has been
applied to modify the genomes of several model and crop plants, including tobacco, tomato,
barley, Arabidopsis, wheat, rice, and maize. The genes involved in the regulation of fruit
size and signalling pathways have been suggested as promising targets for genome editing-
based crop improvement [169]. Following the first reports of CRISPR/Cas9-based genome
editing in wheat protoplasts, gene-edited plants were generated using transformation with
CRISPR/Cas9 in different forms, including plasmids, linear DNA fragments, linear RNA,
and ribonucleoprotein complexes (reviewed in [139–141]).

Considerable efforts have been undertaken to identify QTLs controlling yield in
various crop plants [15,165]. This was achieved in a rice cultivar by individually knocking
out four negative regulators of yield (Gn1a, DEP1, GS3, and IPA1) using CRISPR/Cas9.
Three of the resulting knockout mutations (Gn1a, DEP1, and GS3) showed enhanced yield
in the T2 generation with increased grain size and number and denser erect panicles
with a 30–68% increase in yield per panicle (reviewed in [15,165]). The editing of two
yield-regulating genes, Gn1a and DEP1, developed superior alleles in rice with even
greater yields than those of the natural high-yield alleles [170]. Similarly, the simultaneous
knockout of three major rice negative regulators of grain weight (GW2, GW5, and TGW6)
using a CRISPR/Cas9-mediated MGE system resulted in a significant increase in the
thousand-grain weight. This approach can be used for the rapid breeding of QTLs in crop
varieties [144].

Several phytohormones, such as abscisic acid (ABA), control plant growth and stress
responses that affect crop yields. CRISPR/Cas9 generated mutations in genes encoding the
ABA receptors pyrabactin resistance 1-like 1 (PYL1), PYL4, and PYL6 and created a rice
line that produced up to 31% more grains than the original variety in field tests. This work
highlights the potential of modifying hormones to control growth and improve yields in
rice [171] (reviewed in [15]).

The successful modification of a gene encoding a maize negative regulator of ethylene
responses, ARGOS8, using CRISPR/Cas9 was reported (reviewed in [165]). The homology-
directed repair pathway was used to insert the maize native GOS2 promoter into the
untranslated region of ARGOS8, resulting in drought-tolerant maize with improved yield
in limited water supply. Other studies reviewed in [165] confirmed that CRISPR/Cas9
can be used to manipulate abiotic stress genes, indicating its potential for future crop
improvement. However, several essential traits, such as crop yield and abiotic stress
resistance, are controlled by multiple genes, and the same QTL can have highly varied and
opposing effects in different backgrounds.

These positive examples are certainly impressive; however, one should expect that
they are the exception rather than the rule when a complex trait is the target for modifi-
cation. For complex traits, such as crop yield, the result is expected to be unpredictable.
Although CRISPR/Cas9 mutagenesis has improved our options for addressing gene func-
tion, recent results suggest that compensatory mechanisms in CRISPR mutants may hide
gene functions [77]. Possibly, there may be no revolutionary breakthrough in plant selection
by using directed mutations or changes in the genes involved in the formation of a complex
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trait, such as crop yield [105]. On the other hand, CRISPR/Cas9 mutagenesis has the
unique capacity of seamless mutation by directly changing certain nucleotide positions
without affecting the backbone sequence. This offers new possibilities and challenges to
plant biotechnology companies and society and, theoretically, can result in an accelerated
evolution of genetically modified organism (GMO) crop species that cannot be identi-
fied using traditional algorithms. In turn, surpassing the regulation of “hidden” GMO
consumption may result in dramatic economical, ethical, and biotechnological implications.

11. Reference Genomes and Assessment of Genomic Variation

A prerequisite for target identification is the availability of a comprehensive and
reliable sequence of the genome and its functional map. Although complete sequences
of the genomes of higher plants are not well studied in comparison with the genomes of
humans and animals, there has been rapid progress in this field from a highly fragmented
genome assembly with incomplete gene models to a full “pseudomolecule” reference
sequence along with detailed gene model annotation. Reference sequence allows the
physical anchoring of genes in complete chromosomal order and provides improved gene
models that facilitate the design of transgenic constructs and primers [172,173].

Many of the crop and vegetable species that constitute a major part of the global diet
now have high-quality reference genome sequences (reviewed in [154,172]). However,
reference genomes have several limitations, the most apparent being that no genes or
gene variants are present in any single accession. The steps required to assemble pan-
and super-pangenomes were reviewed in [174–177]. It is important to note that most
whole-genome sequencing studies to date have used short-read sequencing technologies.
As a result, the diversity in breeding populations due to structural variations, such as
differing transposable element location and abundance, presence–absence variation (PAV),
and gene copy number variants (CNVs), have been difficult to measure. PAVs and CNVs
typically refer to changes that include genes. Although structural variants are less common
than single nucleotide polymorphisms (SNPs), they are an important source of variation.
There are many examples of gene PAVs or CNVs impacting agronomic traits (reviewed
in [154]). Due to the density of naturally occurring variation, intra- and interspecific crosses
of plants that occur during plant breeding of millions of SNPs and thousands of PAV or
CNV sequence variations appeared. More long-read sequencing technologies will allow
more accurate measurements of polymorphisms in breeding populations [154].

Plant genomes are notoriously repetitive and difficult to assemble [178], though long-
read sequencing technologies have been quickly adopted [178,179] allowing high-quality
de novo assembly. The rapidly increasing number of long-read, whole-genome sequencing
(WGS) produces an increasing number of high-quality plant genome assemblies.

12. The Research Bottleneck in Plant Sciences Is Shifting from Genotyping to
Phenotyping

Despite the tremendous progress made with continually expanding genomic tech-
nologies to unravel and understand crop genomes, the impact of genomics data on crop
improvement is still far from satisfactory. This is largely due to a lack of effective phenotypic
data and problems with genome functional mapping. Our ability to collect high-quality
phenotypic data lags behind the current capacity to generate high-throughput genomics
data. Thus, the research bottleneck in plant sciences is shifting from genotyping to pheno-
typing for unlocking information coded in plant genomes. The phenomics data generated
have been used to identify genes/QTLs through QTL mapping, association mapping, and
genome-wide association studies (GWAS, see below) for genomic-assisted breeding for
crop improvement [47,180–182].

Bioinformatics, which is known to play an important role in the selection of targets
for targeted modification, relies on existing information about the DNA, RNA, and pro-
tein sequences contained in databases such as GO. In 1998, the GO consortium released
the first common vocabulary describing gene function across species, thus enabling a
genome-wide and comparative approach to functional genomics [183]. The current release
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(10 August 2020) has 44,262 GO terms, 8,047,076 annotations, 1,556,208 gene products, and
4643 species [184].

A knowledgebase Gramene [185] based on the comparative functional analyses of
genomic and pathway data for model plants and major crops contains, in the current release,
93 reference genomes over 3.9 million genes in 122,947 families with orthologous and
paralogous classifications. Gramene integrates ontology-based protein structure–function
annotation and information on genetic, epigenetic, expression, and phenotypic diversity;
gene functional annotations extracted from this latest achievement will undoubtedly play
an important role in the functional mapping of plant genomes.

Genomic databases have been powerful in integrating data from multiple studies,
and international efforts are now bringing together phenotypic data alongside geno-
typic data (e.g., [186–189]. However, most GO annotations are incomplete and imper-
fect [34,35,190,191]. This is also true for the Gene Ontology Meta Annotator for Plants
(GOMAP), which is an optimised, high-throughput, and reproducible pipeline for genome-
scale GO annotation for plant genomes [189]. Therefore, predicting the associations be-
tween genes and phenotypes is rather problematic, as is the identification of adequate
targets for modification. Several other challenges remain, with the most common for
crop species being polyploidy, which is particularly evident in wheat. Due to functional
redundancy, it will be necessary to knock out all homoeologs of a gene to determine its phe-
notypic impact [172,173,192]. In wheat, over 98% of the genome is non-coding; therefore,
it is necessary to identify open chromatin regions to define non-coding but functionally
important regions. Finally, it is essential to compare multiple wheat varieties to observe
the effects of the same editing in different genetic backgrounds.

GWAS is an approach used in genetic research to associate specific genetic variations
with phenotypic traits [34,35,190,191]. The method involves scanning the genomes of many
different individuals and searching for genetic markers that can be used to predict the
presence of a trait. The genetic markers can be used to understand how genes contribute to
the trait and to uncover causal genetic polymorphisms in plants. This will aid breeders in
developing improved plant varieties to meet the food needs of an ever-increasing world
population.

Genome-wide screenings were first applied to humans a few years before the meth-
ods were leveraged for use in plants. In 2004, a publication first appeared that applied
GWAS-like methods to barley (reviewed in [193]). GWAS is a good first step towards
the discovery and deployment of key genes, further research is necessary to evaluate
the reproducibility and transferability of GWAS results across environments and genetic
backgrounds. The development of optimal experimental settings for GWAS analysis will re-
quire an interdisciplinary approach. The identification of key traits involves GWAS, proper
analytical methods, using appropriate genetic resources for mapping, and choosing an
adequate genotyping platform. With the arrival of rapid genotyping and next-generation
sequencing technologies, GWAS has become a routine strategy for decoding genotype–
phenotype associations in many species. Over the last decade, more than 1000 studies have
revealed substantial genotype–phenotype associations in crops and provided opportuni-
ties to probe functional genomics [193–195]. A successful GWAS should to incorporate
elements of candidate gene discovery and QTL deployment. Therefore, the following
criteria for a successful GWAS were proposed: the study needs to identify true marker-trait
associations with meaningful effect sizes; proximity to underlying genes for the traits of
interest; and transferability within a similar population and across a reasonably broad set
of environments [193].

13. The Use of Locally Available Resources to Adapt to Climate Variability and
Change

A quite reasonable strategy for improving crop yield is the use of locally available
resources to adapt to climate variability and change [196]. There are more than 50,000 edible
plants, but only 15 crops are used, resulting in 90% of the world’s demand, and three of them
(rice, maize, and wheat) provide two-thirds of human caloric intake [197]. Ironically, more

100



Plants 2021, 10, 1667

than 70% of wild relatives of domesticated crops are threatened by extinction and in urgent
need of conservation due to the expansion of agriculture into natural ecosystems [198].
Globally, gene banks and botanical gardens hold more than 7.4 million seeds or plant
tissues from thousands of species [197]. These collections must be maintained, curated, and
explored [11]. Among the most promising candidates are orphan crops that have either
originated in a geographic location or those that have become ‘indigenised’ over many
years of cultivation; they may offer ‘new’ opportunities as they are uniquely suited to harsh
local environments, provide nutritional diversity, and enhance agrobiodiversity within
farmer fields [199]. There is quite a lot of space to improve orphan crops, and genome
editing accelerates modifications that would be problematic in a traditional breeding
program. [200,201].

14. De Novo Domestication of Wild Plants

An attractive alternative route for future agriculture is the de novo domestication
of wild plants [11,200,202,203]. This involves a multidisciplinary approach, including
research from botany, archaeology, genetics, biogeography, and other disciplines [204].
The transformation of wild plants into domesticated crops usually involves modification
of a common set of characteristics across different species, referred to as ‘domestication
syndrome’ traits and previously defined as “the characteristic collection of phenotypic
traits associated with the genetic change to a domesticated form of an organism from a wild
progenitor form” [205,206]. Examples of these traits include loss of pod shattering/seed
dehiscence, loss of seed dormancy, reduced anti-nutritional compounds, changes in growth
habit, phenology, flower colour, and seed colour. Understanding the genetic control of
domestication syndrome traits facilitates the efficient transfer of useful traits from wild
progenitors into crops through crossing and selection [205,207]. It has become apparent
in recent years that understanding the nature of the plurality of processes underlying
domestication syndrome is the key to understanding the origins of domestication.

15. Reference, Pan-, and Super-Pan Genome Sequences Provide a Strong Basis for the
Location of Domestication Syndrome Genes

In recent years, there has been a large influx of plant genome sequencing projects. The
high level of genomic variation led to the realisation that single reference genomes do not
represent the diversity within a species and led to the expansion of the pangenome concept.
This suggests that the genomes of individuals within a population or species share a core
set of genes that unifies them (the core genome) but also contains a fraction of genes that
are absent from one or more individuals (the accessory or dispensable genome), which
together give rise to the pangenome of such a population or species [175–177,208].

The numerous genome sequences allowed for a better understanding of the domes-
tication processes of crops and animals and to follow some of the genetic changes that
permitted domestication to occur [209]. However, the first fragmented data produced
were insufficient to detect all or at least the most important genes associated with domes-
tication syndromes [208]. However, they allow the implementation of GWAS to detect
some domestication traits [210]. Since domestication reduces the genetic diversity of a
taxon, often eliminating portions of the dispensable genome that contain genes involved
in local adaptation, the use of wild relatives is crucial for generating a representative
pangenome for a species [177]. Once a pangenome is generated, it can be used alongside
whole-genome sequencing data to analyse the structural variants between and within
populations, revealing novel loci involved in the development of domestication-related
traits that would have remained hidden using only a single reference genome [211]. As
sequencing technologies become cheaper, multiple pangenomes from different species of
the same genus should eventually be combined to create a super-pangenome representing
the entire genetic content available in a genus with one or more domesticated taxa, and it
should include the diversity of all the wild relatives [175].

Wild plants can be regarded as reservoirs of useful genes [202], yet there is a vast array
of plant species whose agricultural potential remains untapped [11]. Recent technologi-
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cal advances have opened a new approach to de novo domestication of wild plants as a
viable solution for designing desired crops while maintaining food security and a more
sustainable low-input agriculture. In these innovative fields, the potential application of
CRISPR-like technologies for genome editing is very wide. The process of domesticating
wild progenitors into edible crops is closely linked to the modification of developmen-
tal processes, and the steps that are needed to face the current challenges will equally
require developmental modifications [212,213]. Therefore, studying the genetic basis of
crop domestication is largely equivalent to studying aspects of plant development. Conse-
quently, understanding the genetic and molecular mechanisms underlying developmental
processes has great potential to further improve the performance of today’s major crops
and determine routes for fast-tracking domestication of less developed crops [212]. Genes
controlling plant development have been studied in multiple plant systems. This has
provided deep insights into conserved genetic pathways controlling core developmental
processes, including meristem identity, phase transitions, determinacy, stem elongation,
and branching. These pathways control plant growth patterns and are fundamentally
important in crop biology and agriculture.

There are recent examples of crops that have been targeted for rapid domestication [11].
Cape gooseberry or pichuberry (Physalis peruviana) was chosen for its growing popularity
since it is highly nutritious and can be eaten as fresh fruit or used to make juice or jam. It is
native to the Andean region of South America and has many “wild” characteristics that
prevent it from being easily cultivated. Knowledge of the genes related to the improvement
and domestication of the tomato, a distant relative of P. peruviana, has motivated scientists
to identify similar genes in the undomesticated pichuberry that could be targeted for
domestication. Gene editing of P. peruviana’s genetic ortholog of the tomato gene CLAVATA1
(SlCLV1), which controls meristem proliferation, gives rise to plants with narrow leaves and
flowers with more organs. This offers a proof of principle for rapid, targeted domestication
using gene editing. The cultivation of crops in urban environments may reduce the
environmental impact of food production [37]. However, the lack of available land in cities
and the need for rapid crop cycling to yield quickly and continuously mean that to date
only lettuce and related ‘leafy green’ vegetables are cultivated in urban farms. New fruit
varieties with architectures and yields suitable for urban farming have proven difficult to
breed [37].

Despite all successes, gene editing approaches to the domestication of wild plants
using domestication genes [11,202,207] should not be generally considered as simple one-
time events in a single gene or generation. In contrast, de novo domestication literature
and examples understand domestication as co-evolutionary interactions between plants
and people that are complex, would require significant institutional and infrastructural
investments, and can involve many disciplines. Gene editing approaches may help acceler-
ate domestication and widespread cultivation of a new generation of soil-conserving and
climate-smart crops.

16. Conclusions. Must I Be Cruel Only to Be Kind?

We, probably, can summarise that a revolutionary breakthrough in increasing the
limit of crop yield by plant selection using targeted mutational changes in specific genes
is unlikely. A replacement of inefficient photosynthetic machinery with more productive
subunits for increasing the photosynthetic rate is attractive; however, there is typically a
20–30 year gap between the demonstration of innovative solutions at the experimental level
and the provision of seeds to farmers [80]. Field trials involving genetically engineered
plants are scarce worldwide and do not exist in Europe due to strict regulations. To
date, most field trials involving genetically engineered varieties of rice, tomato, and other
vegetables and crops are in Asia [214]. Thus, there seems to be little doubt that technology
alone is powerless to feed the rapidly growing population.

In 1999, ecologist Peter Vitousek stated that “we are the first generation with tools to
understand changes in the Earth’s systems caused by human activity, and the last with
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the opportunity to influence the course of many of these changes” (quoted from [215]).
More than ever, humanity is changing the face of the planet at an increasing rate and
conducting an unprecedented “environmental breakdown”. A century ago, only 15% of the
Earth’s surface was modified by the direct effects of human activities [216]. This proportion
has now grown to 87% of the ocean and 77% of the land [217]. This has led to a global
collapse of biodiversity with an average 60% decline in populations of all vertebrate species
and up to 83% for freshwater species between 1970 and 2014 as measured by the Living
Planet Index [218]. Human activities currently threaten approximately 1 million species
with extinction, with many others already extinct [215]. Considering this rapid loss of
biodiversity, the world is now facing a sixth mass extinction [219]; the first to be caused by
the species Homo sapiens [215].

Interestingly, this problem also involves crop cultivars that suffer from modern agri-
cultural industry trends. Multiple cultivars are replaced by single “champions” for better
productiveness and logistics. Over the decades, the pressure exerted by natural and arti-
ficial selection has progressively reduced the genetic diversity of many crops, including
Italian durum wheat cultivars [220,221]. Modern industrial trends dictate regional crop
specialisation, which removes all but a few crop species from traditional agricultural
areas. For example, in a county-level study of individual crop land cover areas in the
conterminous United States of America (U.S.A.) from 1840 to 2017, Michael Crossley and
colleagues found a strong and abrupt spatial concentration of most crop types in recent
years. For 13 of the 18 major crops, the widespread belts that characterised agriculture in
the U.S.A. early in the 20th century collapsed, with spatial concentration increasing 15-fold
after 2002. The number of counties producing each crop declined by up to 97% from 1940
to 2017, and their total area declined by up to 98% despite increasing total production.
Consequently, a sharp decrease in crop types within counties occurred; in 1940, 88% of
counties grew > 10 crops, but this figure was only 2% in 2017. Crossley et al. showed that
declining crop diversity with increasing land area is a recent phenomenon, suggesting
that the corresponding environmental effects in agriculturally dominated regions have
fundamentally changed [222].

The discussion above was based on the need for resource growth, taking the inevitabil-
ity of human population growth as a given. In 1798, Thomas Malthus wrote in his article
“An Essay on the Principle of Population” that the rate of uncontrolled population growth
always advances the growth of means of subsistence such that the exponential growth of
an uncontrolled population is in contrast to the arithmetic growth of subsistence resources.
The critics often referred to the “green revolution” as evidence that Malthus did not con-
sider the technological factor in the production of foodstuffs. Indeed, as described above,
during the past 30 years, the crop yield per unit time and land use for crop production has
increased markedly [9].

In his Nobel speech, Norman Borlaug also warned: “The green revolution has won
a temporary success in man’s war against hunger and deprivation; it has given man
a breathing space. If fully implemented, the revolution can provide sufficient food for
sustenance during the next three decades. However, the frightening power of human
reproduction must also be curbed; otherwise, the success of the green revolution will be
ephemeral only” [59]. Both Malthus and Borlaug drew attention to the alarming population
growth, though neither could imagine the trajectory of agricultural development. Based on
recent studies, Pete Smith and other scientists concluded that “Technology alone cannot
provide food security in 2050. Food demand . . . will need to be managed if we are to
continue to prove Malthus wrong into the future” [223]. However, these authors did not
speak directly about the alarmingly expanding world population.

In the analysis of 12,640 research articles over the last 50 years, the authors of [10]
identified three potential levers important for human population: total food production,
per capita food demand, and population size. They reported a strong and increasing focus
on feeding the world through increasing food production via technology, while the focus
on reducing food demand through less intensive dietary patterns has remained constant
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and low. Population size has declined from being the dominant lever discussed in 1969 to
the least researched in 2018.

Many consider that the Earth will soon reach its limits in terms of food supplies,
natural resources, and pollution, and the world population will inevitably decline or even
collapse due to successive uncontrollable crises. However, these assertions rarely factor
in the internal constraints that shape population dynamics [224]. There is currently no
country on Earth that meets the critical needs for human well-being while staying within
the environmental planetary boundaries [10]. However, changing population size and
age structure may have the most profound economic, social, and geopolitical impacts in
many countries [225]. These problems can be dramatically enhanced by a lack of mineral
resources [226].

Tampering with human population growth is a topic loaded with delicate moral issues.
Those who accept the relevant scientific evidence are often accused of being genocidal,
racist, anti-poor folks, anti-religion, and generally anti-human. In fact, those who accept
the scientific imperative feel that they have a moral responsibility to be concerned about
the future of mankind because it is increasingly apparent that without constraints on
population growth, a sixth mass extinction [219] caused by Homo sapiens [215] seems to be
inevitable [227]. For further information, see the gloomy but sobering predictions of overly
optimistic individuals and governments [228].

Undeniably, the indefinite growth of both population and consumption is impossible
on a planet with finite space and resources. In fact, meeting the UN Sustainable Devel-
opment Goals is already regarded as requiring a lower world population growth [229].
However, the topic remained relatively poorly documented, and many people in scientific,
policy, and public arenas continued to ignore or deny that population growth is an issue
until relatively recently. In 2017, over 15,000 scientists from all over the world reported
in a “warning to humanity” that population growth needed to be addressed; otherwise,
all efforts to reach a sustainable future would be in vain. This outlines the need to bring
population growth to the forefront of international concerns and overcome the taboos
surrounding this question.

In 1998, Donella Meadows wrote: “facts... show Malthus to be not dead, not wrong,
maybe not right either . . . Over another few decades, we will probably put old Malthus to
rest at last. It’s up to us to decide whether he will rest triumphant or discredited”.

We would think he is at least not discredited, and we will have to think what can
be done with our growing population and remember: “I must be cruel only to be kind”
(Shakespeare, Hamlet).
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Abstract: Crop domestication occurred ~10,000–12,000 years ago when humans shifted from a
hunter–gatherer to an agrarian society. Crops were domesticated by selecting the traits in wild
plant species that were suitable for human use. Research is crucial to elucidate the mechanisms and
processes involved in modern crop improvement and breeding. Recent advances in genomics have
revolutionized our understanding of crop domestication. In this review, we summarized cutting-edge
crop domestication research by presenting its (1) methodologies, (2) current status, (3) applications,
and (4) perspectives. Advanced genomics approaches have clarified crop domestication processes
and mechanisms, and supported crop improvement.

Keywords: crop; genomics approaches; domestication; application

1. Introduction

Crops played a major role in human cultural evolution by causing a shift from a
nomadic to a sedentary society. Hence, crops are suitable as evolutionary models illuminat-
ing genetic variation and selection. Crop domestication is a major agricultural advance
ensuring food security for human society. Domestication is the result of phenotypic and ge-
netic changes mediated by breeding. It involves multigenerational selection of plant traits
favoring enhanced adaptation and acclimatization to farming management practices. Ap-
proximately 12,000 years ago, most economically important crops were domesticated [1,2].
Our ancestors instinctively selected crops that were easy to harvest and those with im-
proved yield and flavor. These simple selection strategies helped pyramid important
alleles and recombinants and resulted in naturally transformed plants with beneficial traits
facilitating cultivation, breeding, storage, trade, and dissemination.

Of the ~5500 food crops worldwide, 15 contribute to ~70% of the total calories con-
sumed by humans. Rice, wheat, and maize account for >50% of the calorie demand [3].
Up to 7000 known plant species are semi-cultivated or orphan crops [4]. These natural
plant resources comprise a valuable pool of genetic material that could enable future crop
breeding, increase food diversity, and respond to the new challenges of global climate
change and population expansion [5]. The domestication of orphan and underutilized crop
plants via recently developed biotechnologies such as genome-editing and genome-enabled
approaches is highly promising in crop development for smart agriculture.
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Most domesticated crop species share common traits such as increased yield and
seed size and decreased dormancy and seed shattering. Though crop domestication is
long and slow, only a few genes are involved in it, and some of them are conserved in
various species [2,6–10]. Hence, both targeted re-domestication and de novo wild species
domestication are feasible. In these processes, targeted genes are identified, introgressed,
or modified to produce new cultivars. Unlocking the potential of wild crop species domes-
tication will improve global food security and help realize certain sustainable development
goals of the United Nations such as zero poverty (No. 1) and zero hunger (No. 2). Targeted
domestication, crop improvement, and mass crop cultivation are generally cost-effective
approaches towards these objectives. A concerted effort under the joint leadership of the
Food and Agriculture Organization (FAO), Consultative Groups of International Agri-
cultural Research Institutions, National Agricultural Research Institutions, and various
governments is required for the research, popularization, and large-scale utilization of
undomesticated crops with potential.

2. Genomic Methods for Studying Crop Domestication

To use crop breeding knowledge, technologies, and genetic resources effectively, it is
necessary to understand the mechanisms of crop domestication. Several questions should
be addressed to elucidate crop domestication. Where, when, and how did crop domestica-
tion occur? Did each crop go through single or multiple domestication processes? What
was the genetic architecture of crop domestication? How did selection affect domesticated
species? Some of these questions are being answered through genomic evidence.

2.1. Population Genomics

Population genetics and genomics have revealed that crops passed through four major
stages during their evolution from wild progenitors to modern domesticated species [2].
These include (1) the onset of domestication when only one or a few wild progenitors with
traits favored by humans were selected; (2) in situ propagation of selected wild progenitors
to increase desirable alleles; (3) the spread and adaptation of cultivated populations to
new environments; and (4) deliberate plant breeding to improve agronomic traits. During
domestication, only a few individuals with traits serving human interests were selected
from the wild progenitor population. Genetic drift caused by the founder effect and by
selection reduced genetic diversity in domesticated crops. Genetic drift was assessed by
comparing the genomes of domesticated crops and their wild relatives [11]. Advances in
sequencing technologies and reduction of their costs have supported the publication of
numerous high-quality studies on crop domestication using population genomics methods
(Table 1). Huang et al. [12] compared the genome sequences of 446 wild and 1083 culti-
vated rice accessions. They found that O. sativa japonica originated in the middle of the
Pearl River region in Southern China and was domesticated from a specific O. rufipogon
population. There were 55 selective sweeps, and the genome signatures for selection
during domestication were identified. They accounted for 5.1% of the genome regions
(21.9 Mb) [12]. Hufford et al. [13] identified a few genes with strong selection in domes-
ticated maize based on whole-genome resequencing of 75 wild, landrace, and improved
maize lines. The authors also demonstrated that post-domestication diversity may have
been recovered through introgression from wild relatives.

Advances in genetics, archeology, and their interdisciplinary areas have contributed to
the clarification of crop domestication. Analyses of modern and ancient DNA have uncov-
ered details about human and animal history. However, few studies have reported on the
history of crop domestication, as there has been insufficient archeological evidence or DNA
for genetic analysis [14]. Kistler et al. [15] sequenced 40 indigenous maize landraces and
nine archeological samples from South America and compared them against 85 published
maize genomes. The ancestral South American maize population was brought from its
domestication center in Mexico before its domesticated traits were established. Multiple
subsequent dispersal events led to maize diversity and biogeography. Scott et al. [16]
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prepared whole-genome sequences of a museum specimen of Egyptian emmer wheat chaff
and demonstrated that ancient Egyptian emmers already shared a common origin with
modern domesticated emmer even before the crop was introduced to Egypt. The foregoing
results furnished evidence for early southeastern wheat dispersal and gene flow from wild
to ancient Egyptian emmer.

Table 1. The application of population genomics to crop domestication.

Crop Population Type Population Size Key Statistic Discovery Ref.

Rice Ancestral progenitor; cultivated
indica and japonica varieties 1529

Sequence diversity (π)
population-differentiation (FST),

cross-population extended
haplotype homozygosity (XP-EHH)

Identify 55 domestication sweeps,
and reveal the domesticaiton and

development of cultivated rice
[12]

Maize Wild, landraces and improved
maize lines 75

π, ρ, FST, Tajima’s D, normalized
Fay and Wu’s H, and a composite

likelihood approach (XP-CLR)

Evidence of recovery of diversity
after domestication, and stronger
selection for domestication than

improvement

[13]

Maize Ancient samples, modern
maizes landraces, and teosintes 134 Mutation load, D-statistics, and f3

and f4 statistic
Reveal domestication center and

human-mediated spread of maize [15]

Wheat Ancient and modern domestic
emmer 64 Haplotype structure Uncover the history and diversity of

emmar wheat [16]

Cotton Wild and domesticated cotton
accessions 352 π, FST, and XP-CLR Identify 93 domestication sweeps [17]

Wang et al. [17] used a genome-wide variation map for 352 wild and domesticated cot-
ton accessions. They scanned domestication sweeps covering 74 Mb of the ‘A’ subgenome
and 104 Mb of the ‘D’ subgenome and found asymmetric subgenome domestication for
directional selection of long fibers. Hufford et al. [13] conducted population genomic
studies and discovered that 7.6% of all maize genomic regions were under selection during
domestication. However, population genomics has certain drawbacks. First, genomic sig-
nals caused by domestication or improvement might be confused because genetic diversity
is reduced in both cases. Second, certain crops have undergone multiple independent
domestications wherein different genomic region layers may have been selected at different
times. Hence, mixtures of samples from various domestication processes could obscure
signals targeted for selection. Third, introgression may bilaterally occur between wild and
domesticated crops and weaken signals identified through population genomics. Fourth,
certain genomic signatures identified under domestication are not directly related to any
agronomic traits, and their molecular mechanisms remain unclear. Hence, they must
be validated by genome-wide association studies (GWAS), quantitative trait locus (QTL)
mapping, map-based cloning, and functional targeted gene analyses.

2.2. Genome-Wide Association Studies (GWAS)

Genome-wide association studies (GWAS) or linkage disequilibrium (LD) mapping
infer the genetic basis of domestication by identifying statistically significant associations
between phenotypes and genotypes or between domesticated traits and sequence variants.
GWAS explores natural diversity panels comprising unrelated individuals with historical
LD [18].

There has been substantial progress in mapping the QTL underlying crop domesti-
cation. Huang et al. [12] performed a GWAS for leaf sheath color and tiller angle using
446 Oryza rufipogon accessions (Table 2). The strongest associations occurred near the
known loci OsC1 for coloration and PROG1 for prostrate growth. They demonstrated
that the mapping resolution was threefold higher for the wild rice population than for
O. sativa, as the former had a relatively high LD decay rate. Wang et al. [17] conducted a
GWAS on fiber quality-related cotton traits using 267 accessions with two million single
nucleotide polymorphisms (SNPs) and a minor allele frequency > 0.05. They identified 19
association signals, of which 16 were new discoveries. Thus, the high-density SNP set was
more powerful than the previous GWAS with simple-sequence-repeat markers. Forty-three
association signals were identified for seven watermelon fruit quality traits [19]. There
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were 208 loci significantly associated with melon fruit mass, quality, and morphological
traits [20].

Table 2. The application of GWAS to crop domestication.

Crop
Domestication

Trait
Population Type

Population
Size

Genotype
Method

Model Discovery Ref.

Rice Leaf sheath color
and tiller angle

Ancestral
progenitor Oryza

rufipogon
446 Whole genome

resequencing

Compressed
mixed linear

model

Identify assoicaitons
for OSC1 and PROG1 [12]

Cotton Fiber quality
related traits Cotton accessions 267 Whole genome

resequencing

Compressed
mixed linear

model

Identify 19
assoicaiton signals

(16 were new)
[17]

Watermelon Fruit quality traits
Cultivated and

wild watermelon
accessions

414 Whole genome
resequencing

Linear mixed
model algorithm

Identify 43
associaiton signals

(35 were new)
[19]

Unlike population genomics, GWAS directly relates genomic regions to domesticated
traits and facilitates the interpretation of domestication mechanisms at molecular level.
GWAS usually has a higher targeted QTL mapping resolution than QTL mapping itself,
as unrelated individuals can accumulate numerous genetic recombination events since
their last divergence. Moreover, GWAS requires no genetic linkage maps, and the analysis
is straightforward. However, GWAS depends on the target crop diversity panel, which is
usually costly to collect and maintain. It is very difficult to develop a diversity panel with
minimum population structure that is powerful enough for GWAS analysis. GWAS power
may also be low when rare variants are causal mutations in a study panel [11].

2.3. QTL Mapping

Most evolutionarily important traits are quantitative. Phenotypic variation in these
traits is the result of segregations at multiple QTL, the environment, and interactions
between genes and the environment [21]. A QTL is a genomic locus correlating with
phenotypic trait variation in a population and may be attributed to ≥2 genes on the same
or different chromosomes. A QTL analysis provides the genetic basis for phenotypic
variation, including gene locations, numbers, and magnitudes, and their mechanisms in a
biparental segregating population [22]. QTL mapping has enabled successful identification
and cloning of genes underlying domestication traits. It was the first and perhaps the
most widely used method for localizing the genetic basis of a trait. Several QTL analyses
revealed that wild and weedy genotypes were transformed into domesticated crop species.
Pourkheirandish et al. [10] performed QTL mapping on three populations developed
from crosses between domesticated barley and its wild progenitor and identified and
cloned Btr1 and Btr2, which control grain dispersal (Table 3). They demonstrated that
1-bp and 11-bp deletions in Btr1 and Btr2, respectively, made the rachis non-brittle in
domesticated barley. Doust et al. [9] analyzed shattering and flowering time in a foxtail
millet mapping population and found that the alleles favored during domestication had
larger phenotypic effects than the genetic background or the environment. Thus, recurrent
selection in breeding can substantially increase domestication-related traits. Rice seed
shattering QTLs were mapped on several chromosomes with a complex genetic architecture.
OsqSH1 was identified on chromosome 1 [23], and SH4 was localized to chromosome 4 [24].
A later study supported that qSH1 is epistatic to SH4 in abscission process during seed
shattering. In another study on molecular cloning, the non-shattering SH4 allele was fixed
in O. sativa ssp. indica and O. sativa ssp. japonica [25]. QTL analysis and map-based cloning
showed Sh1 on chromosome 1 encoded the YABBY transcription factor and underwent
three independent mutations to form non-shattering domesticated sorghum [8]. QTL
mapping is a straightforward and powerful approach to identify the genes controlling crop
domestication.

116



Plants 2021, 10, 1571

Table 3. The application of QTL to crop domestication.

Crop
Domestication

Trait
Population

Type
Population

Size
Marker Discovery Refs.

Rice Seed
shattering F2 304

RFLP,
RAPD, SNP,

SSR

Localized the gene
qSH1 and gene sh4 [23,24]

Barley Rachis
non-brittle F2 >10,000 SNP Localized the gene

btr1 and btr2 [10]

Foxtail
millet

Shattering
and

flowering
time

Recombinantinbred
line 182

SNP, SSR,
and

sequence-
tagged site

markers

Two significant
QTLs [9]

Note: SSR, simple sequence repeat; RFLP, restriction fragment length polymorphisms; RAPD, random amplified
polymorphic DNA.

2.4. Genome Editing Using CRISPR-Cas Technology

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is used in gene
manipulation and is revolutionary in biological research [26,27]. CRISPR was first discov-
ered in 1987 and recognized as an adaptive immune system in archaea and bacteria [28,29].
In 2012, several research groups independently discovered that CRISPR and its associ-
ated protein (Cas) constitute a powerful genome-editing technology inducing precise DNA
breaks at targeted genome locations in any living cell [26,27]. The CRISPR-Cas tool was first
successfully used for plant genome editing by three independent groups in 2013 [30–32].
CRISPR-Cas has been used for programmable gene/epigenome editing and transcriptome
regulation in plants [33–35]. It can also edit multiple genes (multiplexing) through simulta-
neous multiple guide RNA (gRNA) delivery and expression [30]. Through multiplex gene
editing, CRISPR promotes basic research, accelerates plant breeding, and facilitates plant
domestication and germplasm development. CRISPR-Cas can fine-tune and knock out
master switches in undomesticated wild crops, enhance genomic diversity, and facilitate
de novo domestication in one generation or a few generations [33].

The power of CRISPR-Cas toolkit in de novo plant domestication was demonstrated
in several studies [36–39]. Zsögön et al. [39] used CRISPR-Cas to show genome editing
for several domesticated genes in tomato such as SP, SP5G, SlCLV3, and SlWUS (Table 4).
Furthermore, CRISPR was extended to the shuffling chromosome and used to stack mul-
tiple alleles into one tightly linked locus. CRISPR-Cas9-mediated induction of heritable
chromosomal translocation was demonstrated in Arabidopsis [40]. Li et al. [38] applied
CRISPR-Cas multiplex genome editing to four Solanum pimpinellifolium accessions that
were salt-tolerant or highly resistant to bacterial spot disease. The genome-edited plants
acquired targeted domestication traits while retaining their abiotic and biotic stress tol-
erance. Therefore, CRISPR-Cas multiplex editing introduces novel and retains existing
plant traits and develops an ideal crop [41]. CRISPR-Cas technology could provide precise
and customized modifications conducive to plant breeding. Successful application of
CRISPR-Cas in tomato and wild cherry indicated that this technology could domesticate in
one generation new crops resilient to environmental change [37,42,43].

The benefits of de novo orphan crop domestication via CRISPR-Cas gene editing
include (i) high precision and accuracy, (ii) short variety development time, (iii) transgene-
free product, (iv) high crop yield and nutritional value, and (v) crop resistance to biotic and
abiotic stresses. However, the major challenges of de novo domestication via genome editing
include (i) limited genomic information for wild relatives, (ii) lack of a transformation
system for wild relatives, (iii) fitness cost, and (iv) limited public acceptance of genetically
modified organisms (GMO).
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Table 4. The application of CRISPR-Cas to crop domestication.

Crop Domestication Traits Target Gene Method Discovery Ref.

Rice Panicle length, grain
size, cold tolerance

OsPIN5b, GS3,
OsMYB30

CRISPR-Cas9 system
edits three genes
simultaneously

Higher yield and better
cold tolerance in
gene-edited rice

[44]

Wheat

Grein length, weight
and yield, TKW,

Inflorescence
architecture,

branching and tillering

Tagasr7-A1 (-B1 and
–D1), TaDEP1, TaNAC2,
TaPIN 1, and TaLOX2

Transient expression of
CRISPR-Cas9 in callus

cells

Changes on target traits in
wheat callus and

regeneration of plants
[45]

Tomato Fruit size, number and
nutrition SP, O, FW2.2, CycB

CRISPR-Cas9 system
edits six genes
simultaneously

Gene-edited tomato has at
least a threefold increase

in target traits
[39]

Cucumber Carpel development CsWip1

Optimized
CRISPR/Cas9 system

with CsU6 promoter and
GFP

Seven times more female
flowers in gene-edited

cumcumber
[46]

Note: GFP, green fluorescent protein; TKW, thousand kernel weight.

3. Current Status of Research on Crop Domestication

3.1. Domestication Centers and Their Spread

Around 12,000 years ago, human-guided crop domestication occurred independently
in the Middle East, the Fertile Crescent, China, Mesoamerica, the Andes, Near Oceania,
Sub-Saharan Africa, and Eastern North America [2,47]. Of the 2500 domesticated plant
species distributed in 160 families, 250 are fully domesticated [2]. Table S1 and Figure 1
show the origins and major cultivation zones of global domesticated food crops. Some of
them are widely spread across several regions, whereas others are more regionally or locally
important. The domestication, spread, and cultivation of food crops have demonstrated
the transition from hunter–gatherer to agrarian societies.

Figure 1. Global food crop origin and domestication. Shaded regions indicate approximate locations of centers of crop
origin and domestication.

Maize is one of the most important food crops worldwide, and extensive research
progress has been made on its domestication. Starch grain and phytolith evidence indicated
that maize was first domesticated from wild Balsas Teosinte (Zea mays ssp. parviglumis)
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in Mexico ~9000 years ago [48]. After partial domestication in Mexico, maize traversed
Panama, arrived in Central America ~7500 years ago, and was brought to South America
~6500 years ago. In South America, maize was fully domesticated at several independent
locations ~6500–4000 years ago [15]. Two major maize movements from Mesoamerica to
South America were deduced, as the Pan-American lineage shared excess ancestry with
parviglumis compared with the strictly South American lineage. Maize was brought to
the United States ~4000 years ago. In the 15th century, European colonies spread maize
through the Americas and, thence, globally.

The spread of domesticated crops is slow and complex. It is affected by shifts in
human society, farming practice improvements, and plant adaptability to various climates.
Plants adapted to different global climates in an east to west trajectory. Archeological
evidence supports that maize spread from west to east across the Amazon, which was
a secondary improvement center for partially domesticated maize [15]. However, since
its initial domestication in Mexico maize has spread across the Americas, including the
south-to-north and lowland-to-highland directions. Gene flow from the wild relatives of
maize might have improved its adaptation to various ecological niches [49].

3.2. Domestication Theory

The study of the inheritance of domestication genes raises a crucial question, namely,
does selection act on existing variations segregating in ancestral wild populations or de novo
mutations? Current research supports the possibility that selection acts on both variations
and mutations. However, numerous domesticated traits arise from existing variations in
ancestral wild populations [2]. Standing variations apparently allow rapid evolution of
populations, as they lack the lag periods characteristic of de novo mutations [50]. Alleles
selected from standing variations occur at low to moderate frequency in wild progenitors,
and there are weak signatures in the genome for the selection of old mutations. Therefore,
determining which mutations are affected by selection in the domestication process may
help clarify the nature of selective sweeps and the rate of crop evolution.

Traits selected in domestication may distinguish crops from wild progenitors. This
mechanism is known as the domestication syndrome [51]. Different crops and the same
crop with multiple origins shared the same domesticated phenotypes such as loss of
seed dormancy and non-shattering seeds. The existence of convergent phenotypes raises
the questions as to how selection behaves in domestication and whether the same or
different genes are affected by it. Molecular parallelism might explain this phenomenon.
Multiple mutations in the same or different genes resulting in the same phenotype have
been independently selected for domestication. Three non-shattering haplotypes at SH1
locus were characterized in domesticated sorghum and were distributed among sorghum
landraces. Thus, multiple domestications of a species may occur [8]. SH1 was under
selection for rice and maize domestication as well. However, the domestication phenotype
can also be controlled by different genes. Doust et al. [52] identified novel genes controlling
branching in foxtail millet. In contrast, the teosinte brached1 ortholog had only a minor
effect on this trait. Lai et al. [53] examined genome resequencing data from wild and
domesticated maize and sorghum accessions and showed that the number of candidate
domestication genes with parallel selection signatures was not significantly higher than
that expected by chance. Certain major genes with large effects might have been repeatedly
targeted by domestication selection. Alternate genes may have also produced similar
phenotypes in different crop species.

Four demographic crop domestication models were proposed to elucidate the do-
mestication process [2]. In an earlier model, a single domestication event resulted from
strong selection in a small wild progenitor population and caused total reproductive iso-
lation between the wild and domesticated species. However, archeological and genetic
data suggested that genetic bottlenecks vary among crop species and introgression occurs
between crops and wild relatives. Therefore, the model was modified to alternate versions
wherein a single domestication event occurred with gene flow between crops, or multiple
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domestication events with gene flow occurred, or domestication events from interspecific
hybridization occurred and were followed by clonal propagation. Crops assessed by these
alternate models were reviewed by Meyer and Purugganan [2].

3.3. Genetic Architecture and the Molecular Basis of Genes Mediating Crop Domestication

Several QTL or GWAS studies identified genes underlying the domestication syn-
drome in various crops (Table S2), of which 40.5% were regulatory (transcription factors or
co-regulators) and 56.0% were structural (enzymes or other proteins). Certain genes such
as Prog1 and Prog7 control domestication traits such as prostrate rice tillers. However, the
advancement of population genomics disclosed that large genomic regions such as 7.6%
of the maize genome [13] and 6.9% of the cotton genome [17] were under domestication
selection. This paradox could be explained by the inherent limitations of QTL or GWAS.
A large proportion of the missing heritability cannot be explained by small populations
containing only a few recombinants with low enough marker density to capture significant
genomic regions.

Meyer and Purugganan [2] proposed that a domestication gene has a clear function
associated with a domesticated trait, is under positive selection, and is fixed or almost
entirely fixed at the causative mutation in all lineages under a single domestication event.
The authors compiled 60 genes involved in domestication or diversification, of which 40
(66.7%) encoded transcription factors or co-regulators, 14 (23.3%) encoded enzymes, and
6 (10%) encoded transporter proteins and ubiquitin ligase. These genes can encode various
traits of which some are involved in the domestication of different crops. The primary
effects of causative mutations in the aforementioned genes include the creation of nonsense
mutations, premature truncations, other mutations resulting in null function, cis-regulatory
mutations, and missense mutations. Mutations with large phenotypic effects are the most
common functional changes.

4. Domestication in Modern Crop Breeding

4.1. Rice

Rice is one of the most important food crops in the world, and it is also a model system
to study crop domestication. Though there are tons of literature discussing rice origin and
domestication, the origin and history of rice domestication remain controversial. Despite
this, it is widely accepted that selections together with introgression shaped the genomes
of cultivated rice [54]. With the achievements of researches on rice domestication, their
applications in modern rice breeding are impressive. To meet the growth needs for food
under the global climatic challenges, breeders combine genetic resources of domestication
genes with those containing multiple valuable alleles to create superior cultivars [55].
In traditional crosses of diverged cultivars or germplasm, the process of selection of robust
agronomic traits and removing unfavorable backgrounds could be accelerated by using
molecular markers developed according to domestication genes.

Genome editing technology, which can efficiently modify target genomes predictably
and precisely, is no doubt a revolutionary tool to perform molecular domestication to obtain
desirable traits in laboratory [56,57]. Using this technology in rice, scientists successfully
reduced seed shattering by editing qSH1 gene [58], broke down seed dormancy by knockout
OsVP1 [59], and developed superior alleles of yield genes by editing Gn1a and DEP1
genes [60]. These studies have proven the potential to improve target traits substantially
in rice by editing single or a few domestication genes. Moreover, cis-regulatory elements
are alternative targets for editing, which can tune gene expression levels, timing, and
tissue specificity, but avoids any detrimental pleiotropic effects due to mutations in coding
regions [61]. Recently, a strategy to de novo domesticate wild allotetraploid rice was
described, and six agronomical traits were improved rapidly by genome editing of target
genes [62], demonstrating the possibility to develop this polyploid wild rice to a food crop.
Though still at the beginning stage, de novo domestication based on advanced genomics
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approaches shortens the process of domestication to a few years, which opens up a gate to
utilize wide genetic resources in a precise way.

4.2. Tomato

Tomato (Solanum lycopersicum) originated in the Andean region, and its domestication
occurred before the 15th century. Intense tomato domestication occurred in Europe in
the 18th and 19th centuries [63], and tomato cultivar improvement has been ongoing
since then. Wild tomato has large genetic diversity and has been extensively studied to
characterize certain traits favorable for breeding [64,65]. In contrast, cultivated tomato has
very low genetic diversity and has <5% of the genetic variation in their wild relatives [66].
The domestication syndrome has been studied for this crop, and several QTLs underlying
growth habit and fruit size were identified [67–69].

Advances in genome editing and crop domestication enable plant geneticists to target
certain genomic sites in wild plants and rapidly create improved cultivated crops. Zsögön
et al. [39] edited six loci in wild tomato (Solanum pimpinellifolium) and generated highly
productive progeny that could serve to breed improved cultivars. The six loci that were
previously considered vital to tomato domestication regulated general plant growth habit
(SELF-PRUNING) [70], fruit number (MULTIFLORA) [71], fruit shape (OVATE) [72], fruit
size (FASCIATED and FRUIT WEIGHT 2.2) [73,74], and nutritional quality (LYCOPENE
BETA CYCLASE) [75]. These genes were targeted by multiplex CRISPR-Cas9, and loss-
of-function alleles were generated [39]. The T1 lines were successfully edited for SELF-
PRUNING (SP), OVATE (O), FRUIT WEIGHT 2.2 (FW2.2), and LYCOPENE BETA CYCLASE
(CycB). Compared with the wild type, the engineered plants had higher fruit numbers
per truss, enhanced yield, a fourfold increase in fruit locule number, a 200% increase in
fruit weight, 100% higher lycopene content, and stable β-carotene and lutein content [39].
Moreover, Brix value, fruit shape, and locule number were uniformly inherited in T2
and T3. Hence, the engineered traits were stable, and the wild tomato was successfully
domesticated [39]. CRISPR-Cas9 was also effectively used to mutate tomato domestication
gene orthologs controlling plant architecture, flower production, and fruit size in ground
cherry (Physalis pruinose) [37], a solanaceous orphan crop.

4.3. Potato

Potato (Solanum tuberosum) is one of the most important food crops worldwide. How-
ever, cultivated potato varieties are autotetraploid and vegetatively propagated. Con-
sequently, breeding efforts for tuber yield and quality improvement are very limited.
Most potato germplasms bearing alleles controlling agronomically important traits are
diploids [76]. The reinvention of inbred diploid varieties has been proposed to overcome
this limitation and accelerate breeding [77]. Most diploid potato species are gameto-
phytically self-incompatible. This trait is controlled by S-RNase genes. Recent attempts
have been made to edit S-RNase genes and achieve self-compatible diploid potato vari-
eties [78,79]. The potato genome resource and diploid potato line sequencing data identified
S-RNase orthologs. CRISPR-Cas9 guided S-RNase gene knockout and successfully created
self-compatible diploid potato lines that could be pollinated and generate enough seed for
propagation. Thus, the domestication of wild diploid potato into an inbred crop is a novel
strategy in potato genetic improvement.

4.4. Orphan Crops

Orphan crops are semi-cultivated species with limited regional importance such as dry
bean (Vigna spp.) and lupin. They are often relatively less productive, not optimized for
modern agriculture, and infrequently studied by the research community [80]. However,
unlike several major cultivated crops, they have wide biodiversity and are adapted to
poorly controlled or harsh environments. Orphan crops provide nutritional benefits and
may tolerate extreme heat or cold [81]. In view of constant pressure from climate change
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and increased demands for food by growing populations, orphan crop domestication may
become vital to food security in the future.

Ground cherry (Physalis pruinose; Solanaceae) is indigenous to Mexico and South
America and an orphan crop distantly related to tomato [82]. However, its small fruits
fall to the ground because of stem abscission, and the plant has a sprawling growth
habit. Hence, its productivity is limited. Lemmon et al. [37] developed an Agrobacterium
tumefaciens-mediated transformation system to enable editing of the domestication genes
related to the aforementioned traits of ground cherry. The genomic resources were en-
riched by whole-genome and RNA sequencing. Orthologs of the tomato florigen repressor
genes SELFPRUNING (SP) and SELF-PRUNING 5G (SP5G) in ground cherry (Ppr-SP and
Ppr-SP5G) were selected for knockout in the CRISPR-Cas9 experiment. In tomato, mu-
tations in these genes produce a compact plant architecture and flower and fruit burst.
The Ppr-SP knockout plants were extremely compact and presented with a slight relative
increase in fruit production. The PprSP5G knockout plants displayed a compact structure
and significantly enhanced fruit production because of moderate sympodial shoot termi-
nation. The CLAVATA (CLV) ortholog (Ppr-CLV3) modifies fruit size by domesticating the
locule number, and it was targeted with CRISPR-Cas9. The Ppr-CLV3 mutants exhibited a
24% relative gain in fruit mass growth. In the future, other important domestication genes
such as JOINTLESS-2 (fruit abscission) will also be edited to improve the agronomic traits
of ground cherry.

5. Crop Domestication Perspectives

From the first plant domestication at least 12,000 years ago to the present day, numer-
ous crops have been subjected to human selection especially for the purpose of continuously
increasing yield. However, domestication and modern plant breeding have steadily re-
duced genetic variation in crops. Consequently, modern cultivars are highly susceptible to
biotic and abiotic stresses such as drought, heat, insects, and disease [83]. Wild germplasms
of cultivated species have wide genetic variation and stress tolerance traits that should be
exploited in modern breeding programs to develop resilient cultivars.

Domestication may involve increasing the size of certain organs such as the fruits
and seeds. Therefore, genes regulating cell division, meristem size, and patterning are
vital [84]. Other morphological traits such as flower number, flowering time, and nutrient
composition are also important traits for selection. There is a wide range of gene functions
under selection. Certain genes might have been under selection for traits never considered
as targets during crop domestication. As a rule, only a few genes play major roles in
domestication. Nevertheless, our understanding of domestication is constantly being
reshaped by new discoveries. In the coming decade, population genomics, GWAS, and
genome-editing tools will clarify genomic signatures in domestication and greatly enhance
our ability to domesticate wild plant species. For example, candidate domestication genes
in wild and domesticated species may be sequenced to identify selective population sweeps
and functionally associate them with SNPs via GWAS. Affordable sequencing technology
will enable fine mapping in orphan crops and accelerate their breeding. Regions of high
divergence between cultivated and wild species may also be identified so they can be
associated with domestication. There remains much to be learned about how domestication
changes crop genome composition.

An important objective going forward is to determine whether this new domestication
knowledge can serve as guidance for future plant breeding efforts. Current advances in
plant breeding appear to indicate that we are heading in the right direction. Genome
editing-tools have advanced our understanding of domestication genes and enabled us to
develop new cultivars by directly incorporating domestication-related genes. For instance,
the engineered ancestral progenitor of wild tomato differed in terms of fruit morphology,
size, number, and nutritional value from the widely cultivated tomato [39]. Efficient crop
de novo domestication will depend on the availability of characterized domestication genes,
effective transformation methods, and open access to genome-editing technologies. And

122



Plants 2021, 10, 1571

more importantly, successful de novo domestication should integrate genetic tools with
agronomic and cultural drivers to accommodate the newly designed crops to adapt to
dynamic environments and agronomic practices, and to be accepted by consumers [85].

From the aspect of genetics, rapid domestication may be realized via comparative
genomics of various crop accessions mediated by next-generation sequencing and the
inherent synteny between crops. This process was applied to ground cherry using tomato
gene orthologs [37]. The exclusive application of domestication-related genes has helped
domesticate orphan crops and develop new varieties of cultivated crops. Allele mining and
gene or QTL cloning can recover superior alleles that do not pass through domestication
bottlenecks [86]. Plant breeding has benefitted from the recommendation of Vavilov to
collect and maintain wild crop relatives in gene banks [87]. Knowledge acquired from omics
technology also complements traditional plant breeding approaches. Plant breeders with
access to large datasets can develop new cultivars in a ‘breeding by design’ process using
CRISPR-Cas genome editing [88–90]. Using the various tools available to them, breeders
can enhance crop productivity, nutritive value, and biotic and abiotic stress tolerance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081571/s1, Table S1: Global domesticated food crops, their origins, and major
cultivation zones, Table S2: Food crop domestication genes.
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Abstract: Crested wheatgrass (Agropyron cristatum L. Gaertn., genome P), included in the Triticeae
tribe (family Poaceae), is one of the most important grasses in temperate regions. It has been valued as
a donor of important agronomic traits for wheat improvement, including tolerance to cold, drought,
and high salinity, as well as resistance to leaf rust, stripe rust, and powdery mildew. For successful
incorporation of beneficial alleles into wheat, it is essential that recombination between wheat and
A. cristatum chromosomes occurs. In this work, we analysed chromosome associations during meiosis
in wheat lines carrying chromosome introgressions from A. cristatum chromosomes 5P and 6P in the
presence and absence of Ph1 locus using fluorescence in situ hybridisation. The results showed that
the Ph1 locus does not affect chromosome associations between A. cristatum and wheat chromosomes
because there were no interspecific chromosome associations; therefore, no recombination between
chromosomes from wheat and Agropyron were observed in the absence of the Ph1 locus. The 5P and
6P A. cristatum chromosomes do not have a suppressor effect on the Ph1 locus. Wheat univalents
in metaphase I suggest that Agropyron chromosomes might carry genes having a role in wheat
homologous chromosome associations. Putative effect of the Agropyron genes on wheat chromosome
associations does not interact with the Ph1 locus.

Keywords: Agropyron cristatum; wheat; chromosome pairing; Ph1; introgression

1. Introduction

Crested wheatgrass (Agropyron cristatum L. Gaertn.) is a Triticeae species (fam-
ily Poaceae) and has diploid (2n = 2x = 14), tetraploid (2n = 4x = 28), and hexaploid
(2n = 6x = 42) forms, all based on the basic genome P [1]. A. cristatum is a perennial species
of economic importance that is widely cultivated in North America as an excellent source
of forage, and included in the diets of beef and dairy cattle worldwide [2]. Moreover,
this species shows tolerance to cold, drought, and high salinity, and is one of the most
important grasses in temperate regions [3,4]. It has also been valued for stabilization of
heavy metal-contaminated soils [5,6] and watershed management [7]. In a wheat breeding
framework, A. cristatum is an appreciated donor of important agronomic traits, such as
resistance to leaf rust [8], resistance to powdery mildew [9,10], resistance to stripe rust [11],
high salt-tolerance [12], drought stress tolerance [13], and enhanced-grain number per
spike and spike length [14]. Hybrids and fertile amphiploids between Triticum and A. crista-
tum have been successfully obtained [15–18] with the aim to develop wheat-A. cristatum
introgressions [8,14,19].

Recombination between cultivated and alien chromosomes is essential for incorpo-
rating beneficial alleles into wheat from their wild relatives. In hexaploid wheat (Triticum
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aestivum L., 2n = 6x = 42, genomes AABBDD), chromosome pairing and recombination is
mainly controlled by pairing the homoeologous (Ph1b) gene located on the long arm of
chromosome 5B. This gene is responsible for the diploidization system that allows regular
meiosis in polyploid wheat [20,21]. Elimination, manipulation, or 5B chromosome activity
suppression have been utilized to induce homoeologous chromosome pairing in wheat,
for example, the use of 5B-deficient stocks [22]. In addition, the homoeologous pairing
suppressor allele, Ph2, located on short arm of the 3D chromosome of wheat, has also been
used [23], although the recessive mutant of the homoeologous pairing suppressor Ph1b is
probably widely used and the most effective method for the induction of homoeologous
pairing thus far [24]. A deletion mutant in the Ph1b gene has been the determinant in
the development of introgressions between alien and wheat genomes by pairing between
homoeologous chromosomes [24].

Other methods that promote homoeologous pairing are based on the development
of genetic crosses between wheat and Ae. Speltoides, which suppress the action of the Ph1
gene due to the presence of the Ph1 suppressor genes Su1-Ph1 and Su2-Ph1 [25]. Epistatic
genes to Ph1 promoting homoeologous pairing and recombination have also been reported
in hybrids of wheat with Aegilops mutica Boiss. [26]. Individual alien chromosomes added
to wheat have also been shown to enhance homoeologous pairing by suppression the
activity of Ph genes in wheat, such as chromosome 5U of Aegilops umbellulata Zhuk. [27],
chromosome 5E and 6E of Elytrigia elongata (Host) Nevski. [28], and chromosome 5Mg of
Ae. geniculata Roth [29].

Although some information on chromosome pairing in Agropyron and wheat hybrids
and amphiploids is available [17,30], and a possible interaction of genes from Agropyron
with the Ph system in wheat has been postulated [31], little is known about the “true”
pairing frequency between A. cristatum and wheat chromosomes. Thus, the objective of
this work was to analyse chromosome associations during meiosis in wheat lines carrying
chromosome introgressions from A. cristatum in the presence and in the absence of the Ph1
locus in the wheat genetic background.

2. Results

2.1. Characterization of 5P and 6P A. cristatum Introgression Lines in Wheat in the Presence and
in the Absence of the Ph1 Locus

Addition lines for chromosomes 5P and 6P in the Ph1 genetic background were
obtained in the F3 progeny from crosses between A. cristatum additions for chromosomes
5P and 6P in wheat CS with the CS Ph1 mutant, respectively [32]. To detect the presence
of 5P or 6P chromosomes in the presence and in the absence of the Ph1 locus, we used
specific COS molecular markers for the short and the long arms of these two chromosomes
(Figure 1). Zygosity at the Ph1 locus was predicted using Ph1 diagnostic ABC920 SCAR
marker (Figure 2).

Based on the analysis using the Ph1 diagnostic marker, we identified homozygous
plants for Ph1 and positives for both COS108 and COS150 markers located on the short
and the long arm of chromosome 5P, respectively (Figure 1a,b). Fluorescence in situ
hybridisation (FISH) analysis demonstrated that these plants were disomic (Figure 3b) or
monosomic (Figure 3c) for chromosome 5P in the Ph1 genetic background, respectively. In
addition, we identified one ditelosomic A. cristatum introgression line for chromosome 5PS
in the Ph1 genetic background, which only amplified the fragment for the COS108 marker
located on the short arm of chromosome 5P, but not the one for the COS150 marker located
on chromosome 5PL. FISH analyses demonstrated that this plant was ditelosomic for the
5PS arm (Figure 3f). The 5PS ditelosomic plant was selfed and the descendance was also
evaluated using COS molecular markers. All plants obtained were ditelosomic for the 5PS
chromosome arm, indicating that the 5PS arm was stably inherited to the descendance. All
plants were fertile and vigorous. Similarly, positive plants for both COS440 and COS507,
specific for the short and the long arm of chromosome 6P, respectively, were detected in
the absence of the Ph1 locus (Figure 1a,d) indicating that these plants carried the complete
6P chromosome in the Ph1 mutant background. FISH analysis revealed that these plants
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were monosomic for chromosome 6P (Figure 3e) and no plant carrying two copies of
chromosome 6P in the absence of the Ph1 locus was obtained.

Figure 1. PCR amplification profiles used for the identification of chromosome 5P and 6P in the wheat
addition lines. (a) COS108 and (b) COS150 mapped on the short and the long arm of chromosome
5P, respectively. (c) COS440 and (d) COS507 mapped on short and the long arm of chromosome
6P, respectively. All lines carried a complete chromosome, except for line 5 in in (a,b) which was
ditelosomic for the 5PS chromosome arm.

 

Figure 2. Genotypic assays for the presence of Ph1. The absence of Ph1 is marked by the ABC920
SCAR marker (individuals 2, 3, 6, and 7). M: size marker; CS: Triticum aestivum cv Chinese Spring;
Ph1+: wild type wheat CS; and Ph1−: the parental Ph1 mutant.

Figure 3. FISH to mitotic metaphase chromosome spreads. (a) Disomic CS+5P, Ph1; (b) Disomic
CS+5P, ph1ph1; (c) Monosomic CS+5P, ph1ph1; (d) Disomic CS+6P, Ph1; (e) Monosomic CS+6P,
ph1ph1; and (f) Ditelosomic CS+5P, Ph1. In (a–e), double FISH signals with the pAs1 probe (red) and
A. cristatum genomic DNA (green) as probes; In (f), FISH signals with A. cristatum genomic DNA
(red). Scale bar represents 10 μm.
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2.2. Early Meiosis Analysis of 5P and 6P A. cristatum Introgression Lines in Wheat in the
Presence and in the Absence of the Ph1 Locus

With the aim of assessing a putative effect of the A. cristatum genome on chromosome
pairing and recombination during meiosis in wheat, chromosome associations were anal-
ysed in pollen mother cells (PMCs) during early meiosis by genomic in situ hybridisation
(GISH) in plants carrying one or two copies of chromosomes 5P and 6P from A. cristatum,
respectively, in the presence of the Ph1 locus. Observations on chromosome associations in
the presence of the Ph1 locus were also compared to equivalent 5P and 6P addition lines in
wheat in the absence of the Ph1 locus. We unfortunately did not obtain any plant carrying
two copies of chromosome 6P in the absence of the Ph1 locus. Thus, we were only able to
compare the effect of the Ph1 locus in disomic 5P plants.

Experiments were developed in more than one hundred PMCs of each genomic com-
bination in both early prophase I of meiosis (zygotene, pachytene) and metaphase I, and
both in the presence and in the absence of the Ph1 locus. When two copies of 5P or 6P
chromosomes were present in the presence of the Ph1 locus, both A. cristatum chromosomes
were observed in proximity in the nucleus in early prophase (data not shown). As meiosis
progressed, GISH experiments in zygotene–pachytene stages showed homologous 5P
A. cristatum chromosomes always fully associated in pairs along the whole chromosome in
all the cells analysed (Figure 4a). Similarly, homologous 6P A. cristatum chromosomes were
also observed associated at these early meiotic stages in all the cells visualized (Figure 4b).
These observations suggested that A. cristatum chromosomes associated correctly in pairs
in the wheat background in early meiosis, and no genetic interaction between wheat
and A. cristatum chromosomes seemed to be allowed in the presence of the Ph1 locus at
these stages. Similarly, experiments in the absence of the Ph1 locus showed that homol-
ogous 5P A. cristatum chromosomes were also associated in pairs in early pachytene in
all the cells analysed (Figure 4c) suggesting that chromosome interactions between wheat
and A. cristatum chromosomes were not promoted in early meiosis in the absence of the
Ph1 locus.

Figure 4. FISH to chromosome spreads in early meiosis stages (zygotene–pachytene) in wheat lines
carrying chromosomes 5P or 6P from A. cristatum, both in the presence and in the absence of the
Ph1 locus. Simultaneous visualization of telomeres (green) and A. cristatum chromosomes (red).
Wheat DNA was counterstained with DAPI (blue). Agropyron cristatum homologous chromosomes
were visualized associated in pairs in all the panels. (a) Disomic CS+5P, Ph1Ph1; (b) Disomic CS+6P,
Ph1Ph1; and (c) Disomic CS+5P ph1ph1. The scale bar represents 10 μm.

2.3. Recombination between A. cristatum and Wheat Chromomomes Does Not Occur Either in the
Presence or in the Absence of the Ph1 Locus

Once we observed full chromosome associations between homologous A. cristatum
chromosomes for both 5P and 6P during early meiosis in the wheat background either in the
presence of in the absence of the Ph1 locus, we also analysed chromosome behaviour of both
5P and 6P A. cristatum chromosomes during metaphase I of meiosis, although interspecific
recombination events were not expected, due to the lack of interspecific chromosome
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pairing earlier in meiosis. Thus, wheat chromosomes were observed associated correctly
in bivalents and oriented by centromeres properly at meiosis metaphase I in most of the
PMCs analysed from 5P and 6P disomic additions in wheat lines carrying the Ph1 locus
(Figure 5). In addition, both homologous 5P and 6P chromosomes were also visualized
correctly associated in pairs in the presence of the Ph1 (Figure 5a,c). Moreover, in the 5P
monosomic addition line, the A. cristatum chromosome remained always unassociated in
all the cells analysed in the presence of the Ph1 locus (Figure 5b). Our observations clearly
suggested that recombination did not occur in meiosis between these A. cristatum and wheat
chromosomes in the presence of the Ph1 locus, even when only one copy of A. cristatum
is present. Thus, 5P Agropyron chromosomes were never observed associated with wheat
chromosomes by chiasmata during metaphase I in the 5P A. cristatum monosomic addition
line, always remaining as univalent (Figure 5b) and suggesting other requirements for
chromosome associations and recombination.

Figure 5. FISH analysis of chromosome associations in metaphase I in wheat lines carrying chro-
mosomes 5P or 6P from A. cristatum, both in the presence and in the absence of the Ph1 locus.
Homologous 5P and 6P chromosomes (red) are visualized associated in disomic lines, independent
of the presence of the Ph1 locus. Telomeres and wheat chromosomes are visualized in green and blue,
respectively. (a) Disomic CS+5P, Ph1Ph1; (b) Monosomic CS+5P, Ph1Ph1; (c) Disomic CS+6P, Ph1Ph1;
(d) Disomic CS+5P, ph1ph1; (e) Monosomic CS+5P, ph1ph1; and (f) Monosomic CS+6P, ph1ph1. The
scale bar is 10 μm.

We also focused on studying whether chromosome associations, and therefore over-
crossing and recombination events, between A. cristatum and wheat chromosomes could
be allowed in the absence of the Ph1 locus. Thus, we analysed chromosome associations in
PMCs in metaphase I samples from disomic and monosomic A. cristatum addition lines
in wheat in the absence of the Ph1 locus. As expected, homologous 5P A. cristatum chro-
mosomes that associated previously in early meiosis (Figure 4c) remained associated in
metaphase I in disomic addition lines in wheat in the absence of the Ph1 (Figure 5d). In the
absence of homologues, chromosomes 5P and 6P from A. cristatum also always remained as
univalents during metaphase I in GISH experiments in 5P and 6P monosomic addition lines
in the absence of the Ph1 locus in all the cells analysed (Figure 5e,f). These results showed
that interspecific chromosome associations between A. cristatum and wheat chromosomes
are not promoted in the absence of the Ph1 locus, suggesting that chromosome associations
might also depend on other elements, such as genome homology, as A. cristatum and wheat
species are phylogenetically distant. Furthermore, the absence of homologous chromo-
somes did not contribute to increasing chromosome associations between A. cristatum
and wheat chromosomes, which did not occur either in the presence or in the absence
of the Ph1 locus. In summary, our observations suggested that the Ph1 locus does not
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affect chromosome associations between A. cristatum and wheat chromosomes because no
interspecific chromosome associations and recombination between wheat and Agropyron
chromosomes were found in either in the presence or in the absence of the Ph1 locus. Our
results also suggest that genes carried in 5P and 6P A. cristatum chromosomes do not have a
suppressor effect on the Ph1 locus, as the observations were equivalent both in the presence
and in the absence of the Ph1 locus.

2.4. The Presence of Both 5P and 6P A. cristatum Chromosomes Affects Chromosome Associations
and Recombination between Homologous Wheat Chromosomes

Alterations in chromosome pairing between wheat chromosomes were found during
GISH experiments developed in meiosis in PMCs from wheat lines carrying both the 5P
and the 6P A. cristatum chromosomes. In fact, a high number of cells in metaphase I showed
wheat chromosomes remaining as univalents both in the presence and in the absence of the
Ph1 locus when both the 5P and 6P A. cristatum chromosomes were present in the wheat
background (Figure 6). Cells carrying one, two, or three unassociated wheat chromosomes
were scored in metaphase I cells in both cases, in the presence and in the absence of the
Ph1 locus (Table 1). These results suggested that the Agropyron chromosomes carried
genes having a role in homologous chromosome associations as correct wheat homologous
pairing was disrupted in the presence of both 5P and 6P Agropyron chromosomes. Our
observations also suggested that the putative effect of the Agropyron genes on homologous
chromosome associations does not have any interaction with the Ph1 locus because the
observations of wheat univalents were equivalent both in the presence and in the absence
of the Ph1 locus.

Figure 6. FISH analysis in metaphase I chromosome spreads from wheat lines carrying 5P or 6P
A. cristatum chromosomes, both in the presence and in the absence of the Ph1 locus. Representative
metaphase I cells showing wheat univalents (arrowed) both in the presence and in the absence of
the Ph1 locus. Homologous 5P and 6P chromosomes (red) are visualized associated in disomic
lines, independent of the presence of the Ph1 locus. Telomeres are shown in green and wheat
chromosomes in blue. (a) Disomic CS+5P, Ph1Ph1; (b) Disomic CS+6P, Ph1Ph1; (c) Disomic CS+5P,
ph1ph1; (d) Monosomic CS+6P, ph1ph1. Scale bar is 10 μm.
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Table 1. Analysis of metaphase I cells carrying unassociated (univalent) wheat chromosomes in the presence of 5P and 6P A.
cristatum chromosomes.

Number of Metaphase I
Cells Analysed

Number (and Percentage of Cells Carrying One, Two,
or Three Wheat Chromosomes as Univalents

Total Number (and Percentage) of Cells
Carrying Wheat Univalents

I II III

Chromosome 5P

Monosomic CS+5P Ph1Ph1 100 5 (5.0%) 11 (11.0%) 2 (2.0%) 18 (18.0%)

Disomic CS+5P Ph1Ph1 132 14 (10.6%) 18 (13.7%) 3 (2.3%) 35 (26.5%)

Monosomic CS+5P ph1ph1 129 8 (6.2%) 28 (21.7%) 4 (3.1%) 40 (31.0%)

Disomic CS+5P ph1ph1 121 16 (13.2%) 21 (17.3%) 3 (2.5%) 40 (33.0%)

Chromosome 6P

Monosomic CS+6P ph1ph1 116 2 (1.7%) 15 (13.0%) 14 (12.1%) 31 (26.7%)

Disomic CS+6P Ph1Ph1 117 10 (8.6%) 33 (28.2%) 3 (2.6%) 46 (39.3%)

3. Discussion

The P genome from A. cristatum contains a high genetic diversity, which has been
demonstrated by cytological, molecular, and morphological data [33,34]. The A. cristatum
genome has also been considered a valuable source of genes for pest resistance and abiotic
stresses in the framework of wide hybridization programs to improve cereal crops [2,35].
For example, hybrids between Triticum and A. cristatum have been obtained to introduce
traits from A. cristatum into Triticum [15]. Both durum and common wheat A. cristatum
introgression lines have also been developed [8,14,18,19] and they could be a useful source
of agronomic traits, such as disease resistance [9–11], abiotic stresses [12,13], thousand
grain weight [14], and grain quality [36].

Understanding the genomic relationship between the donor and the recipient species
is essential for successful introgression of alien chromatin into the wheat genetic back-
ground and therefore, for an effective utilization of the large Agropyron gene reservoir
for wheat breeding purposes. However, in a plant breeding context, the development
of genetic introgressions from species included in the wheat tertiary gene pool, such as
A. cristatum, is much more difficult to achieve than from those species belonging to both
primary and secondary genetic pools, because they are phylogenetically more distantly
related. A. cristatum includes diploid and polyploid forms, all based on the basic genome
P [1]. Nevertheless, genetic studies have indicated that synteny is conserved between
wheat and the P genome. For example, a high transferability of COS molecular markers
between A. cristatum and wheat has been reported [9,37]. Similar results were obtained
using FISH of tandem repeats and wheat single-gene probes [38,39]. Genetic linking be-
tween A. cristatum and wheat genomes has also been revealed by both sequencing the
transcriptome of a tetraploid A. cristatum [40] and genetic mapping using a wheat 660K
SNP array [41]. Particularly for homologous groups 5 and 6, comparative mapping using
a set of COS molecular markers showed that most of them were located on the short
or long arms of wheat chromosome group 5 and 6 and were assigned to corresponding
short or long arms of A. cristatum 5P and 6P chromosomes, respectively, indicating both
homology between chromosomes 5P and 6P and wheat group 5 and 6, respectively [37].
In addition, synteny between A. cristatum and wheat homologous group 5 has also been
demonstrated by mapping agronomically important genes, such as the grain hardness
(Ha) and the vernalization (VRN-1) loci on the short and on the long arms of chromosome
5P, respectively [36,42], showing that these loci are collinear with those located on the
short and the long arms, respectively, of chromosomes 5A, 5B and 5D in wheat. Together,
these results indicated that a conservation of genes exists between wheat and A. cristatum
chromosomes. However, in this work, no homoeologous chromosome pairing among
wheat and A. cristatum has been found either in the presence or in the absence of the
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Ph1 locus. The results obtained suggest that the Ph1 locus does not affect chromosome
associations between A. cristatum and wheat genomes because no interspecific chromo-
some associations and recombination between wheat and Agropyron chromosomes were
allowed in the absence of the Ph1 locus. Our observations also suggested that the lack of
interspecific chromosome pairing, even in the absence of the Ph1 locus, might be due to the
divergence of repetitive sequences between wheat and A. cristatum homoelogous group 5
and 6. In fact, specific sequences located on the distal chromosome regions (subtelomeres)
might be hampering interspecific chromosome associations between these Agropyron and
their homoeologous wheat chromosomes [43,44]. Nevertheless, translocations between
wheat and Agropyron species have been previously achieved for transferring important
traits, such as leaf and stem rust resistance genes from A. elongatum [45,46], wheat streak
mosaic [47], and stem rust resistance genes from A. intermedium [48] to wheat background.
Wheat A. cristatum Robertsonian translocations have also been obtained in the absence of
the Ph1 locus [32]. Actually, Robertsonian translocations are the most common chromo-
some rearrangements found between wheat and related species, both in the presence and
in the absence of the Ph1 locus [49,50], although other interstitial recombination events
between wheat chromosomes and those from other relatives have been promoted in the
Ph1 mutant background [51].

Previous meiotic analyses in hybrids between wheat and the Agropyron species have
shown high levels of chromosome pairing. For example, multivalent configurations were
observed in hybrids between T. aestivum and tetraploid A. cristatum [30], and in the hybrid
between T. aestivum and tetraploid A. fragile, leading to the conclusion that A. fragile has a
genetic system that modified the Ph1 gene activity [31]. Thus, interactions of genes from
Agropyron with the Ph1 system in wheat were considered the most plausible explanation for
those multivalent configurations [31]. However, GISH analysis in the T. tauschii-A. cristatum
(DDPP) amphiploid [17] revealed later that the high pairing observed was ascribable
between different P chromosomes or different wheat chromosomes, but not between
Agropyron and wheat chromosomes. The observed configurations between P chromosomes
could be explained because of the segmental allopolyploid nature of tetraploid A. cristatum.
Our results using GISH analysis support these observations as we did not find chromosome
associations between A. cristatum and wheat chromosomes, either in the presence or in the
absence of the Ph1 locus. In addition, we observed wheat univalents that might suggest that
the P genome carries genes affecting associations between wheat chromosomes themselves.
Nevertheless, pairing between P and D genomes is possible and allosyndetic pairing was
clearly visible in T. tauschii-A. cristatum associations in the DDPP amphiploid [17].

The plant material developed in this work might be very useful in studying the in-
teractions between genes included in the P genome and those controlling chromosome
associations in wheat. Previously, chromosome addition lines of A. cristatum in wheat in the
presence of the Ph1 locus were developed for chromosomes 1P, 2P, 3P, 4P, 5P, and 6P and the
ditelosomic addition line for chromosome arms 2PS, 2PL, 4PS, 5PL, 6PS, and 6PL [15,52,53].
In fact, these available wheat-A. cristatum addition lines allowed the location of molec-
ular markers and genes for several important agronomic traits on specific A. cristatum
chromosomes and chromosome arms [8,9,36,42]. However, no ditelosomic addition or
substitution lines were previously obtained for the chromosome 5PS arm. Furthermore, in
this work, we have developed A. cristatum addition lines for the 5P and 6P chromosome in
wheat background in the absence of the Ph1 locus. The availability of CS A. cristatum 5PS
ditelosomic lines as well as the Agropyron introgressions in the Ph1 mutant background
provided the opportunity to not only locate genes or markers on this chromosome arm, but
also to go deeper into the knowledge of chromosome associations in the wheat background.

4. Materials and Methods

4.1. Plant Material

The plant material used in this study included common wheat (Triticum aestivum L.)
Chinese Spring (CS), CS ph1b mutant [54], CS/A. cristatum disomic addition lines for 5P
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and 6P chromosomes, and ditelosomic 5PL, 6PS, and 6PL addition lines [15,52,53]. The
CS/A.cristatum addition lines for the 5P and 6P chromosomes in the CS ph1bph1b genetic
background were selected in descendance from the crosses between the CS/A. cristatum
disomic addition lines for 5P and 6P chromosomes with the CS ph1b mutant [32].

4.2. DNA Marker Characterization

Genomic DNA was isolated from young frozen leaf tissue using the CTAB method [55].
Samples were stored at −20 ◦C until PCR amplification was carried out. The concentra-
tion of each sample was estimated using a nano-drop 1000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

Four conserved orthologous set (COS) markers named COS108, COS150, COS440,
and COS580 [56] were used to identify short and long arms from 5P and 6P A. cristatum
chromosomes, respectively, included in the addition lines. These COS markers, which
have been previously transferred and determined their arm locations on A. cristatum
chromosomes [9,37], were selected for being polymorphic between A. cristatum and wheat
CS. In detail, each COS marker was specific for each short or long 5P and 6P chromosome
arm. Primer sequences for these markers and annealing temperature (Ta) were previously
given [9,37]. PCR was performed with 40 ng of template DNA in a 25 μL volume reaction
mixture containing 5 μL of 1× PCR buffer 0.5 pM of each primer, 1.5 mM MgCl2, 0.3 mM
dNTPs, and 0.625U of Taq DNA polymerase (Promega, Madison, WI, USA). PCR conditions
for the COS markers were as follows: 4 min at 94 ◦C, followed by 35 cycles of 45 s at 94 ◦C,
50 s at 58 ◦C, and 50 s at 72 ◦C. The PCR products were analysed in polyacrylamide gels
(10% w/v, C: 2.67%) stained with ethidium bromide.

A PCR assay described by Wang et al. [57] was used to verify the presence of Ph1.
Each 30 μL PCR contained 20 ng template DNA, 1× PCR buffer with MgCl2, 0.25 mM
dNTP, 0.17 μM primers, and 0.02U/μL of Taq DNA polymerase (Promega, Madison, WI,
USA). The reaction was first denatured (94 ◦C/5min), and then subjected to 35 cycles of
94 ◦C/60 s, 51 ◦C/60 s, and 72 ◦C/60 s, followed by a final extension (72 ◦C/7min). The
PCR products were electrophoretically separated in a 1% agarose gel and visualized by
EtBr staining.

4.3. Somatic Cells Analyses

Chromosome spreads were prepared from root tip cells. Seeds were germinated on
wet filter paper in the dark for 3 days at 4 ◦C, followed by a period of 24 h at 25 ◦C. Root
tips from germinating seeds were excised and pretreated in ice water for 24 h and then
fixed in a freshly prepared ethanol–acetic acid (3:1 v/v) and stored at 4 ◦C for at least
1 month. The plants were grown under a greenhouse held at 26 ◦C during the day and
18 ◦C during the night at a 16 h photoperiod.

The in situ hybridization protocol followed that described by Cabrera et al. [58]. The
probe pAs1 isolated from Aegilops tauschii Coss. [59] was used to determine the D genome
of wheat. Genomic DNA from A. cristatum was used as a probe to identify P genome chro-
mosomes. The pAs1 probe was labelled with biotin-16-dUTP (corporate Roche). Total DNA
of A. cristatum was labelled with biotin-16-dUTP (Boehringer Mannheim Biochemicals,
Germany) or digoxigenin-11-dUTP (Roche Applied Science, Indianapolis, IN, USA) using
nick translation. Chromosome preparations were hybridized with an A. cristatum genomic
DNA probe or simultaneously with both pAs1 and A. cristatum genomic DNA probes. The
final concentration of each probe was 5 ng/μL in the hybridization mix (50% formamide,
2 × SCC, 5 ng of each digoxigenin and biotin-labelled probes, 10% dextran sulfate, 0.14 μg
of yeast tRNA, 0.1 μg of sonicated salmon sperm DNA, and 5 ng of glycogen. Posthybridiza-
tion washes were conducted twice at 2 × SSC (5 min each) at 37 ◦C plus one extra wash in
1 × SSC at room temperature (RT). Biotin- and digoxigenin-labelled probes were detected
with streptavidin-Cy3 conjugates (Sigma, St. Louis, MO, USA) and antidigoxigenin FITC
antibodies (Roche Diagnostics, Meylan, France), respectively. The chromosomes were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted in Vectashield
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(Vector Laboratories, Burlingame, CA, USA). Hybridization signals were visualized using
a Leica DMRB epifluorescence microscope and the images were captured with a Leica DFC
7000T camera equipped with an exposimeter spot Leica Wild MPS 52 and were processed
with LEICA application suite v4.0 software (Leica, Wetzlar, Germany).

4.4. Meiotic Cells Analyses

GISH analysis allowed the visualization of the A. cristatum chromosome and their
associations during meiosis in the wheat background in the presence and in the absence
of the Ph1 locus, as described previously [60]. Mature plants were used to collect spikes
in meiosis, which were preserved in 100% ethanol–acetic acid 3:1 (v/v) until they were
used to characterize chromosome associations. Chromosome spreads were prepared from
pollen mother cells (PMCs) at meiosis. Anthers were macerated in a drop of 45% glacial
acetic acid on ethanol-cleaned slides, squashed under a cover slip, and dipped in liquid
nitrogen in order to fix the plant material on the slide. The cover slip was removed
and the slides were air-dried and stored at 4 ◦C until used. Total genomic DNA from
A. cristatum was labelled by nick translation with biotin-11-dUTP to be used as a probe
for in situ hybridization experiments in PMCs. The conserved telomeric sequence from
A. thaliana (AAATCCC) [61] was also labelled by nick translation with digoxigenin-11-
dUTP to allow the visualization of the telomeres from wheat and A. cristatum chromosomes.
Similar to somatic cells analysis, the final concentration of each probe was 5 ng/μL in the
hybridization mix (50% formamide, 2 × SCC, 5 ng of each digoxigenin and biotin-labelled
probes, 10% dextran sulfate, 0.14 μg of yeast tRNA, 0.1 μg of sonicated salmon sperm DNA,
and 5 ng of glycogen). Posthybridization washes were equivalent to the ones performed for
somatic cells analysis. Biotin-labelled and digoxigenin-labelled probes were detected with
a streptavidin-Cy3 conjugate and antidigoxigenin-FITC, respectively. Chromosomes were
counterstained with DAPI (4′,6-diamidino-2-phenylindole) and mounted in Vectashield
(Vector Laboratories, Burlingame, CA, USA). Hybridization results were imagined using
a Nikon Eclipse 80i epifluorescence microscope. Images were taken with a Nikon CCD
camera using the Nikon 3.0 software (Nikon Instruments Europe BV, Amstelveen, The
Netherlands) and processed with Photoshop 11.0.2 software for adjustment of brightness
and contrast (Adobe Systems Inc., San Jose, CA, USA).

5. Conclusions

The development of A. cristatum 5P and 6P chromosomes in wheat in the Ph1 mu-
tant background revealed that chromosome associations between A. cristatum and wheat
chromosomes are not performed during meiosis, even in the absence of the Ph1 locus,
although the A. cristatum genome might have a putative effect on homologous chromosome
associations in wheat itself.
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Abstract: The main problems of crop gene banks comprise heterogeneity of accessions, resulting from
mechanical admixtures or out-crossing during their multiplication, and especially the mislabeling
of accessions. These discrepancies can adversely affect the results of many expensive research
and breeding projects that are based on the use of gene bank resources. To tackle these problems,
860 single-plant progenies (SPPs) of 172 accessions of the Czech winter barley core collection were
grown and tested with a set of 53 isolates representing the global virulence/avirulence diversity of
powdery mildew. Seventy-one resistance phenotypes encompassed the diversity of known specific
resistances and their combinations. Based on testing groups of five SPPs, 94 accessions had one
phenotype found in all five SPPs (homogeneous accessions), whereas in 78 accessions (45.3%) more
than one phenotype was identified (heterogeneous accessions). In three varieties, specific resistances
against the whole set of isolates were detected, but due to high adaptability of the pathogen, they are
not recommended for breeding resistant cultivars. Selected SPPs were integrated in the gene bank
and are now a reliable source of genotypically pure seed with defined powdery mildew resistance
genes that can be used by breeders and researchers. The results obtained can be used to verify
authenticity of accession genotype and pedigree, particularly for older varieties for which no other
original criteria are available.

Keywords: Blumeria graminis f. sp. hordei; gene bank; Hordeum vulgare; isolates of the pathogen;
infection response arrays; resistance gene postulation; winter barley core collection

1. Introduction

Barley (Hordeum vulgare L.) is an important cereal crop used mainly as human food,
feed for domestic animals and for malt products. Powdery mildew, caused by the fungus
Blumeria graminis (D.C.) Golovin ex Speer, f. sp. hordei Em. Marchal (Bgh), is a world-
wide disease that can cause frequent epidemics on barley particularly in Central [1] and
Northwest Europe [2,3]. To reduce the disease and its effect on yield and quality, genetic
resistance is an efficient and environmentally acceptable way [4,5] and has played an
essential part in disease management for about seven decades [6].

Breeding barley resistant to powdery mildew began in Europe in the interwar pe-
riod [7]. The first resistance genes used in commercial varieties included Mlg in spring and
Mlh and Mlra in winter cultivars. The first cultivar with a gene located at the Mla locus was
Vogelsanger Gold (Mla6) derived from wild barley (Hordeum vulgare subsp. spontaneum)
and many subsequent cultivars were bred with other new resistances, mainly alleles of Mla
locus [6,8]. Later, it was found that even European landraces carry some specific resistance
genes completely ineffective in the field [9].

Bgh is a highly adaptable pathogen, and its Central European population is extremely
diverse because it reflects a great diversity of resistances used in breeding programmes [10].
More than 70 resistance genes [9] have been described and most of them are present in
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cultivars either singly or in various combinations, whereas cultivars without a resistance
gene make up only a small proportion.

Recently different resistance genes at Mla locus and mlo gene were molecularly iso-
lated [11]. Isolates selected from the global population of the pathogen can reveal the
detailed genotypic diversity of the host and this knowledge was used to characterize
cultivars including verification of their homogeneity and authenticity of their genotype
and pedigree [12,13]. This is particularly needed for older accessions for which there is
little to no genomic information available, like molecular marker profiles generated on
the original seed stocks. Hence, molecular technology alone cannot be used for confirm-
ing their identity without additional testing. If new methods are used for characterizing
accessions of old varieties without confirmation their seed authenticity and purity, it can
lead to a series of wrong results, loss of the original cultivar identity and decreased genetic
diversity in gene banks.

This contribution describes the identification of the powdery mildew resistance genes
in single-plant progenies (SPPs) of accessions of the core collection (CC) of the Czech
winter barley gene bank. Results from a similar project have already been reported [8],
but more than 85% of the accessions showed heterogeneity in their resistance and iden-
tification of resistances was limited. Therefore, the aims of this study were i) to grow a
technically-manageable group of homogeneous samples (lines) in order to record the most
frequent genotypes present in each accession; ii) to identify resistance genes in each of
them, and iii) to evaluate their authenticity. Together, this aims at providing breeders and
researchers with a large set of single-line barley germplasm with well-defined powdery
mildew resistance genes.

2. Results

All 860 SPPs derived from 172 gene bank accessions of winter barley were character-
ized by homogeneous infection response arrays (IRAs) confirming the genotypic uniformity
of these single-line samples. From the tests 71 IRAs were recorded that represented the
phenotypes of specific resistance genes and their combinations (Table 1). Based on testing
groups of five SPPs, 94 accessions had one identical phenotype found in all SPPs (homoge-
neous accessions) whereas, 78 accessions (45.3%) were heterogeneous in which two, three,
four and five genotypes were found in 46, 19, 10 and 3 accessions, respectively. Based
on the name of each accession that was tested and IRAs, 298 variants were found. The
resistance genes of all 860 SPPs are presented in Table S1.

Table 1. Infection response arrays produced by 11 Blumeria graminis f. sp. hordei isolates on 71 barley genotypes and their
powdery mildew resistance genes.

Ml Gene(s) Race I J-462 EA30 PF512 C-132 3-33 65 GH 54 Z-6 E-6

none 4 1 4 4 4 4 4 4 4 4 4 4
a3 0 4 0 0 4 0 0 0 0 4 0
a6 0 4 2 4 4 0 0 0 0 4 0

a6, aLo 0 0 2 4 4 0 0 0 0 4 0
a6, Dt6, g, h 0 4 0 4 1–2 0 0 0 0 2 0

a6, h 0 4 2 4 1–2 0 0 0 0 4 0
a6, h, Lu, ra, Ru2 0 4 0–1 2–3 1–2 0 0 0 0 1–2 0

a6, h, ra 0 4 0–1 4 1–2 0 0 0 0 4 0
a6, IM9 0 0 0 4 0 0 0 0 0 0 0
a6, ra 0 4 0–1 4 4 0 0 0 0 4 0

a7 0 0 1–2 4 4 0 0 1–2 1–2 4 4
a7, h 0 0 1–2 4 1–2 0 0 1–2 1–2 4 4
a8 0 4 4 4 4 4 4 4 4 4 4

a8, Dr2 0 4 4 4 4 4 4 2–3 4 4 4
a8, Dr2, ra 0 4 0–1 4 4 4 0–1 2–3 4 4 4

a8, Dr2, ra, VIR 0 4 0–1 1 4 4 0–1 2–3 4 4 4
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Table 1. Cont.

Ml Gene(s) Race I J-462 EA30 PF512 C-132 3-33 65 GH 54 Z-6 E-6

a8, h 0 4 4 4 1–2 1–2 4 1–2 1–2 4 4
a8, h, Ln, ra 0 4 0–1 0–1 1–2 1–2 0–1 1–2 1–2 0–1 0–1

a8, h, Lu, Ru2 0 4 4 2–3 1–2 1–2 1–2 1–2 1–2 1–2 4
a8, h, ra 0 4 0–1 4 1–2 1–2 0–1 1–2 1–2 4 4

a8, h, ra, Ru2 0 4 0–1 2–3 1–2 1–2 0–1 1–2 1–2 2–3 4
a8, He2 0 4 4 4 4 4 4 4 2–3 4 4

a8, Lu, ra 0 4 0–1 4 4 4 0–1 1–2 4 1–2 4
a8, ra 0 4 0–1 4 4 4 0–1 4 4 4 4

a8, Ru2 0 4 4 2–3 4 4 2–3 2–3 2–3 2–3 4
a8, VIR 0 4 4 1 4 4 4 4 4 4 4

a12 1 4 4 4 4 1 1 1 1 4 4
a12, aLo, g, Lu 0 0 0 4 4 0 0 1 1 1–2 4

a12, g 0 4 0 4 4 0 0 1 1 4 4
a13 0 0 0 0 4 0 0 0 0 0 4
aLo 0 0 4 4 4 4 4 4 4 4 4

aLo, Dr2 0 0 4 4 4 4 4 2 4 4 4
aLo, Dr2, ra 0 0 0–1 4 4 4 0–1 2 4 4 4

aLo, g 0 0 0 4 4 0 0 4 4 4 4
aLo, h 0 0 4 4 1–2 1–2 4 1–2 1–2 4 4

aLo, h, Lu, ra 0 0 0–1 4 1–2 1–2 0–1 1–2 1–2 1–2 4
aLo, h, Lu, ra, Ru2 0 0 0–1 2–3 1–2 1–2 0–1 1–2 1–2 1–2 4

aLo, h, ra 0 0 0–1 4 1–2 1–2 0–1 1–2 1–2 4 4
aLo, Lu 0 0 4 4 4 4 1–2 1–2 4 1–2 4

aLo, Lu, ra 0 0 0–1 4 4 4 0–1 1–2 4 1–2 4
aLo, Lu, ra, Ru2 0 0 0–1 2–3 4 4 0–1 1–2 2–3 1–2 4

aLo, Lu, Ru2 0 0 4 2–3 4 4 1–2 1–2 2–3 1–2 4
aLo, ra 0 0 0–1 4 4 4 0–1 4 4 4 4

aLo, ra, Ru2 0 0 0–1 2–3 4 4 0–1 4 2–3 2–3 4
aLo, Ru2 0 0 4 2–3 4 4 2–3 2–3 2–3 2–3 4
aLo, VIR 0 0 4 1 4 4 4 4 4 4 4

at, h 2 4 2 2 1–2 2 2 1–2 1–2 1–2 2
Ch 2 4 4 4 4 4 4 4 4 4 4

Ch, Dr2 2 4 4 4 4 4 4 2 4 4 4
Ch, Dr2, Lu, Ru2 2 4 4 2–3 4 4 1–2 2 2–3 1–2 4

Ch, Dr2, ra 2 4 0–1 4 4 4 0–1 2 4 4 4
Ch, Dr2, ra, VIR 2 4 0–1 1 4 4 0–1 2 4 4 4

Ch, h, ra 2 4 0–1 4 1–2 1–2 0–1 1–2 1–2 4 4
Ch, Lu, ra 2 4 0–1 4 4 4 0–1 1–2 4 1–2 4

Ch, ra 2 4 0–1 4 4 4 0–1 4 4 4 4
Ch, ra, VIR 2 4 0–1 1 4 4 0–1 4 4 4 4

Ch, Ru2 2 4 4 2–3 4 4 2–3 2–3 2–3 2–3 4
Dr2, ra 4 4 0–1 4 4 4 0–1 2 4 4 4

Dr2, ra, VIR 4 4 0–1 1 4 4 0–1 2 4 4 4
g 0 4 0 4 4 0 0 4 4 4 4

g, Ln 0 4 0 0–1 4 0 0 4 0–1 0–1 0–1
h 4 4 4 4 1–2 1–2 4 1–2 1–2 4 4

h, Lu, ra 4 4 0–1 4 1–2 1–2 0–1 1–2 1–2 1–2 4
h, ra 4 4 0–1 4 1–2 1–2 0–1 1–2 1–2 4 4

IM9, St 0 0 0 0 0 0 0 0 0 0 4
La, ra 4 4 0–1 4 4 2–3 0–1 2–3 4 4 4

Lu, Ru2 4 4 4 2–3 4 4 1–2 1–2 2–3 1–2 4
ra 4 4 0–1 4 4 4 0–1 4 4 4 4

Ru2 4 4 4 2–3 4 4 2–3 2–3 2–3 2–3 4
VIR 4 4 4 1 3 4 4 3 3 4 4
Wo (2) 2 (3) (3) (3) (3) (3) (3) (3) (3) (3) (3)

1 Phenotypes (infection responses) of host-pathogen interactions evaluated according to Torp et al. [14], where 0 = resistant and
4 = susceptible. 2 Parentheses indicate smaller number of colonies.
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Twenty-three known Ml resistance genes were identified in 761 SPPs (Table 2), the
most frequent being aLo, ra, a8, h and Ch in 237, 220, 154, 139 and 112 SPPs, respectively.
Some genes, especially a8, Ch, Dr2 and ra, may also be present in other varieties because
their phenotype is masked by commonly occurring resistance genes such as g, a6, a7, a12
or a13. Conversely, the least frequent were He2 found in two SPPs, Ln in six SPPs of two
accessions, a3 in seven SPPs of three accessions, and at, Dt6, St, and Wo each present in all
five SPPs of Local (Merkez-Kaza), Duet, Traminer and Wong, respectively.

Table 2. Number of specific resistance genes found in 860 single-plant progenies derived from 172
winter barley gene bank accessions.

Ml Genes Number Ml Genes Number

a3 7 IM9 10
a6 72 La 9
a7 25 Ln 6
a8 154 Lu 92

a12 14 ra 220
a13 21 Ru2 73
aLo 237 St 5
at 5 VIR 23
Ch 112 Wo 5
Dr2 89 Sum 1363
Dt6 5

g 38 Effective (e) 20
h 139 Unknown (u) 28

He2 2 none 51

In total, 1363 known genes were recorded in 761 SPPs with identified resistances
equivalent to an average of 1.79 specific genes per SPP. In 525 of them (69.0%) genes were
located at the Mla locus. IRAs of 28 SPPs did not correspond with the IRAs of the reported
resistances and were, therefore, designated as unknown (u), 20 SPPs relating mostly to
Bonita, Marconee and Mc Nair 601 were resistant to all isolates (e) and conversely in 51 SPPs
no resistance gene was found when in 10 varieties (Bankuti 14, Bordia, Dagestanskij-
Samuricum 293, Krakovski, Krasnodarskij 2929, Krusevacki, Nakaizumi Zairai, Opolski
152, Stupicky dvourady and Zalarinec) susceptible SPPs with no detected resistance gene
(designated ‘none’ in Table S1) predominated.

3. Discussion

The resistance of 19 of the 172 accessions is presented in the catalogue of European
varieties [6], but only two of which (Frolic and Perga) had identical resistance to those
reported here and only Mla7 was found in Marinka whereas Mla7 and Mlg are listed in the
catalogue for this cultivar.

In nine accessions (Breustedts Atlas, Breustedts Schladener I, Carsten Zweizeilige,
Dana, Eckendorfer Glatta, Engelens Dea, Fimbull II, Hauters Wintergerste and Strengs
Dura), there were more resistance genes in addition to those published and reflects the
high resolution of the large set of carefully selected isolates used herein. An example of the
refinement of earlier results is MlaLo, the most frequent gene found here, including the first
five out of nine accessions mentioned above. This gene was not known until recently. For-
merly [14,15], RT0 was found in some varieties after testing with the Japanese isolate Race
I [16], which is typical for Mla8 often present in spring varieties [17]. The same response
was subsequently detected and is typical for the newly-discovered gene MlaLo [18], which
is allelic to Mla8 [19] and, in contrast to Mla8, is characteristic of winter barley.

In the previous paper [8], approximately 50 plants grown from seeds of an accession
stored in the gene bank were used for resistance tests and heterogeneity was found in 147
out of 172 accessions of the core collection. In this paper, only five SPPs were tested from
each accession, among which different genotypes in 78 accessions (45.3%) were found. In 77
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of them, heterogeneity had also been uncovered previously, while in Alterna, heterogeneity
was revealed for the first time and was caused by the presence of two genotypes with
similar IRAs conditioned by the genes Mla8 and Ml(Ch).

The number of heterogeneous accessions in the collection is high, but not all hetero-
geneity could be detected for several reasons [8], including testing only a limited number of
SPPs. Heterogeneity of gene bank accessions can have several causes relating to breeding
methods or collecting landraces, out-crossing and mechanical admixtures. Cv. Will is an
example of heterogeneity resulting from a breeding method without selecting for mildew
resistance in which two genotypes (Mla7 and Mla7, Mlh) were recorded. Mla7, which was
present in all five SPPs confirms that they originated from an identical crossing programme
and that the presence or absence of Mlh has resulted in the existence of a second line. A
similar and previously mentioned case could be Marinka which possesses Mla7 and Mlg
according to the catalogue [6], whereas, a line possessing only Mla7 was identified herein
once again [8].

The best example of the absence of resistance gene selection in a population derived
from an identical origin is Ragusa 34 ¬-40. Among five SPPs, five genotypes contained
five Ml genes in different combinations (a8; a8, h; a8, h, ra; Ch, h, ra and Ch, Dr2, ra). Since
such a number of genes can result in more different genotypes, many SPPs of this accession
should be tested to uncover all existing combinations. Conversely Ventitre is an example
of an accession that is composed of genotypes that could not have an identical source. In
two SPPs there was a genotype with three Ml genes (aLo, ra, Ru2), whereas, in three other
lines only one different gene (Mla8) was found. These two genotypes have no resistances
in common and the accession is a mixture of different varieties.

Beside detection of heterogeneity the results enable to uncover mislabelled accessions.
In seven accessions as well as in two other varieties published elsewhere, the resistance
genes differed from those listed in the catalogue (Table 3). For example, although Ml(Bw)
has been recorded in Angela [20], in our tests Angela has three different Ml genes (h, (Lu)
and ra) and clearly demonstrates the difference between “our“ accession and that used
previously. In the catalogue, Borwina has Mla6 although at the time of its registration in
the Czech Republic (1983) this variety had a resistance phenotype that differed from all
other winter varieties. Therefore, it was considered a new gene and designated according
to this variety Ml(Bw) [21]. This resistance was soon discovered in other Central European
winter varieties [22], and subsequently in many Chinese barleys [23]. Later it was found
to be identical to the Ml(Ru2) present in one (P15) of the near-isogenic lines of the spring
variety Pallas [24,25]. Ml(Ru2) has so far only been found in winter varieties (except P15)
and in our study in 73 SPPs. Thus, in addition to the Ml genes aLo, ra and h, Ml(Ru2) can be
included among the typical resistances of winter barley. Two genotypes were found in the
group of Borwina SPPs, both carry Ml(Ru2), but differ in having five other resistance genes.

Old varieties are predominant in CCs and have undergone several propagation cycles,
each of which might result in possible errors. Mislabeling and contamination of accessions
could occur mainly at the time when the rules for working in the nascent gene banks were
not sufficiently specified and technical equipment was not able to maintain seed with a
high degree of purity. Therefore, the differences found in the resistance of nine of the
varieties (Table 3) can be explained by the probable mislabeling of the accessions. However,
an identical commercial name used for different varieties cannot be ruled out as with
two spring varieties Opal [6,22], Freya in which the spring type has Mlg [26] and winter
type has Mla6 (this contribution) and Zenit in which both spring and winter types have
Mla13 [8,22].

In this report three varieties with resistance genes effective against all the pathogen
isolates used were found. In other tests many varieties with a similar type of resistance to
different sets of pathogen isolates have been identified. This indicates a lack or less intensive
directional selection of the pathogen due to the absence or low proportion of barley varieties
with appropriate resistances rather than the effectiveness and especially the durability of
these resistances. Many of varieties with reported effective resistances, including Bonita
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studied here, were used in a set of 95 differential varieties in the current (2021) population
study, and although only 72 isolates were obtained, new and rare virulences to several
these resistances were detected [27].

Table 3. Powdery mildew resistance genes found in identically designated winter barley accessions
(discrepancies probably resulted from mislabeling of varieties).

Accession Ml Resistance Gene(s)

Present Study Previous Studies

Angela h, Lu, ra Bw (=Ru2), ra 1

Borwina a8, h, ra, Ru2 a6 2

Borwina aLo, Lu, Ru2
Capri aLo, Lu, Ru2 g2

Erfa aLo, Lu h, u2

Jutta a8 a12, g2

Leon aLo, Dr2, ra none2

Leon a8
Leon none
Nelly a13 a7, Ab1

Pamina aLo, Lu a9, g2

Pamina a6, ra
Vogelsanger Gold a8 a6, h, ra2

1 Anonymous [20]. 2 Brown and Jørgensen [6].

The rapid adaptation of the pathogen excludes the successful use of specific resistance
genes even though they appear to be fully effective, because specific resistance genes are
quickly overcome and for this reason their use in breeding barley for resistance against
powdery mildew is no longer recommended [9,28]. In winter barley, it is advisable to focus
on the accumulation of minor genes that are predominantly non-specific [29–31]. An alter-
native strategy could be to use the resistance of Hordeum bulbosum, the only representative
of the secondary genepool of cultivated barley [32], although the resistance of the three so
far derived genes [33–35] to pathogen adaptation has not been sufficiently tested.

4. Materials and Methods

The following parts, especially 4.2. and 4.3. are similar to those previously de-
scribed [8].

4.1. Plant Material and Pathogen Isolates

A set of individually sown plants from each of 172 accessions of the CC of the Czech
gene bank of winter barley originating from 35 countries were grown in rows in the field and
five single-plants of each accession were harvested and investigated. For resistance tests,
53 selected reference isolates of Bgh were used, which had been collected in 11 countries
in all nonpolar continents over a period of 63 years (1953–2016) and represents the global
virulence/avirulence diversity of the pathogen [36].

4.2. Testing Procedure

About 20 seeds of an ear of each SPP was sown in a pot (80 mm diameter) and grown
in a mildew-proof greenhouse under natural daylight. The primary leaves were excised
when the second leaves were emerging, and segments 20 mm long were cut from the
middle part of healthy fully-expanded leaves. One leaf segment of each SPP was placed on
the surface of water agar in a 150 mm Petri dish and each dish was separately inoculated
with the pathogen isolates in a concentration of ca. 10 conidia mm−2.

4.3. Evaluation

Seven days after inoculation, infection responses (IR = phenotype of SPP × isolate
interaction) on the middle part of the adaxial side of leaf segments were scored on a scale
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0–4, where 0 = no mycelium and sporulation, and 4 = strong mycelial growth and sporula-
tion (Figure 1) [14]; IRs 3, 3–4 and 4 were considered susceptible. Each SPP was tested with
a minimum of one replication but most SPPs were included in two or more replications. A
set of 53 IRs provided an IRA for each SPP. Based on the gene-for-gene model [37] the resis-
tance genes in SPPs were postulated by comparing the IRAs with previously determined
IRAs of standard barley genotypes possessing known resistance genes.

 

Figure 1. Infection responses (IRs) produced by a Blumeria graminis f. sp. hordei isolate on 30 barley
genotypes each represented with a triplet of leaf segments seven days after inoculation; three IRs are
shown here, IR 0—full resistance (green leaf segments), IR 4—full susceptibility (leaf segments with
colonies of white conidia of the pathogen) and IR 2—moderate resistance (colonies of grey mycelium
surrounded with chlorotic/necrotic spots) on a triplet in the middle of the last long row. This figure
is a demonstration picture from other tests.

5. Conclusions

• The main problems of gene banks include mislabeling of accessions, heterogeneity
resulting from mechanical admixtures or out-crossing during their multiplication
and low germination. All these problems can adversely affect the results of research
and breeding projects that are based on the use of gene bank resources. Therefore,
the highest priority of plant gene banks curators must be to provide breeders and
researchers with authentic seed of original genotypes.

• From all 172 accessions of the given CC, 860 homogeneous lines (SPPs) were created
and their genetic basis of resistance to powdery mildew was studied.

• More than one genotype was identified among SPPs of 78 accessions (=45.3% hetero-
geneous accessions).

• Only 21 accessions (12.2%) were found to have data previously published on their
resistance and the resistance genes identified here often differed.

• Selected lines (SPPs) of the CC accessions were multiplied in the field and stored in
the gene bank, and are freely available for the use of breeders and researchers [38].

• Seeds of many accessions were requested from other gene banks and from each of them
SPPs were also grown. These are studied in a similar way to assess their homogeneity
and authenticity. Accessions whose authenticity is questionable will be replaced with
genuine ones.

• Rules for replacing accessions with questionable identity and using genotypes derived
from heterogeneous accessions require an international agreement.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10101988/s1, Table S1. Eight hundred and sixty single-plant progenies of 172 winter
barley gene bank accessions, their country of origin and postulated Ml resistance genes against
powdery mildew.

Author Contributions: Z.N. provided barley resources (SPPs) and unpublished supporting informa-
tion about them and corrected details of the contribution. A.D. did all other scientifically important
activities including the original idea, methodology, experimental planning, scoring and evaluation of
resistance tests and writing of the draft. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Agriculture of the Czech Republic, institutional
support nos. MZE-RO1118 (AD) and MZE-RO0418 (ZN).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are involved in the article and supplementary Table S1.

Acknowledgments: Great effort during reproduction of all needed SPPs of the given accessions
precisely completed by stuff of the gene bank and the excellent technical assistance of Dagmar
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Abstract: Tef (Eragrostis tef (Zucc.) Trotter) is a staple food crop for 70% of the Ethiopian population
and is currently cultivated in several countries for grain and forage production. It is one of the most
nutritious grains, and is also more resilient to marginal soil and climate conditions than major
cereals such as maize, wheat and rice. However, tef is an extremely low-yielding crop, mainly due
to lodging, which is when stalks fall on the ground irreversibly, and prolonged drought during
the growing season. Climate change is triggering several biotic and abiotic stresses which are
expected to cause severe food shortages in the foreseeable future. This has necessitated an alternative
and robust approach in order to improve resilience to diverse types of stresses and increase crop
yields. Traditional breeding has been extensively implemented to develop crop varieties with traits
of interest, although the technique has several limitations. Currently, genome editing technologies
are receiving increased interest among plant biologists as a means of improving key agronomic traits.
In this review, the potential application of clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (CRISPR-Cas) technology in improving stress resilience
in tef is discussed. Several putative abiotic stress-resilient genes of the related monocot plant species
have been discussed and proposed as target genes for editing in tef through the CRISPR-Cas system.
This is expected to improve stress resilience and boost productivity, thereby ensuring food and
nutrition security in the region where it is needed the most.

Keywords: CRSIPR-Cas; drought tolerance; Eragrostis tef ; genome editing; stress resilience

1. Introduction

The world population is increasing at an alarming rate, demanding an increase in food
production. The Green Revolution of the 1960s has led to a substantial increase in major
cereal production, but that is unlikely to meet the urgent demand for higher food produc-
tion [1] under the current climate scenario. To meet world food demands, the production
of major crops alone is insufficient, as they are less suited to extreme climate and low-
input conditions [2]. There is an increasing interest in underutilized crops such as tef
(Eragrostis tef (Zucc.) Trotter); millets, including proso millet (Panicum miliaceum Mill.) and
finger millet (Eleusine coracana Gaertn.); and quinoa (Chenopodium quinoa Willd.), which
are more versatile due to their resilience to marginal growing conditions, and outstanding
nutritional values. Despite its valuable traits, the grain yield of tef is very low. In 2018,
the average yield of tef in Ethiopia was only 1.7 ton ha−1 as compared to maize (4 ton ha−1)
and wheat (2.7 ton ha−1) [3]. Tef is a cereal crop originating in the Horn of Africa, which is
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widely cultivated in Ethiopia and Eritrea. In Ethiopia, tef is a staple food for about 70% of
the population. The crop is annually cultivated on 2.9 million hectares of land, producing
about 4.5 million tons of grain [4]. Tef is tolerant to marginal soil and unfavorable climate
conditions, which makes it a potential crop for arid and semiarid areas as well as poorly
drained soils [5]. Tef is also one of the most nutrient-dense crops, containing high amounts
of macro- and micro-nutrients (primarily calcium and iron), amino acids and vitamins [6].
Tef cultivation in Ethiopia and around the globe has increased in recent years due to its
many health-related benefits. Since the absence of gluten epitopes has been confirmed
in tef by antibody assays [7], it has been recommended as an alternative diet for people
suffering from celiac disease, the immune reaction to consuming gluten containing foods
such as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.) and rye (Secale cereal L.),
which affects 0.6–1.0 percent of the population globally [8,9]. In addition to the extensive
use of tef grain for human consumption, the straw of tef is more nutritious and palatable
as a livestock feed compared to the straw from cereals such as barley and wheat [10].
Moreover, tef straw is used as construction material because it serves as an organic binder
for mud used for plastering walls for local houses [11]. Various agronomic traits, such
as panicle architecture, tilling, grain size and plant height, have been targets for the im-
provement of tef yield. Grain yield is a highly complex trait which has several components,
including seed weight, form and size of panicles, florets per panicle and number of fertile
tillers [12,13]. Other important traits that determine grain yield include shoot biomass,
panicle weight and the number of tillers in a plant [14]. Furthermore, certain agronomic
traits such as shattering proneness, lodging tolerance, dry matter yield, leaf area, and plant
height directly or indirectly influence grain yield in crops [15,16].

The main factors causing yield loss in tef include susceptibility to lodging, weed
competition, drought, small grain size and soil acidity [5]. Although tef shows several
agronomic and nutritionally desirable traits, it is under tremendous pressure due to harsh
environmental stress conditions [5]. The crop is relatively resistant to diseases and insect
pests as compared to other cereal crops. Among abiotic stressors, tef yield is significantly
reduced by drought and soil acidity. Weed competition has broad about a range of effects
on the yield of tef in Ethiopia [17]. Many direct and indirect strategies of weed control
are employed by farmers [18]. Hand weeding and frequent tillage are the two commonly
used methods of weed control in tef production. Furthermore, weeds can be controlled
by herbicide application with proper management of spray times and frequency. How-
ever, the herbicides must be specific to broad-leaved weeds to avoid damaging tef plants.
Taken together, hand weeding, the use of herbicides and resistant tef varieties are viable
alternatives in order to overcome yield loss due to weeds. With proper weed control
methods, improved tef varieties such as Kora and Quncho have been shown to produce
higher yields [19].

Drought is a major abiotic stress which has significant effects on crop yield in most
African countries. Water scarcity has resulted in a fragile ecosystem in Africa’s arid and
semiarid regions. In sub-Saharan Africa, about 1.1 billion people live in drier environments;
however, this number is expected to double by 2050, and is expected to reach 2.5 billion
people [20]. Drought stress after planting [21] and during the flowering and grain filling
stage has serious effects on crop yields, and up to 60% of yield loss has been reported
in pearl millet at these stages [21,22]. In tef, drought has been reported to cause about 40%
yield loss [23].

The other major cause of low productivity in tef is lodging, which is the displacement
of the stalks from the vertical position due to wind and rain [24]. Lodging occurs frequently
before grain maturity, significantly reducing the grain yield [25]. Tef is primarily susceptible
to stem lodging [26,27]. Panicle length is also associated with lodging tolerance [25]. Semi-
dwarf varieties of tef are lodging-tolerant and produce higher yields than tall varieties [28].
Lodging limits the use of inputs such as N-fertilizers, exacerbating the susceptibility of
the plant to lodging [29].
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To overcome the effects of the constrains mentioned above and to improve the tef
productivity, it is important to develop resistant and high-yield verities. There are several
approaches to increasing crop productivity as well as stress tolerance in crops. Among
these strategies, genome editing techniques have recently received increased attention.
Previous studies have suggested that the productivity of many cereal crops such as
maize [30,31], rice [32–35], wheat [30,36] and other monocots [37,38] have been improved
using the clustered regularly interspaced short palindromic repeats (CRISPR) system.
In rice (Oryza sativa L.), CRISPR-associated proteins (CRISPR-Cas) systems have been used
to improve tolerance to drought [39], cold [40] and salt stress [41,42], ultimately boosting
productivity [39]. In wheat, two efficient and simple CRISPR-Cas methods have been de-
veloped to improve productivity and stress resilience [43–45]. The CRISPR-Cas technology
used in these monocots is expected to be transferred to tef. Therefore, the aim of this review
is to highlight the potential of CRISPR-Cas-mediated gene-editing in trait improvement
in tef.

2. Mechanisms of Tolerance to Lodging and Environmental Constraints in Tef

2.1. Lodging Tolerance

Lodging is the process by which cereal shoots are displaced from an upright position
to a horizontal position [46]. Lodging is considered a complex phenomenon, influenced
by several factors, such as diseases, agronomic practice, crop history, soil type, landscape,
geography, rain and wind [47]. Stem lodging is the bending or breaking of stem internodes
(lower culm internodes), whereas root lodging is the failure of the root to maintain its in-
tegrity in the soil [48]. The application of fertilizers aggravates lodging, and hence the yield
potential of tef. Lodging stress can be reduced by controlling/decreasing plant height.
However, reducing plant height by inhibiting plant growth regulators or introducing
dwarfing genes could lead to crop yield reductions [47]; hence, researchers have suggested
targeting traits other than plant height to reduce yield loss due to lodging. A recent study
by Merchuk-Ovnat, et al. [49] suggested that early lodging is likely caused by a rapid
increase in inflorescence weight [49]. This group also observed variations among the tested
tef population in terms of lodging time and strength, with some populations possessing
the strength to hold the inflorescence in the grain filling season up to a certain point before
they were bent to the ground. Due to its weak stem, tef has high chance of succumbing to
lodging due to rain or wind [50]. Modification of the stem’s chemical composition, such as
its cellulose, lignin, structural carbohydrate and silica composition, is expected to increase
lodging-, disease-, and pest-resistance [51]. Silicon (Si) is a beneficial plant nutrient that has
been shown to increase tolerance to lodging, diseases and pests, as well as to abiotic stresses
such as drought, salinity, heavy metal stresses, and extreme temperature in various crops,
ultimately leading to increased grain yield [52–56]. We recently performed greenhouse
experiments to study whether tef benefits from Si application. Our findings revealed that
Si improves grain and biomass yield, stress resilience, and regulates the expression of
Si-transporter genes in tef [57]. However, conclusive evidence showing the mechanism of
silicon-induced stress resilience is lacking [58].

Although lodging is the main cause of low yield in tef [59], both physiological and
molecular aspects are understudied, and biotechnological, molecular and breeding tech-
niques [47] are not well developed to prevent lodging. A partnership formed by the ‘Tef
Improvement Project’ has recently developed semi-dwarf and lodging-tolerant tef varieties,
which are currently being disseminated in farmer’s fields in Ethiopia [60].

Lodging tolerance has been shown to be improved by modulating the biosynthesis
of plant growth regulators (PGRs). For example, the inhibition of gibberellic acid (GA)
has been shown to reduce plant height [46,61] and decrease lodging susceptibility. Shorter
internodes are associated with reduced plant height [62]. During the Green Revolution of
the 1960s and 1970s, inhibition or alteration of GA in rice and wheat was mainly targeted
for developing semi-dwarf varieties, which ultimately boosted the yield of these crops [63].
In tef, mutation in the α-Tubulin gene is associated with agronomically important traits
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such as semi-dwarfism and lodging tolerance [59]. Blösch, et al. [25] have reported that
panicle angle contributes to lodging tolerance in tef. Jifar, et al. [28] also identified some
lodging tolerance genotypes (RIL-91, RIL-244 and RIL-11).

Genes associated with dwarfism in plants have been widely studied [64–69]. The two
prominent genes of the 1960s Green Revolution were the semi-dwarf (SD1) gene
in rice [66,70,71] and reduced height-1 (RHT-B1b and RHT-D1b) in wheat [72]. SD1 belongs
to the gibberellin biosynthetic pathway, whereas RHT is a GA response regulator and is
a DELLA protein family gene. DELLA proteins are important components of the signal
transduction pathway of GA, encoded by the wild-type allele of RHT-B1b and RHT-D1b [73].
In the Green Revolution wheat varieties, introduction of a stop codon in the N-terminus of
the two reduced height-1 (RHT-B1 and RHT-D1) loci was responsible for the semi-dwarf
and lodging tolerance traits [72]. In rice, the enzyme gibberellin 20-oxidase (GA20) encoded
by the SD1 gene is responsible for the biosynthesis of GA [65,74]. A frame shift mutation
due to a 383-bp deletion in the sd1 allele has been shown to greatly reduce the level of
GA20 oxidase [66]. Mutation of the sd1 and RHT homologs in tef could potentially lead
to lodging tolerance and significantly improve grain yield. Similarly, genetic loci (DW1,
DW2, DW3 and DW4) that control plant height across several environmental conditions
have been identified in sorghum. Recently, scientists have transferred these mutations
into a single sorghum line and managed to release a semi-dwarf commercial variety that
contains mutations in three loci (DW1, DW2 and DW4) [75,76]. This suggests that these
mutations could also be introduced into tef to develop semi-dwarf varieties with improved
stress tolerance and enhanced grain yield.

2.2. Drought Tolerance

Understanding the degree of stress tolerance in crop plants is important in devising
alternative strategies for improving yield and quality. Drought is one of the most important
abiotic stresses affecting plant growth and development. Plants have developed various
mechanisms of drought tolerance [77,78]. The mechanisms that have been reported in tef
include modifications of stomatal conductance, osmotic adjustment, development of a deep
rooting system and maintenance of cell membrane stability [79,80]. Development of
a deep root system and osmotic adjustment are major drought stress tolerance mechanisms
in many crops, including tef [79]. The association of plant height, root depth and thickness
to drought stress tolerance was previously reported in tef [79]. Recently, crosstalk between
plant height and drought tolerance was reported from a study on tef and other small cereals
where semi-dwarf plants were found to be drought-tolerant [81]. Osmotic adjustment is
also known to enable tef leaves to maintain leaf turgor pressure (LTP) [79,82] under extreme
drought conditions by retrieving and absorbing water even from dry soils. Modification of
root growth parameters in response to water scarcity is another strategy used to mitigate
drought stress [83,84]. For example, the increase in root length of cowpea, peanut and
soybean plants when exposed to drought enabled them to absorb deep soil water [84].
Similarly, developing deep-rooted tef plants with an extensive and broad root system is
a desirable trait to withstand drought stress [79].

2.3. Weed Competition and Herbicide Tolerance

Weed competition is another important plant trait in areas of low-input integrated
weed management systems [85]. The competitive ability of crops has been divided into
two broad categories; the first category is the crop’s ability to reduce competitor fitness,
whereas the second is the crop’s ability to resist yield losses and withstand its neighbor’s
competitive impact [86]. Different terms have been used for these aspects in the literature,
such as “tolerance ability” and “suppressive ability” [87,88].

In Ethiopia, smallholder farmers have adopted some cultural methods to mitigate
the impact of weed competition. Hand weeding and frequent tillage are common practices
used to control weeds in tef production [17]. Herbicides are not widely used, mainly due to
economic reasons and shortages of supplies. An alternative strategy in weed management
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is the use of cultivars with competitive ability due to their sustainability [88,89]. However,
information on tef varieties with high weed competitive ability is limited as compared
to other cereals such as oats (Avena sativa L.), barley (Hordeum vulgare L.) and wheat
(Triticum aestivum L.) [86]. Tef varieties can be improved using genetic modification tools
such as the CRISPR system to improve weed tolerance and enhance productivity. Potential
genes for weed resistance and yield improvement can be overexpressed in tef or engineered
through the CRISPR-Cas system to minimize the impact of weed competition.

Herbicide-resistant varieties have been developed in crops such as soybean by tar-
geting key genes in amino acid synthesis or other functions. Among these genes, aceto-
lactate synthase (ALS) is involved in the synthesis of branched-chain amino acids such as
isoleucine, leucine and valine [90]. ALS is the target site for five non-competitive inhibitor
families—sulfonylaminocarbonyltriazolinones, pyrimidinylthiobenzoates, triazolopyrim-
idines, imidazolinones and sulfonylureas [91]. Plants engineered in the ALS gene are
resistant to non-selective herbicides, whereas all non-engineered plants, including weeds,
are sensitive to the non-selective herbicides. A similar principle was implemented to
develop glyphosate-resistant plants in which the EPSPS (5-enolpyruvylshikimate-3-phosphate
synthase) gene was targeted. The EPSPS gene is involved in the shikimate cycle [92]. Overex-
pression or knockout of the above-mentioned genes might contribute towards developing
tef plants with resistance to non-selective herbicides.

2.4. Panicle Architecture

Panicle architecture and grain size are important yield traits in cereal crops such as
rice, wheat and barley [93–95]. There is a direct relationship between agronomic traits
such as panicle number, number of spikelets in panicle, spikelet filling percentage, grain
size and number and crop yield [96]. For example, in rice, higher grain yield in a hybrid
variety is associated with the number of spikelets in a panicle [96,97]. In some crops, genes
that control panicle number and grain size have been identified and modified to increase
yield [98–100]. For example, OsSPL14 (squamosa promoter binding protein-like 14) gene
and microRNA “OsmiR397” promoted panicle branching and increased grain size in rice,
which ultimately lead to high grain yield [99,101]. In tef, homologs of these genes remain
to be identified and characterized to determine their role in increasing grain size and to
improve yield.

3. Status of Tef Improvement

3.1. Traditional Breeding: Past and Current Status of Tef Improvement

Scientific research on tef started in Ethiopia in 1950s [102]. Early breeding work fo-
cused on germplasm enhancement through collection, characterization, evaluation and
conservation, as well as genetic improvement in which pure lines were selected from
already existing germplasm [11,103] (Figure 1). Since flower opening characteristics were
revealed in tef in 1974, [104], hybridization was used as a means of tef improvement.
Molecular approaches in tef including marker development, genetic linkage maps, genetic
and molecular diversity analysis were initiated during 1995–1998 [11]. Further progress
was made during 1998–2003, including the initiation of interspecific hybridization, in vitro
culture and mutagenesis in order to improve disease and lodging resistance. Over the last
two decades, there has been progress in the area of tef genetic architecture and genomics re-
search [105,106] (Figure 1). From a total of 42 improved tef varieties released by the National
Research Program in Ethiopia, 18 were developed using the hybridization technique [107].
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Figure 1. Improvement of tef varieties over the last 50 years. The improvement of tef started back
in 1970s with tissue culture techniques, followed by hybridization, the study of molecular diversity,
molecular marker analysis, the development of resistant varieties by interspecific hybridization
and mutation and the recently emerged clustered regularly interspaced short palindromic repeats
(CRISPR)-associated proteins (CRISPR-Cas) genome editing technique. Note: (The pictures used
in this figure were either taken in the author’s labs or drawn using ChemBioDraw software).

3.2. Molecular Marker Development

The application of molecular markers in tef improvement was initiated during 1995–
1998 [11]. Molecular markers near target genes are utilized for marker-assisted selection
(MAS) or marker-assisted breeding (MAB) [108]. They enable the effective use of alleles
during the selection of phenotypes. The most commonly used markers are microsatel-
lites (simple sequence repeats; SSRs), amplified fragment length polymorphism (AFLPs)
and single nucleotide polymorphisms (SNPs) [108]. During the selection of molecular
markers, some important factors are considered, such as the quality and quantity of re-
quired DNA, procedures for marker assays, the level of polymorphism and the cost of
the marker [109]. In tef, the SSRs and expressed sequence tag (EST), restriction fragment
length polymorphisms (RFLPs) and random amplified polymorphic DNA (RAPD) have
been developed [110,111]. Through SSR analysis, Abraha, et al. [112] identified and im-
proved some important traits in tef, including grain yield, days to maturity, panicle length
and plant height. Similarly, variability in tef accessions was identified using AFLP markers,
which can be used in seed multiplication and breeding programs [113]. Application of
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these markers could play a great role in environmental stress tolerance in tef for improved
productivity. Targeting induced local lesions in genomes (TILLING) is another genetic
method used to identify small deletions or single base pair changes (mutation detection)
in specific target genes [114]. In tef, targeting induced local lesions in genomes (TILLING)
was used for targeting and improving valuable agronomic traits such as drought tolerance,
seed size and dwarfism [115].

4. Potential of Genome Editing Technologies for Tef Improvement

Genome editing is one of the most recently developed technologies that has great po-
tential to improve abiotic stress tolerance and boost productivity in tef. In a given genome,
DNA can be replaced, inserted or deleted at an endogenous loci through a robust genetic en-
gineering technique using sequence-specific nucleases (SSNs) [116]. SSNs such as CRISPR
and CRISPR-associated protein 9 (CRISPR-Cas9) [117–120], transcriptional activator-like
effector nuclease (TALEN) [121–123] and zinc finger nuclease (ZFN) [124,125] have been
implicated in rapid genome editing in recent years. In addition to these, plant scientists use
other techniques such as base editing, prime editing [126] and CRSIPR-Cpf1 [127]. Recently,
CRISPR-Cpf1 has successfully used the prime genome editing in wheat Lin, et al. [128]
and rice Lin, et al. [128], Li, et al. [129] genomes. These genome editing tools have been
used in model plants, but with advances in genome editing, these procedures are now cus-
tomized for wide variety of plant species and are usually specific to genotype [130] (Figure
2). However, to adopt advanced genetic engineering technologies in tef, there must be
a well-established transformation and regeneration system, which is currently underdevel-
oped or non-existent for underutilized crops including tef. Recent advances in transgenic
technologies have revealed promising tools for enhancing transformation and regeneration
of transgenic lines. For example, overexpression of the maize embryogenic regulator genes
baby boom (Bbm) and Wuschel2 (Wus2) has been shown to produce high transformation
frequencies in numerous previously non-transformable monocot species, including maize
inbred lines, sorghum (Sorghum bicolor (L.) Moench), sugarcane (Saccharum officinarum L.)
and indica rice (Oryza sativa ssp. indica) [131]. More recently, Debernardi et al. [132] re-
ported that expression of a fusion protein combining wheat growth-regulating factor 4
(GRF4) and its cofactor GRF-interacting factor 1 (GIF1) has been shown to substantially
increase the efficiency and speed of regeneration in wheat, triticale and rice and increase
the number of transformable wheat genotypes. These approaches have great potential for
genetic improvement of tef and other recalcitrant economically important crops.

Since its first application as a plant genome editing technique [120,133,134], CRISPR-
Cas has been widely applied in crop improvement programs [135,136]. Major crops
that have benefited from the CRISPR-Cas technique include rice [32–35], maize [30,31],
wheat [30,36] and other monocots [38]. In rice (Oryza sativa), the CRISPR-Cas system
has been used to enhance drought [39], cold [40] and salt [41,42] tolerance, and to boost
productivity [39]. Recently, in wheat, which is one of the plant species that is considered
recalcitrant to genetic transformation via the Agrobacterium method, two efficient and simple
CRISPR-Cas methods were developed [43–45]. Taken together, CRISPR-Cas technology
has been widely implemented in both monocots and dicots, and has great potential to
be implemented in tef improvement so that the performance of the crop against diverse
environmental stresses will be enhanced, with the ultimate goal of boosting productivity.
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Figure 2. A schematic view of genome editing by zinc finger nuclease (ZFN) and transcriptional
activator-like effector nuclease (TALEN) in tef. A desired gene is selected from tef and integrated with
ZFN and TALEN and then transferred to a cell through a vector, which will then introduce a break
into the double-stranded DNA and integrate the gene of interest into the host genome. Transformed
cells are used to regenerate to whole plants. (Note: the pictures used in this figure were either taken
in the author’s labs or drawn using ChemBioDraw software).

Candidate Tef Genes for CRISPR-Cas Technology

The CRISPR-Cas system has proven efficient because it uses a single guide RNA
through pairing of DNA targeting [137,138]. Targeting of DNA is essential for genome
editing across all organisms [139]. In order to edit any plant gene using the CRISPR-Cas
system, it is not necessary to integrate into the genome. For example, a guide RNA and Cas
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can be expressed transiently in the protoplast to edit a plant genome, and the protoplast can
be regenerated into whole plant. Cas is a class II CRISPR system which is used in various
organisms as a gene editing tool [138,140]. The basic mechanism involved in CRISPR-
Cas editing is transformation to cells, followed by its integration with the host genome,
and expression, where it cuts the specific locus of interest on the chromosome. The genome
cleavage requires the Cas system, together with a single guided RNA (sgRNA): fusion of
trans-activating (tracr RNA) and CRISPR RNAs (crRNA), followed by the recognition of
the desired DNA sequence and protospacer-adjacent motifs (PAMs) (Figure 3) [138].

 
Figure 3. Illustration of the CRISPR-Cas system for tef genome editing. The gene of interest is
transferred into a binary vector, which will be transferred into the target tissue (e.g., embryogenic
calli) via Agrobacterium transformation, where the CRISPR-Cas protein machinery binds and breaks
the double-stranded DNA of the gene of interest. CRISPR-edited lines will be regenerated from rthe
callus. (Note: the pictures used in this figure were either taken in the author’s labs or drawn using
ChemBioDraw software).
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To utilize CRISPR-Cas technology in tef improvement, identification of target genes
that regulate agronomically important traits is crucial. In this review, we explored the draft
genome sequence of tef [141] to identify genes that are possible targets for improved yield
and abiotic stress tolerance. We reviewed the literature for genes which are negative regu-
lators of abiotic stress tolerance, and those that regulate plant height and yield attributes
in monocots, including rice, maize, wheat and finger millet, which is closely related to
tef. We then searched for homologs in tef (Table 1) from the Ensembl plant database using
CoGeBlast-comparative genomics databases [142]. The tef homologs were aligned with
those in other monocots using the Mega X clustlaw alignment tool [143,144]. After align-
ment, a phylogenetic tree was constructed using the Mega X maximum likelihood tool [144]
(Figure 4). It can be observed from Figure 4 that the tef homologs showed maximum
bootstrap values with those of the other monocots.

 

Figure 4. Phylogenetic tree of stress-resistant genes in tef and related monocots. The tree was
constructed by using specific gene sequences downloaded from NCBI and Ensembl Plants. Bootstrap
values (1000 pseudoreplicates) are shown on the nodes of the branches.

Tef is tolerant to poor soil conditions including waterlogging and drought [145].
However, tef yield is reduced by lodging, terminal drought and diseases. Therefore, tef
is expected to benefit from CRISPR-Cas genome editing technology. The draft genome
sequence of tef has been released [141]. Two complete homologous chromosomes with
syntenic gene pairs have been reported in the tef genome due to its allotetraploid genome.
The subgenomes are small (~300 Mb), with a low number of transposable elements (TE)
and a high density of genes as compared to other polyploid grasses [141]. One of the major
obstacles for the targeted breeding of tef is the presence of genes in two genomes (AA
and BB: tef is allotetraploid, with 2n = 4x = 40 chromosomes). Gene redundancy poses
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a difficulty in mutagenesis for developing lodging-resistant and semi-dwarf varieties [146].
This obstacle can be overcome by techniques such as targeted genome engineering and
marker assisted selection. In a plant genome, the majority of genes have variable expression
patterns; therefore, the two sub-genomes are more likely to affect agronomic traits with
different frequencies [141,147]. To utilize CRISPR-Cas technology in tef improvement,
the identification of target genes that regulate agronomically important traits is crucial.

Table 1. Summary of genes involved in key agronomic traits of selected crops. Homologs of these genes in tef were
downloaded from the genomic database to identify potential candidate genes for CRISPR-Cas-mediated gene editing in tef.

Gene Plant Name Accession Number Reference

Plant Height

KO2 Oryza sativa Japonica AY660664 [148]
GA regulatory factor-like (GRF) mRNA Zea mays KJ466125 [149]
growth-regulating factor 10 (GRF10) Oryza sativa Indica FJ546694 [150]
GA20-oxidase (GA20ox2) Oryza granulata EU179380 [151]
BRI1 Triticum aestivum DQ655711 [152]
Sd-1 (used in green revl) Oryza sativa KP212897.1 [70]
RHT1 Triticum aestivum FN649763 [153]

Number of Tillers and Panicle Branches

OsCKX2 Oryza sativa AB205193.1 [154]
teosinte branched1 (tb1) switchgrass AF131673.2 [155]
GSK2 Oryza sativa XM_015782085 [156]
PYL2 Oryza sativa KJ700410.1

[157]

PYL3, Oryza sativa KJ191278.1
PYL4, Oryza sativa KJ855099.1
PYL5, Oryza sativa KJ855100.1
PYL6 Oryza sativa KJ855101.1
PYL12 Oryza sativa KJ855107.1
monoculm1 MOC1 Oryza sativa Japonica KC700671.1 [158]

Grain Size

G1F1A Oryza sativa GU797949 [159]

Drought Tolerance

GhWRKY33 Gossypium hirsutum KJ825875.1 [160]
WRKY mRNA Triticum aestivum KT865879 [161]
threonine dehydratase mRNA Eleusine coracana MK573864 [162]
OsCDPK7 Oryza sativa Japonica AB042550 [163]
TaWRKY146 Triticum aestivum MF770640.1 [164]
NF-Y18 Oryza sativa Japonica HQ731479 [165]
Arginine decarboxylase (ADC) Oryza sativa Japonica CA754598.1 [166]

CIPK12 Oryza sativa Japonica EU703798 [166]
NF-YB Zea mays NM_001112582 [167]

5. Constraints and Solutions Related to CRISPR-Cas Genome Editing

The stable transfer of the transgene into the target site using CRISPR-Cas during
the transformation process may cause the insertion of plasmid DNA or unwanted genes,
which makes it a genetically modified (GM) crop. This limits the use of CRISPR-Cas
system for sustainable agriculture and biotechnology because in some countries the use of
GMOs is either tightly regulated or totally prohibited [168]. Although genetic segregation
is the process by which the foreign DNA can be removed, this is not applicable to some
clonally propagated plants. Moreover, in some countries, CRISPR-Cas products are still
not acceptable because foreign DNA materials are used in the process, although these
foreign materials are removed at the end [168]. In plants, DNA-free genome editing
has been conducted using two approaches; these are pre-assembled ribonucleoproteins

159



Plants 2021, 10, 628

(RNPs) [169,170] and the delivery of a combination of guide RNA and mRNA-encoding
Cas [43]. However, CRISPR-Cas RNA transient expression efficiency is low, suggesting
a need for additional optimization. Following this approach, the addition of a protectant
for stabilizing RNA could prove to be a promising strategy [171].

Another major drawback of the CRISPR-Cas system is its non-specificity. In this case,
Cas cleaves DNA at non-target sites that are not complementary of single guide RNA [172].
This drawback impedes CRISPR-Cas potential applications, particularly when genome
alteration needs to be precise, as in the case of gene therapy. Off-target sites may not
change plant breeding as much as the chemical and physical alterations used in traditional
breeding procedures, which generate many alterations in plants [173]. These off-target
alterations can be removed by performing backcrossing to the original plant. However,
this takes several generations of investigation, and the improvement of the process will
be slow.

In plants, the specificity of the CRISPR-Cas system has been estimated by deliberate
non-target investigation [174]. For RNPs, non-target alterations were hardly recognized
by thorough sequencing, indicating that RNPs enhance the specificity of the editing sys-
tem [172]. However, no study has been reported on Cas specificity in plants. Several
impartial strategies which include Digenome-seq, high-throughput genome-wide translo-
cation sequencing (HTGTS), genome-wide unbiased identification of double stranded
breaks (DSBs) enabled by sequencing (GUIDE-seq) and breaks labeling, enrichment on
streptavidin, and sequencing (BLESS) have been used to investigate non-specific changes
in human cells [175–178], and these strategies need to be administered in plants to evaluate
Cas specificity at the genome level. The need for improving its specificity is a major chal-
lenge for CRISPR-Cas genome editing, which requires attention. Various strategies have
been established for improving specificity [179], including high-fidelity Cas variants and
the Cas paired nickase strategy [180–182].

6. Conclusions

Climate change and global warming are expected to trigger major abiotic stresses,
which are expected to reduce crop yields and ultimately lead to food shortages in the fore-
seeable future. Since agricultural crops fulfill most of the world’s food supply, it should
be the topmost priority of plant biologists to take concrete measures to cope with climate
change and the forecasted food shortages. Climate change and global warming are mani-
fested by abiotic stress factors that could reduce crop productivity. The goal of this review
was to provide an insight on the potential of advanced tools such as CRISPR-Cas for use by
plant biologists in order to improve stress resilience, modify plant architecture and improve
productivity. Application of this cutting-edge technology in underutilized/orphan crops
such as tef will provide several benefits. It is expected to improve food security in the Horn
of Africa, a region which is very vulnerable to the negative impact of climate change,
and which has been experiencing frequent food insecurity and adding to the global refugee
crisis. It will also enhance the acceptance of tef as a healthy and nutritious grain, which
will play a role in reducing micronutrient deficiency.
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Abstract: The objectives of this study were to assess the agronomic performance of common bean
genotypes, previously selected for their response to infestation, by Mexican bean weevil and to
identify promising lines that can be used as parents in a downstream breeding program. Field experi-
ments were conducted using 144 genotypes under three different agro-ecologies in an unbalanced
incomplete block design with three replications. Data on 15 agro-morphological traits were collected,
and multivariate methods were used to examine the patterns of variation among the genotypes.
The genotypes revealed a high level of phenotypic diversity for all agronomic traits. Six principal
components, which contributed 84% of the total variation among the genotypes, were identified.
The 15 agro-morphological traits classified the genotypes into three distinct major clusters and sub-
clusters. The clustering patterns of the genotypes were according to the seed size, whereby the small
and medium beans were distinctly separated from the large-seeded beans. The study established
the existence of considerable genetic variations among common bean genotypes. Unique genotypes,
such as Nasir, Awash Melka, and RAZ-36 from Cluster I, RAZ-2, RAZ-11, and RAZ-42 from Cluster
II, and SER-125, SCR-15, MAZ-200, MAZ-203, and RAZ-120 from Cluster III, were selected based on
their distinct agronomic performance. The selected genotypes could be useful for the common bean
breeding program.

Keywords: agro-morphological traits; cluster analysis; common bean; genetic diversity; principal
component analysis

1. Introduction

The common bean (Phaseolus vulgaris L.) is the third most important source of calories,
after maize and cassava, and the second most important source of dietary protein and
minerals in the human diet [1]. In Africa, the major common bean-producing countries
include Burundi, DR Congo, Ethiopia, Kenya, Rwanda, Tanzania, and Uganda, indicating
that East Africa is the most suitable bean production region on the continent [1–4]. In
Ethiopia, most of the traditional foods, especially during the fasting seasons, are prepared
from pulse crops, such as chickpeas, field pea, faba beans, and lentils. However, recently
there has been a growing interest in common beans, particularly among low-income
farmers, since the prices of other highland pulses are rising [5,6].

The major common bean production areas are Oromiya, the Southern Nations, Na-
tionalities, and Peoples (SNNP), and the Amahara regions. These regions cover about 98%
(51% Oromiya, 27% SNNPR, and 20% Amhara) of the common bean production in the
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country [7]. Although farmers from different parts of the country grow different types of
beans, the most predominant types being white and red small beans [3]. Both white and
red small beans are produced in the Oromiya region and account for 61% and 44% of bean
production in the country, respectively. In the Oromiya region, only two zones (East Shewa
and West Arsi) cover 76% of the total bean production of the region [7]. In East Shewa,
white beans (34%) are the most dominant types and are mainly grown for export, while in
West Arsi, farmers only produce red beans [7,8].

The genetic improvement strategy of the National Common Bean Research Program
in Ethiopia is focused mainly on consumer preferences and resistance to biotic and abiotic
stresses. More than 55 improved common bean varieties have been released and adopted
by farmers [9]. Despite the success of developing acceptable common bean genotypes,
harnessing the genetic potential of the crop by delivering varieties with high yield and
related quality traits is still hindered by the narrow genetic base used in the breeding
program [10]. The National Bean Breeding Program relies mostly on exotic germplasms
sourced from the Center for Tropical Agriculture (CIAT) and national breeding programs
in neigbhoring countries.

Since the common bean’s introduction in the 16th century, farmers have been pre-
serving and discovering important genotypes that are adapted to their local environments
and needs, which has led to the evolution of morphologically diverse landraces [11,12].
Landraces have been used as a source of desirable genes in breeding for biotic and abiotic
stresses [13]. A number of researchers have reported on the wide genetic diversity in the
Ethiopian common bean genotypes for a number of important traits [3,14,15]. However,
the potential of the local landraces as sources of breeding material is not yet well-known
and exploited. The objective of the present study, therefore, was to assess the performance
of common bean genotypes for yield and yield components across different agro-ecologies
and to select promising parents for breeding.

2. Results

2.1. Agronomic Performance

The analyses of variance for each location revealed a highly significant variability
(p < 0.001) among the genotypes for all the traits studied. In addition, the performance of
the genotypes was highly influenced by the prevailing environment. Thus, a combined
analysis of variance was conducted over three locations, which showed highly significant
genotypes by environment interactions for all the traits (Table 1). The mean squares
partitioned for genotype, environment, and genotype by environment interaction indicated
that environment (location) effects were more important for the variability recorded in
all the traits except for the pod per plant and hundred seed weight. The percentage
contribution of the genotypic effect ranged from 0.9% for days to 50% flowering to 68%
for pod per plant, while the environmental effects ranged from 99% to 13% for the above-
mentioned traits. For pod per plant, the genotype main effect (68%) and genotype by
environment interaction (19%) had more influence than the environment main effect.
However, for the grain yield per plant, both the genotype (38%) and the environmental
effects (42%) were important for the expression of the traits (Table 1). The coefficient of
determination (R2) estimated for all the traits ranged from 0.82 for plant height to 0.99 for
hundred seed weight.

The minimum, maximum, mean, and standard deviation, as well as the coefficient
of variation values of the 15 agro-morphological traits recorded at the three locations, are
presented in Table 2. The range for DTF was recorded from 37 to 52 days, with a mean of
44 days. The PH, LA, and TCC ranged from 32–56 cm, 0.80–5.80 m2, and 35–57 μmol/m2,
respectively. The difference in DTM of late and early maturing genotypes was 25 days,
with a mean value of 94 days, while GFP ranged from 37 to 59 days. The number of PPP
and SPP ranged from 13–51 and 3–6, respectively. The genotypes revealed a high variation
in seed size, ranging from small (12 g) to large (59 g). The minimum AGBM was 28 gm, and
the maximum was 53 gm per plant, with the mean being 37 gm per plant. The GY showed
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a wide variation, with the values ranging from 15 to 42 gm per plant, and the mean yield
was 26 gm per plant. In addition, the range of HI, BPR, and EGR were 40–92, 30–56, and
29–82, respectively. The coefficient of variation recorded in the traits studied ranged from
2.3% to 12.9%.

Table 1. Combined analysis of variance of 15 agro-morphological traits recorded on 144 common
bean genotypes at three locations.

Traits

Mean Square

Replication
(DF = 2)

Block
(DF = 11)

iBlock
(DF = 11)

Genotype (G)
(DF = 121)

Environment
(E) (DF = 2)

G × E Interaction
(GEI) (DF =286)

Error
(DF = 862) R2

Days to 50% flowering (DTF) 1.87 71.38 44.09 49.00 ** 5174.08 ** 8.99 ** 2.41 0.93
Plant height (PH) 219.97 153.7 116.38 204.82 ** 19,842.36 ** 197.00 ** 32.57 0.82

Total chlorophyll content (TCC) 227.23 386.6 106.05 111.18 ** 2050.41 ** 65.64 ** 4.78 0.91
Leaf area (LA) 0.59 2.02 1.47 1.50 ** 224.60 ** 1.02 ** 0.04 0.97

Days to 90% maturity (DTM) 50.43 539.4 124.7 182.58 ** 19,915.01 ** 54.92 ** 4.55 0.96
Grain filling period (GFP) 33.71 351.6 89.16 137.80 ** 6043.10 ** 51.46 ** 6.41 0.9

Pods per plant (PPP) 55.55 971.8 682.06 540.76 ** 105.54 ** 148.81 ** 7.41 0.95
Seeds per pod (SPP) 0.77 14.49 8.91 4.24 ** 9.17 ** 1.80 ** 0.21 0.88

Hundred seed weight (HSW) 12.83 2571 536.61 675.19 ** 589.14 ** 24.16 ** 2.1 0.99
Aboveground biomass (AGBM) 30.2 300.9 88.8 153.36 ** 4539.12 ** 82.36 ** 4.14 0.94

Grain yield (g/plants) (GY) 24.28 568.1 281.35 219.75 ** 240.55 ** 111.65 ** 4.3 0.95
Harvest index (HI) 15.62 1620 1042.57 783.12 ** 12,005.66 ** 708.42 ** 23.46 0.95

Grain production efficiency (GPE) 60.61 915.4 558.21 436.05 ** 1359.47 ** 184.89 ** 10.54 0.93
Biomass production rate (%) (BPR) 17.38 652.6 75.51 164.86 ** 1352.50 ** 102.99 ** 5.15 0.93
Economic growth rate (%) (EGR) 37.79 2672 832.04 851.69 ** 2826.06 ** 483.27 ** 24.76 0.93

** Significant at p < 0.001.

Table 2. Summary statistics on 15 agro-morphological traits evaluated on 144 common bean geno-
types at three locations.

Trait Min Max Mean ± SE SD CV%

Days to 50% flowering (Days) 37 51.9 44.17 ± 0.12 1.55 3.51
Plant height (cm) 31.7 56.2 44.20 ± 0.30 5.71 12.91

Total chlorophyll content (μmol/m2) 35 57.1 45.01 ± 0.17 2.19 4.86
Leaf area (m2/plant) 0.8 5.8 3.00 ± 0.03 0.19 6.39

Days to 90% maturity (Days) 79.1 103.8 94.41 ± 0.23 2.13 2.26
Grain filling period (Days) 37.4 58.6 50.25 ± 0.18 2.53 5.04

Pods per plant (No) 13.1 50.9 27.70 ± 0.28 2.72 9.83
Seeds per pod (No) 2.1 6.1 4.21 ± 1.06 0.46 10.84

Hundred seed weight (gm) 12.1 58.8 24.84 ± 0.27 1.45 5.84
Above ground biomass (gm/plants) 27.7 53.2 36.74 ± 0.19 2.04 5.54

Grain yield (gm/plant) 14.6 41.8 25.64 ± 0.21 2.07 8.09
Harvest index 39.76 92.1 69.99 ± 0.47 4.84 6.92

Grain production efficiency (gm/plants) 14 54.5 29.52 ± 0.28 3.25 11
Biomass production rate (%) 30.3 56.2 39.18 ± 0.20 2.27 5.79

Economic growth rate (%) 28.5 82 51.48 ± 0.43 4.98 9.67

2.2. Principal Component Analysis (PCA)

The PCA grouped the 15 phenotypic traits into 15 components, which accounted
for the entire (100%) variability among the studied genotypes. However, the principal
components, with an eigenvalue of less than one, were eliminated. The first six principal
components (PCs), accounting for 83.7% of the variability observed among the studied
common bean genotypes, were maintained. Table 3 presents the eigenvectors and values,
the percentage of total variance, and the total cumulative variance for the 15 phenotypic
traits used in this study. The first principal component (PC1) explained 29.7% of the
total phenotypic variation among the 144 common bean genotypes was mainly due to the
additive effects of the GY, GPE, EGR, AGBM, and BPR. The second PC, which accounted
for 19.4% of the total variation, was well associated with phenological traits, such as DTF,
DTM, and the GFP. Likewise, the third PC, which accounted for about 11% of the total
variance of the genotypes, was due to the discriminatory effect of the HSW and PPP. The
variation in PH, DTF, and SPP constituted a large part of the total variation explained by
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the fourth PC. The fifth and sixth PCs accounted for 7.7% and 6.7% of the total variation,
chiefly due to the contrast between the TCC and SPP, and HI and LA, respectively.

Table 3. Principal component (PC) analysis of various agro-morphological traits estimated at
three locations.

Trait PC1 PC2 PC3 PC4 PC5 PC6

AGBM 0.41 0.00 −0.03 0.17 −0.22 0.19
BPR 0.38 −0.23 0.06 0.15 −0.24 0.15
DTF −0.12 0.31 0.02 0.51 −0.26 −0.30
DTM 0.02 0.55 −0.21 0.06 0.10 0.05
EGR 0.42 −0.14 0.13 0.11 −0.04 −0.16
GFP 0.10 0.46 −0.25 −0.23 0.26 0.23
GPE 0.43 0.12 −0.08 −0.18 0.19 0.08
GY 0.45 0.04 0.02 0.01 0.05 −0.06
HI 0.19 0.11 0.05 −0.27 0.22 −0.64

HSW 0.10 −0.21 −0.63 −0.02 0.04 0.05
LA 0.09 0.27 0.16 0.07 −0.22 0.44
PH 0.09 0.13 −0.38 0.50 −0.04 −0.27
PPP 0.10 0.26 0.52 0.21 0.31 0.01
TCC 0.09 −0.27 0.08 0.22 0.48 −0.02
SPP 0.11 0.16 0.08 −0.42 −0.53 −0.28

Eigenvalue 4.45 2.91 1.68 1.36 1.15 1.00
% total variation 29.67 19.37 11.23 9.09 7.65 6.66

% cumulative variation 29.67 49.04 60.27 69.36 77.01 83.67
AGBM = aboveground biomass (gm/plant); BPR = biomass production rate; DTF = days to 50% flowering
(days); DTM = days to 90% maturity (days); EGR = economic growth rate (%); GFP = grain filling period (days);
GPE = grain production efficiency (gm/plant); GY = grain yield (gm/plant); HI = harvest index; HSW = hundred
seed weight (gm/100 seed); LA = leaf area (m2/plant); PH = plant height (cm); PPP = pods per plant (No);
TCC = total chlorophyll content (μmol/m2); SPP = seeds per pod (No).

To select genotypes with the best performance, the contribution of each trait was
determined by the PCA. It was found that yield had a significant effect on the phenotypic
variation among the 144 genotypes. Hence, the top ten best genotypes were selected from
both small and medium market classes based on grain yield performance. The mean
performance of the top ten high-yielding genotypes from both small and medium-seeded
genotypes is presented in Table 4.

Table 4. Mean performance of the top ten selected common bean genotypes for seed color and yield
and yield-related traits.

Genotype SC DTF PH TCC LA DTM PPP SPP HSW AGBM GY HI GPE BPR EGR GFP

Top ten small-seeded genotypes
Nasir Red 41.6 53.3 48.0 2.5 95.4 36.0 5.1 24.6 46.1 41.8 63.5 54.5 48.3 77.5 53.9

SER-125 Red 41.8 41.7 47.1 2.6 90.7 26.0 3.5 25.6 39.7 36.5 77.3 42.6 44.3 75.9 48.9
Awash Melka White 46.6 52.8 49.1 3.0 93.9 33.7 4.5 21.7 46.6 34.6 63.5 34.0 52.6 76.9 47.3

RAZ-36 White 42.7 45.0 53.4 3.2 96.2 46.3 3.1 18.1 45.5 33.1 66.9 41.3 47.1 63.3 53.6
241757 Red 47.0 47.2 41.5 2.9 95.7 29.8 4.4 22.7 43.7 32.9 76.3 34.0 45.6 68.7 48.7
230526 Red 42.9 41.1 40.4 3.4 96.6 27.0 5.0 23.6 37.0 32.2 86.9 40.3 38.3 59.8 53.7
RAZ-44 White 42.8 48.3 50.1 2.9 96.2 31.2 4.1 18.1 42.1 31.4 82.5 39.2 43.8 60.7 53.4
241734 Red 43.4 46.1 45.6 4.0 101.1 30.0 4.6 22.1 44.4 31.3 72.1 41.6 44.0 54.5 57.7
214665 Red 43.1 44.4 43.7 3.4 99.3 27.4 5.4 22.8 41.1 30.1 74.6 39.5 41.4 53.7 56.2
NC-51 Red 42.1 41.1 42.9 2.6 95.1 26.6 3.8 24.1 38.2 29.2 74.9 37.1 40.0 54.9 53.0

Top ten medium-seeded genotypes
207935 Carioca 44.9 51.1 49.6 3.2 95.6 24.2 5.7 29.4 53.2 41.2 80.7 46.8 56.2 82.0 50.7
SCR-11 Red 42.0 45.0 49.9 2.7 92.3 25.4 3.9 29.2 44.9 36.9 56.6 44.2 48.8 74.3 50.3
RAZ-40 White 41.4 37.8 49.5 3.1 89.6 20.3 3.7 36.7 35.8 32.6 62.4 32.2 40.6 60.7 48.1
NC-28 Cream 40.9 45.0 47.3 3.1 99.4 32.0 3.1 28.9 42.3 31.8 75.8 45.0 42.6 55.0 58.6
211302 Brown 39.8 38.3 47.8 2.8 89.0 21.6 4.2 36.5 42.3 31.7 77.7 39.0 47.2 66.1 49.2
SCR-15 Red 43.3 38.9 47.6 2.8 94.0 27.1 3.7 38.3 41.5 31.3 89.0 36.5 43.8 62.1 50.7
SCR-26 Red 43.6 49.4 47.2 3.0 92.6 23.9 4.2 27.7 42.9 29.2 67.5 31.8 46.1 57.8 49.0
228077 Red 42.9 43.3 37.5 3.4 100.7 26.3 5.7 25.9 38.4 28.4 75.8 39.3 38.1 48.8 57.8

KK25/MAIAWA/19 Red 43.6 47.2 42.0 2.8 95.4 20.8 5.6 36.9 33.1 28.2 77.3 33.7 34.9 54.7 51.9
RAZ-120 White 45.7 45.0 50.3 2.8 90.7 28.6 3.7 26.4 38.3 27.8 75.1 27.4 42.6 63.1 45.0

SC = seed color; DTF = days to 50% flowering (days); PH = plant height (cm); TCC = total chlorophyll content
(μmol/m2); LA = leaf area (m2/plant); DTM = days to 90% maturity (days); PPP = pods per plant (No); SPP = seeds
per pod (No); HSW = hundred seed weight (gm/100 seed); AGBM = aboveground biomass (gm/plant); GY = grain
yield (gm/plant); HI = harvest index; GPE = grain production efficiency (gm/plant); BPR = biomass production
rate (%); EGR = economic growth rate (%), GFP = grain filling period (days).
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Genotypes, such as Nasir, SER-125, Awash Melka, RAZ-36, 241757, 230526, RAZ-44,
241734, 214665, and NC-51, were selected from the small-seed market class, and they
had a grain yield ranging from 29.2 to 41.8 g/plant. The top ten selected high-yielding
genotypes from the medium market class included 207935, SCR-11, RAZ-40, NC-28, 211302,
SCR-15, SCR-26, 228077, KK25/NAGAGA/19, and RAZ-120. These genotypes produced
a grain yield ranging from 27.8 to 41.2 g/plant. There was no single genotype that showed
consistent superiority for all the traits among the selected genotypes. However, the im-
proved small-seeded variety, Nasir, exhibited the highest GY and GPE while genotype
207935 showed the highest AGBM, BPR, and EGR of all the tested genotypes. Based
on the field performance of the 144 genotypes, 45% of the selected genotypes were lan-
draces (241757, 230526, 241734, 214665, 207935, 211302, NC-51, NC-28, and 228077), 25%
were resistant lines (RAZ-36, RAZ-44, RAZ-40, KK25/NAGAGA/19, and RAZ-120), 25%
were released varieties (Nasir, SER-125, SCR-15, SCR-26, and Awash Melka) and 5% were
advanced breeding lines (SCR-11).

2.3. Correlations of Yield and Its Components

The correlation among the 15 agro-morphological traits is presented in Table 5. Grain
yield was highly significantly and positively (p < 0.001) correlated with AGBM, HI, GPE,
BPR, and EGR. Similarly, GFP and PPP were highly significant (p < 0.01), and SPP and
HSW had a significant (p < 0.05) correlation with GY. Biomass production rate was found
to be negatively and highly significantly (p < 0.001) correlated with DTF, DTM, and GFP
but highly (p < 0.001) positively correlated with AGBM and GPE. The total chlorophyll
content, on the other hand, revealed a negative and significant association with DTF, DTM,
GFP, and SPP. Similarly, HSW had a negative and significant correlation with LA, DTF, PPP,
and SPP and a positive and significant association with PH. The days to 50% flowering had
a significant negative association with HSW, GPE, and BPR. The relationship between PPP
and SPP with HSW was also significant but negative.

Table 5. Correlation analysis among 15 agro-morphological traits in 144 common bean genotypes
recorded at three locations.

Trait DTF PH TCC LA DTM GFP PPP SPP HSW AGBM HI GPE BPR EGR GY

DTF 1.00
PH 0.31 *** 1.00

TCC −0.26 ** 0.05 1.00
LA 0.14 0.03 −0.12 1.00

DTM 0.52 *** 0.29 *** −0.33
*** 0.31 *** 1.00

GFP 0.03 0.16 −0.23 ** 0.28 *** 0.87 *** 1.00
PPP 0.21 * −0.04 0.04 0.24 ** 0.27 *** 0.20 * 1.00
SPP −0.02 −0.04 −0.24 ** 0.14 0.14 0.17 −0.04 1.00

HSW −0.24 ** 0.25 ** 0.11 −0.22 ** −0.10 0.01 −0.61
*** −0.18 * 1.00

AGBM −0.09 0.22 ** 0.15 0.24 ** 0.09 0.15 0.10 0.22 ** 0.18 * 1.00
HI −0.07 0.06 0.08 0.07 0.12 0.18 * 0.13 0.26 ** −0.01 0.14 1.00

GPE −0.34
*** 0.12 0.05 0.15 0.26 ** 0.50 *** 0.23 ** 0.21 * 0.20 * 0.69 *** 0.40 *** 1.00

BPR −0.30
*** 0.11 0.27 ** 0.09 −0.34 *** −0.22 ** −0.01 0.12 0.19 * 0.88 *** 0.08 0.55 *** 1.00

EGR −0.16 0.09 0.19 * 0.01 −0.22 ** −0.16 0.21 * 0.12 0.15 0.70 *** 0.31 *** 0.72 *** 0.77 *** 1.00
GY −0.16 0.15 0.09 0.12 0.12 0.23 ** 0.26 ** 0.18 * 0.18 * 0.75 *** 0.39 *** 0.92 *** 0.68 *** 0.92 *** 1.00

PH = plant height (cm); LA = leaf area (m2/plant); TCC = total chlorophyll content (μmol/m2); DTF = days to
50% flowering (days); DTM = days to 90% maturity (days); PPP = pods per plant (No); SPP = seeds per pod
(No); HSW = hundred seed weight (gm/100 seed); AGBM = aboveground biomass (gm/plant); GY = grain yield
(gm/plant); HI = harvest index; GPE = grain production efficiency (gm/plant); BPR = biomass production rate (%);
EGR = economic growth rate (%), GFP = grain filling period (days). *** = significant (p < 0.001); ** = significant
(p < 0.01); * = significant (p < 0.05).

2.4. Cluster Analysis

The relationship among the 144 common bean genotypes was revealed by using
the neighbor-joining algorithm using the unweighted pair group method (UPGMA). The
cluster analysis on the mean of 15 phenotypic traits clearly classified the 144 genotypes
into three major clusters and seven sub-clusters (Figure 1). The first cluster (Cluster I) was
composed of 36 (25%) of the genotypes and was dominated by small-seeded beans. This
cluster was further divided into two sub-clusters (sub-Cluster Ia and Ib), with 18 genotypes
each. With regard to genotype status, Cluster I consisted of 26 landraces, two resistant
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lines, and five varieties. The second cluster (Cluster II) consisted of the largest number,
mainly small-seeded genotypes (49%). This cluster was further sub-divided into three
sub-clusters, with 26, 22, and 23 genotypes, respectively. Cluster III consisted mainly of
large and medium-seeded genotypes. This cluster was comprised of 37 genotypes, which
were further sub-divided into two sub-Clusters, with 20 and 17 genotypes, respectively. Of
the 16 resistant lines, 50% were in Cluster III, together with large-seeded released varieties.

Figure 1. Dendrogram generated, based on hierarchical cluster analysis using UPGMA cluster
algorithm, based on morphological data of 144 common bean genotypes (Supplementary Table S1).

2.5. Performances of Genotypes in Different Clusters

Table 6 summarizes the cluster means of the 15 phenotypic traits for the three main
clusters and seven sub-clusters. The mean performance of the clusters showed the presence
of considerable phenotypic variation among genotypes within each cluster. Genotypes in
Cluster I revealed the highest mean values for all the traits except for PH, HSW, and TCC.
Genotypes in Cluster III had the highest mean values for PH, HSW, and TCC.

Sub-cluster Ia contained genotypes that had a large LA and a large number of SPP.
Genotypes grouped in sub-Cluster Ib were characterized by tall plants with a large number
of PPP, as well as the highest AGBM, GY, and EGR. Although sub-Clusters Ia and Ib
consisted of genotypes with small-seed sizes, genotypes in sub-Cluster Ib were much
smaller than those in sub-Cluster Ia. Genotypes in sub-Clusters IIa and IIb were relatively
early maturing, with a short GFP. However, sub-Cluster IIc consisted of genotypes that
were late maturing and took long to fully fill the grain. In general, the genotypes clustered
in sub-Clusters IIa and IIc were low-performing genotypes that had an extended period of
vegetative growth and the highest total chlorophyll content.

Out of the two sub-Clusters under Cluster III, sub-Cluster IIIb included the best-
performing genotypes in traits, such as GY, HI, GPE, BPR, and EGR. These genotypes
also had a high TCC, a short flowering time, and were of medium seed size. Sub-Cluster
IIIa, on the other hand, consisted of tall genotypes with large seed sizes. The genetic
distance averaged for all the genotypes in each cluster revealed that the genotypes in each
respective cluster were diverse. The smallest mean genetic distance was observed among
genotypes clustered in Cluster I sub-Cluster Ib, while the highest genetic distance was
found among genotypes grouped in Cluster III sub-Cluster IIIa. Generally, cluster analysis
allows the selection of unique and genetically complementary genotypes for breeding and
conservation. Genotypes Nasir, Awash Melka, and RAZ-36 from Cluster I, RAZ-2, RAZ-11,
and RAZ-42 from Cluster II, and SER125, SCR-15, MAZ-200, MAZ-203, and RAZ-120 from
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Cluster III were selected as potential parental genotypes. The selected genotypes have
unique attributes, including grain yield, earliness, and seed color, shape, and size.

Table 6. The cluster means of 15 agro-morphological traits for the common bean genotypes, based on
data recorded at three locations.

Trait

Cluster Means

C-I (n = 36) C-II (n = 71) C-III (n = 37)

SC-Ia
(n = 18)

SC-Ib
(n = 18)

SC-IIa
(n = 26)

SC-IIb
(n = 22)

SC-IIc
(n = 23)

SC-IIIa
(n = 20)

SC-IIIb
(n = 17)

PH 43.4 47.2 43.0 40.8 44.2 47.1 44.9
LA 3.41 3.13 3.15 2.82 3.01 2.91 2.87

TCC 44.3 45.7 43.3 45.9 44.2 44.7 48.0
DTF 43.2 45.4 44.3 43.9 45.6 44.1 42.2
DTM 95.7 96.2 94.6 87.4 99.1 94.7 93.1
GFP 52.4 50.9 50.4 43.6 53.6 50.6 50.9
PPP 27.0 37.8 25.5 26.0 34.3 17.9 26.1
SPP 4.8 4.3 4.4 4.0 4.2 3.6 4.2

HSW 23.2 19.7 21.4 21.1 16.9 42.2 32.4
AGBM 38.8 41.3 36.2 33.6 32.8 36.1 40.8

GY 28.2 32.2 22.8 21.9 22.0 25.3 30.7
HI 75.8 75.6 64.6 65.9 68.7 67.2 76.6

GPE 34.5 36.3 26.1 21.8 25.9 29.5 37.1
BPR 40.5 43.2 38.7 38.7 33.3 38.2 44.0
EGR 53.9 64.2 45.6 50.8 41.6 49.6 61.0

Genetic distance 0.45 0.53 0.51 0.59 0.56 0.60 0.58

PH = plant height (cm); LA = leaf area (m2/plant); TCC = total chlorophyll content (μmol/m2); DTF = days to
50% flowering (days); DTM = days to 90% maturity (days); PPP = pods per plant (No); SPP = seeds per pod
(No); HSW = hundred seed weight (gm/100 seed); AGBM = aboveground biomass (gm/plant); GY = grain yield
(gm/plant); HI = harvest index; GPE = grain production efficiency (gm/plant); BPR = biomass production rate
(%); EGR = economic growth rate (%), GFP = grain filling period (days); C = cluster; SC = sub cluster; n = number.

3. Discussion

3.1. Agronomic Performance

The present study examined the genetic variability and agronomic performance of
144 selected common bean genotypes for 15 yield and yield-related traits in three locations.
The highly significant genotype mean squares for all the characters demonstrated that
the genotypes exhibited a wide genetic variability for yield and yield-related traits. The
observed highly significant environmental main effects suggested that the three locations
were diverse in terms of weather- and location-related factors, such as temperature, rainfall,
relative humidity, wind, altitude, soil physical and chemical properties. The three test
locations represented three different agro-ecologies, with Melkassa representing the dryland
agro-ecology, Arsi Negele representing the highly productive highland agro-ecology and
Alem Tena representing the middling agro-ecology. Ceccarelli et al. [16] indicated that
the genotype and environment components are recognized as the primary sources of
variability in agronomic and genetic studies. Similarly, the highly significant genotype by
environmental interaction indicated that genotypic performance is highly variable across
different environments. Ceccarelli [17] also indicated that the expression of morphological
and physiological plant characteristics associated with yield in optimal and stress conditions
is different. Therefore, the discrimination and characterization of genotype adaptation
across environments are crucial for optimizing the deployment of genetic resources.

In this study, the means and ranges of phenological traits and yield-related traits,
such as the number of PPP, the number of SPP, HSW, and SW, revealed a wide range of
genetic variation. A high phenotypic variation for these traits in the common bean was
also reported by different authors [10,18–24]. The high phenotypic variation observed
in this study may be attributed to the genetic variations among the genotypes and the
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environmental variations in the tested locations. In this study, more than 75% of the
genotypes were landraces, suggesting that there was ample genetic variability among
the landraces that can be exploited in future common bean improvement programs. This
was also confirmed by other researchers that the Ethiopian common bean landraces were
represented by high phenotypic diversity [3,10,24]. Similarly, the common bean grown
in different parts of the world revealed a significant variation in yield and yield-related
traits [18,20,25–29].

Principal component analysis (PCA)A Principal Component Analysis (PCA) was con-
ducted to measure the relative contribution of each trait with regard to the total variation in
the studied common bean genotypes. The first six components, with an eigenvalue of ≥1 ex-
plained 84% of the total variation were identified. However, about 50% of the phenotypic
variation was explained by the first two components. Similar results were reported for agro-
morphological traits in the common bean by several researchers [10,21,27,30,31]. In the present
study, about 30% of the phenotypic variations observed were due to the variation in GY and
AGBM. However, phenological traits also contributed significantly to discriminating the
genotypes. The significant discriminatory effect of DTF was also reported by Burle et al. [21]
and Fisseha [10]. Likewise, about 11% of the variations detected among the tested genotypes
were due to the variation in seed weight. In previous studies, this trait was reported as the
most important trait used to differentiate the two common bean gene pools [32]. However,
the contribution of the trait in this study was relatively low compared to other previously
reported results [10,21]. This could be due to the fact that most of the genotypes were selected
from small (74%) and medium (15%) seed sizes, as reported by De Lima et al. [27].

The top 20 common bean genotypes were selected as potential parents for breeding
programs, based on PCA1 values, which constitute the additive effect of GY, GPE EGR,
and AGBM. The principal component analysis showed that grain yield had the most
significant role in discriminating the 144 genotypes. The selection of the top genotypes
was conducted according to the common bean market preferences in the major common
bean-producing regions in Ethiopia, where the Mesoamerican beans (small-seeded) have
more market demand than the Andean (large-seeded) genotypes. Based on their agronomic
performance, the selected genotypes were composed of nine landraces, five resistant lines,
three varieties, and three advanced breeding lines. As can be expected, the released varieties
in the selected small-seeded group topped the rank in grain yield. The majority (45%) of the
selected genotypes were landraces, suggesting that landraces can be used as a good source
of valuable genes for future common bean breeding programs in Ethiopia [33]. Although
the local landraces were found to be better adapted, genetically diverse, and agronomically
suitable, the National Bean Breeding Program has been entirely dependent on the exotic
germplasm. The SCR lines (SCR-11 and SCR-15) were the two top selected genotypes
from the medium-sized red bean group. These lines are red beans that were developed for
drought-prone areas carrying drought tolerance and with recessive genes for resistance to
bean common mosaic virus [34]. The lines with Zabrotes-resistance genes, such as RAZ-36,
RAZ-40, RAZ-44, and RAZ-120, and the Malawian resistance variety (KK25/MAIAWA/19),
were found to be agronomically suitable.

3.2. Correlations of Yield and Its Components

Yield is a complex trait and is the outcome of the interaction of a number of genes
and traits. Moreover, the expression of the traits is highly influenced by environmental
factors, such as temperature, moisture, and light. It is also well known that the overall
yield performance of genotypes is determined by the interaction of the traits rather than
the expression of individual traits [16]. Blum [35] also indicated that yield per se is not
under direct genetic control but under the control of the integrated effects of a multitude
of physiological and biochemical processes. Hence, an understanding of the association
between yield and yield-related traits is very crucial in order to exploit the genetic variability
through selection. In the present study, grain yield had a significant positive association
with the GFP, the number of PPP, HSW, AGBM, and HI. A selection based on these traits can
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be used as an indirect selection criterion for the improvement of grain yield in the common
bean. Several researchers have also reported the positive significant correlation of grain
yield with the above-mentioned traits [10,24,25,28,36,37]. Different authors [10,34,37,38]
have also reported a strong positive correlation between HSW and GY. Some reports, on the
other hand, have indicated a strong negative correlation between GY and HSW [24,28,39,40].
The variation in the sets of traits and the strength of the association might be a result of the
variations in the environmental conditions and the genotypes used.

3.3. Cluster Analysis

The hierarchical cluster analysis conducted on the means of 15 agro-morphological
traits resulted in three distinct major clusters and seven sub-clusters. For the traits under
consideration, the within-cluster variation was found to be the lowest, while the between-
cluster variation was the highest [41,42]. The mean performance of the genotypes grouped
under the different clusters and sub-clusters showed considerable phenotypic variation.
The clustering patterns were according to the seed size, where small and medium-seeded
genotypes were clustered in Cluster I and II, while all the large-seeded genotypes were
grouped in Cluster III. Several authors, such as Singh et al. [43], Burle et al. [21], Madakbaş
and Ergin [44], and Boros et al. [20], support the present result. Based on hundred-seed
weight, genotypes with HSW < 25 g are categorized as small-seeded, HSW ≥ 25–41 g as
medium- seeded and HSW > 41 g as large-seeded. The clustering of genotypes, based on
their seed size (gene pools), was clearly observed in the molecular genetic diversity analysis
using SNP markers [45]. The clustering of landraces across all clusters indicated that
Ethiopian landrace collections had a wide genetic variation for yield and yield-related traits.
In addition, a large number (82%) of the genotypes was found to have a small to medium
seed size, suggesting that the Ethiopian common bean genotypes are predominantly from
the Mesoamerican gene pool, as supported by Asfaw et al. [3].

4. Materials and Methods

4.1. Description of the Study Site

The study was conducted at three on-station trial sites in the Oromiya region of central
Ethiopia. The sites were Melkassa (8◦24′52.04′′ N, 39◦19′41.22′′ E), Alem Tena (8◦17′32.29′′ N,
38◦56′48.77′′ E), and Arsi Negele (7◦22′30.29′′ N, 38◦40′17.78′′ E), which are located at an altitude
of 1550, 1611, and 1960 meters above sea level (m.a.s.l.), respectively. The climatic data of
Melkassa and Alem Tena were collected from Melkassa and Debrie Zeit Agricultural Research
Centers, respectively. However, the weather station at Arsi Negele was not functional, and the
weather data is not included in this study. The weather data on rainfall and temperature for the
two sites are presented in Figure 2. The soil types of Melkassa and Alem Tena are sandy loamy,
while the soil is clay in Arsi Negele.

Figure 2. Cont.
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Figure 2. Climate data (A) rainfall (in mm), (B) minimum and (C) maximum temperatures (in ◦C) of
Melkassa and Alem Tena sites during the growing.

4.2. Experimental Material and Experimental Design

A total of 144 common bean genotypes were selected on the basis of the prior screening
of the genotypes for their response to bruchid infestation under laboratory conditions. The
genotypes comprised 109 landraces, 16 released varieties, and 19 pre-release breeding
lines. The 109 common bean landraces were collected from different regions of Ethiopia,
and of the 19 pre-released genotypes, 16 were resistant to the Mexican bean weevil. The
genotypes were grown during the off-season under irrigation for seed increase and to
offset any differences in seed age and the effects of the prior growing environments [46].
The 144 genotypes were planted in a 12 × 12 alpha lattice design with three replications.
The common bean genotypes were planted in 3 m long three rows, an inter-row spacing
of 1 m, and an intra-row spacing of 40 cm. Weeds were controlled by frequent hand-
weeding throughout the experimental period. Di-ammonium phosphate (DAP) fertilizer
was applied during planting at a rate of 100 kg/ha [47], and other agronomic practices
were carried out according to the cultivation practices recommended for each site.

4.3. Data Collection

In this study, a total of 15 phenological and agronomic traits were evaluated based on
the IBPGR [48] common bean descriptors. For the agronomic traits, five randomly selected
plants were sampled for data collection, while the phenological traits, such as days to
50% flowering (DTF) and days to 90% maturity (DTM), were recorded on a whole plot
basis. Data on the following agronomic traits were collected: Plant height (PH), pods per
plant (PPP), seeds per pod (SPP), hundred seed weight (HSW), the aboveground biomass
(AGBM), and grain yield (GY).

In addition, the harvest index (HI) was measured as a proportion of grain yield to the
aboveground biomass, and the grain-filling period (GFP) was calculated by subtracting
the number of days to 90% maturity from the days to 50% flowering. Grain production
efficiency (GPE) was calculated as a proportion of the grain-filling period to the duration
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of the vegetative period, and biomass production rate (BPR) was estimated by dividing
the aboveground biomass weight by the days to 90% physiological maturity. Economic
growth rate (EGR) was calculated as a proportion of grain yield to the grain seed fill period.
Other physiological parameters, such as leaf area (LA) measured by a leaf area meter
(LICOR model LI-3000) and total chlorophyll content (TCC) measured by a non-destructive,
hand-held chlorophyll meter (SPAD-502 Chlorophyll Meter), were also included.

4.4. Data Analysis

Data were subjected to the analysis of the unbalanced incomplete block design pro-
cedure using GenStat Version 19 [49]. The homogeneity of variances among the three
locations was examined by using Bartlett’s test for each of the studied agro-morphological
traits. Bartlett’s test showed that all the traits had an equal error variance. All the agro-
morphological traits were checked successively for normality using GenStat, and all the
traits showed a normal distribution. The three locations were treated as environments, and
a combined analysis of variance over the environments was done to estimate the variance
component. Genotypes and environments were considered as fixed effects and replications,
and blocks as random effects, and a combined analysis over environments was estimated
from the linear additive model, which is expressed as:

Yijklm = μ + ri + bj + ϕk + Gl + Em + GElm + εijklm

where μ = the overall mean, ri = the effect due to ith replication, bj = the effect due to the
jth block within the ith replication, ϕk = the effect due to the kth incomplete block within
the jth block, Gl = genotypic effect of the lth genotype, Em = environmental effect of the mth

environment, GElm = the interaction effect of the lth genotype and the mth environment.
The data were also subjected to the Principal Component Analysis (PCA) procedure

using Genstat Version 19. For multivariate analysis, the data were standardized to a mean of
zero, and a variance of unity was made to avoid the differences in scales used for recording
data on the different characters [50]. The top ten highest-yielding genotypes were selected
based on the traits that had the highest contribution to the first principal component, i.e.,
grain yield.

The correlation coefficients between characters were estimated based on the
following formula:

r = Covxy
/

sqrt
[
σ2

x + σ2
y

]
where Covxy = co-variance of traits x and y, σx

2 = variance of x and σy
2 = variance of y.

A hierarchical cluster analysis was performed to examine the grouping patterns of the
genotypes based on their dissimilarity matrix with respect to the corresponding means of
all the fifteen characters. The dissimilarity matrix was calculated using the Dice similarity
index [51], and the cluster analysis was done by using the unweighted pair group method,
the arithmetic mean (UPGMA), using DARwin 6.0 software [52]. A dendrogram was then
generated on the dissimilarity matrix, and a bootstrap analysis was performed for node
construction using 10,000 bootstrap values. The group means for all 15 agro-morphological
traits were calculated and compared. Promising parental genotypes were selected.

5. Conclusions

The study identified a considerably wide genetic diversity among the 144 common
bean genotypes for all the 15 phenotypic traits studied. Traits such as the GY, HSW,
and AGBM were found to be the most important traits in differentiating germplasm into
different clusters. It was also found that the Ethiopian common bean landraces showed
a wide range of variation for all 15 of the agro-morphological traits studied, which suggests
these germplasms can be used as valuable sources of genes in the National Common Bean
Improvement programs. Genetically unique genotypes, such as Nasir, Awash Melka, and
RAZ-36 from cluster I RAZ-2, RAZ-11, and RAZ-42 from Cluster II and SER-125, SCR-15,
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MAZ-200, MAZ-203, and RAZ-120 from Cluster III, were identified as suitable parental
genotypes. Released varieties, Nasir and Awash Melka, are the top high-yielding varieties
that have been adopted in most of the bean growing areas. SER-125 and SCR-15, on the
other hand, is a recently released variety that possesses most of the farmers’ preferred traits.
The selected genotypes could be useful for the common bean-breeding program.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12122342/s1, Table S1: Lists of genotype in each Cluster and
Sub-cluster.
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Abstract: Chickpea is the second-most-cultivated legume globally, with India and Australia being the
two largest producers. In both of these locations, the crop is sown on residual summer soil moisture
and left to grow on progressively depleting water content, finally maturing under terminal drought
conditions. The metabolic profile of plants is commonly, correlatively associated with performance or
stress responses, e.g., the accumulation of osmoprotective metabolites during cold stress. In animals
and humans, metabolites are also prognostically used to predict the likelihood of an event (usually a
disease) before it occurs, e.g., blood cholesterol and heart disease. We sought to discover metabolic
biomarkers in chickpea that could be used to predict grain yield traits under terminal drought, from
the leaf tissue of young, watered, healthy plants. The metabolic profile (GC-MS and enzyme assays) of
field-grown chickpea leaves was analysed over two growing seasons, and then predictive modelling
was applied to associate the most strongly correlated metabolites with the final seed number plant−1.
Pinitol (negatively), sucrose (negatively) and GABA (positively) were significantly correlated with
seed number in both years of study. The feature selection algorithm of the model selected a larger
range of metabolites including carbohydrates, sugar alcohols and GABA. The correlation between the
predicted seed number and actual seed number was R2 adj = 0.62, demonstrating that the metabolic
profile could be used to predict a complex trait with a high degree of accuracy. A previously unknown
association between D-pinitol and hundred-kernel weight was also discovered and may provide a
single metabolic marker with which to predict large seeded chickpea varieties from new crosses. The
use of metabolic biomarkers could be used by breeders to identify superior-performing genotypes
before maturity is reached.

Keywords: carbohydrates; D-pinitol; kernel weight; metabolomics; phenotype; predictive modelling; yield

1. Introduction

New crop varieties with improved tolerance to climatic challenges are urgently re-
quired to enhance food security. The current processes to breed new varieties are often
slow, as molecular markers are not available for many traits, so each new candidate variety
must be grown to maturity before being assessed.

Metabolic biomarkers are routinely used in medicine to diagnose a condition based on
its association with a specific metabolite. Examples include human chorionic gonadotropin
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(hCG) in urine and pregnancy, and serum creatinine in chronic kidney disease [1]. In
addition to these association-based methods, medical techniques also prognostically utilise
metabolic biomarkers, i.e., to predict a future outcome. An example is the prediction of
cardiovascular disease, where the likelihood of a patient suffering a cardiovascular event
(heart attack or stroke) is calculated using a risk prediction algorithm such as QRISK2 [2,3].
These online calculators used by general practitioners take measures of blood chemistry,
along with blood pressure and physical, lifestyle and socio-economic factors, to predict the
likelihood of a cardiac event within a specified time period (usually 10 years).

In plant research, metabolite profiling has frequently been used to associate the abun-
dance of a particular metabolite with stress responses, such as increases in proline or
jasmonic acid during chilling or herbivory, respectively [4,5], but more rarely has a predic-
tive approach taken.

Metabolite profiling approaches have been used in plant studies to associate large-scale
re-programming of the metabolome during treatments such as dark-induced senescence [6],
cold acclimation [7] and drought response [8]. Many metabolites showed strong diurnal
variation or fluctuation in abundance due to natural phenomena such as the variation in
daylength or temperature [9–11], which has led to them being considered too variable to
reliably be used to predict a trait. Indeed, the quantification of metabolites was described
as being a “snapshot of a specific moment in time” [12] because of its dependence on
development and the environment. However, despite the well-documented effect of the
environment, it was demonstrated in a HPLC-QTOF MS study of 2475 mass peaks (noting
that some metabolites result in more than one peak) that 75% were heritable and that ~800
had a heritability (H2) of ≥0.7 [13].

Metabolite profiling in combination with statistical methods was successfully used to
predict biomass in Arabidopsis in a number of studies [14–18]. By combining a negative
correlation with starch and a positive correlation with enzyme activities, approximately a
third of the variation in the biomass of an Arabidopsis inbred family could be accounted
for [16]. The statistical methods applied to generate the biomass predictive models started
with pairwise associations between single metabolites and biomass using rank correlation,
but it was found that the predictive power of this method was low [14,18]. Both the
previous authors then used a multivariate approach to combine groups of metabolites into
a model; in the case of Meyer et al. [14], this was a canonical correlation analysis (CCA),
while Sulpice et al. [18] used a partial least square regression (PLS) to identify combinations
of key predictors that most strongly correlated with the trait. Just two metabolites, starch
and, to a lesser extent, protein, were found to be the key predictive metabolites in the
study by Sulpice et al. (2009) [18]. Whilst all of these studies were performed under tightly
controlled laboratory conditions for the model species, Arabidopsis, they demonstrated
that the metabolic profile of plants was strongly related to phenotype, such that it could be
used to predict it.

In crop species, metabolic markers for drought tolerance were identified in rice samples
taken before a drought event and those taken during drought [19]. The strongest correlation
was from the marker, gluconic acid, under control (non-drought-stressed) conditions with
a correlation of 0.72 with shoot dry weight under drought. In maize, a positive correlation
between control levels of myo-inisitol and grain yield under drought was identified [20].
These two examples are evidence that predictive markers of drought tolerance can be
identified. Prognostic biomarkers for chip quality were also identified in potato, where the
abundance of glucose and fructose was found to positively correlate with discolouration
during frying (low chip quality). When either of these hexoses were used as markers to
predict chip quality in new crosses, the correlation (RS) between predicted and measured
quality was 0.67 [21]. Predictive models for yield were also developed from the biomarker
profile for the bioenergy grass Miscanthus [22]. Importantly, this study was conducted
under field conditions and over two years, demonstrating that a metabolic profile that
correlated with performance was consistent over multiple years. However, this study also
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identified that many markers were not consistent, so it was important to identify only those
that were robust and repeatable [22].

In studies comparing molecular versus metabolic markers, molecular markers tended
to have stronger predictive power, but only slightly. In a comparison between marker types
in maize, metabolic markers correlated 0.6–0.8 with the trait, whereas molecular markers
were slightly higher: 0.72–0.81 [23]. However, as the authors pointed out, this meant that
the 130 metabolites that were studied were almost as effective as the 38,000 molecular
markers (SNPs) [23].

Chickpea is the second-most-cultivated legume in the world [24]. India and Australia
were the largest global producers of chickpea, producing 9 and 2 M tonnes, respectively
in 2017 [25]. In both these countries, chickpea is grown on receding soil moisture and
often experiences terminal drought stress during its late reproductive growth stage. As
a predominantly indeterminate species, chickpea plants continue to produce vegetative
and floral biomass while water availability remains adequate [26]. The extended flowering
period, combined with progressively receding water availability, results in greater repro-
ductive inhibition as the season progresses, as drought negatively impacts pollen viability
and the ability of plants to accumulate biomass [27,28]. It was estimated that up to 50%
of annual global yields of chickpea are lost due to drought [29]. Yield, particularly under
the influence of drought, is a complex trait that exhibits strong G × E interactions. There
are no molecular markers available for this trait, so the process for yield improvement is
slow. We hypothesised that metabolic biomarkers could be identified from young, healthy
plants that, under field-grown conditions over two growing seasons, were (a) consistently
correlated with yield traits under terminal drought and (b) strongly correlated enough to
produce predictive models. Such models could be used by breeders to identify genotypes
that perform well under adverse conditions, without having to expose them to the relevant
stimuli (e.g., drought).

2. Results

2.1. Phenotype

Seed weight (g plant−1) was significantly different between years in the replicated
genotypes and between rainfed and irrigated treatments in both replicated and non-
replicated genotypes (Table 1, Tables S1 and S2). The hundred kernel weight (HKW)
did not significantly change between years, and no significant differences were observed
between treatments (Table 1). Significant differences that reflected the change in seed
weight (g plant−1) were observed from seed number plant−1, which was different between
years for replicated genotypes and between treatments for replicated and non-replicated
genotypes (Table 1).

Table 1. Yield parameters. Significant differences (Student’s t-test) beneath the values indicate
significant differences between years for the replicated genotypes (** p = <0.01). Significant differences
next to the values for replicated and unique genotypes show significant differences between the
rainfed and irrigated plants (** p = <0.01). For replicated genotypes n = 23, and for unique genotype
n = 13.

Seed Weight (g Plant−1) HKW (g) Seed Number (Plant−1)

Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated

Year 1 replicated genotypes 4.85 8.26 ** 21.42 21.41 23.20 38.18 **
Year 2 replicated genotypes 7.16 12.74 ** 21.11 22.4 34.68 58.36 **

Significantly different between years: ** ** ** **
Year 1 non-replicated genotypes 5.15 8.49 ** 31.59 32.27 20.55 30.37 **
Year 2 non-replicated genotypes 7.63 12.73 ** 15.48 17.18 53.04 77.10 **
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2.2. Metabolomic Profiling

Nine metabolites were profiled by gas chromatography mass spectrometry (GC-MS)
from leaf tissue from the rainfed plants (prior to withholding irrigation), in both years
(Table 2 and Table S3). The most abundant metabolite in most genotypes in year 1 was
malic acid, but in year 2 the sugar alcohol, D-pinitol, was in greater abundance overall than
malic acid (Table 2). All the tested metabolites were significantly different in concentration
between year 1 and year 2: the organic acids, such as lactic, malonic, malic and citrate, were
lower in year 2, whereas the carbohydrates, including sugar alcohols, such as chiro-inositol
and D-pinitol, were all in greater abundance in year 2. Exceptions were the observations
regarding acids, succinate and γ-aminobutyric acid (GABA), which were also in greater
abundance in year 2 (Table 2).

Table 2. GCMS metabolic profile of the leaf tissue. All values are in μg mL. n = 4.

Lactic
Acid

Malonic
Acid

Succinate
Malic
Acid

GABA
Citric
Acid

D-
Pinitol

Chiro-
Inositol

Myo-
Inositol

Year 1 replicated averages 0.52 0.88 0.25 8.53 0.51 3.05 3.85 0.57 0.91
Year 2 replicated averages 0.32 0.70 0.97 6.43 1.00 1.50 6.97 0.72 1.12

Significantly different
between years: ** ** ** ** ** ** ** ** **

Year 1 non-replicated averages 0.54 0.88 0.25 8.40 0.54 2.93 4.17 0.57 0.89
Year 2 non-replicated averages 0.30 0.69 0.96 6.51 1.04 1.51 5.87 0.75 1.07

GABA—γ-aminobutyric acid; Significant differences between years for the replicated genotypes are shown using
a Student’s two-tailed t-test, ** p = < 0.01.

Carbohydrates were analysed by enzyme assays. The most-abundant carbohydrate in
both years was starch, averaging 72–76 mg g−1 dry weight (DW) (Table 3 and Table S4).
Glucose and sucrose were in significantly greater abundance in year 2 in the replicated
genotypes, but no significant differences between years were observed for either fructose
or starch (Table 3).

Table 3. Enzyme assay profile of the leaf tissue. NSC = sum of non-structural carbohydrates. All
values are in mg g−1 DW. n = 4. Significant differences between years for the replicated genotypes
are shown using a Student’s two-tailed t-test, ** p = < 0.01.

D-Glucose D-Fructose Sucrose Starch NSC

Year 1 replicated averages 8.06 8.84 21.97 76.32 115.2
Year 2 replicated averages 11.22 7.84 66.93 72.87 158.9

Significantly different
between years: ** ** **

Year 1 non-replicated averages 9.45 8.71 21.59 66.46 106.2
Year 2 non-replicated averages 10.79 7.60 60.51 72.42 151.3

2.3. Pearson’s Correlations

Pearson’s correlations were carried out to identify relationships between metabolites
and seed number plant−1, and HKW in year 1 and year 2 (Table 4). Six out of 13 metabolites
showed a significant correlation with seed number in at least one year, which were malic
acid, GABA, D-pinitol, D-glucose, sucrose and starch (Table 4). Only two metabolites, su-
crose and D-pinitol, showed a significant correlation with the trait in both years (p = <0.05),
but GABA was significantly correlated in year 2, and p = 0.06 in year 1, so a consistent trend
was observed (Table 4).
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Table 4. Pearson’s correlation between seed number plant−1 and hundred-kernel weight (HKW), and
the metabolites. Significant correlations (* p = < 0.05, ** p = < 0.01, and *** p = < 0.001) are coloured
red and purple, and correlations where p = < 0.1 are coloured pink. GABA = γ-aminobutyric acid.

Seed Number Plant−1 Hundred-Kernel Weight

Year 1 Year 2 Year 1 Year 2

Rs Rs Rs Rs

Lactose 0.08 0.12 −0.08 0.07
Malonic acid 0.02 0.01 −0.04 0.21

Succinate 0.16 0.03 −0.02 0.02
Malic acid 0.48 *** −0.10 −0.28 −0.09

GABA 0.31 0.34 * −0.1 −0.16
Citrate 0.09 −0.17 −0.2 −0.11

D_pinitol −0.58 *** −0.52 *** 0.62 *** 0.55 ***
Chiro_inositol −0.04 0.08 0.11 −0.15
Myo_inositol −0.07 −0.09 −0.06 0.17

D-glucose −0.53 *** −0.11 0.6 *** 0.18
D-fructose −0.04 0.04 0.18 −0.02

Sucrose −0.39 * −0.43 ** 0.29 0.32 *
Starch 0.31 −0.15 −0.53 0.11

Fewer significant correlations were observed for HKW and the metabolites; indeed,
only D-pinitol was significantly positively correlated in both years of testing (Table 4).

D-Pinitol

As the strongest Pearson’s correlation in both years was between HKW and D-pinitol,
the relationship was further investigated. Both the Kabuli and Desi types were included
in the year 1 trial, so the concentration in the two types was determined (Table S1 and
Figure 1). The concentration of D-pinitol was significantly higher in the Kabuli types, with
an average of 4.8 mg g−1 DW compared to 3.8 mg g−1 DW in the Desi types (Figure 1).
The average HKW for Desi and Kabuli was 20.9 g and 40.4 g, respectively (Supplementary
Table S2). Only Desi genotypes were included in the year 2 trial, but these were comprised
of types of different origin, specifically, Australian breeding’ lines, Australian varieties,
Indian varieties and the ICRISAT reference set (Figure 1). The concentration of D-pinitol
was observed to be the highest in the Indian and Australian varieties, which were both
significantly higher than those sourced from the ICRISAT reference set, while the Australian
breeders’ lines were in between the two (Figure 1). The HKW values corresponded to this
trend, being 19.7 g, 19 g, 14.2 g and 25 g for the four sources, respectively (Table S2).

Figure 1. Relationships between D-pinitol and seed size. (Left) Concentration of D-pinitol
(mg g−1 DW) in Desi (n = 29) and Kabuli (n = 7) varieties of chickpea in year 1. (Right) Con-
centration of D-pinitol and hundred-kernel weight (HKW) in genotypes sourced from Australian
breeding lines (ABL) (n = 8), Australian varieties (AV) (n = 13), Indian varieties (IV) (n = 6) and the
ICRISAT reference set (IRS) (n = 9). ** p = < 0.01 (Student’s t-test), and letters above the bars show
significant differences (Tukey’s HSD Test, p = < 0.05).
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2.4. Predictive Modelling

As HKW was observed to be a largely fixed trait, not changing between years and
treatments, we decided to focus the predictive modelling on seed number plant−1, as
this was the yield parameter that showed the strongest change in response to terminal
drought (Table 2). Significant correlations between seed number and multiple metabolites
were observed, so a multi-variate linear regression modelling approach was employed to
develop the model. The step akaike information criteria (AIC) feature selection procedure
reduced the number of variables to seven, which included sucrose, D-pinitol and GABA
that were identified in the Spearman’s rank correlations and also chiro-inositol, fructose,
starch and the total non-structural carbohydrate (NSC) abundance (Table 5).

Table 5. Coefficients of significantly correlated variables.

Coefficients

Estimate Std. Error t Value Pr

(Intercept) −4.81 13.75 −0.35 0.73
GABA 46.27 8.13 5.69 0.00 ***

D-pinitol −4.64 1.35 −3.44 0.00 **
Chiro-inositol 44.03 18.26 2.41 0.02 *

D-fructose 1.74 0.61 2.85 0.01 **
Sucrose 1.37 0.38 3.57 0.00 ***
Starch 1.32 0.37 3.60 0.00 ***
NSC −1.29 0.35 −3.71 0.00 ***

GABA = γ-aminobutyric acid; NSC = non-structural carbohydrates; *** p = < 0.001, ** p = < 0.01, * p = < 0.05.

These selected variables were then used to train the model using a leave-one-out
cross-validation (LOOCV) approach (see Materials and Methods). A strong significant
correlation was observed between the predicted and actual seed number plant−1 with
R2—adjusted = 0.623, demonstrating that 62% of the variation in final seed number, under
terminal drought (rainfed) conditions, could be explained by seven metabolites measured
from healthy, young leaves early in the growing season (Figure 2).

Figure 2. Model output showing actual seed number versus predicted seed number. Black line shows
a 1:1 relationship and blue line shows linear regression between actual versus predicted seed number,
grey shaded area shows confidence interval (0.95).
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3. Discussion

We observed no significant differences in HKW between years or treatments. Comple-
mentary to our findings, was an observation that HKW did not significantly differ between
chickpea genotypes under drought or watered conditions in a glasshouse trial, whereas
seed number did show significant differences and also a strong correlation with yield under
drought [30]. The authors concluded that HKW did not change in response to drought
because, once a seed enters the phase of rapid dry weight accumulation, it has priority
for assimilates over seeds in the early stage of development [30]. Hundred-kernel weight
was previously shown to be the most heritable yield trait in both chickpea and broadbean,
which is evidence that it is less susceptible to environmental influences [31,32]. This shows
replicability in our finding that seed number, rather than size, is a major determining factor
in yield under terminal drought.

Significant differences in the metabolic profile between the two years were observed,
highlighting the dynamic nature of metabolites. Despite this, the correlation analyses
showed that several metabolites were consistently correlated with yield traits in both years.
They were sucrose, GABA (seed number) and D-pinitol (seed number and HKW). These
three metabolites were all reported to increase during water stress in multiple species
including Arabidopsis [33,34], rice [35], sesame [36], soybean, ricebean and other tropical
legumes [37–40]. The metabolic changes that occur during stress events were linked to the
ability of particular genotypes to survive or succumb. For example, a drought-tolerant vari-
ety of sorghum accumulated greater amounts of sugars and sugar alcohols during drought
stress than a susceptible cultivar [41]. Similarly, in soybean, the drought tolerance of a wild
accession was attributed to its capacity to accumulate a greater abundance of osmoprotec-
tive compounds during drought compared to a more susceptible line [40]. These examples
link adjustments in the metabolic profile during drought (including the accumulation of
carbohydrates, GABA and sugar alcohols) with improved yield performance. However, in
our study, the metabolites were profiled from young, healthy, watered plants before the
drought stress was imposed and a correlation between these metabolites and yield under
drought was still observed. This could suggest that, to some extent, the higher yielding
(high seed number) genotypes observed in our study showed a level of pre-adaptation to
drought conditions. A similar observation was made in sesame, where it was reported that
drought-tolerant genotypes had a higher concentration of GABA even under well-watered
conditions [36]. As chickpea has been bred to complete its lifecycle under terminal drought,
it appears that the metabolic adaptations that facilitate performance under these conditions
have been selected and are still observable under well-watered conditions.

The positive correlation between D-pinitol and HKW and the negative relationship
with seed number are results of an existing negative relationship between these two yield
traits, as previously reported, which the authors attributed to parallel demands for photo-
synthates and nutrients [30,42]. The stronger of the two relationships was between HKW
and D-pinitol.

D-pinitol is a free cyclitol that is found throughout the genus Leguminosae [39]. In
mammalian systems, D-pinitol is regarded as a bioactive compound because it possesses
insulin-like properties and can lower blood glucose in patients with type 2 diabetes [43,44].
In plants, the predominant association of D-pinitol is as a compatible solute, with accumu-
lation frequently observed during abiotic stress [37–39]. Accumulation was observed to
increase as photosynthesis declined due to drought stress, providing evidence that carbon
is diverted away from the primary metabolism and into D-pinitol [39]. In transgenic to-
bacco that overexpressed a myo-inositol O-methyl transferase gene, IMT1, which catalyses
the first step in the biosynthesis of the cyclic sugar alcohol D-pinitol, large quantities of
ononitol accumulated [45,46]. When the transgenic plants were exposed to drought or salt
treatments, they were able to retain photosynthetic performance relative to controls [46].
Therefore, D-pinitol plays a role in protecting remobilisation to the seed during filling under
terminal drought conditions. The majority of scientific publications regarding D-pinitol
refer to its role in stress protection (usually drought or salt) [39,46–49]. However, our results
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point to a more central role for D-pinitol in seed size, as consistent relationships were found,
with large seeded Kabuli types having a higher concentration than smaller seeded Desi
types, and Desi varieties that had presumably been selected for seed size amongst other
attributes, had more than non-varieties. Of interest is the observation that ciceritol, an α-d-
digalactoside of D-pinitol, accounts for 36–43% of the total sugars in chickpea seeds [50,51].
It is, therefore, possible that the increased abundance of leaf D-pinitol in larger-seeded
varieties provides more of the pre-cursor material for remobilisation to the seed later in
development. It would be interesting to experiment with the exogenous feeding of either
D-pinitol or its pre-cursor, myo-inositol, to observe whether corresponding changes in seed
size or seed ciceritol are observed.

Our results also suggest that D-pinitol could be used to identify new crosses that
can produce larger seeds even before flowering occurs. For, example, if large kernel size
varieties were the main aim, a cross could be made between a larger seed size parent and a
parent with smaller seeds but another desirable trait (e.g., disease tolerance). The resultant
progeny could be screened for leaf D-pinitol concentration before flowering occurred, and
only the highest-accumulating lines could be taken forward. This would save time and
money by avoiding growing plants to maturity that do not show the desirable kernel trait.

By combining a core set of markers, we were able to develop a model that could
predict the number of mature seeds under drought conditions to a high degree of accuracy
(R2 adj = 0.62). Selecting plants for abiotic stress tolerance, e.g., drought, flooding, frost
and heat, is very challenging because, for large-scale breeding programs, crosses need to
be screened outdoors, which is dependent upon the relevant climatic conditions occur-
ring in a given year. The ability to predict genotypic performance under abiotic stress
from non-stressed plants is of huge benefit. While, ideally, molecular markers would be
more reliable for trait prediction than metabolites because they are not subject to environ-
mental perturbations, for many crops and particularly for complex traits, they are simply
not available.

Our study shows that the leaf metabolic profile of well-watered, young plants can be
measured 80 days before harvest to identify, with a high degree of accuracy, which geno-
types are more likely to produce higher seed numbers under terminal drought conditions.
Given the close correlation between yield (g/area) and seed number plant−1, it is very
likely that yield could also be the focus of our model. D-pinitol concentrations in the leaf
are strongly and consistently associated with seed size, and this could be used as a means of
early selection. The second year of our study and the year after (2018 and 2019, respectively)
were the driest on record for eastern Australia. In 2021, the net value of the national welfare
lost to this drought event was AUD 53 billion [52]. Extreme weather conditions, including
drought, are predicted to increase in frequency and severity as part of our changing climate.
Metabolite-assisted breeding offers a means to accelerate the selection of superior crosses
that continue to produce viable yields under extreme climatic conditions.

4. Materials and Methods

4.1. Field Trial

The field site was located at the University of Sydney’s IA Watson Grains Research
Centre, Narrabri, NSW Australia (30◦16′31.7” S, 149◦48′10.7” E). The field trial used in 2017
(year 1) was previously described [53]. The trials were sown on 5 and 7 June in year 1 (2017)
and 2018 (year 2), respectively.

The field sites were 0.6 ha in total, which was divided in half, into an irrigated and
rainfed treatment in an incomplete block design. For this study, the metabolite data and
associated yield parameters were only collected from the rainfed side of the field. Therefore,
this represents a fully randomised block design. Thirty-six genotypes were grown each
year, with four replicates of each plot in each treatment (rainfed or irrigated). Plots were
initially 1.6 × 6 m, which were then cut back to 4 m before podding commenced. Each plot
and the perimeter of the whole trial was surrounded by a double-row of buffer plots. Seeds
were planted using a five-row mechanical planter, and the row spacing was set to 0.32 m.
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Seeds were pre-treated with fungicide and treated with granulated inoculant (Nodulator®,
Group-N Granular Legume Inoculant, BASF Australia Limited, Southbank, VIC, Australia)
at a rate of 3.2 kg ha−1, and Granulock Z Extra fertiliser (Granulock®, Incitec Pivot Limited,
Port Lincoln, SA, Australia) at a rate of 50 kg ha−1 was applied at the time of sowing [53].

The irrigated treatment received 25 mm irrigation (total 100 mm) approximately every
two weeks from mid-August in year 1 and from May in year 2, which was homogeneously
applied to the field using a lateral move irrigator. Supplementary irrigation was supplied
only to the irrigated treated plots at three timepoints in year 1, but in year 2 the residual
soil moisture at the start of the season was so low following the previous dry year that
supplementary irrigation was supplied to both treatments until anthesis and, thereafter,
only to the irrigated treatment in year 2. A total of 92 mm of irrigation was supplied
during the experiment in year 1. In year 2, a total of 70 mm was applied prior to planting
(in two applications), and a further 190 mm was applied to the irrigated treatment and
110 mm to the rainfed treatment over the course of the experiment. The biomarker harvests
took place before drought treatment (withdrawal of irrigation) was imposed. Therefore,
the “treatments” had been equally watered at the time of the biomarker leaf harvest.

4.2. Plant Material

Forty-nine genotypes were tested over the two years, with thirty-six included each
year, and twenty-three lines being tested in both years (Table S1). In year 1, both Desi and
Kabuli types were included, but in year 2 only Desi types were cultivated. Genotypes were
selected from current cultivars bred for the northern NSW region: older Australian varieties
and lines sourced from ICRISAT including Indian varieties (denoted by the “ICCV” prefix)
and lines from the ICRISAT reference set (denoted by the “ICC” prefix). The ICC and ICCV
selections were based on pre-breeding observations and publications reporting interesting
rooting/biomass/morphology and/or drought response [54,55].

4.3. Yield Harvest

At maturity (around day after sowing (DAS) 160), a 50 × 50 cm quadrat was placed
around an area of the plot, and all plants within it were counted and then cut at the base.
The plants were placed in paper bags, dried to a constant weight and then threshed to
remove the seeds. Cleaned seed was weighed, and then both values were divided by
the number of plants to give seed yield g plant−1. Hundred-kernel weight (HKW) was
automated using a seed counter (Contador, Pfeuffer, Kitzingen, Germany). The average
number of seeds per plant was calculated as (seed yield g plant−1/HKW) × 100). All plots
with both treatments (rainfed and irrigated) were harvested, but only data from the rainfed
plots (from which the biomarkers were harvested) were used for the model development.
Machine-harvested plot yields are not included in this study because diverse genotypes
were used, and the combine harvester more effectively harvested taller, larger-seeded
genotypes than those with smaller seeds and stature.

4.4. Biomarker Harvest Protocol

Biomarker harvests took place at DAS 74 and DAS 80 in years 1 and 2, respectively.
This timepoint was selected because it was the earliest that an entire stem could be harvested
from each plot that would yield 20 mg dry weight of leaf material. This harvest point was
when the earliest-flowering genotypes had their first emerged petals. All genotypes were at
Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) Scale 55–59.
Samples were harvested from the rainfed side of the field (before the irrigation applications
were ceased and drought effects took effect). Harvests were carried out on clear days
between 12:00–2 pm to control for diurnal effects. A single stem that was representative
of canopy height was selected from each plot, cut at the base with scissors and placed
in a Whirl-Pak sample bag (Whirl-Pak, Filtration Group, https://www.whirl-pak.com/
(accessed on 15 May 2023)). Samples were frozen in liquid nitrogen, stored at −80 ◦C
and then freeze-dried (Virtis FreezeMobile, Gardiner, MT, USA). Samples were split into
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leaf and stem tissues, transferred to 2 mL microcentrifuge tubes and ball-milled to a fine
powder (Geno/Grinder 2010, Spex SamplePrep, Metuchen, NJ, USA). In this manuscript,
only data from the leaf samples are shown.

4.5. Metabolite Extraction

Soluble sugars and starch were enzymatically analysed, as previously described [56,57],
and GC-MS protocols were as previously described [58,59]. Metabolite extraction: Approxi-
mately 20 mg (actual weight recorded) of each freeze-dried, ball-milled plant tissue sample
was weighed into 2 mL screw cap micro centrifuge tubes. Metabolites were extracted
four times with 1 mL of 80% (v/v) ethanol, and the resulting supernatants were pooled;
two extractions were at 80 ◦C for 20 min and 10 min, respectively, and the remaining two
were at room temperature. A 0.5 mL aliquot of soluble metabolite extract and the remaining
pellet containing the insoluble fraction (including starch) were dried down in a heat block
at 50 ◦C until all the solvent had evaporated. The dried-down residue from the soluble
fraction was then resuspended in 0.5 mL of distilled water. Samples were stored at −20 ◦C
for analysis.

4.6. Soluble Sugar Analysis

Soluble sugars of samples extracted in the previous step were enzymatically quantified
using a Megazyme protocol (Megazyme Sucrose, D-glucose and D-fructose Assay Proce-
dure, K-SUFRG 04/18, Megazyme International, Co Wicklow, Ireland) by the stepwise
addition of hexokinase, phosphoglucose isomerase and β-fructosidase [60]. Samples were
photometrically quantified (Benchmark Plus, BioRad, Hercules, CA, USA) by measuring
the change in wavelength at 340 nm for 20 min after the addition of each enzyme. Su-
crose, glucose and fructose were then quantified from standard curves included on each
96-well plate.

4.7. Starch Quantification

Starch was quantified using a modified Megazyme protocol (Megazyme Total Starch
Assay Procedure, AOAC method 996.11, Megazyme International, Co Wicklow, Ireland).
Briefly, the dried pellet was resuspended in 0.4 mL of 0.2 M KOH, vortexed vigorously
and heated to 90 ◦C in a water bath for 15 min to facilitate gelatinisation of the starch.
A total of 1.28 mL of 0.15 M NaOAc (pH 3.8) was added to each tube (to neutralise the
sample) before the addition of 20 μL α-amylase and 20 μL amyloglucosidase (Megazyme
International, Co Wicklow Ireland). After incubation at 50 ◦C for 30 min and centrifugation
for 5 min, a 0.02 mL aliquot was combined with 0.6 mL of GOPOD reagent (Megazyme
International, Co Wicklow, Ireland). A total of 0.2 mL of this reaction was photometrically
assayed (Benchmark Plus, BioRad, Hercules, CA, USA) on a 96-well microplate at 510 nm
against a water-only blank. Starch was quantified from known standard curves on the
same plate. Each sample and standard were tested in duplicate. Each plate contained a
control sample of known concentration for both soluble sugars and starch analysis.

4.8. Gas Chromatography Mass Spectrometry

For the carbohydrates, sugar alcohols and organic acid analyses, gas chromatog-
raphy (GC) techniques used by Merchant et al. (2006) [58] were followed accordingly.
First, 50 μL of dried extract were suspended in 450 μL anhydrous pyridine, to which a
solution of 1:10 ratio mixture of trimethylchloroacetamide (TMCS) and bis-trimethylsilyl-
trifluroacetamide (BSTFA) was added for derivatisation. Samples were incubated for
35 min at 75 ◦C and analysed by GC-MS within 24 h. The analysis was carried out on an
Agilent 6890 Gas Chromatograph with QQQ 7000 Mass selective detector (Agilent Tech-
nologies, Santa Clara, CA, USA). Samples were injected in a split splitless injector at 300 ◦C
with a 20:1 split injection onto a HP-5 column (30 m, 0.25 mm ID, 0.25 μm film thickness)
with helium carrier gas at a constant flow of 1 mL/min. The temperature program had
an initial oven temperature set of 60 ◦C for 2 min, ramping to 220 ◦C at 10 ◦C min−1 for
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5 min and then to 300 ◦C at 10 ◦C min−1 for 5 min. GC-MS results were identified based on
retention times relative to standards and extracted ions. Peak areas were integrated, and
their relative quantities were calculated by Mass Hunter software (version B.07.01, Agilent
Technologies) and used for peak integration.

4.9. Statistics and Modelling: Linear Modelling and Feature Selection

All statistical tests, modelling and feature selection were carried out in R [61]. Student’s
t-tests were two-sided, assuming unequal variances (p = <0.05).

A multivariate linear regression model was constructed to analyse the relationship
between seed number plant−1 in rainfed (terminal drought)-treated plants and 14 metabo-
lites analysed from well-watered conditions early in the growing season. The modelling
and model evaluation and trait prediction (below) were conducted in R using the Caret
(Classification and Regression Training) package [61,62]. In order to simplify the model
by reducing the number of variables, the Step Akaike Information Criteria (AIC) [63,64]
was applied. This maximum-likelihood estimation (MLE) feature selection technique tests
whether the AIC value is increased or decreased with the step-wise addition of each ex-
planatory variable (metabolite), with a lower value being the desired outcome. Both a
forwards and backwards approach were tested, and the backwards method was found to
produce the highest adjusted R2 value. The backwards elimination method sequentially
removes variables that do not show a significant (p = <0.05) relationship to the trait, leaving
only the minimum significantly correlated set [65,66]. A backwards approach is preferable
if there is a high likelihood of collinearity amongst variables [67], which is often the case
with metabolites, e.g., Ceusters et al. [68].

4.10. Model Evaluation and Trait Prediction

The leave-one-out cross-validation (LOOCV) approach was utilised to train the model [65].
In this approach, the model is repeatedly re-fitted using a different training and test set
each time. With each iteration, a single test value (genotype) is omitted from the training
set, and the mean square error (MSE) of the predicted versus actual value for that genotype
is calculated. The process is repeated until all values have been used as the test value
(n = 72). The test MSE is the average of all the calculated MSE’s. A linear regression
between the predicted and actual values was then plotted, and the adjusted R2 and p values
were determined.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants12112172/s1. Table S1: Genotypes tested. Table S2: Yield
trait values. Table S3: GCMS metabolic profile of the leaf tissue. Table S4: Enzyme assay profile of the
leaf tissue.
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Abstract: Starch content is one of the major quality criteria targeted by potato breeding programs.
Traditional potato breeding is a laborious duty due to the tetraploid nature and immense heterozy-
gosity of potato genomes. In addition, screening for functional genetic variations in wild relatives is
slow and strenuous. Moreover, genetic diversity, which is the raw material for breeding programs, is
limited due to vegetative propagation used in the potato industry. Somaclonal variation provides a
time-efficient tool to breeders for obtaining genetic variability, which is essential for breeding pro-
grams, at a reasonable cost and independent of sophisticated technology. The present investigation
aimed to create potato somaclones with an improved potential for starch accumulation. Based on
the weight and starch content of tubers, the somaclonal variant Ros 119, among 105 callus-sourced
clones, recorded a higher tuberization potential than the parent cv Lady Rosetta in a field exper-
iment. Although this somaclone was similar to the parent in the number of tubers produced, it
exhibited tubers with 42 and 61% higher fresh and dry weights, respectively. Additionally, this clone
recorded 10 and 75% increases in starch content based on the dry weight and average content per
plant, respectively. The enhanced starch accumulation was associated with the upregulation of six
starch-synthesis-related genes, namely, the AGPase, GBSS I, SBE I, SBE II, SS II and SS III genes.
AGPase affords the glycosyl moieties required for the synthesis of amylose and amylopectin. GBSS is
required for amylose elongation, while SBE I, SBE II, SS II and SS III are responsible for amylopectin.

Keywords: potato; tissue culture; somaclonal variation; starch; gene expression

1. Introduction

Potato (Solanum tuberosum) is the most crucial non-graminaceous food crop cultivated
in 17.34 million hectares yielding 370 million tons (FAO 2019 https://www.fao.org/faostat/
ar/#data/QCL, accessed on 23 October 2022). Tubers are an important source for car-
bohydrates, proteins and other essential nutrients including minerals (iron, magnesium,
phosphorus, potassium and zinc), vitamins (thiamin, niacin, pyridoxine, riboflavin, folate
and ascorbic acid, pantothenic acid), and dietary fibers [1]. Potato stands first among
food crops for production of energy, proteins, vitamins and minerals per unit of land area
and time [2]. Alongside the indoor culinary purposes, tubers are utilized in many food
products [3] that accumulate massive amounts of peel directed to bioethanol production [4].

Starch is the most abundant carbohydrate in potato tubers; it is a mixture of two
polysaccharides. The first is amylose which is a linear, long α-glucan with few branches,
containing about 99% α-(1,4) linkages and only 1% α-(1,6) linkages. The second is amy-
lopectin characterized with heavily branched structure related to having about 5% α-(1,6)
linkages [5]. Starch synthesis is hosted in amyloplasts and catalyzed with granular-bound
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starch synthase (GBSS), specialized for elongation of growing α−1,4 linkage with exclusive
or nearly exclusive activity in the soluble phase, and both starch branching enzyme (SBE)
and starch synthases (SSs) to construct the branched chains [6]. The glycosyl moieties re-
quired for both amylose and amylopectin are provided as ADP glucose synthesized under
catalysis of ADP glucose pyrophosphorylase (AGPase) [7,8]. The increased rate of starch
biosynthesis during the early stages of tuber induction and the subsequent developmental
stages of tuberization is underlined

Starch is an agriculturally important product with multiple food and nonfood valuable
purposes. In human nourishment, starch plays an essential role in offering the metabolic
energy necessary to perform biological functions; it is the primary source of energy for an
enormous portion of the world’s population. As an industrial material, starch has many
applications including adhesion, coating, encapsulation, gelling and thickening [5]. Thus,
starch content is one of the major quality criteria targeted by potato breeding programs [9]
especially in this era characterized by suffering from climate change and growing gap in
food supply.

Traditional potato breeding is a laborious duty due to the tetraploid nature and
immense heterozygosity of the potato genomes. The former is the reason for intra-species
incompatibilities and inbreeding depression, whereas the latter inhibits the introduction of
novel traits through traditional breeding [10]. In addition, screening for functional genetic
variation in wild relatives is slow and strenuous [11,12]. Adding to these difficulties, genetic
diversity which is the raw material of breeding programs is hindered with vegetative
propagation [13] applied for potato cultivation in most countries [14].

Based on genetic engineering and in vitro screening, biotechnology can overcome
many of potato breeding obstacles [15,16]. However, the health and environmental is-
sues about genetically modified foods [17] put in vitro screening as the first runner of
biotechnological tools utilized in potato breeding. Generally, it depends on the genetic
variations that arise during in vitro conditions, and these genetic variations are termed
somaclonal variations [18]. Such variations can be attributed to point mutations, numerical
and structural chromosomal variations as well as epigenetic variations including hypo-
and hypermethylation of DNA [19]. Nevertheless, the molecular mechanisms underlying
somaclonal variation require further elucidation [20].

In vitro screening of somaclones was successfully used to produce new potato lines
with improved tolerance against drought [21], salinity [22], cadmium [15], early blight [23]
and postharvest diseases [24]. In addition, several research groups introduced in vitro
selected potato lines with improved starch content [25–28]. However, the genetic expression
profile underlining the enhanced starch accumulation was not investigated. The transcrip-
tion level of several genes can be rapidly and accurately estimated in the same extract using
few chemicals, compared with assaying of the corresponding enzymes activities that may
require several extraction methods and an arsenal of reagents. The increased rate of starch
biosynthesis during the early stages of tuber induction and the subsequent developmental
stages of tuberization is underlined with up-regulation of starch synthesis genes that was
more pronounced when final tuber size was attained [29].

Generally, in vitro procedures expose plant material to oxidative stress and subsequent
mutations [30]. However, although regeneration from preformed meristems (e.g., buds)
does not normally produce variants, passing through a callus phase promotes somaclonal
variation [31].

Therefore, the aim of the present investigation is to exploit somaclonal variation in
callus-sourced regenerated plants in order to select new potato lines with a high starch
content and to elucidate the gene expression profiles of starch-related genes, namely,
AGPase, GBSS I, SBE I, SBE II, SS II and SS III.
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2. Results

2.1. Tissue Culture, Acclimatization and Minituber Production

Potato in vitro plants (Figure 1A) were selected to provide internode explants. As a
response to a callus induction medium, the internode explants swelled with a synchronized
appearance of green nodular calli at the cut edges after a couple of weeks (Figure 1B). After
being transferred to a shoot regeneration medium, the calli expanded to the whole explant
surface.

 
Figure 1. Tissue culture and minituber formation of potato (Solanum tuberosum): four-week-old
in vitro plants multiplicated via nodal cuttings on basal medium (A), callus induction on internode
cuttings placed on basal medium fortified with 1-naphthaleneacetic acid (NAA) at 0.186 mg L−1

and 6-benzylaminopurine (BAP) at 2.25 mg L−1 (B), shoot regeneration from calli on basal medium
containing BAP at 2.25 mg L−1 (C), rooting of regenerated shoots on basal medium supplemented
with 0.1 mg L−1 indole-3-butyric acid (IBA) and 0.5 mg L−1 indole-3-acetic acid (IAA) (D), acclimation
of regenerated plants (E), four-week-old acclimated plants (F) and minituber formation of acclimated
plants (G).

After eight weeks on the regeneration medium, an average of six shoots per explant
(Figure 1C) were regenerated on about 60% of the explants, yielding 146 shoots, of which
only 113 (77.3%) were able to survive following three successive nodal-cutting-based
multiplication steps and produced corresponding clones. The obtained shoots were rooted
successfully on a rooting medium to produce plants ready for acclimatization (Figure 1D).
The rooted shoots of all the clones were acclimatized in 5 cm pots (Figure 1E) for two weeks
in a greenhouse, and then they were transferred to 25 cm pots (Figure 1F). Fourteen weeks
later, the produced G0 minitubers were collected (Figure 1G).

The in vitro plants, used as a source of explants, were multiplied via nodal cuttings to
establish control clones, and they were designated as meristem-derived (M-D) clone plants.
Each of the M-D clone plants produced an average of five minitubers, weighing about 25 g.
For the callus-sourced clones, a wide spectrum of tuberization potentials was recorded
among the different clones. The variation among the different putative somaclones ranged
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from 2 to 15 for the number of minitubers per plant and 4–27 g for the fresh weight of
tubers per plant.

2.2. Tuberization and Starch Accumulation

Compared with the G1 tubers produced by the M-D clone, the primary screening of the
G1 tubers produced by the 105 callus-sourced clones failed to achieve better tuberization
potentials in terms of the number of tubers, tuber weight and starch content, except for
the clone named Ros 119. Although bearing the same number of tubers produced by the
M-D clone (Figures 2 and 3), Ros 119 exhibited tubers with 20 and 36% higher fresh and
dry weights (Figure 4), in addition to 10 and 49% increases in starch content on the bases
of tuber dry weight and average content per plant, respectively (Figure 5). The previous
superiority of the Ros 119 clone over the M-D one was observed to be intensified in the
G2 tubers. Compared with the M-D clone, the Ros 119 tubers exhibited 38, 57, 11 and 71%
increases in fresh weight, dry weight, starch content expressed in mg/g dry weight and
starch content expressed in g per plant, respectively.

 

Figure 2. Potato plants carrying G2 tubers: the commercial cultivar Lady Rosetta (A), M-D clone (B)
and Ros 119 clone (C).

Figure 3. Number of tubers formed by the commercial cultivar Lady Rosetta, M-D clone and Ros 119
clone. Values are presented as mean ± SD of five replicates; bars with different letters are significantly
different, based on the LSD test, at p < 0.05.
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Figure 4. Fresh (A) and dry (B) weights of tubers formed by the commercial cultivar Lady Rosetta,
M-D clone and Ros 119 clone. Values are presented as mean ± SD of five replicates; bars with different
letters are significantly different, based on the LSD test, at p < 0.05.

Figure 5. Tuber starch content on dry-weight (A) and per-plant (B) bases in tubers formed by the
commercial cultivar Lady Rosetta, M-D clone and Ros 119 clone. Values are presented as mean ± SD
of five replicates; bars with different letters are significantly different, based on the LSD test, at
p < 0.05.
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Based on the results of the present study, the cv Lady Rosetta produced an average
of 7.2 tubers per plant (Figures 2 and 3), weighing 314 and 75 g on the bases of fresh and
dry weights, respectively (Figure 4). The starch determination in the tubers reflected their
ability to accumulate about 756 mg of starch per g of dry weight, resulting in a total starch
content of about 58 g per plant (Figure 5). Similar results were recorded when observing
the G2 tubers produced by the M-D clone.

The primary data for the average weights of the G2 tubers produced by the callus-
sourced clones introduced Ros 119 as a distinguished clone possessing fresh and dry weights
that were about 42 and 61% higher, respectively, than those of the Lady Rosetta tubers.
Similarly, the screening for starch accumulators among the callus-sourced clones reflected
the ability of Ros 119 to accumulate a starch content that was 10% higher (Figure 5Athan
that of the cv Lady Rosetta tubers, without an accompanied significant variation in the
average number of tubers per plant. The combined increases in tuber dry weight and starch
content in Ros 119 result in about a 75% increase in starch content per plant (Figure 5B).

2.3. Gene Expression Analysis

The monitoring of the gene expressions of the key enzymes involved in starch synthesis
reflected an insignificant difference between the expression levels in the Lady Rosetta tubers
and the corresponding gene expressions in the M-D clone tubers (Figure 6). However, the
callus-derived clone Ros 119 exhibited significantly elevated transcript abundances for the
examined genes, compared with the corresponding genes in the Lady Rosetta tubers.

Figure 6. Relative expressions of starch-synthesis-related genes in tubers formed by the commercial
cultivar Lady Rosetta, M-D clone and Ros 119 clone. Values are presented as mean ± SD of five
replicates; bars with different letters are significantly different, based on the LSD test, at p < 0.05.

In Ros 119, the expression level of the ADP glucose pyrophosphorylase (AGPase) gene
responsible for the key reaction in starch content reached a 4.29-fold increase compared to
the level quantified in the Lady Rosetta tuber. The transcript abundance of the granular-
bound starch synthase (GBSS) gene responsible for amylose biosynthesis exhibited the
most obvious enhancement among the examined genes, manifesting a 8.34-fold increase
compared to the corresponding gene expression in the Lady Rosetta tubers. The expressions
of the starch-branching enzyme (SBE) genes responsible for α−1.6 linkages in amylopectin
exhibited 2.57- and 5.17-fold increases compared to the expressions measured in the Lady
Rosetta tubers for SBE I and SBE II, respectively, while the expressions of the starch synthase
II (SS II) and starch synthase III (SS III) genes responsible for α−1.4 linkages in the branched
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chains reached 5.31- and 6.5-fold increases, respectively, compared to the corresponding
gene expressions.

3. Discussion

In the current study, callus was induced on internode explants on a medium sup-
plemented with 2.25 mg L−1 BAP and 0.186 mg L−1 NAA, while shoot regeneration was
achieved following auxin removal and the addition of AgNO3 at 4 mg L−1. The same media
were utilized for callus induction followed by shoot regeneration from potato leaves and
internode explants in a previous study [32]. Similarly, Kumlay and Ercisli [33] employed
a medium supplemented with both cytokinin and auxin to induce callus formation on
the leaves and internode explants of four potato cultivars, whereas shoot regeneration
commenced following auxin omission. The same approach was implemented by Ghosh
et al. [34], who started with leaf-sourced explants of three potato cultivars.

Auxins are important players in callus initiation [35]; they afford a narrow range for
cell fate transition [36], which necessitates their withdrawal or at least the lowering of their
concentration in regeneration media. However, cytokinins influence callus initiation [33];
they are the major participants in regeneration media, where shoot regeneration is the
consequence of interconnections among cytokinin receptors, the development of shoot
meristems and cell cycles [37]. The role played by AgNO3 in shoot regeneration media
can be attributed to the intrusion with ethylene perception, which mitigates the hindering
influence of the accretion of the gas hormone on shoot regeneration [38,39]. In addition,
AgNO3 enhances the accumulation of polyamines [32], whose role in the improvement of
morphogenesis has been previously recorded in potato shoot cultures [40].

In the present study, the rooting of the regenerated roots was achieved on a medium
supplemented with 0.1 mg L−1 IBA and 0.5 mg L−1 IAA. A combination of the aforemen-
tioned auxins was utilized by Hajare et al. to initiate the rooting of potato-regenerated
shoots [41]. IBA is generally employed to root potato-regenerated shoots, either alone [42,43]
or in combination with another auxin [44,45].

The genetic variations that regularly arise during regeneration from callus cells are
attributed to numerical and structural chromosomal variations; point mutations; and
epigenetic variations, including the hyper- and hypo-methylation of DNA [19]. These
variations, termed somaclonal variations [18], introduced Ros 119 as a new clone. Ros
119 is a starch-rich clone able to accumulate a significantly higher amount of starch in its
tubers compared with the commercial cultivar Lady Rosetta. Similar to our results, Thieme
and Griess [27], Rosenberg et al. [25] and Bayati et al. [24] used somaclonal variation to
introduce potato lines with enhanced starch content. However, the introduced lines had
different starch accumulation potentials and different frequencies in their occurrence, which
could be attributed to the randomness of the variations responsible for the enhanced starch
accumulation.

The increase in the starch accumulation recorded in the present study can be attributed
to the increase in the expression of AGPase, SSs, GBSS and SBEs genes (Figure 7). The
up-regulation of starch synthesis-related genes was documented during tuber formation of
potato [29,46]. Based on microarray analysis, Kloosterman et al. [46] recorded up-regulated
profile for the genes addressed in the present study during the early stages of tuberization,
that was maintained until the final tuber size was reached. The authors attributed these
results to the increased rate of starch biosynthesis. Supported with results of transcriptome
analysis, Ferreira et al. [29] documented low expressions of starch-biosynthesis-related
genes at early tuberization stages followed by upregulation at terminal stages.
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Figure 7. Graphical summary showing the production of potato somaclones with distinguished
ability to accumulate starch based on upregulation of starch-synthesis-related genes.

Variations in gene expressions in tissue-culture-derived plants have also been doc-
umented in Phalaenopsis ‘Wedding Promenade’ [46] and rice [47]. When investigating
the fruit transcriptome of cucumber somaclones, Pawe\lkowicz et al. [48] documented a
different differential gene expression in each clone. The authors attributed the results to
variations in the genic region and the interactions among molecular networks, which initi-
ate specific pathways. Similar findings were recorded by López-Hernández and Cortés [49],
who examined the transcriptomes of mint somaclones.

An increase in starch content accompanied by an increase in the expression of the
AGPase gene was previously recorded in potato by Müller-Röber et al. [50,51] and Stark
et al. [50,51]. The synchronization between the increase in starch content and the expressions
of the AGPase, SS, GBSS and SBE genes has been recorded in potato [8], rice [52], wheat [53]
and lanzhou lily bulb [54].

AGPase catalyzes the key step in starch biosynthesis; it produces ADP glucose, which
provides the glycosyl moiety required for starch biosynthesis [7,8]. Thus, AGPase is
the rate-limiting enzyme in starch accumulation in potato [55]. ADP-glucose is actively
transferred through the activity of specialized transporters into amyloplasts [56,57] for the
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subsequent synthesis of amylose and amylopectin. Starch biosynthesis is catalyzed by
a group of enzymes, including GBSS, SSs and SBEs. Both GBSS and SSs are responsible
for chain elongation by catalyzing the formation α−1,4 glucosidic bonds in amylose and
amylopectin, respectively, while SBEs are responsible for the formation of α−1.6 linkages
at the branch points of amylopectin [6]. Several SSs have been characterized in plants;
however, they are mainly referred to as SS II and SS III in potato [8].

4. Materials and Methods

4.1. Explant Preparation

Virus-free tubers of potato (Solanum tuberosum) cv Lady Rosetta were kindly provided
by the Agricultural Research Center, Cairo, Egypt. The tubers were kept at 10 ◦C until
sprouting; then, the sprouts were separated from the tubers and immersed in tap water
mixed with a few drops of a commercial liquid detergent, agitated for 10 min and then
thoroughly rinsed in running water for 30 min to remove the remaining detergent. The
washed sprouts were placed in a 250 mL caped jar containing about 100 mL of 20%
commercial Clorox (5% chlorine) (Clorox Egypt) containing a few drops of Tween 20, and
then the jar was shaken for five minutes. In a laminar flow cabinet, the surface-sterilized
sprouts were picked and rinsed thoroughly in sterile distilled water. The meristems were
aseptically excised and transferred into sterile tubes (one explant/tube), each containing
10 mL sterile basal medium (MS medium [58] supplemented with 100 mg L−1 myoinositol
and 30 g L−1 sucrose) supplemented with 0.01 mg L−1 NAA, 0.1 mg L−1 gibberellic acid
(GA3) and 2 mg L−1 calcium pantothenate. The medium was solidified using 7 g L−1 agar,
and the pH was adjusted to 5.7 before autoclaving for 20 min at 121 ◦C. The cultures were
incubated at 25 ◦C and at a light intensity of 15.8 Wat m−2 with 16/8 h light/dark cycles
under cool white fluorescent lamps. The same incubation conditions were implemented
throughout the study. After six weeks, shoots that were about 5–7 cm were collected and
cut into nodal cuttings for micropropagation in order to establish control clones designated
as meristem-derived (M-D) clones, which were employed as a source of internode explants
for callus initiation. The plant material was subcultured at three-week intervals in 400 mL
glass jars (4–5 cuttings/jar), each containing approximately 50 mL basal medium.

4.2. Callus Induction, Shoot Regeneration and Rooting

Based on our previous publication [32], about 1 cm of each of the internode explants
was utilized for callus induction on a basal medium augmented with 2.25 mg L−1 BAP
and 0.186 mg L−1 NAA. Six weeks later, the explants carrying calli were transferred to a
regeneration medium consisting of a basal medium supplemented with 2.25 mg L−1 BAP
and 4 mg L−1 AgNO3. After eight weeks, the regenerated shoots were separated from the
remaining callus and each subjected to three cycles of subculture on a basal medium in
order to produce a sufficient number of shoots considered as a putative clone that received
a characteristic code. The shoots of each clone were transferred to a rooting medium
consisting of a basal medium supplemented with 0.1 mg L−1 IBA and 0.5 mg L−1 IAA [41].
Four weeks later, the healthy rooted plants were harvested and acclimatized.

At the beginning of September 2019, the healthy rooted shoots of all regenerated clones,
including those of the M-D clone plants, were carefully collected and rinsed thoroughly with
tap water to remove the remaining culture media adhering to the roots. The washed plants
were transplanted into 5 cm pots (one plant/pot) filled with an autoclaved soil mixture of
sand: peat moss: vermiculite (1:1:1, v/v). The plants were covered with transparent plastic
bags to retain a high humidity, irrigated regularly with sterilized water and maintained in
a greenhouse. Two weeks later, the plastic bags were punctured with a paper punch and
kept for another week; thereafter, the acclimated plantlets were transplanted in 25 cm pots.
At the end of December, G0 minitubers were harvested, washed and stored at 2 ◦C until
they were used as seed tubers.

In the middle of February 2020, the G0 minitubers of each clone were planted in
1 × 1 × 0.25 m boxes containing peat moss:sand:vermiculite:perlite:foam (40:40:10:5:5) in a

204



Plants 2023, 12, 232

greenhouse following the recommendations of the Egyptian Ministry of Agriculture for
agricultural practices concerning cultivation, fertilization, irrigation and pest and disease
control. After 16 weeks, the G1 tubers of each clone were harvested, washed, counted and
weighed. The tuber samples of each clone were dried at 50 ◦C until constant weight and
used for starch quantification, while the remaining tubers were stored as seed tubers at 4
◦C. At the beginning of September 2020, the stored G1 tubers were planted in an open field
for field experiments, and G2 tubers were collected 16 weeks later. The field experiments
were carried out in Samannud, Gharbiya Governorate, Egypt. (30◦52′54” N 31◦14′11” E).
The soil at the study area was loamy soil with pH 7.8 and an electrical conductivity (EC) of
2.96 EC/dsm−1. The research site’s weather was semi-arid with rainy winter (rainfall of
10 mm, average day/night temperature of 19/10 ◦C and relative humidity of 60%). Seven
tubers of each clone were planted at a depth of 20 cm, with an in-row spacing of 25 cm
and an inter-row spacing of 72 cm. The agricultural practices guidelines of the Egyptian
Ministry of Agriculture were followed for cultivation, fertilization, irrigation and pest and
disease control. The tubers of the commercial cultivar Lady Rosetta were planted under
conditions the same as those of the control clones. After 16 weeks, five plants of each
clone were randomly picked for sampling. The tubers of each plant were counted and
manipulated separately, where they were washed with water to remove any remaining soil
particles and dried with a clean towel. After the determination of the total fresh weight of
the tubers of each plant, three sections of about 5 mm thickness from the bottom, middle
and top of each tuber were collected using a sharp knife. The collected sections from the
tubers of each plant were mixed and further cut into fine pieces before weighing out one g
to be stored at −80 ◦C in order to represent the plant in a qPCR analysis. The remaining
pieces were added to bulk tuber parts and dried at 50 ◦C until constant weight for dry
weight determination and starch quantification.

4.3. Starch Determination

The sugar-free dry tuber tissue prepared via the repeated extraction in iso-propanol
(80% v/v) was used for starch quantification. After an overnight drying step at 70 ◦C as
described by Kumar et al. [59], the dried fragments were homogenized in perchloric acid
(60% v/v) for starch hydrolysis. The liberated glucose was estimated using the anthrone
method [60].

4.4. Real-Time Quantitative PCR

The stored tuber samples were crushed into a fine powder in liquid nitrogen and
used for total RNA extraction using an RNeasy Plant Mini kit (Qiagen, Hilden, Germany),
with the purification step using DNase according to the manufacturer’s instructions. RNA
purity and concentration were confirmed with a NanoDrop spectrophotometer (ND 2000c,
Thermo Fisher Scientific, Wilmington, DE, USA). One μg of the purified RNA was converted
to cDNA using a Sensi-FAST™ cDNA synthesis kit following the standard protocol from
the manufacturer. Quantitative real-time PCR for AGPase, GBSS I, SBE I, SBE II, SS II and
SS III cDNAs was carried out on a Mx3000P (Stratagene, CA, USA) qPCR system using
specific primers (Table 1) [8]. The thermal profile of the real-time system was 95 ◦C for
10 min, followed by 40 cycles (95 ◦C for 15 s and 60 ◦C for 60 s).

The relative transcript abundance of tublin was used as an endogenous control, to
which the transcription levels of the AGPase, GBSS I, SBE I, SBE II, SS II and SS III genes
were normalized using the 2−DDCt method [61]. The expression recorded in the tubers of
the commercial cultivar Lady Rosetta was employed as a quantification unit.
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Table 1. List of primers used for qRT-PCR (5′–3′).

Gene Identification ID Primer Sequence

Tublin LOC102577624 5′-GTCAGTCTGGTGCTGGTAATAA-3′
5′-TCTCAGCCTCCTTCCTTACA-3′

AGPase LOC102577790 5′-TT CCTT CCACCAACCAAGATAG-3′
5′-CACTATGG AGTGTT CCACAGAA-3′

GBSS I LOC102583115 5′-CTTGCGTTTGCTGAGATGATAAA-3′
5′-CAGAAGCTCCTAAGCCCAATAG-3′

SBE I LOC102596498 5′-GCGAACATGTGTGGCTTATTAC-3′
5′-TCTCGTCACTCTCCTCGATATT-3′

SBE II LOC102590711 5′-CTCTGGATAGACCGTCAACATC-3′
5′-AGGTACCCTT CTCCTCCTAATC-3′

SS II LOC102583115 5′-CAACAGGACCTACTTCAACAGA-3′
5′-CTACCACTCCCACCATCATAAG-3′

SS III LOC102577674 5′-GTCACCTGTTCGTGTATCATCT-3′
5′-CCACTCTCTT CCGATCTCTTTG-3′

4.5. Statistical Analysis

The results of all clones are presented as the mean of five replicates ± standard
deviation (SD). One-way ANOVA with the LSD post hoc statistical test was utilized to
compare the different clones on the basis of tuber yield per plant manifested in number
of tubers, the fresh and dry weights of the tubers, the starch content on dry-weight and
per-plant bases and the expressions of six starch-related genes at p = 0.05 using SPSS v. 14.

5. Conclusions

Somaclonal variation is an efficient breeding tool. It can provide breeders with new
genotypes with favorable traits, which is essential for breeding programs targeting yield
improvements. Somaclonal variation is a time-efficient alternative to conventional breeding,
and it is able to provide potato clones with an outstanding potential for starch accumulation
at a reasonable cost. It is an acceptable approach that is able to manipulate starch synthesis
genes without issues arising regarding genetic transformation. However, the emerging
clone requires genetic characterization to participate effectively in breeding programs
targeting qualitative and quantitative yield improvements, which is the aim of our future
work.
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Abstract: Cassava (Manihot esculenta Crantz) is an important root crop worldwide. It is adapted to
a wide range of environmental conditions, exhibiting differential genotypic responses to varying
environmental conditions. The objectives of this study were: (1) to examine the effect of genotype,
environment and genotype × environment interaction (GEI) on fresh root yield (FRY) and dry matter
content (DMC); and (2) to identify superior genotypes that exhibit high performance for the traits of
interest using the genetic tools of additive main effects and multiplicative interaction (AMMI) and
genotype stability index (GSI) analysis. Eleven cassava genotypes were evaluated in a randomized
complete block design at six trial sites in South Africa. The combined analysis of variance based on
AMMI revealed significant genotype, environment and GEI for the traits. The percentage variation
due to GEI was higher than the percentage variation due to genotype for FRY, reflecting differential
genotypic responses across the experimental sites. The proportion of variance due to genotype
variation was larger for DMC. Genotype stability index (GSI) showed that UKF3 (G6), 98/0002 (G2)
and P4/10 (G5) were the highest yielding and most stable genotypes for FRY, and 98/0002 (G1),
UKF3 (G6) and UKF9 (G11) were the highest yielding and most stable genotypes for DMC. Cultivars
98/0002 and UKF3 were identified as providing high stability with superior fresh root yield and
DMC. These genotypes could be recommended to farmers for food, feed and industrial applications
without the need for further breeding. The AMMI-2 model clustered the testing environments into
three mega-environments based on the winning genotypes for FRY and DMC. Mabuyeni (KwaZulu-
Natal), Shatale (Mpumalanga) and Mandlakazi (Limpopo) would be the best testing sites in future
cassava-genotype evaluation and breeding programs. This study provides a baseline for a future
study on the GEI of cassava varieties, using a larger set of genotypes, factoring in seasonal variation.

Keywords: AMMI model; genotype × environment interaction; Manihot esculenta; stability;
breeding sites

1. Introduction

With increasing climate variability, cassava (Manihot esculenta Crantz) has proven to
be among the most resilient food security crops for more than 800 million people in Sub-
Saharan Africa. Cassava produces 40% more starch than rice and 25% more than maize [1].
The potential for cassava to play a key role in food security, climate risk mitigation and
import substitution for industrial starch, livestock feed and biofuel feedstock in South
Africa’s economy has been reviewed by Amelework et al. [2]. Farmers can grow and harvest
cassava on marginal soils with minimal capital input and rainfall of less than 500 mm per
annum. In South Africa, 2.5 million households practice small-scale subsistence farming on
less than 15% of the available agricultural land. The majority of this land is not suitable for
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the production of maize or vegetable crops, being in low rainfall areas with poor soils. A
low-input and rainfed cassava farming system would benefit rural resource-poor farmers
in South Africa [3]. However, it has only been grown as a minor subsistence crop by
smallholders in the North East regions bordering Mozambique. The ARC and research
partners have been researching agronomically suitable cassava genotypes and appropriate
production systems in three provinces in South Africa. As a result, many farmers have
expressed an interest in farming cassava.

New genotypes of cassava can be developed in a specific research location through
either hybridization or mutation. However, to select the best-performing genotypes, it
is necessary to evaluate the advanced breeding lines in a wide range of environments.
Breeding lines tested in different environments always exhibit significant variation in
terms of phenotypic performance owing to environmental variation and different biotic
and abiotic stresses [4]. The analysis of genotypic interactions with the environmental
conditions of multiple sites helps to quantify the adaptability and stability of genotypes [5].
The differential response of genotypes to different environmental conditions is termed the
genotype by environment interaction (GEI).

The presence of GEI is a challenge for breeders in evaluating lines in multilocational
trials. Quantifying and minimizing the GEI remains one of the top priorities of any breeding
program. GEI reduces the association between phenotypic and genotypic values, thereby
hampering the genetic progress in plant breeding programs [6]. The use of statistical
models such as additive main effects and multiplicative interaction (AMMI) and genotype
(G) main effect plus genotype × environment (GE) interaction (GGE) models assist breeders
in quantifying and understanding the patterns of GEI and in evaluating the performance of
genotypes in various environmental conditions. This allows breeders to select stable and
adaptable genotypes for a range of environments [7].

In Africa, Latin America and Asia, where cassava is grown as a subsistence and
industrial crop, research has been conducted to enhance the genetic profile of cassava,
resulting in many genotypes being released for improved yield, dry matter and starch
content, and resistance or tolerance to major insect pests and disease. Genetic improvement
begins with the collection and evaluation of diverse genetic resources [8]. In the past five
years, the Agricultural Research Council of South Africa (ARC) has collected a number
of cassava cultivars from national and international research institutes. However, the
deployment of these newly introduced genotypes into new production areas requires a
basic understanding of their performance in the new environments and to identify the most
useful environments for future testing and characterization of cassava germplasm [4]. The
aims of this study were to evaluate the yield and dry matter content of selected cassava
genotypes across different environments, to study the patterns of GEI, to identify superior
genotypes that exhibit high-performing and stable genotypes in support of establishing
a cassava starch industry in South Africa, and to identify mega-environments for future
germplasm evaluation trials.

2. Results

2.1. AMMI Analysis of G × E Interaction

The AMMI model analysis of variance (ANOVA) of eleven cassava genotypes mea-
sured in four environments showed that the mean square (MS) for genotype, environment
and GEI were highly significant (p < 0.001) for fresh root yield and dry matter content
(Table 1). GEI was further partitioned by principal component analysis, which showed
that the first two IPCAs MS (IPCA1 and IPCA2) were significant (p < 0.001) for both fresh
root yield and dry matter content. It was evident from the AMMI analysis that the GEI
sum of squares (SS) accounted for a larger proportion of the treatment SS (45.6%) for FRY,
whereas the SS of the genotypes constituted the largest proportion of the treatment SS
(51.9%) for DMC. The genotype SS accounted for 18.1% of the treatment SS for FRY, whilst
environment and GEI SS accounted for 36.4% and 45.6%, respectively (Table 1). Unlike
FRY, environment and GEI effects SS accounted for a smaller proportion of the treatment
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SS for DMC. The model with the first few IPCAs that captured most of the GEI variation
was the best model for extracting and explaining the GEI pattern from the dataset. In this
study, the percentage goodness of fit by the first two IPCAs was 74.7% for FRY and 77.4%
for DMC, indicating the usefulness of the AMMI model for extracting and understanding
the patterns of GEI. The results also showed that the six environments varied both in the
main and interaction effects.

Table 1. Additive main effects and multiplicative interaction (AMMI) analysis of variance for fresh
root yield (t.ha−1) and dry matter content (%) of 11 cassava genotypes measured on six trial sites.

Source DF

Fresh Root Yield Dry Matter Content

SS MS
% SS

Explained
SS MS

% SS
Explained

Treatments 65 173,736 2673 12,784 197
Genotypes 10 31,367 3137 *** 18.05 6640 664 *** 51.94
Environments 5 63,219 12,644 *** 36.39 2726 545 *** 21.32
Interactions (GEI) 50 79,150 1583 *** 45.56 3418 68 *** 26.74
IPCA 1 14 39,273 2805 *** 49.62 1658 118 *** 48.51
IPCA 2 12 19,846 1654 *** 25.07 988 82 *** 28.91
Residuals 24 20,031 835 772 32
Error 120 16,722 139 939 7.8

DF = degree of freedom; IPCA1 = the first interaction principal component; IPCA2 = the second interaction
principal component; *** significant at p < 0.001.

2.2. The GEI Patterns of Traits and Genotypes Based on GGE Biplot Analysis

To visualize the performance of different genotypes across different environments,
biplots were used. The AMMI and GGE biplots are generally used to explain the genotype
adaptation or stability across environments. If the PCA score for a genotype or environment
is near zero, then there is a small interaction impact; however, if a genotype and environ-
ment have the same sign on the PCA axis, there is a positive interaction; alternatively, they
have different signs on the PCA axis, there is a negative interaction. Environments with
large PCA scores show high interaction between the environments and genotypes and are
discriminatory, whereas environments with PCA scores near zero have little interaction
with the genotypes and have a low discriminatory value.

2.3. Fresh Root Yield

The GEI IPCA1 scores were plotted against the mean performances of the genotypes
and environments in the AMMI1 model (Figure 1A). The x-coordinate indicates the main
effects (means), and the y-coordinate indicates the effects of the interaction (IPCA1). The
genotype and environment overall mean was 70.4 tons ha−1. The superior genotypes were
G1 > G3 > G6 > G7 > G5 > G11 > G2, which were located on the right two quadrants (top and
bottom right) of the biplot. Environments were distributed from low-yielding environments
in the left two quadrants (top and bottom left) to the high-yielding environments in the right
two quadrants (top and bottom right). E3 > E6 > E2 > E4 were identified as higher-yielding
environments, whereas E1 and E3 were relatively low-yielding environments.

Values closer to the origin of the axis (IPCA1) provide a smaller contribution to the
interaction than those that are further away. Hence, G9 and G11 were the most unstable
genotypes, with mean fresh root yields of 65.1 ton ha−1 and 71.4 ton ha−1, respectively,
which are close to the overall mean (Figure 1A), while G2 and G5 were relatively stable
genotypes. On the contrary, the majority of the genotypes revealed intermediate stability
and performance. However, among these genotypes, 98/0002 had the highest mean fresh
root yield (86.8 ton ha−1) combined with stability comparable to the other genotypes.
Similarly, some environments, such as E2 and E3, stood out as making little or little
contribution to the interaction, E6 made a small contribution, and E1, E5 and E4 made a
large contribution to the interaction.
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Figure 1. Biplot analysis for 11 cassava genotypes evaluated in six trial sites for fresh root yield (FRY).
(A) = AMMI1 biplot showing the IPCA1 vs. main effect (means); (B) = AMMI1 biplot showing the
IPCA2 vs. main effect; (C) = AMMI2 biplot showing the first two principal axes of interaction (IPCA2
vs. IPCA1) and (D) = GGE plot defining mega-environments using different winning genotypes
tested. E1–E6 = the six testing locations, and G1–G11 = the eleven cassava genotypes used for
this study.

The cumulative contribution from IPC1 and IPC2 included about 93% of the interaction
MS (Figure 1C). According to the correlation between IPC1 and IPC2, the genotypes that
were positioned near the origin had the least interaction, and the genotypes positioned
near the axis had a stability that was more general. G1, G7 and G8 showed little or no
interaction with the environments, while G2, G4, G5, G6 and G10 revealed a minimum
interplay between genotype and environments, whereas G3, G9 and G11 were the most
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unstable. G1 had a PCA1 score of approximately zero on the IPCA1 axis, indicating that
this genotype was the most stable across environments.

E2 and E3 were the largest contributors to the phenotypic stability of the genotypes,
and these environments were among the lowest in mean FRY. However, E1, E5 and E6
contributed the most GEI. Any genotypes positioned closer to a certain environment have
specific stability in that environment. Hence, G3 had a specific adaptation to E6, G9 to E5
and G5 and G10 to E4.

The partitioning of GGE showed that IPCA1 and IPCA2 accounted for 39.1% and
30.2% of the GGE sum of squares, respectively, explaining a total of 69.3% variation in FRY
(Figure 1D). Based on the predicted means of FRY obtained from the AMMI2 model, three
mega-environments were identified (Figure 1D). The first one contains E1 and E4, with G7
and G11 as the winner genotypes. The second mega environment constituted E2, E3 and
E6, where G1 and G3 were the best genotypes at these sites. The last mega-environment
was formed by one environment, E5, where genotype G9 was the winner (Figure 1D).

2.4. Dry Matter Content

The scatterplot of mean DMC vs. IPCA1 (Figure 2A) illustrates that G11 (49.9%) and
G4 (49.8%) had the highest DMC, while G8 (27.5%) had the lowest. The vertical line that
divides the horizontal axis into two parts is the mean DMC (43.3%). G11 > G4 > G6 > G1
> G5 > G2 > G9 had a higher DMC than the mean DMC, while G3, G7 and G8 had lower
DMC values. In terms of IPCA1, G10, G2 and G9 had a maximum GEI and were the most
unstable genotypes. The highest DMC was recorded at E4, followed by E5 and E6. However,
in the rest of the locations, the genotypes performed below the mean DMC. E4 and E2 made
large contributions to the GEI, while E1 made a smaller contribution (Figure 2A).

The cumulative percentage of the GEI that was captured by IPCA1 and IPCA2 was
77.4% (Figure 2C). According to the association between IPCA1 and IPCA2, G1, G3, G5
and G6 were the most stable genotypes with the least interaction, while G9, G2, G7, G4, G8
and G11 were the most unstable genotypes. The locations were ranked as E4 > E5 > E6 in
terms of DMC. Furthermore, there was a positive interaction between E4 and G2, E2 and
G4, E1 and G9.

The partitioning of GGE showed that IPCA1 and IPCA2 accounted for 68.1% and
16.5% of the GGE sum of squares, respectively, explaining 84.6% of the total variation
(Figure 2D). Two mega environments were formed based on winning genotypes. The
first mega environment constitutes E1, E2, E3, E5 and E6 with G1, G4, G5, G6 and G11 as
winning genotypes, whereas the second environment contains E4 with G2, G9 and G10 as
the winning genotypes.

2.5. Stability Analysis Using AMMI Model

AMMI stability value (ASV) was proposed by Purchase et al. [9] to quantify and rank
genotypes according to their stability. The ranking of genotypes based on ASV for FRY and
DMC are presented in Tables 2 and 3, respectively. The genotypes were ranked based on
the ASV score, where low scores represent the most stable genotypes. Based on the ASV,
the most stable genotype for fresh root yield were G6, G8, G4 and G2, with the lowest AS
scores. With regard to DMC, G1, G5, G6 and G3 had the lowest ASV rank and most stable
genotypes, while UKF8, G10, G2 and G4 were the least stable.

Another approach to determine yield stability is the use of the genotype stability index
(GSI), calculated by ranking the mean performance of genotypes (RY) across environments.
The YSI incorporates both mean yield and stability in a single criterion. The YSI ranked G6,
G1 and G5 as the highest-yielding and most stable genotypes for FRY, whereas G9, G11
and G10 were the least stable for FRY. On the other hand, G1, G6 and G11 were ranked the
highest and the most stable genotypes for DMC, whereas G10, G8 and G2 were ranked the
least stable for DMC.
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Figure 2. Biplot analysis for 11 cassava genotypes evaluated in six trial sites for dry matter content
(DMC). (A) = AMMI1 biplot showing the IPCA1 vs. main effect (means); (B) = AMMI1 biplot showing
the IPCA2 vs. main effect; (C) = AMMI2 biplot showing the first two principal axes of interaction
(IPCA2 vs. IPCA1); and (D) = GGE plot defining mega-environments using different winning
genotypes tested. E1–E6 = the six testing locations, and G1–G11 = the eleven cassava genotypes used
for this study.

Table 2. Ranking of 11 cassava genotypes based on fresh root yield, Additive main effects and
multiplicative interaction (AMMI) stability value (ASV) and genotype stability index (GSI) based on
six trial sites.

Genotype Mean RY IPCA1 IPCA2 ASV RASV GSI RGSI

G1 86.77 1 3.14 −0.55 6.24 8 9 2
G2 71.31 7 1.77 1.79 3.94 4 11 4
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Table 2. Cont.

Genotype Mean RY IPCA1 IPCA2 ASV RASV GSI RGSI

G3 85.91 2 2.31 −7.40 8.70 9 11 6
G4 50.22 11 1.56 1.91 3.63 3 14 8
G5 72.13 5 −1.78 −1.95 4.03 5 10 3
G6 84.84 3 1.04 2.21 3.02 1 4 1
G7 78.51 4 −3.14 0.54 6.23 7 11 5
G8 52.8 10 −1.72 1.03 3.56 2 12 7
G9 65.11 8 5.47 2.62 11.13 10 18 11
G10 55.91 9 −2.15 −1.21 4.43 6 15 9
G11 71.37 6 −6.49 1.02 12.88 11 17 10

RY = mean yield; IPCA1 = First interaction principal component; IPCA2 = Second interaction principal component;
ASV = AMMI stability value; RASV = Rank of AMMI stability value; YSI = Genotype stability index; RYSI = Rank
of genotype stability index.

Table 3. Ranking of 11 cassava genotypes based on dry matter content (DMC), additive main effects
and multiplicative interaction (AMMI) stability value (ASV) and genotype stability index (GSI) based
on their performance at six trial sites.

Genotype Mean RY IPCA1 IPCA2 ASV RASV GSI RGSI

G1 45.13 4 0.30 −0.50 0.71 1 5 1
G2 44.41 6 −1.78 1.43 3.31 10 16 9
G3 41.44 9 1.26 0.04 2.11 4 13 6
G4 49.75 2 1.73 1.57 3.30 9 11 5
G5 45.03 5 −0.44 0.35 0.81 2 7 4
G6 45.66 3 0.74 −0.62 1.39 3 6 2
G7 39.56 10 0.32 2.41 2.47 6 16 8
G8 27.46 11 1.42 −1.48 2.80 7 18 10
G9 43.71 7 −1.62 −1.78 3.25 8 15 7
G10 41.54 8 −3.01 −0.13 5.05 11 19 11
G11 49.88 1 1.08 −1.30 2.23 5 6 3

RY = mean dry matter content; IPCA1 = First interaction principal component; IPCA2 = Second interaction
principal component; ASV = AMMI stability value; RASV = Rank of AMMI stability value; YSI = Genotype
stability index; RGSI = Rank of genotype stability index.

3. Discussion

Significant genotype × environment interactions reduce the progress of genotype
selection because large interactions can reduce gains from selection and make the identifica-
tion of superior genotypes difficult. Quantifying and understanding GEI is important when
selecting genotypes adapted to a range of target environments that vary considerably [10].
Evaluation of genotypes across different environments is important to identify stable geno-
types and high-yielding genotypes in specific environments and to identify sites that best
represent the target environment [11]. In addition, genotypic stability and adaptability
should be considered important aspects of yield trials [12]. An ideal genotype should have
a superior and stable performance within and across environments. Several statistical
approaches to the measurement of the stability of performance have been suggested to
examine the stability of individual genotypes across environments [13]. Therefore, it is
recommended that yield and stability are evaluated simultaneously in multi-site trials
to reduce the effect of genotype by environment interaction and to make selection more
precise [14].

Genotype effects were highly significant (p < 0.001) for FRY and DMC, indicating
the presence of wide genetic variation among the genotypes for the traits. This variation
suggests that the studied genotypes constituted diverse germplasm with sufficient genetic
variation for breeding purposes, which could be improved by hybridization among the
genotypes followed by selection. The significant environmental effect (p < 0.001) observed
for all the agronomic traits signified the substantial influence of the environment on the
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expression of the traits. This variation underlines the need to conduct multi-locational trials
in order to identify genotypes with broad or specific adaption. The significant variation of
the GEI effect (p < 0.001) found for the observed agronomic traits indicated that genotype
and environment main effects were not sufficient to explain the observed phenotypic
variation. This variation was the source of deviation in the performance of the genotypes
across the different environments. Many researchers have reported similar findings [15–20].
The results confirmed that testing for GEI and assessing the stability of genotypes across
environments is essential in breeding programs.

The AMMI analysis of variance revealed that GEI contributed the most variability
(45.6%) of the total variation for the parameter FRY. However, the genotypic variance
accounted for a large proportion of the observed phenotypic variance (51.9%) for DMC.
Environmental variation contributed to 36.4% of the total variability in FRY and 21.3% in
DMC. As such, only 18% of the variation was explained by the genetic contribution for the
parameter FRY. Olayinka et al. [20] in Nigeria reported that in their study on cassava, more
than 88% of the treatment SS was due to environmental variation for FRY. In this study, the
variation in GEI constituted the larger proportion of the treatment SS for FRY. This finding
agreed with many researchers [16–19,21–23], who reported the significant influence of the
environment and GEI on the expression of yield and yield component traits. However,
this finding was contrary to Benesi et al. [24], Olayinka et al. [20], Peprah et al. [25] and
Tumuhimbise et al. [26], who observed non-significant GEI values for DMC, FRY and starch.
The discrepancies could be due to the fact that genotypes might have similar responses
across environments or that the testing environments that they used were similar in terms
of spatial and temporal environmental conditions. The results of this particular study
showed that the selected environments were adequately diverse to discriminate between
genotypic performances under the different temporal and spatial environmental conditions
used [27].

Stability analysis methods are often used to identify genotypes that have stable perfor-
mance and respond positively to improvements in environmental conditions [28]. AMMI
stability value (ASV) indicates the stability of genotypes in which genotypes with low
ASVs are considered to be stable, whilst those with high ASV values are considered to
be less stable genotypes [29]. Cultivars UKF3 (G6), UKF5 (G8) and P1/19 (G4) were the
most stable for FRY and 98/0002 (G1), P4/10 (G5) and UKF3 (G6) were the most stable for
DMC. Genotypic performance per se can be misleading due to the sensitivity of genotypes
to environmental fluctuations. Similarly, stability alone does not ensure a high yield since a
consistently low-yielding genotype can also be stable [30]. In some cases, the most stable
genotypes do not have the best yield performances [17]. Hence, for breeding, agronomy
and physiological studies, both performance and stability should be considered simultane-
ously to reduce the effect of GEI. Therefore, a high root yield is considered with stability in
the estimation of the genotype stability index (GSI). Genotypes with lower GSI are desirable
because they combine a high mean yield performance with stability [26]. Based on the
GSI, UKF3 (G6), 98/0002 (G1) and P4/10 (G5) were identified as providing both high yield
performance and stability for FRY, and 98/0002 (G1), UKF3 (G6) and UKF9 (G11) were
identified as having high DMC and stability values.

The results of AMMI analysis indicated that the first two IPCAs were highly significant
(p < 0.001) and contributed 74.7% and 77.4% of the total phenotypic variation for FRY
and DMC, respectively. Gauch [31] proposed that the most accurate model for AMMI
could be predicted using the first two IPCAs; hence the two IPCA scores were then used
in the calculation of ASV, as postulated by Purchase et al. [9]. Genotypes with IPCA1
scores adjacent to the zero lines of the biplot indicated that these genotypes are suited
to all environments, whereas IPCA1 vectors with the same sign and score but which are
situated away from the zero lines of the biplot have genotypes that are adapted to a specific
environment [32]. MSAF2 (G3) had IPCA1 scores of close to zero on the IPCA1 axis, which
indicated that this genotype was suitable and stable across environments for FRY, while
98/0002 (G1), P4/10 (G5) and UKF4 (G7) were suitable and stable for DMC. The test
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sites Masibekela and Mabuyeni generated low interaction effects for FRY, while the sites
Mandlakazi and Masibekela generated low interaction effects for DMC.

Studies on the suitability of the test sites to reflect the target environments is the next
important step after determining GEI to quantify each of the test environments for their
discriminative power, representativeness, inter-relatedness and redundancy among the
test environments [33]. The concept of a mega-environment was introduced to subdivide a
crop production region into several relatively homogeneous mega-environments, to breed
and target adapted genotypes for each mega-environment, and to reduce research costs by
eliminating redundant trial sites [34]. The first mega-environment recommended by the
GGE plot includes Shatale (E4; Mpumalanga) and Nseleni (E1; KZN). Shatale (E4) would
be a good environment for future preliminary screening and for breeding activities because
it represents an intermediate-performance environment for FRY (71.1 ton ha−1) and a high-
performance environment for DMC (50.3%). The second mega-environment consisted of
Masibekela (E3; Mpumalanga), Mutale (E6; Limpopo) and Mabuyeni (E2; KZN). Mabuyeni
(E2) would be a good testing location because it provides a high-performance environ-
ment for FRY (78.3 ton-ha−1) and an intermediate-performance environment for DMC
(40.1%). The high FRY and DMC observed in Mutale could be attributed to the crop being
harvested more than 2 months later than at the other sites. The third mega-environment
only contained Mandlakazi (E5) (Limpopo). The three mega-environments represented the
three provinces (Mpumalanga, KZN and Limpopo) in South Africa that are suitable for
cassava cultivation.

The specific adaptability of a genotype to a particular environment could be assessed
by analyzing the position of the genotypes with reference to the environmental vectors
in the AMMI2 biplot. In addition, a “which-won-where” biplot was constructed for
each trait to explore the possible existence of mega-environments within the studied
environments and to identify winning genotypes in each mega-environment using GGE
analysis. Scavo et al. [35], studying potato genotypes, and Khan [36], studying Bambara
groundnut genotypes, used a similar approach. The results confirm the presence of distinct
interactions between genotypes and environments for FRY and DMC. In the biplot, UKF9
(G11) and UKF4 (G7) were relatively far from the origin of the axes and close to Shatale (E4),
indicating that they are well adapted for Shatale for FRY. On the other hand, 98/0002(G1),
MSAF2 (G3) and UKF3 (G6) were found to be the best in the second mega-environment,
Mutale (E6), with above-average values, while UKF7 (G9) was found to be well adapted
to Mandlakazi. For DMC, only two mega-environments were identified, in which the
first environment comprised all the environments except Mandlakazi with 98/0002 (G1),
P1/19 (G4), P4/10 (G4), UKF3 (G6) and UKF9 (G11) as winning genotypes, and the second
mega-environment consisted of only one location, Mandlakazi (E4), with 98/0505 (G2),
UKF8 (G10) and UKF7 (G9) as the winning genotypes.

4. Materials and Methods

4.1. Trial Site Description

This research was conducted in three provinces that represent the tropical and sub-
tropical agroecological zones in South Africa: KwaZulu-Natal (KZN), Mpumalanga and
Limpopo. The data presented in this study were collected from 6 environments, namely
Nseleni, Mabuyeni, Masibekela, Shatale, Mutale and Mandlakazi, during the 2019–2020
cropping season. Cassava yield and yield component traits were evaluated approximately
12 months after planting (MAP) at all locations except in Mutale (14 months). Detailed
information on the location of each trial site and their GPS coordinates are presented in
Table 4.
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Table 4. Details and GPS coordinates of the six trial sites.

Code Location District Province Soil Type GPS Coordinate

E1 Nseleni Empangeni KZN Sandy −28.634120, 31.912331
E2 Mabuyeni King Cetshwayo KZN Silt −28.853811, 31.961901
E3 Masibekela Ehlanzeni Mpumalanga Sandy loam −25.870814, 31.825738
E4 Shatale Ehlanzeni Mpumalanga Sandy loam −24.747785, 31.035320
E5 Mandlakazi Mopani Limpopo Sandy loam −23.801784, 30.377987
E6 Mutale Vhembe Limpopo Clay −22.721418, 30.572238

KZN: KwaZulu-Natal.

4.2. Planting Material and Experimental Design

The study evaluated 11 cassava genotypes acquired from the International Institute of
Tropical Agriculture (IITA), the University of KwaZulu-Natal (UKZN) and the Agricultural
Research Council (ARC; Table 5). Planting materials were multiplied using an in vitro tissue
culture system, and the plantlets were acclimatized in a greenhouse before planting. The
trial at each location was laid out in a randomized complete block design with 3 replications.
Each genotype was planted in a plot size of 5 × 5 m comprising 5 rows of 5 plants with an
inter- and intra-row spacing of 1 x 1 m, respectively. Plants were grown from disease-free,
in vitro tissue cultured plantlets. The genotypes were grown under rainfed conditions.
Neither fertilizers nor pesticides were applied. Standard agronomic practices were followed
as recommended for cassava [37].

Table 5. Descriptions of cassava genotypes tested at six different trial sites.

Code Type Source Trait

G1 98/0002 Released cultivar IITA CMD resistance
G2 98/0505 Released cultivar IITA CMD resistance
G3 MSFA2 Landrace ARC High FRY/Low DMC
G4 P1/19 Breeding line IITA High DMC
G5 P4/10 Breeding line IITA High DMC
G6 UKF3 Breeding line Kenya High SC
G7 UKF4 Breeding line Kenya High SC
G8 UKF5 Breeding line Kenya High SC
G9 UKF7 Breeding line Kenya High SC
G10 UKF8 Breeding line Kenya High SC
G11 UKF9 Breeding line Kenya High SC

IITA = The International Institute of Tropical Agriculture; UKZN= University of KwaZulu-Natal; ARC= Agri-
cultural Research Council; CMD = cassava mosaic disease; DMC = dry matter content; FRY = fresh root yield;
SC = starch content. The UKF materials were originally from Kenya and were used for Ph.D. studies at the
University of Kwazulu-Natal. UKZN is the custodian of the materials.

4.3. Data Collected and Preparation of Samples

Yield data was collected from five randomly selected plants per plot. The mean
yield of the five plants was converted into ton ha−1 using a plant density of 10,000 plants
per hectare.

Dry matter content (DMC) was measured using 5 randomly selected storage roots.
The roots were thoroughly cleaned with water and dried with a paper towel before being
diced into 1 cm thick discs at 25%, 50% and 75% of the length from the base of the roots.
The freshly-cut tuber discs were further sliced into smaller-sized cubes to facilitate oven
drying. Five 100 g chopped cubes were taken from each sample and were oven-dried at
105 ◦C for 24 h. The dried cubes were weighed to obtain the dry matter content.

DMC was measured using the following equation:

Dry matter content (DMC) =
(

DW
FW

)
× 100
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4.4. Data Analysis

All the data generated were analyzed using GenStat statistical software version
19.1 [38]. The quality of the data was inspected for data logging errors, and outliers
and extreme values were removed from the analysis. Data obtained from each location
were analyzed separately by running a single location analysis of variance, and thereafter
data from all four environments were pooled for analysis of variance (ANOVA) to perform
the combined analysis of 11 cassava genotypes across the four environments to test the
presence of significant genotype, environment and genotype × environment variation.

The pooled ANOVA was highly significant (p < 0.001) for genotype, environment
and GEI components for FRY and DMC, justifying the use of Additive Main effect and
Multiplicative Interaction (AMMI) and GGE biplot analyses to identify the stable genotypes.
The AMMI model was used to determine the main effects and genotype × environment
interactions. The AMMI model fits the additive effects for the genotypes and environments
and the multiplicative term for interactions [39]. The AMMI model was as follows:

Yij = μ + αi + β j + ∑n
k=1λkγikδjk + εij

where Yij = the yield of ith genotype in the jth environment over all replications, μ is the
grand mean, αI is the ith genotype mean deviation, βj = the jth environment mean deviation,
λk is the singular value for IPC axis k, γik is the ith genotype eigenvector value for IPC axis
k, δjk is the jth environment eigenvector value for IPC axis k and εij is the error term.

Biplots were generated by plotting the first principal component axis (IPCA1) scores
of the genotypes and the environments against their respective IPCA2 scores, resulting
from the singular value decomposition of the environment or standardized G × E data [40].
The genotype main effect and genotype by environment interaction effect (GGE) biplot
were generated based on 2 concepts, the biplot concept [41] and the GGE concept [42]. A
GGE biplot analysis was applied for visual examination of the GEI pattern in the data set.

An AMMI stability value (ASV) was calculated for each genotype according to the
relative contributions of the principal component axis scores (IPCA1 and IPCA2) to the inter-
action sum of squares. The AMMI stability value (ASV), as described by Purchase et al. [9],
was calculated as follows:

ASV =

√
[
IPCA1SS
IPCA2SS

(IPCAscore)]
2
(IPCA2score)

2

The genotype stability index (YSI) was also calculated using the sum of the ranking
based on yield and ranking based on the AMMI stability value.

GSI = RASV + RY

where RASV = the rank of the genotypes based on the AMMI stability value; RY = the rank
of the genotypes based on yield across environments. YSI incorporates both mean yield
and stability in a single criterion. Low values of both parameters show desirable genotypes
with high mean yields and stability.

5. Conclusions

The aim of this study was to evaluate and assess the adaptability and stability of
selected cassava genotypes based on their mean performance under a wide range of
environments in order to select superior and stable genotypes. Selection of genotypes for
stability is needed in most dryland environments, where the environment is variable and
unpredictable. The stability and adaptability analysis, using AMMI biplots, ASV and GSI
statistics, identified the cassava genotypes UKF3 (G6), 98/0002 (G1) and P4/10 (G5) as
being the most stable genotypes with the highest root yields, while 98/0002(G1), UKF3 (G6)
and UKF9 (G11) were found to be the most stable genotypes with high DMC. Cultivars
98/0002 and UKF3 were identified as combining high stability with superior FRY and
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DMC. These genotypes could be recommended to farmers for food, feed and industrial
application. In addition, genotypes identified as high performing and stable for both traits
could be utilized as parental genotypes in future breeding programs. Similarly, the test sites
of Mandlakazi (Limpopo), Mabuyeni (KZN) and Shatale (Mpumalanga) were identified as
suitable and representative environments for all genotype evaluations and breeding for
FRY and DMC. This study will serve as a baseline for further studies on GEI effects with a
larger set of cassava genotypes and will factor in seasonal effects.
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Abstract: Because weevils are the most damaging pests of sweetpotato, the development of cultivars
resistant to weevil species is considered the most important aspect in sweetpotato breeding. However,
the genes and the underlying molecular mechanisms related to weevil resistance are yet to be
elucidated. In this study, we performed an RNA sequencing-based transcriptome analysis using
the resistant Kyushu No. 166 (K166) and susceptible Tamayutaka cultivars. The weevil resistance
test showed a significant difference between the two cultivars at 30 days after the inoculation,
specifically in the weevil growth stage and the suppressed weevil pupation that was only observed
in K166. Differential expression and gene ontology analyses revealed that the genes upregulated after
inoculation in K166 were related to phosphorylation, metabolic, and cellular processes. Because the
weevil resistance was considered to be related to the suppression of larval pupation, we investigated
the juvenile hormone (JH)-related genes involved in the inhibition of insect metamorphosis. We
found that the expression of some terpenoid-related genes, which are classified as plant-derived
JHs, was significantly increased in K166. This is the first study involving a comprehensive gene
expression analysis that provides new insights about the genes and mechanisms associated with
weevil resistance in sweetpotato.

Keywords: transcriptome; RNA-seq; sweetpotato; weevil resistance; juvenile hormones; terpenes

1. Introduction

Sweetpotato (Ipomoea batatas (L.) Lam.) is a member of the Convolvulaceae family that
is widely cultivated in the tropical and temperate zones. As a valuable source of carbohy-
drates, vitamins, fiber, and minerals, sweetpotato is considered one of the most important
crops in the world, with an annual production of over 100 million tons globally [1]. In
recent years, the production of sweetpotato varieties with favorable cultivation-related
traits, such as high added-value and resistance to diseases, pests, and low soil temperature,
was conducted for the expansion of planting areas. However, sweetpotato is a typical
non-model crop species and a hexaploid (2n = 6x = 90) with a complex mode of inheritance
and a large genome (2–3 Gb); hence, breeding and genetic studies have been difficult.
Furthermore, although some varieties can be self-fertile, most show self-incompatibility or
mating incompatibility with a specific group of varieties. This reproductive pattern causes
the sweetpotato genome to be highly heterozygous. Therefore, it is extremely difficult to
identify the genes and the underlying molecular mechanisms associated with important
agricultural traits in sweetpotato.

Two weevil species, namely Cylas formicarius (Fabricius) and West Indian sweetpotato
weevil (Euscepes postfasciatus (Fairmaire)), are known as the most damaging pests of sweet-
potato worldwide [2,3], causing economic damage to farmers in Central and South America
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and the South Pacific Islands [4]. In Japan, weevils are distributed in tropical and subtrop-
ical regions, including the Nansei and Ogasawara Islands [5]. Particularly in Okinawa,
sweetpotato is an essential crop that supports the backbone of its tourism industry. How-
ever, the crop yield is 60% less than that of mainland Japan; this low yield is mainly due
to the feeding damage caused by weevils. Therefore, the development of weevil-resistant
cultivars is important to mitigate this problem. Both species can invade the root approxi-
mately 2 months after planting and then lay eggs. The hatched larvae move to the tuberous
roots while feeding on the inside of the stem and eventually become pupae that hatch
into adults, which break through the tuberous roots and escape to the outside, becoming
a new generation of parent insects. Therefore, weevils spend most of their lifetime either
in stems or roots, shielding them from insecticides and causing significant damage to
sweetpotato plants. The tuberous roots damaged by feeding produce a phytoalexin called
ipomeamarone [6]. Ipomeamarone is a secondary metabolite of sesquiterpenes that acts as
a toxic substance to domestic animals. Because the production of phytoalexins makes the
sweetpotato bitter, astringent, and even more toxic to animals, the tuberous roots damaged
by weevils are not fit for consumption by humans or livestock [5,6].

To develop resistant varieties, the identification of resistance genes and the elucidation
of the mechanisms underlying weevil resistance in sweetpotato are necessary. Previous
studies have reported the differences in weevil susceptibility among sweetpotato vari-
eties [7–9]. Yada and colleagues performed genetic analysis on an F1 mapping population
derived from the resistant African landrace New Kawago and susceptible North American
cultivar Beauregard and identified simple sequence repeat markers associated with weevil
resistance [10]. From the pest side, one group performed a transcriptome analysis on sweet-
potato weevil (Cylas puncticollis Boheman) and discovered the presence of a functional
RNAi pathway that may be used as a new strategy for controlling this pest [11]. Using next-
generation sequencing (NGS) technology, Okada et al. performed genome-wide association
studies (GWAS) in sweetpotato and detected several genomic regions associated with
weevil resistance [12]. However, there are no reports regarding the molecular mechanisms
underlying weevil resistance in sweetpotato using transcriptome-based analysis. Recently,
with the decreasing costs and increasing throughput of NGS technology, several groups
have reported large-scale transcriptome studies in sweetpotato, revealing the key genes
and a comprehensive knowledge of the mechanisms underlying important agricultural
traits [13–20]. In addition, the whole genome sequence and functionally annotated genes of
the closely related diploid species Ipomoea trifida have been previously released [21–23]. Be-
cause I. trifida is considered a model sweetpotato species, its high-quality genome and gene
sequences can be utilized as a reference for the transcriptome analysis of other sweetpotato
varieties.

In this study, we performed an RNA sequencing (RNA-seq)-based transcriptome
analysis using resistant and susceptible sweetpotato cultivars to comprehensively analyze
the differentially expressed genes (DEGs) that respond to the feeding damage caused by
weevils. Specifically, we aimed to identify the related genes and to elucidate the molecular
mechanisms associated with weevil resistance in sweetpotato.

2. Results

2.1. Phenotyping for Weevil Resistance

In the weevil resistance evaluation test, 10 adult West Indian sweetpotato weevils
(Euscepes postfasciatus (Fairmaire)) (sex ratio, male/female = 1:1) were inoculated into the
sweetpotato tubers of weevil-resistant Kyushu No. 166 (K166) and susceptible Tamayutaka
cultivars. The degree of damage was investigated by counting the number of eggs on the
surface of tuberous roots at 3 days after inoculation and the total number of insects at 15 and
30 days after inoculation. In addition, the growth stages of the insects were investigated
at 30 days after inoculation. At 3 days after inoculation, the average number of eggs per
tuberous root was 23.1 and 23.4 for K166 and Tamayutaka, respectively, and no significant
difference was detected between the two (Figure 1a). At 15 days after inoculation, the
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average number of insects per tuberous root was 2.7 and 3.0 for K166 and Tamayutaka,
respectively, and again no significant difference was observed (Figure 1b). In contrast,
the average number of insects at 30 days after inoculation was 4.0 and 13.5 for K166 and
Tamayutaka, respectively, with a significant difference (p < 0.05) in the total number of
insects between the two cultivars (Figure 1c). In K166, the total numbers of insects were
six larvae (75.0%) and seven pupae (25.0%). On the other hand, of the total number of
insects in Tamayutaka, the numbers of larvae and pupae were 7 (25.9%) and 20 (74.1%),
respectively (Figure 1d). Thus, at 30 days after inoculation, there was a large difference in
the number and growth state of insects between the two cultivars. These results suggest
that weevils have no preferred spawning sites between the two cultivars, and that the
resistant K166 suppressed weevil growth, especially during pupation.

Figure 1. Results of the weevil resistance tests between the susceptible Tamayutaka and resistant Kyushu No. 166 (K166)
cultivars. (a) The average number of eggs per tuberous root at 3 days after inoculation; (b) the average number of insects
per tuberous root at 15 days after inoculation; (c) the average number of insects at 30 days after inoculation; (d) the growth
state of insects at 30 days after inoculation. Black and white bars indicate the ratios of the larvae and pupae, respectively.
* p < 0.05, n.s.: not significant.

2.2. RNA-Seq-Based Transcriptome Analysis

RNA-seq analysis was performed to identify the DEGs between the weevil-resistant
and susceptible cultivars. Total RNA was extracted for RNA-seq library preparation
using tuberous roots from two experimental plots (control and inoculation) with two
replicates. Sequencing with HiSeqX produced a total of 219,712,549 reads for all samples
(22,546,509–43,206,139). After preprocessing, a total of 209,834,637 reads (21,472,899–41,409,345)
were obtained (Table S1). The average alignment rate was 72.79% (61.64–78.73%) after
mapping the reads to the transcriptome sequences of I. trifida (Table S2). Using eXpress
and edgeR, differential expression analysis between the weevil inoculation and control
plots revealed 242 upregulated and 69 downregulated DEGs in K166 and 312 upregulated
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and 98 downregulated DEGs in Tamayutaka (Figure 2a,b, Supplementary Tables S3–S7),
confirming the transcriptional response to the damage by weevil feeding in both cultivars.
In contrast, 528 upregulated and 678 downregulated DEGs were detected between the con-
trol plots of K166 and Tamayutaka, indicating that there are many DEGs between the two
cultivars (Figure 2c, Tables S3, S8 and S9). From the results of 1206 DEGs detected between
cultivars, even in the control plot, the genetic backgrounds of these two cultivars were
considered to be quite different. Moreover, 332 upregulated and 377 downregulated DEGs
were detected between the weevil inoculation plots of K166 and Tamayutaka (Figure 2d,
Tables S3, S10 and S11).

Figure 2. MA plots of the identified differentially expressed genes (DEGs). Red and blue dots represent the upregulated
and downregulated DEGs, respectively. Black dots represent the non-differentially expressed genes. (a) DEGs between the
control (K_con) and inoculation (K_ino) plots of Kyushu No. 166 (K166); (b) DEGs between control (T_con) and inoculation
(T_ino) plots of Tamayutaka; (c) DEGs between the control plots of K166 and Tamayutaka; (d) DEGs between the inoculation
plots of K166 and Tamayutaka.

In addition, we investigated the number of DEGs across four comparisons (K_ino vs.
K_con, T_ino vs. T_con, K_con vs. T_con, and K_ino vs. T_ino) and the overlaps between
each set of DEGs. Venn diagram analysis indicated that a total of 68 (55 + 3 + 3 + 7) DEGs
were differentially expressed in both T_ino vs. T_con and K_ino vs. K_con conditions
(Figure 3), suggesting that the expression levels of a relatively small number of these genes
changed commonly in both varieties in response to weevil feeding damage. On the other
hand, a total of 315 (303 + 5 + 3 + 4) DEGs were commonly detected between K_con vs.
T_con and K_ino vs. T_ino comparisons, suggesting that these hundreds of DEGs showed
different expression levels between cultivars regardless of control or inoculation plots.
Interestingly, a total of 741 (36.9%) and 310 (15.4%) DEGs were detected that were present
only in the control (comparison of K_con vs. T_con) and inoculation plots (comparison of
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K_ino vs. T_ino), indicating that there are many genes with expression levels that changed
specifically in each experimental plot.

Figure 3. Venn diagram showing the number of DEGs and the overlaps among the four comparisons.

Gene ontology (GO) analysis was performed using OmicsBox for the functional anno-
tation of the identified DEGs between K166 and Tamayutaka at 30 days after inoculation.
In the biological process category, the top two enriched GO terms for the set of genes
upregulated in K166 were “metabolic process” and “cellular process”, followed by terms
related to phosphorylation such as “phosphate-containing compound metabolic process”,
“phosphorylation”, and “protein phosphorylation” (Figure 4a). In terms of molecular
function, “binding” and “catalytic activity” were prominently represented. On the other
hand, the top enriched GO terms for the upregulated genes in Tamayutaka were “oxidation-
reduction process”, “cellular anatomical entity”, and “catalytic activity” in the biological
process, cellular component, and molecular function categories, respectively (Figure 4b). In
the control plot, the GO terms related to phosphorylation, metabolic, and cellular processes
were not enriched in the upregulated DEGs of K166 (Figure S1). These results suggest
that the upregulation of the genes involved in phosphorylation, metabolic, and cellular
processes contributes to weevil resistance in K166.

2.3. Juvenile Hormone (JH)-Related Genes

Based on the results of the weevil inoculation test, we hypothesized that the resis-
tance trait of K166 was likely to be due to the suppression of pupation during larval
development. Hence, we analyzed the JH-related genes involved in the suppression of
insect metamorphosis. Larval–pupal and pupal–adult transitions are controlled by the
action of JHs and molting hormones in insects such as silkworms (Bombyx mori L.). JHs
and JH analogues (JHAs or juvenoids) are known to prolong larval life by inhibiting the
larval–pupal and pupal–adult transitions [24]. This mechanism is conserved in many
insect species. In contrast, terpenes are a large and diverse class of organic compounds
produced by a variety of plants. The biochemical actions of natural insect JHs and plant
terpenes and terpenoid compounds are similar because terpenes mimic the action of insect
JHs [24]. Therefore, it is possible that weevils may mistakenly recognize the JHs produced
by sweetpotato, which may explain the suppression of weevil pupation in K166. To verify
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this hypothesis, we also investigated the expression levels of terpenoid-related genes and
discovered 20 genes that were present in K166 and Tamayutaka (Figure 5). Five genes
(itf09g05600.t1, itf12g13950.t1, itf09g05580.t1, itf13g04680.t1, and itf12g14020.t1) were highly
expressed in K166 (Figure 5). Of these five genes, three (itf09g05600.t1, itf09g05580.t1, and
itf12g13950.t1) had significantly increased expression in K166 (Figure S2, Tables S8 and S10),
suggesting that these may be candidate genes that contribute to the inhibition of weevil
pupation in K166. Interestingly, two (itf09g05600.t1 and itf09g05580.t1) were found to be
very closely located on chromosome 9, with a physical distance of approximately 2 kilobase
(kb) from each other. The amino acid sequences of the two genes are also highly conserved
(Figure S3). In addition, two functional domains (N-terminal and metal-binding) related to
terpene synthase were present in both genes (Figure S4), suggesting their potential roles in
terpene synthesis.

Figure 4. The enriched gene ontology (GO) terms of the identified differentially expressed genes (DEGs) between Kyushu
No. 166 (K166) and Tamayutaka at 30 days after inoculation. The GO terms were classified in three categories: biological
process, cellular component, and molecular function. (a) The top GO terms for the upregulated DEGs in K166; (b) the top
GO terms for the upregulated DEGs in Tamayutaka.

In addition, we focused on the disease resistance-related genes and investigated their
expression levels in both cultivars. By searching for genes that had resistance-related
annotations and were highly expressed in the resistant K166 cultivar after inoculation,
30 genes were detected (Figure S5). There are many genes with annotations such as
“NB-ARC domain-containing disease resistance protein”, “TIR-NBS-LRR class”, and “CC-
NBS-LRR class”. On the contrary, only nine genes were detected with resistance-related
annotations and higher expression levels in Tamayutaka (data not shown). These results
indicate that more disease-resistance genes were highly expressed in the resistant cultivar,
which may contribute to resistance to some extent.
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Figure 5. Hierarchical clustering and expression heatmap of 20 terpenoid-related genes. Black boxes indicate the genes that
are highly differentially expressed between Kyushu No. 166 (K166) and Tamayutaka. The gene expression level (log2 fold
change value) is represented by the blue (low) to red (high) color gradient. K_con: K166 samples in the control plot, K_ino:
K166 samples in the inoculation plot, T_con: Tamayutaka samples in the control plot, T_ino: Tamayutaka samples in the
inoculation plot.

3. Discussion

In this study, we performed a comprehensive transcriptome analysis of weevil re-
sistance in sweetpotato. Although weevils are considered a serious pest worldwide, this
insect species is distributed in specific regions only, such as the Nansei Islands in Japan.
However, due to global warming, the distribution of weevils is expected to expand further,
and weevil resistance may become the most desirable agricultural trait for sweetpotato
cultivation in the future. To date, there have been no reports of NGS-based comprehen-
sive gene expression analysis focused on investigating weevil resistance in sweetpotato.
Therefore, our study provides novel insights into the transcripts that respond to damage
by weevil feeding in sweetpotato.

RNA-seq analysis of weevil-resistant and susceptible cultivars revealed numerous
DEGs between the two. Even in the control plots, many DEGs (1206) were detected
between the two cultivars, reflecting the difference in their genetic backgrounds. Based
on the pedigree information (Figure S6), the genetic backgrounds of the two cultivars are
considered to be quite different. There were more upregulated than downregulated DEGs
after weevil inoculation (98 downregulated and 312 upregulated DEGs in Tamayutaka,
69 downregulated and 242 upregulated DEGs in K166), indicating that transcriptional
responses to the feeding damage by weevils occurred in both cultivars. Functional analysis
of the DEGs also revealed that after weevil inoculation, the transcription of genes associated
with metabolic processes, cellular processes, and phosphorylation were upregulated in the
resistant K166 cultivar, suggesting that these genes may be critical for weevil resistance. On
the other hand, it should be noted that while these DEGs may have contributed to weevil
resistance, their expression levels may be the result of a response to feeding damage by
weevils.

Plants possess a complex defense system against diverse pests and pathogens and
a response system composed of pathogen detection, signal transduction, and defense
response [25]. Plants can perceive certain elicitors in insect oral secretions that enter
wounds during feeding and rapidly activate mitogen-activated protein kinase (MAPK)
signaling [26]. MAPKs play critical roles in plant resistance against insect herbivores by
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regulating the herbivory-induced changes in phytohormones, the transcriptome activation
of herbivore defense-related genes, and the accumulation of defensive metabolites. MAPKs
consist of 11 domains that are found in all serine/threonine protein kinases [27], which are
activated by the dual phosphorylation of the Thr and Tyr residues in the TxY motif of the
activation loop (T-loop) located between subdomains VII and VIII. In the T-loop, activation
occurs via MAPK kinases (MAPKKs), which are activated by MAPKK kinases (MAPKKKs)
through the phosphorylation of conserved Ser and/or Thr residues. Activated MAPKs
phosphorylate their substrates, including the transcription factors and enzymes that trigger
downstream stress-related responses [26]. Thus, MAPK activation via phosphorylation may
have immediately occurred after wounding and feeding by weevil larvae in K166, which
subsequently induced defense reactions via phosphorylation of associated transcription
factors and proteins.

In contrast, the expression of genes related to the oxidation-reduction process and oxi-
doreductase activity were upregulated in the susceptible Tamayutaka cultivar. Sweetpotato
contains several phytoalexins, collectively known as furanoterpenoids, such as ipomea-
marone and its precursor dehydroipomeamarone, ipomeanine, 1-ipomeanol, 4-ipomeanol,
and 1,4-ipomeadiol [28–30]. Ipomeanine is produced by the oxidation of 4-ipomeanol,
whereas 1,4-ipomeadiol and ipomeanol are produced by the reduction of ipomeanine [31].
After weevil inoculation, Tamayutaka was found to be more damaged than K166; thus,
the production of phytoalexins such as ipomeamarone and ipomeanine was expected
to be high in response to the damage. Consequently, a higher number of upregulated
DEGs related to the oxidation-reduction process were detected in Tamayutaka than in
K166. Furthermore, the upregulation of these genes was observed in the inoculation plots
only (Figure S7), suggesting that both cultivars were damaged by weevil feeding and the
resulting oxidation-reduction processes.

In the weevil inoculation test, there was no significant difference in the number of
eggs at 3 days after inoculation or the total number of insects at 15 days after inoculation
between the resistant and susceptible cultivars. In contrast, there was a large difference in
the total number of insects and the growth stage at 30 days after inoculation. These results
suggest that weevils have no preferred spawning sites between resistant and susceptible
cultivars. However, the weevil growth, particularly pupation, was suppressed in K166,
indicating that one possible mechanism of weevil resistance is the inhibition of weevil de-
velopment and reproduction. We tested this hypothesis by investigating the JHs involved
in the suppression of insect metamorphosis. A Krüppel homolog 1 gene (Kr-h1), which is
induced by the JH via a JH receptor, plays a key role in the repression of insect metamor-
phosis [32]. The transcription factor Broad-Complex (BR-C) functions as a “pupal specifier”
in the larval–pupal transition; JH-inducible Kr-h1 binds to the BR-C promoter region and
represses its transcription, resulting in the inhibition of larval–pupal transition [33,34].
Therefore, JHs can inhibit larval–pupal and pupal–adult transitions in holometabolous
insects. In such cases, the larva reaches the end of its life, and the reproduction of the next
generation is halted. On the other hand, plant-derived metabolites are known to act as
JHAs in insects, and the biochemical actions of insect JHs and plant terpenes and terpenoid
compounds are similar [30]. In K166, the weevil may have misrecognized the JH produced
by sweetpotato, resulting in the suppressed pupation of the larvae. Therefore, we also
investigated the expression levels of terpenoid-related genes and discovered five genes that
were upregulated in K166. In particular, three of the five genes had significantly increased
expression levels in K166. Among the three genes, two possessed the N-terminal and
metal-binding domains of terpene synthase, suggesting that the two genes may function in
terpene synthesis and may be associated with the inhibited pupation of weevil larvae in
K166. Interestingly, resistant sweetpotato cultivars may possess weevil-recognizing plant
compounds that cause growth retardation in weevils. In addition, we revealed that more
disease resistance-related genes were highly expressed in the resistant cultivar. These genes
may also contribute to the expression of resistance in K166.
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Therefore, future studies should investigate whether there is a difference in the amount
of terpenes produced by weevil-resistant and susceptible cultivars and determine the
correlation between the expression of terpenoid-related genes and the amount of terpenes
produced. Furthermore, we are planning to perform additional genetic analyses such as
quantitative trait loci (QTL) mapping and GWAS using the F1 populations derived from
K166 and Tamayutaka. By investigating the DEGs in the selected QTL region, we can
identify the candidate genes controlling weevil resistance in K166.

4. Materials and Methods

4.1. Resistance Evaluation Test by Weevil Inoculation

The weevil-resistant K166 and susceptible Tamayutaka cultivars were chosen for
this study. K166 is the progeny of a cross between Kyukei98160-1 and Murasakimasari.
Tamayutaka is derived from a cross between Kanto No. 33 and Kuroshirazu (Figure S6). The
breeding process and pedigree information are shown in Figure S6. For all plant samples,
the tuberous roots produced in 2017 and cultivated at the National Agrobiological and Food
Research Organization for Kyushu Okinawa Region (Miyakonojo City, Miyazaki Prefecture,
Japan) were used. The weevil inoculation test and resistance evaluation were conducted
at the Kyushu Okinawa Agricultural Research Center (Itoman City, Okinawa Prefecture,
Japan). Adult West Indian sweetpotato weevils (Euscepes postfasciatus (Fairmaire)) were
used for the inoculation test, and each sweetpotato sample was placed in a plastic case. We
prepared two experimental plots (control and inoculation) with three biological replicates.
In the inoculation plot, one sweetpotato tuber root was inoculated with 10 adults (sex
ratio, male/female = 1:1). The degree of damage to the tuberous roots was investigated
at 3, 15, and 30 days after inoculation. At 3 days after inoculation, the number of eggs
on the surface of the tuberous root was counted. At 15 and 30 days after inoculation,
the sweetpotato samples were dissected, and the degree of damage was investigated by
counting the number of larvae, pupae, and adults in the tuberous roots.

4.2. RNA Extraction, Library Preparation, and RNA-Seq

The tuberous roots from the control and inoculation groups with two replicates were
collected. Total RNA was extracted using the phenol–chloroform method. Lithium chloride
(LiCl) precipitation was performed to remove any impurities, and the extracted RNA
was purified using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The RNA yield
(ng/μL) was measured using Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA), whereas the RNA quality was confirmed by agarose gel electrophoresis. The RNA-
seq library was prepared using the KAPA mRNA HyperPrep Kit (KAPA Biosystems,
Woburn, MA, USA). The library concentration of each sample was also measured using
Qubit (Thermo Fisher Scientific). All samples were pooled in equal volumes to prepare
the libraries for RNA-seq, and sequencing with HiSeqX (Illumina, San Diego, CA, USA)
yielded 150-base pair (bp) paired-end reads.

4.3. Data Analysis

The obtained RNA-seq data were analyzed using the following procedures. First, the
quality of the paired-end reads was determined using FastQC [35]. Second, the adapter
sequences and low-quality nucleotides were removed using Cutadapt [36]. The threshold
value of the quality score was 30, and the minimum read length for trimming was 50 bp.
After preprocessing, the reads were checked again by FastQC to confirm the quality.
Third, using the transcriptome sequence of the publicly available sweetpotato diploid
wild species I. trifida [22] as the reference, the preprocessed reads were aligned using
Bowtie2 software [37]. Fourth, the gene expression levels were determined using eXpress
(https://pachterlab.github.io/eXpress/index.html, accessed on 24 June 2019), and the
DEGs were analyzed using edgeR [38]. Fifth, DEGs with false-discovery rate values < 0.05
and |log2 fold change| values > 2 were extracted for subsequent GO and enrichment
analyses. Sixth, an in-house Python script was used to create a heatmap of the DEGs. Briefly,
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the transcripts per kilobase million (TPM) values from eXpress analysis were averaged
within the iteration and then logarithmically converted and normalized to create a heatmap.
The Venn diagram was generated using the online tool VENNY (v2.1) [39].

For the GO analysis, the FASTA sequences of the DEGs were imported into OmicsBox
version 1.2 (BioBam) and aligned to the NCBI Viridiplantae NR database using blastx
search (E-value ≤ 1.0 × 10−3). Subsequent GO mapping was performed using the Blast2GO
mapping against the latest version of the GO database to obtain the functional labels [40,41].
Then, the appropriate GO term was assigned to predict the function of the annotated
sequences using an e-value cutoff of 1.0 × 10−6 and an annotation cutoff of 55. Bar plots
of the enriched GO terms were created for three categories: biological process, cellular
component, and molecular function. For the candidate genes involved in weevil resistance,
the homology of their amino acid sequences was confirmed using BioEdit. In addition,
the functional gene domains were searched against several protein databases, including
ProDom (http://prodom.prabi.fr, accessed on 5 November 2019) [42], Pfam (https://pfam.
xfam.org, accessed on 5 November 2019) [43], SMART (http://smart.embl-heidelberg.de,
accessed on 5 November 2019) [44], and PANTHER (http://pantherdb.org/, accessed on
5 November 2019) [45], using InterProScan [46].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081535/s1, Figure S1: The top GO terms for the upregulated DEGs in K166 in the
control plot, Figure S2: The gene expression levels of the two candidate genes (itf09g05600.t1 and
itf09g05580.t1) based on the TPM values, Figure S3: The sequence homology of the amino acid
sequences of the two genes (itf09g05600.t1 and itf09g05580.t1), Figure S4: The gene structure and
functional domains of the two genes, Figure S5: Hierarchical clustering and expression heatmap of
30 disease resistance-related genes, Figure S6: The breeding process and pedigree information of
K166 and Tamayutaka, Figure S7: The enriched GO terms of the identified DEGs between the weevil
inoculation and control plots, Table S1: The number of raw and preprocessed reads obtained through
RNA sequencing, Table S2: Alignment rate of RNA sequencing reads, Table S3: Summary of the
identified DEGs, Table S4: Upregulated genes between the weevil inoculation and control plots of
Kyushu No. 166 (K166), Table S5: Upregulated genes between the weevil inoculation and control
plots of Tamayutaka, Table S6: Downregulated genes between the weevil inoculation and control
plots of Kyushu No. 166 (K166), Table S7: Downregulated genes between the weevil inoculation and
control plots of Tamayutaka, Table S8: Upregulated genes between the control plots of Kyushu No.
166 (K166) and Tamayutaka, Table S9: Downregulated genes between the control plots of Kyushu
No. 166 (K166) and Tamayutaka, Table S10: Upregulated genes between the weevil inoculation plots
of Kyushu No. 166 (K166) and Tamayutaka, Table S11: Downregulated genes between the weevil
inoculation plots of Kyushu No. 166 (K166) and Tamayutaka.
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Abstract: Para rubber trees (Hevea brasiliensis) are the largest major source of natural rubber in
the world. Its major pathogens are Phytophthora spp., Corynespora cassiicola, and Colletotrichum
spp. A rubber diversity panel of 116 clones using over 12,000 single nucleotide polymorphisms
(SNPs) from DArTSeq genotyping revealed clear phylogenetic differences in clones that originated
from different geographical regions of the world. An integrated linkage map constructed with
an F1 progeny of 86 from an interspecific cross between H. brasiliensis and H. benthamiana using
23,978 markers [10,323 SNPs and 13,655 SilicoDArTs] spanned 3947.83 cM with 0.83 cM average
marker-interval. The genome scaffolds that were anchored to the linkage map, covering 1.44 Gb of
H. brasiliensis reference genome, revealed a high level of collinearity between the genetic map and
reference genome. Association analysis identified 12 SNPs significantly associated with the resistance
against Phytophthora, Corynespora, and Colletotrichum in six linkage groups: 2, 6, 12, 14, 17, and 18.
Kompetitive Allele-Specific PCR marker assays were developed for those 12 SNPs, screened with 178
individuals, and detected clear separation between two genotypes. Within the proximity to those
SNPs, 41 potentially key genes that have previously been reported to associate with plant disease
resistance were predicted with high confidence.

Keywords: disease resistance; genetic map; Hevea brasiliensis; KASP assay; marker-trait associations;
phylogeny; potentially key disease resistance genes

1. Introduction

Hevea brasiliensis, the Para rubber tree, is the only source of latex for the production
of natural rubber, which is essential for aviation and other industries. It is a perennial,
monoecious outcrossing tree species of the Euphorbiaceae family, with its center of origin in
the Amazon forests. The species, which contains 36 chromosomes (2n = 36), is considered
to be an amphidiploid that has stabilized its genome during the course of evolution [1].
Domestication of H. brasiliensis started in 1876 with Sir Henry Alexander Wickham trans-
porting 70,000 rubber seeds from Brazil to the Royal Botanic Gardens, Kew, England. This
collection, which came from a small area near Manaus on the banks of Rio Tapajos in the
upper Amazon, represented a very small proportion of the gene pool available throughout
the Amazon [2]. Only 2700 of these seeds germinated. Most of the seedlings were shipped
to Asian countries: 1919 to Sri Lanka (of which 90% survived), 18 to Indonesia (of which
two survived) and 50 to Singapore (none of which survived). Subsequently, 22 additional
plants were sent to Singapore, all of which survived. The surviving plants from these
shipments formed the basis of the rubber plantation industry in the East today [3,4]. This
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narrow genetic base was further constricted by the use of a limited number of high-yielding
clones for propagation and by the use of cyclical generation-wise assortative mating and
selection for yield in breeding [5].

High-yielding Hevea clones are highly susceptible to biotic and abiotic stresses, which
can significantly affect latex production. Biotic stress is mainly due to three major pathogens:
Phytophthora spp., which causes shoot rot, abnormal leaf fall, patch canker, and black stripe
diseases; Corynespora cassiicola, which causes Corynespora leaf fall disease; Colletotrichum
spp., which causes Colletotrichum leaf fall disease [6,7] (Supplementary Figure S1). Abiotic
factors such as unfavorable climatic conditions, which adversely affect the growth and yield
of rubber plants, act as predisposing factors for these diseases. Leaf fall caused by these
diseases directly reduces plant growth and latex yield. Moderate to severe crop losses due
to these diseases occur in all rubber-growing countries. Crop losses due to abnormal leaf
fall disease in India, Colletotrichum leaf disease in Africa, and Corynespora leaf fall disease in
China have been reported to range from 38–56% [8], from 7–45% [9], and from 20–25% [10],
respectively. At present, the most extensively used management strategy for controlling
these diseases is through the recurrent use of agrochemicals. While disease control achieved
using genetics might provide sustainable intensification of crop production, introgression
of disease resistance genes using backcrossing and phenotypic selection would be difficult
for rubber because of its highly heterozygous nature, long breeding cycle, and the large
area of land required for evaluation at each stage. Genetic mapping of resistance loci could
enable the discovery of molecular markers that can be used to select resistant seedlings in
breeding nurseries.

The first linkage map of Hevea was constructed for an interspecific cross between
H. brasiliensis and H. benthamiana, using restriction fragment length polymorphism (RFLP)
and amplified fragment length polymorphism (AFLP) markers [11]. Subsequently, simple
sequence repeat (SSR) markers were mapped for several cross combinations [12–16]. Re-
cently, genotyping-by-sequencing (GBS) and transcriptome sequencing have been used
to construct high-density linkage maps for intraspecific crosses of H. brasiliensis [17,18].
Intraspecific crosses of H. brasiliensis have been used to map quantitative trait loci (QTLs)
for growth-related traits [15,19] and for resistance against South American leaf blight [13].
No such mapping has been conducted for resistance against the other major diseases of
rubber.

In the research that is presented here, we investigated genetic diversity and the genetic
control of resistance to foliar diseases by applying DArTSeq genotyping-by-sequencing
to a panel of H. brasiliensis clones and to progeny from an interspecific (H. brasiliensis ×
H. benthamiana) cross and conducted phylogenetic analysis and integrated genetic linkage
mapping.

2. Results

2.1. Genotyping-by-Sequencing, Phylogenetic Analysis, and Linkage Mapping

DArTSeq genotyping-by-sequencing of a 116-member diversity panel (Supplementary
Table S1) and a set of 86 interspecific progeny (derived from crosses between H. brasiliensis
clone RRII 105 and H. benthamiana clone F4542) generated 14,315 single nucleotide polymor-
phisms (SNPs) and 34,000 presence-absence SilicoDArT markers (Supplementary Table S2).
The 116-member diversity panel consisted of 110 H. brasiliensis clones, one each of five other
Hevea species (H. benthamiana F4542, H. pauciflora, H. nitida, H. spruceana, H. camargoana)
and an interspecific hybrid FX 516 (H. benthamiana x H. brasiliensis AVROS 363).

For the diversity panel, phylogenetic analysis was performed using data for 12,078
SNPs. Potential scale reduction factor values obtained using MrBayes Bayesian phyloge-
netic trees were between 1.0 and 1.1, and other examined parameters were within acceptable
ranges. All H. brasiliensis clones were differentiated from individual clones of each of five
other species (H. benthamiana, H. camargoana, H. nitida, H. pauciflora, H. spruceana) and from
FX 516, an H. benthamiana × H. brasiliensis hybrid. Within H. brasiliensis, there were two
main clades, one consisting of clones from Sri Lanka, Indonesia, and India, and the other
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consisting of clones from Malaysia and China. The clones from Malaysia showed the
greatest diversity. The three clones from Indonesia were more similar to the clones from
India than to the clones from Sri Lanka (Figure 1).

Figure 1. Phylogenetic tree constructed for 116 clones using SNP markers obtained from DArTSeq.
Values indicated on the nodes are Bayesian posterior probabilities and are 1.0 unless otherwise
indicated. The scale bar represents the probability of nucleotide substitutions per site.

Integrated linkage mapping performed with the software Lep-Map3 [20], using data
for 23,978 markers (10,323 SNPs and 13,655 SilicoDArTs), resulted in a 3948 cM linkage
map with 4757 loci across 18 linkage groups (Figure 2) (Supplementary Tables S3 and S4).
Of the 23,978 mapped markers, 17,310 (72.2%) were successfully anchored to positions on
pseudomolecules in the GT1 reference genome assembly for H. brasiliensis [21], and a further
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451 (1.9%) were anchored to unplaced GT1 scaffolds (Supplementary Table S5). Among
the remaining markers, 3532 were anchored to positions in an earlier draft assembly [22],
bringing the total percentage of anchored markers to 88.8%.

Figure 2. Positions at which markers were mapped on an 18-linkage-group integrated map con-
structed from genotyping-by-sequencing data for 178 RRII 105 × F4542 progeny. The scale to the left
of the map shows genetic distances in cM.

A comparison of marker positions between the linkage map and the GT1 reference
genome assembly indicated very high synteny and collinearity (Figures 3 and 4, Supple-
mentary Table S6). For some chromosomes (e.g., LG5 in Figure 4), the relationship between
genetic distances was highly linear. For some other chromosomes, this relationship was
non-linear, indicating a non-uniform distribution of recombination along chromosomes.
For example, the terminal regions of the chromosome LG7 are more recombinogenic than
the central region of that chromosome, and the opposite is true for LG8 (Figure 4).

Figure 3. Synteny and collinearity of 17,310 markers between the RRII 105 × F4542 linkage map and
the reference genome of Hevea brasiliensis. The outer circle indicates the genetic lengths of linkage
groups LG1 through LG18 in cM and the physical lengths of pseudomolecules Hb1 through Hb18
in Mb.
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Figure 4. Relationship between the linkage map and the reference genome of Hevea brasiliensis. Each
panel shows the genetic positions of markers on the linkage map (vertical axis, in cM) plotted against
the physical positions of the same markers on the corresponding pseudomolecule of the reference
genome (horizontal axis, in Mb). The right part represents the genetic and physical locations of the
markers.

2.2. Disease Resistance

For Phytophthora spp., which infects rubber pods, petioles, and mature leaves, the
H. brasiliensis parent RRII 105 was classified as susceptible (rated 4 on a 5-point scale), and
the H. benthamiana parent F4542 was classified as resistant (rated 2). Among 85 RRII 105 ×
F4542 F1 progeny assessed for resistance against Phytophthora, seven (8.2%) were highly
resistant (rated 1), 22 (25.9%) were resistant (rated 2), 17 (20%) were moderately resistant
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(rated 3), 28 (32.9%) were susceptible (rated 4), and 11 (12.9%) were highly susceptible
(rated 5) (Supplementary Figure S2).

For Corynespora cassiicola and Colletotrichum acutatum, which infect rubber tree leaves
in the tender copper brown and light green stages, the H. brasiliensis parent RRII 105
was classified as highly susceptible (rated 5: leaf wilting always observed within 24 h of
incubation with toxin extracts) and the H. benthamiana parent F4542 was classified as highly
resistant (rated 1: no leaf wilting after 24 h of incubation with toxin extracts). Among 79
progeny tested with toxin extracts from Corynespora cassiicola and Colletotrichum acutatum
extract, 43 (56.6%) were assigned intermediate ratings (2, 3, or 4) for both pathogens
(Table 1).

Table 1. Numbers (and percentages) of H. brasiliensis x H. benthamiana F1 progeny classified between
1 (highly resistant) and 5 (highly susceptible) for resistance against Colletotrichum acutatum and
Corynespora cassiicola.

Colletotrichum
acutatum Resis-

tance Classification

Corynespora cassiicola Resistance Classification
Total

1 2 3 4 5

1 2 2 2 1 2 9 (11.3%)

2 4 8 5 6 3 26 (32.9%)

3 1 9 4 6 5 25 (31.6%)

4 1 5 3 4 1 14 (17.8%)

5 0 1 2 1 1 5 (6.4%)

Total 8 (10.1%) 25 (31.6%) 16 (20.2%) 18 (22.8%) 12 (15.2%) 79 (100%)

Based on marker-trait association analysis, 12 SNPs were found to be significantly
(p < 1.0 × 10−4) associated with one or more disease traits (Figure 5; Table 2): five (one on
LG6 and four on LG18) for Phytophthora resistance, three (one on each of LGs 2, 4, and 18)
for Corynespora resistance, and four (one on each of LGs 13, 14, and 17) for Colletotrichum
resistance. In all cases, the favorable (resistance-associated) allele was from the H. benthami-
ana parent F4542. Of the 12 SNPs, 10 were anchored to the GT1 reference genome, and
the other two were anchored to the rubber draft genome sequences. Except for one of the
12 markers, all were heterozygous in H. benthamiana.

Table 2. Markers that showed significant associations with disease traits in the integrated map of
Hevea brasiliensis and H. benthamiana.

Pathogen
Associated with
the Disease Trait

Linkage
Group Marker

Reference
Genome
Sequence

Physical Position (bp) −Log10
(p)

R2 (%) (Variance
Explained)

Allele
EffectStart End

Phytophthora

LG6 100057258|F|0–6:T > C KB619684.1_
scaffold 218036 28,834 28,903 4.28 14 1.10

LG18

100033008|F|0–18:A > T
GT1 Reference
genome
(CM021243.1)

18,128,717 18,128,649 4.52 18 3.21

100061510|F|0–34:C > A
GT1 Reference
genome
(CM021243.1)

12,918,745 12,918,685 4.25 14 2.57

100053390|F|0–45:A > G
GT1 Reference
genome
(CM021243.1)

15,754,360 15,754,413 4.25 14 2.57

100052000|F|0–31:C > T
GT1 Reference
genome
(CM021243.1)

15,953,978 15,953,939 4.21 14 2.32
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Table 2. Cont.

Pathogen
Associated with
the Disease Trait

Linkage
Group Marker

Reference
Genome
Sequence

Physical Position (bp) −Log10
(p)

R2 (%) (Variance
Explained)

Allele
EffectStart End

Corynespora

LG4 100104859|F|0–12:G > A
GT1 Reference
genome
(CM021229.1)

34,907,019 34,906,974 4.21 14 2.30

LG6 100061575|F|0–46:G > A
GT1 Reference
genome
(CM021231.1)

37,466,880 37,466,948 4.35 16 2.43

LG18 100074003|F|0–8:G > T
GT1 Reference
genome
(CM021243.1)

44,256,460 44,256,528 4.35 16 2.41

Colletotrichum

LG2 100085293|F|0–45:A > T AJJZ010325919.1_
contig 401252 1511 1580 4.13 11 1.25

LG12 100044284|F|0–59:A > C
GT1 Reference
genome
(CM021237.1)

73,830,891 73,830,823 4.26 14 1.56

LG14 100026178|F|0–30:G > T
GT1 Reference
genome
(CM021239.1)

6,682,648 6,682,714 4.48 16 0.98

LG17 100113203|F|0–20:T > G
GT1 Reference
genome
(CM021242.1)

2,385,929 2,385,861 4.21 16 0.97

Figure 5. Cont.
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Figure 5. Manhattan plots and quantile-quantile plots from marker-trait association analysis for
Phytophthora, Corynespora, and Colletotrichum resistance traits. In the Manhattan plots (a), each dot
represents an SNP, showing the significance of its association with disease resistance (−log10 p-value)
(vertical axis) plotted against its genetic position (horizontal axis), and the horizontal blue lines
indicate the genome-wide significance threshold of p = 1.0 × 10−4. In the quantile-quantile plots
(b), the black line represents the 95% confidence limit under the null hypothesis of no-marker-trait
association, and the black dots represent p-values.

For the results of this work to be applied in marker-assisted rubber breeding, it could
be useful to have simple assays for trait-associated SNPs. We designed Kompetitive Allele-
Specific PCR (KASP) assays [23] for all 12 SNPs that showed significant associations with
the disease traits (Supplementary Table S7). Those assays were then applied to the 178
RRII 105 × F4542 F1 progeny, and genotypes were clearly separated from each other
(Figure 6; Supplementary Figure S3). We looked at the two trait-associated SNPs on LG6
further, and for each of the SNPs, two genotypes (one heterozygous and one homozygous)
had been observed in the DArTSeq results. With each of the KASP assays (WriKH1 for
100057258|F|0–6:T > C and WriHK7 for 100061575|F|0–46:G > A), both genotypes were
observed and were clearly separated from each other (Figure 6).

Figure 6. Results obtained with markers 100057258|F|0–6:T > C (WriKH1) and 100061575|F|0–46:G
> A (WriHK7) on LG6. For both markers, left panels (a,c) show the marker results obtained for 178
H. brasiliensis × H. benthamiana progeny using KASP markers, and right panels (b,d) show the marker
results obtained for 86 progeny using DArTSeq.
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For all 12 SNPs, when we compared the genotypic scores obtained from the DArTSeq
with the KASP assays, the discrepancies varied from two to three: two for the marker
100061575|F|0–46:G > A (WriHK1) and three for the marker 100057258|F|0–6:T > C
(WriKH7) (Supplementary Table S8). For four of these, DArTSeq calls were homozygous,
and KASP calls were heterozygous. For the other 10 SNPs, there were no discrepancies
between the genotypic scores obtained from the DArTSeq and the KASP assays.

Of the 178 F1 progeny studied, four of the F1 plants (9_26, 9_39, 9_76, and 13_1_34)
carried the favorable alleles of H. benthamiana for all three disease traits. In addition, five
of the F1 plants carried the favorable H. benthamiana alleles for resistance to Phytophthora,
22 carried the favorable alleles for Corynespora, and seven carried the favorable alleles for
Colletotrichum (Supplementary Table S9).

Of the four progeny with favorable alleles at all 12 SNPs, three had been included in
the subset that was phenotyped for all three disease resistance traits. All three were rated
as highly resistant to Phytophthora (rated 1 with a lesion size < 0.69 cm) and highly resistant
and/or resistant to Corynespora and Colletotrichum (rated 1 and/or 2) (Supplementary
Table S9).

2.3. Significantly Associated Genes

The number of predicted genes near the trait-associated SNPs ranged from 67 to 36
(Supplementary Table S10). In the Phytophthora-associated region between 12 and 18.3 Mb
on LG18, 55 genes were predicted with high confidence, including 12 with annotations
related to innate immune response, host-pathogen relationships, or plant defense. Among
these, XP_021650208.1 (disease resistance protein RPS2), GH714_038730 (BTB/POZ domain
and ankyrin repeat-containing protein NPR1-like), XP_021650172.1 (heat shock factor
protein HSF30-like), XP_021638503.1 (aquaporin NIP5-1), XP_021689264.1 (transcription
factor BHLH089-like), XP_021640619.1 (zinc finger protein 6), XP_021665532.1 (cinnamoyl-
CoA reductase 1) and GH714_038687 (WD repeat-containing protein VIP3) are similar to
genes that have widely been reported to be associated with plant disease resistance and
susceptibility. In the Corynespora-associated regions, between 44 and 45 Mb on LG18 and
between 36.5 and 37.5 Mb on LG6, 67 and 26 genes were predicted, respectively. Among
these, XP_021666909.1 (pathogenesis-related protein 5), XP_021647428.1 (WAT1-related
protein At1g44800), XP_021660750.1 (ethylene-responsive transcription factor ERF014), and
XP_021642270.1 (LRR receptor-like serine/threonine-protein kinase) are similar to genes
that have been reported to be important in disease resistance in other plant species.

In the Colletotrichum-associated region between 6 and 6.7 Mb on LG14, 36 genes were
predicted. Among these four had annotations associated with innate immune response
(calcineurin B-like protein 7), biotic stress (O-acyltransferase WSD1-like), DNA methylation
(DNA methylation 4-like), or systemic acquired resistance (laccase gene).

3. Discussion

In the research reported here, DArTSeq genotyping-by-sequencing was applied to a
diversity panel and to a set of F1 progeny from an interspecific Hevea cross. Numerous
SNPs and presence-absence polymorphisms were discovered in both sets of materials.

For the diversity panel, the DArTSeq genotypic data were used for phylogenetic
analysis. In the resulting phylogenetic tree, H. brasiliensis clones clustered according to
the country from which they were obtained, despite all cultivated rubber having been
derived from a narrow genetic base. The clear differentiation among clones from Sri Lanka,
Indonesia, India, Malaysia, and China may involve founder effects (related to the particular
seedlings dispersed from England in the 19th century and/or the effects of subsequent
breeding efforts in individual countries. It may also indicate that there has been limited
international germplasm exchange in rubber breeding. Despite Malaysia not having been
the recipient of any of the seeds originally distributed from England, the clones obtained
from Malaysia exhibited the greatest diversity, which may reflect the use of parents from
multiple sources. Both the number of markers and the number of clones investigated here
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were much larger than in a previous phylogenetic analysis based on the application of
30 EST-SSR markers to 51 clones [24]. That analysis also showed a separation based on
country of origin, with most clones from Malaysia readily differentiated from and less
diverse than clones from South America.

The parents of the interspecific cross, the H. brasiliensis clone RRII 105 and the H.
benthamiana clone F4542, were chosen based on a need to improve resistance against
foliar diseases that are important in India, combined with an interest in understanding the
genetic basis of this resistance. RRII 105 is the most widely cultivated clone in the traditional
rubber-growing regions of India. It is high yielding but highly susceptible to Corynespora
cassiicola and Colletotrichum acutatum and moderately susceptible to Phytophthora meadii. In
contrast, F4542 is low-yielding but highly resistant to all three of these fungal pathogens.
In Brazil, F4542 has been used as a parent in breeding for resistance to Phytophthora spp.
and Microcyclus [25].

The integrated map constructed here is by far the most saturated linkage map available
for rubber, with between eight and ten times more markers than prior maps [11–18]. This
is due to a combination of factors: the use of an interspecific cross, the use of GBS to
discover sequence polymorphisms, and the use of Lep-Map 3 software [20], which can
generate robust maps from low-coverage datasets. The integrated map generated here
exhibited very strong synteny and collinearity with a recently generated reference genome
for H. brasiliensis [20], providing a solid basis for future forward and reverse approaches to
identify causal genes.

KASP assays designed from the DArTSeq tags confirmed, with very few exceptions,
the polymorphisms discovered by DArTSeq (Supplementary Table S8). In four of five
cases where marker calls differed, KASP calls were heterozygous, and DArTSeq calls were
homozygous. This probably indicates that just one of the alleles was sequenced in sufficient
depth by DArTSeq genotyping. This has previously been reported in switchgrass [26] and
almond [27].

This is the first report of significant marker-trait associations for resistance against
foliar diseases caused by Phytophthora spp., Corynespora cassiicola, and Colletotrichum acu-
tatum in rubber. Similar to what has been reported for resistance to several other fungal
pathogens of rubber [28–30], continuous variation was observed, and multiple loci of small
effect were detected. Among the mapping progeny, four clones carried favorable alleles
at all 12 resistance-associated SNPs. Breeding for resistance could begin with the crossing
of selected interspecific progeny with high-yielding clones of H. brasiliensis (to introgress
resistance into productive backgrounds) and/or with intercrossing among selected inter-
specific progeny (to pyramid resistance alleles at multiple loci). In either case, the DArTSeq
genotypes generated here can be used to select parents and design crosses, while molecular
marker assays, such as the KASP assays developed here, could be used in early-stage
selection for resistance.

Anchoring significantly associated marker sequences to the 6, 14, and 18 pseudo-
molecules of GT1 rubber reference genome sequence assembly enabled the identification
of predicted genes near the trait-associated SNPs (Supplementary Table S10). Given that
there is very little known about resistance mechanisms and host-pathogen relationships of
rubber foliage diseases, none of these predicted genes can be excluded based on annotation.
However, some of the genes detected in the candidate regions belong to gene families that
have been reported to be associated with disease resistance, host-pathogen relationships,
and innate immune responses in other plant species (Supplementary Table S10). Therefore,
this study provides new resources for candidate genes for predicting resistance in rubber
foliage diseases that might lead to improvement in the speed of breeding for multi-genic
traits and elucidate the molecular mechanisms to combat the devastating foliage diseases
in rubber.
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4. Materials and Methods

4.1. Diversity Panel and H. brasiliensis (RRII 105) × H. benthamiana (F4542) Mapping
Population

This research used a diversity panel consisting of 116 rubber clones (Supplementary
Table S1) that belong to H. brasiliensis (54 from Malaysia, 51 from India, 5 from Sri Lanka,
four from Indonesia, and 2 from China), each of one sample from H. benthamiana, H.
camargoana, H. pauciflora, H. spruceana, and H. nitida and one sample from an interspecific
hybrid between H. benthamiana and H. brasiliensis and a mapping population generated
using an interspecific cross involving H. brasiliensis (RRII 105) and H. benthamiana (F4542)
as the maternal and paternal parents, respectively. RRII 105 is the most popular clone in the
traditional rubber-growing regions of India. It has a high yield but is moderately susceptible
to Phytophthora spp. and highly susceptible to Corynespora cassiicola and Colletotrichum
spp. F4542 has a low yield and is resistant to Phytophthora spp., Corynespora cassiicola,
and Colletotrichum spp. The initial population was obtained in 2009 by performing hand
pollination at the Rubber Research Institute of India (RRII). Due to the asynchronous
flowering of the parents, pollination success was poor, and few progeny were obtained.
Crossing was therefore repeated from 2011 to 2015 until sufficient F1 progeny were obtained.
The final mapping population consisted of 178 F1 progeny, all of which are maintained in
field nurseries using standard management practices.

4.2. DNA Extraction and DArTSeq Genotyping-By-Sequencing

Genomic DNA was extracted from 500 mg of lyophilized tender green leaf tissue fol-
lowing the CTAB method [31]. DNA quality was tested by electrophoresis on an ethidium
bromide-stained 1% agarose gel, and quantity was measured using a NanoDrop™ spec-
trophotometer. Non-hybrids were eliminated based on the results of SSR marker hmCT44
(GenBank Acc. No. AY962210) (Supplementary Figure S4). PCR reaction was carried out
in a 10 μL final volume containing 20 ng of genomic DNA, 0.2 μM each of the forward
and reverse primers (forward: 5′ TCTCATCCATGCAAGAACCCTA 3′ and reverse: 5′
GCGTTCCCAAATGCATACCT 3′), 200 μM dNTPs and 0.4 U of Taq DNA polymerase (GE
Healthcare, UK). The thermocycling conditions were initial denaturation for 5 min at 95 ◦C
followed by a touch-down PCR program for 7 cycles of 94 ◦C for 30 s, 63 ◦C for 1 min, Δ↓
1 ◦C for 7 cycles, and 72 ◦C for 1 min. This was followed by normal cycling of 94 ◦C for
30 s, 56 ◦C for 1 min, 72 ◦C for 1 min for 23 cycles, and a final extension at 72 ◦C for 10 min.
Once the PCR was completed, reactions were stopped immediately by the addition of 10 μL
formamide loading buffer, and the amplification products were run on a 6% denaturing
polyacrylamide gel containing 7 M urea using 0.6× TBE buffer at a constant power of
55 W. Gels were silver stained following the protocol described by Roy et al. [32] and
samples that showed to be non-hybrids were removed from further analysis. The DArTSeq
genotyping-by-sequencing technique (www.diversityarrays.com/dart-application-dartseq,
accessed on 22 November 2022) was applied to DNA aliquots of parents and a randomly
selected subset of 86 progeny at Diversity Arrays Technology (Bruce, ACT, Australia). In
brief, DNA samples were digested with a combination of Pst I/Mse I restriction enzymes,
and then the multiplexed reduced representation library was sequenced using single-end
sequencing on an Illumina HiSeq 2500 with running 77 cycles. Data were provided by
Diversity Arrays Technology, Australia, with polymorphisms scored as either co-dominant
single nucleotide polymorphisms (SNPs) or as dominant (presence/absence) SilicoDArT
sequence tags.

4.3. Phylogenetic Analysis

Phylogenetic analysis was performed using the DArTSeq data generated from the
Hevea diversity panel of 116 rubber clones using MrBayes v3.2.6 [33] with the following
parameters: a general time reversible model and a gamma-shaped distribution of rates
across sites function were used. The Markov Chain Monte Carlo (MCMC) was set to three
million generations with a sampling frequency of 100 and 250 burn-in. The analysis used
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all DArTSeq data from a VCF file with less than 5% missing data and for which the minor
allele frequency was at least 5%. For the tree construction, diagnostic parameters such as
the Potential Scale Reduction Factor (PSRF), shape of gamma distribution rate variation,
and stationary rate frequency were considered to determine if the obtained tree is optimal
and trustable. Chain convergence was checked in Tracer version 1.6 [34] by examining the
log-likelihood plots, and the effective sample size values were ensured to be well above
200. The resulting phylogenetic tree was visualized with FigTree v.1.4.4 [31].

4.4. Construction of Integrated Genetic Map Using Lep-Map3 Software

For the construction of the integrated genetic map, all SNP markers that did not
deviate from expected segregation patterns (1:1 or 1:2:1) and all SilicoDArT markers with
less than 20% missing data points were selected. VCF tools [35] were used for filtering the
VCF file, and SilicoDArT markers were coded as homozygote indels based on the parent,
as mentioned in Lep-Map3. An integrated map was generated following the instructions
in Lep-Map3 v0.2 [20] software, together with a pedigree file indicating the parents of the
controlled cross. The modules in Lep-Map3 included several steps starting from ParentCall2
to remove erroneous or missing parental genotypes; Filtering2 to remove markers with
high segregation distortion (p-value < 1 × 10−3); SeparateChromosome2 to assign markers
into linkage groups by computing all pair-wise LOD scores between markers and to join
markers with a user define LOD threshold; JoinSingles2All to assign singular markers to
existing LGs by computing LOD scores between each single marker and markers from the
existing LGs and OrderMarkers2 to order the markers within each LG by maximizing the
likelihood of the data given in the order. To order markers within the linkage group, a LOD
score of 5 was used. A total of iteration 100 was used to obtain a final map.

4.5. Genome Scaffold Anchoring and Comparative Mapping between the Integrated Map and the
Rubber Reference Genome

All unique DArTSeq sequence reads mapped in the integrated map that was at least
64 bp long were aligned with the rubber reference genome sequence [36] using the BLAST+
tool version 2.12.0 (http://www.ncbi.nlm.nih.gov/blast, accessed on 22 November 2022).
Each sequence read was considered to have been anchored to the rubber reference genome
if it mapped to a unique site with >90% sequence similarity and an E-value < 1 × 10−15.
Sequences that met these criteria were selected to compare the genetic positions in the
integrated map with physical positions in 18 main pseudomolecules of the rubber reference
genome. A circular plot was drawn using the Circlize R package version 0.4.15 [37].

4.6. Phenotypic Trait Measurement for Disease Resistance

Disease resistance was assessed for three major pathogens of rubber: Phytophthora
meadii, Corynespora cassiicola, and Colletotrichum acutatum through in vitro studies. The
parents (RRII 105 and F4542) and 86 F1 progeny were phenotyped. To maintain uniformity
in the leaf growth stage during inoculation processes, phenotyping was carried out using
the initial population that was crossed in 2009. Due to the non-availability of the physiolog-
ically same stage of leaves with some progeny, Phytophthora resistance was assessed with 85
progeny, and resistance for Corynespora and Colletotrichum was assessed with 79 progeny.

4.6.1. Screening for Phytophthora Resistance Using Zoospore Suspension

The plants were cut back for uniform growth and maturity. Mature leaves (two
months old) were collected from each progeny and transported to the laboratory with the
petiole dipped in water. Leaf discs of 3.5 cm diameter were taken from the leaves using
a punching device. Four discs per leaf were taken, with a total of 32 discs per progeny.
Leaf discs were placed with their abaxial surface upwards in Petri plates previously lined
with three sterilized moist filter papers and kept in the inoculation room at 25 ◦C. The
center of leaf discs was inoculated with 20 μL drops of spore suspension containing
2 × 105 zoospores/mL [38,39]. Following inoculation, the Petri plates were incubated at a
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temperature of 24 ◦C under alternate light and dark conditions. Leaf discs of RRIM 600, a
highly susceptible clone, and FX 516, a tolerant clone to abnormal leaf fall (ALF) disease,
were maintained as control. Disease severity was assessed by measuring the size of lesions
developed on the leaf discs periodically from 72–144 h after inoculation. For Phytophthora
resistance, the greatest differentiation was found at 96 h inoculation, and severity scores
obtained at 96 h were therefore used for subsequent analysis. Screening was repeated
three times, and the progeny were classified into five categories based on the necrotic
area/lesion size: highly resistant (0.0–0.69 cm); resistant (0.7–1.39 cm); moderately resistant
(1.4–2.09 cm); susceptible (2.1–2.79 cm), and highly susceptible (2.8–3.5 cm) (Supplementary
Figure S5).

4.6.2. Toxin-Based Screening for Corynespora and Colletotrichum Resistance

In order to screen for disease resistance of Corynespora cassiicola and Colletotrichum
acutatum, toxin-based screening was employed using toxins extracted from the respective
pathogen. Pure single spore cultures of Corynespora cassiicola and Colletotrichum acutatum
were grown on potato dextrose agar medium. Twelve discs of 0.8 cm size from 10-day-old
cultures were transferred aseptically to 100 mL of modified Czapek Dox liquid medium [40,
41] and incubated without agitation for 12–14 days in laboratory conditions (25 ± 2 ◦C).
The culture filtrate was extracted using a vacuum filtration unit, and the crude toxin was
used for screening. Glass vials of 15 mL capacity were used with 5 mL of crude toxin
in a dilution of 1:6 in modified Czapek Dox liquid medium diluted in water. Healthy
leaves collected in the morphogenetic stage C (limp, brownish to light green) [42] were
excised underwater. The petioles of excised leaflets were immediately transferred to vials
containing the diluted toxin. For each of the screening, similar stage leaves from each of the
parents (H. brasiliensis is highly susceptible and H. benthamiana is highly tolerant) were used
as controls in modified Czapek Dox liquid medium without crude toxin from pathogens.
The leaflets were observed regularly for any signs of drooping [43]. Wilting intensity (water
loss estimation) was visually assessed at 24 and 48 h following the treatment. Scoring
for disease resistance was made on a scale of 1–5, with 1 indicating high resistance (with
leaves remaining fresh even after 48 h of incubation in the toxin) and 5 indicating high
susceptibility (with leaves completely wilted after just 24 h of incubation in the toxin)
(Supplementary Figures S6 and S7). Ten replicates for each progeny were evaluated, and
the experiment was repeated three times.

4.7. Marker Trait Association Analysis Using Integrated Map

Markers associated with each of these disease resistance traits were identified by
performing association mapping analysis using TASSEL V5.2.73 software [44] using the
Q-model (GLM Q-matrix as correction for population structure) implemented in General
Linear Model (GLM) method. Marker alleles with p values 1 × 10−4 were declared signifi-
cantly associated with each of the disease resistance, and a standard Bonferroni procedure
was applied at p < 0.000001 [45].

4.8. Development and Use of KASP Assays Where Significant Marker-Trait Association Were
Detected

For the SNPs where significant marker-trait associations were detected, DArTSeq tag
sequences were selected for the development of allele-specific assays. First, these sequences
were aligned with Hevea draft genomic contig sequences using the Map to Reference
function in Geneious software version 10.1.8 [46] to obtain sequences of at least 100 bp.
Based on these sequences, primer sets (each consisting of two allele-specific primers and
one common primer) were designed using Kraken™ software (LGC Ltd., Teddington, UK).
The primer sets were named using the prefixes WriHK, with Wri referring to the Waite
Research Institute, H for Hevea, and K referring to KASP (Supplementary Table S7). Each
KASP assay was tested with 178 (the 86 progeny that were used for DArTSeq analysis plus
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96 additional progeny) of the H. brasiliensis × H. benthamiana F1 progeny, with a no-template
(water) sample included as a negative control.

For KASP assays, 1.972 μL of 1× KASP Master Mix (LGC Ltd., Teddington, UK) was
added to 10 ng of DNA (5 μL of 2 ng/μL dried at 55 ◦C for 1 h). An aliquot of a primer
mixture (0.028 μL, containing 12 μM of allele-specific forward and reverse primers and
30 μM of common primer) was added to each sample. The thermal cycling conditions
for fragment amplification comprised two temperature steps in a Hydrocycler-16 PCR
system (LGC Ltd., Teddington, UK). DNA was denatured at 94 ◦C for 15 min, followed by
10 cycles of 94 ◦C for 20 s, 61–55 ◦C for 60 s (dropping 0.6 ◦C per cycle), 26 cycles of 94 ◦C
for 20 s, and 55 ◦C for 60 s. Fluorescence was detected using a Pherastar® Plus plate reader
(BMG LABTECH, Ortenberg, Germany). Three further cycles (94 ◦C for 20 s and 57 ◦C
for 60 s) were carried out, with fluorescence detected after each cycle. Data from the cycle
that yielded the best separation among genotypic clusters were analyzed using Kraken™
software (LGC Ltd., Teddington, UK).

4.9. Candidate QTL Regions and Potential Key Genes

For each of these disease traits, the close proximity regions to the SNPs that showed
significant marker-trait associations and which aligned with the GT1 rubber genome
sequences were defined as the candidate QTL regions. Within those regions, the genes that
have been reported to be associated with disease resistance, plant-pathogen relationships,
and immune responses were selected as potential key genes for rubber foliage disease
resistance traits.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/plants11243418/s1. Figure S1: A healthy rubber plantation with dense canopy
(a); mature trees infected with Phytophthora spp. causing abnormal leaf fall disease (b); young refoliat-
ing leaves showing typical symptoms of infection with Corynespora cassiicola causing Corynespora leaf
fall disease (c) and shriveling of tender leaves infected with Colletotrichum spp. causing Colletotrichum
leaf disease (d). Figure S2: Phytophthora disease severity measured by the size of lesion. Lesions
caused by Phytophthora meadii were assessed with 85 progeny from a cross between H. brasiliensis and
H. benthamiana. Five resistance categories are indicated as highly resistant (1), resistant (2), moder-
ately resistant (3), susceptible (4), and highly susceptible (5). Disease severities of the resistant (H.
benthamiana) and susceptible (H. brasiliensis) parents are indicated by triangle and circle, respectively.
Figure S3: Phytophthora (a), Corynespora (b) and Colletotrichum (c) disease resistance of progeny based
on KASP marker results. Level of resistance measured as size of lesion (a) rate of wilting in the
leaf (b and c) caused by the resistant parent (H. benthamiana) is marked with a spotted line in black.
The progeny (9_39) that had H. brasiliensis like genotype seems to carry resistance trait. Figure S4:
Assessment for Phytophthora disease response in progeny population derived from a cross between
H. brasiliensis and H. benthamiana. The degree of resistance is categorized as highly resistant (HR),
resistant (R), moderately resistant (MR), susceptible (S) and highly susceptible (HS) based on size
of lesion produced on leaf after 96 h of infection with zoospore suspension. Figure S5: Toxin-based
screening for disease resistance to Corynespora cassiicola. Tender leaves that are 10 days old were
excised and transferred to 5 mL of toxin fraction extracted from C. cassiicola. Disease resistance was
scored from 1 to 5 based on the degree of wilting intensity of leaves caused by the toxin, where
1 indicates high level of resistance and 5 indicates high level of susceptibility. As controls, leaves
from the resistant and susceptible parents H. benthamiana (Control 1) and H. brasiliensis (Control 2),
respectively were placed on vials containing 5 mL of modified Czapek Dox liquid media without
toxin from the pathogen. Figure S6: Toxin-based screening for disease resistance to Colletotrichum
acutatum. Tender leaves that are 10 days old were excised and transferred to 5 mL of toxin fraction
extracted from C. acutatum. Disease resistance was scored from 1 to 5 based on the degree of wilting
intensity of leaves caused by the toxin, where 1 indicates high level of resistance and 5 indicates high
level of susceptibility. As controls, leaves from the resistant and susceptible parents H. benthamiana
(Control 1) and H. brasiliensis (Control 2), respectively were placed on vials containing 5 mL of
modified Czapek Dox liquid media without toxin from the pathogen. Figure S7: Representative
silver stained PAGE showing allelic profiles of the interspecific mapping population including the
parents H. brasiliensis and H. benthamiana using a homozygous SSR marker hmCT44, which show
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polymorphism between the parents. Homozygous off types (P34, P63, P56, P14 and P108) could
easily be detected from the heterozygous hybrid progeny. Table S1: Origin and Genealogies of 116
rubber clones and Hevea species used in the phylogenetic analysis. Table S2: Expected segregations
based on the SNP configurations and observed SNP numbers for each parental configuration. Table
S3: Description of the integrated map. Table S4: Integrated genetic linkage map of Hevea brasiliensis
× Hevea benthamiana. Table S5: SNP and SilicoDArT tags aligned with the available rubber genome
sequences (Draft genome and reference genome sequences of H. brasiliensis). Pseudomolecules with a
code of “CM” belong to the reference genome sequences of H. brasiliensis and rest belong to the draft
genome. Table S6: Markers used in Synteny analysis. Only markers aligned with the H. brasiliensis
reference genome sequences were used in this analysis. Table S7: Allele-specific and common primer
sequences for the KASP assays using trait-associated SNPs. Table S8: Comparison between KASP calls
and DArTSeq calls for the markers 100057258|F|0–6:T > C (WriHK1) and 100061575|F|0-46:G>A
(WriHK7). Table S9: Genotypic calls obtained with KASP assays for 178 progeny of Hevea brasiliensis
× Hevea benthamiana and phynotypic data for the assayed disease traits. Table S10: Genes predicted
with high confidence within a candidate regions on the pseudomolecules of 18, 6 and 14 in the Hevea
brasiliensis GT1 reference genome.

Author Contributions: C.B.R., S.N.G., T.S. and D.E.M. designed the study, performed the experi-
ments, and analyzed the data. A.K. (Anu Krishnan) and L.J. performed the phenotyping and DNA
extraction. A.K. (Andrzej Kilian) performed DArT sequencing. C.B.R. and S.N.G. wrote the paper
with input from all authors. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Department of Science and Technology, Government of
India (File No.: EMR/2016/001902) and the Australian Endeavour Fellowship of the Australian
Government to CBR.

Data Availability Statement: The datasets generated and analysed during this study are available in
the article and in its online supplementary materials.

Acknowledgments: The authors wish to thank Jayashree Madhavan for providing the interspecific
hybrid progeny population used in the study. We gratefully acknowledge James Jacob, Former
Director (Research), and Kavitha K. Mydin, Former Joint Director (Crop Improvement), Rubber
Research Institute of India, for their support and encouragement throughout the work. Funding
by the Department of Science and Technology, Government of India, and Australian Endeavour
Fellowship of the Australian Government to CBR is gratefully acknowledged.

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

References

1. Saha, T.; Priyadarshan, P.M. Genomics of Hevea rubber. In Genomics of Tree Crops; Schnell, R.J., Priyadarshan, P.M., Eds.; Springer:
New York, NY, USA, 2012; pp. 261–298. [CrossRef]

2. Schultes, R.E. Wild Hevea-an untapped source of germplasm. J. Rubber Res. Inst. Sri Lanka 1977, 54, 1–31.
3. Djikman, M.J. Hevea Thirty Years of Research in the Far East; University of Miami Press: Corel Gables, FL, USA, 1953.
4. Baulkwill, W.J. The history of natural rubber production. In Rubber; Webster, C.C., Baulkwill, W.J., Eds.; England Longman

Scientific and Technical: London, UK, 1989; pp. 1–56.
5. Simmonds, N.W. Rubber Breeding. In Rubber; Webster, C.C., Baulkwill, W.J., Eds.; England Longman Scientific and Technical:

London, UK, 1989; pp. 85–124.
6. Sagaff, S.S.A.; Ali, S.N.; Mahyudin, M.M.; Wong, M.Y.; Yusop, M.R. Emerging and existing major leaf diseases of Hevea brasiliensis

in Malaysia. J. Curr. Opin. Crop Sci. 2022, 3, 34–47.
7. Mazlan, S.; Jaafar, N.M.; Wahab, A.; Sulaiman, Z.; Rajandas, H.; Zulperi, D. Major diseases of rubber (Hevea brasiliensis) in

Malaysia. Pertanika J. Sch. Res. Rev. 2019, 5, 1021.
8. Ramakrishnan, T.S. Experiments on the control of abnormal leaf fall on Hevea caused by Phytophthora palmivora in South India.

In Proceedings of the Natural Rubber Conference, Kuala Lumpur, Malaysia, 26 September–1 October 1960; Rubber Research
Institute of Malaya: Kuala Lumpur, Malaysia, 1960; pp. 454–466.

9. Ogbebor, N.O.; Adekunle, A.T.; Enobakhare, D.A. Inhibition of Colletotrichum gloeosporioides (Penz) Sac. causal organism of rubber
(Hevea brasiliensis Muell. Arg.) leaf spot using plant extracts. Afr. J. Biotechnol. 2007, 6, 213–218.

10. Qu, W.; Li, Z.; Huang, G.; Lin, C.; Ni, W. The current and future potential geographic range of Corynespora Leaf Fall Disease in
China. Sens. Lett. 2012, 10, 439–446. [CrossRef]

249



Plants 2022, 11, 3418

11. Lespinasse, D.; Rodier-Goud, M.; Grivet, L.; Leconte, A.; Legnate, H.; Seguin, M. A saturated genetic linkage map of rubber tree
(Hevea spp.) based on RFLP, AFLP, microsatellite, and isozyme markers. Theor. Appl. Genet. 2000, 100, 127–138. [CrossRef]

12. Feng, S.P.; Wei-Guo, L.; Fei, Y.; Jing-Yi, W.; Yao-Ting, W. Construction of genetic linkage map for rubber tree (Hevea brasiliensis)
based on SSR markers. Hereditas 2010, 32, 857–863.

13. Le Guen, V.; Garcia, D.; Doaré, F.; Mattos, C.R.R.; Condina, V.; Couturier, C.; Chambon, A.; Weber, C.; Espéout, S.; Seguin, M. A
rubber tree’s durable resistance to Microcyclus ulei is conferred by a qualitative gene and a major quantitative resistance factor.
Tree Genet. Genom. 2011, 7, 877–889. [CrossRef]

14. Triwitayakorn, K.; Chatkulkawin, P.; Kanjanawattanawong, S.; Sraphet, S.; Yoocha, T.; Sangsrakru, D. Transcriptome sequencing
of Hevea brasiliensis for development of microsatellite markers and construction of a genetic linkage map. DNA Res. 2011, 18,
471–482. [CrossRef]

15. Souza, L.M.; Mantello, C.C.; Suzuki, F.; Gazaffi, R.; Garcia, D.; Le Guen, V.; Garcia, A.A.F.; Souza, A.P. Development of a genetic
linkage map of rubber tree (Hevea braziliensis) based on microsatellite markers. BMC Proc. 2011, 5, 39. [CrossRef]

16. Souza, L.M.; Gazaffi, R.; Mantello, C.C.; Silva, C.C.; Garcia, D.; Le Guen, V. QTL mapping of growth-related traits in a full-sib
family of rubber tree (Hevea brasiliensis) evaluated in a sub-tropical climate. PLoS ONE 2013, 8, e61238. [CrossRef] [PubMed]

17. Pootakham, W.; Ruang-Areerate, P.; Jomchai, N.; Sonthirod, C.; Sangsrakru, D.; Yoocha, T.; Theerawattanasuk, K.; Nirapathpong-
porn, K.; Romruensukharom, P.; Tragoonrung, S.; et al. Construction of a high-density integrated genetic linkage map of rubber
tree (Hevea brasiliensis) using genotyping-by-sequencing (GBS). Front. Plant Sci. 2015, 6, 367. [CrossRef]

18. Conson, A.R.O.; Taniguti, C.H.; Amadeu, R.R.; Andreotti, I.A.A.; de Souza, L.M.; dos Santos, L.H.B.; Rosa, J.R.B.F.; Mantello, C.C.;
da Silva, C.C.; Junior, E.J.S.; et al. High resolution genetic map and QTL analysis of growth-related traits of Hevea brasiliensis
cultivated under suboptimal temperature and humidity conditions. Front. Plant Sci. 2018, 9, 1255. [CrossRef] [PubMed]

19. Francisco, F.R.; Aono, A.H.; da Silva, C.C.; Gonçalves, P.S.; Scaloppi Junior, E.J.; Le Guen, V.; Fritsche-Neto, R.; Souza, L.M.; Souza,
A.P. Unravelling rubber tree growth by integrating GWAS and biological network-based approaches. Front. Plant Sci. 2021, 12,
768589. [CrossRef] [PubMed]

20. Rastas, P. Lep-MAP3: Robust linkage mapping even for low-coverage whole genome sequencing data. Bioinformatics 2017, 33,
3726–3732. [CrossRef]

21. Liu, J.; Shi, C.; Li, W.; Zhang, Q.; Zhang, Y. The chromosome-based rubber tree genome provides new insights into spurge genome
evolution and rubber biosynthesis. Mol. Plant 2020, 13, 336–350. [CrossRef]

22. Pootakham, W.; Sonthirod, C.; Naktang, C.; Ruang-Areerate, P.; Yoocha, T.; Sangsrakru, D. De novo hybrid assembly of the rubber
tree genome reveals evidence of paleotetraploidy in Hevea species. Sci. Rep. 2017, 7, 41457. [CrossRef]

23. He, C.; Holme, J.; Anthony, J. SNP genotyping: The KASP assay. In Crop Breeding; Humana Press: New York, NY, USA, 2014; pp.
75–86.

24. Perseguini, J.M.K.C.; Romão, L.R.C.; Briñez, B.; Junior, E.J.S.; Gonçalves, P.S.; Benchimol, L.L. Genetic diversity of cultivated
accessions and wild species of rubber tree using EST-SSR markers. Pesq. Agropec. Bras. Brasília 2012, 47, 1087–1094. [CrossRef]

25. Narayanan, C.; Mydin, K.K. Breeding for disease resistance in Hevea spp.-Status, potential threats, and possible strategies. In
Proceedings of the 4th International Workshop on Genetics of Host-Parasite Interactions in Forestry: Disease and Insect Resistance
in Forest Trees, General Technical report PSW-GTR-240, Valley River Inn, Eugene, OR, USA, 31 July–5 August 2011; pp. 240–251.

26. Lu, F.; Lipka, A.E.; Glaubitz, J.; Elshire, R.; Cherney, J.H.; Casler, M.D.; Buckler, E.S.; Costich, D.E. Switchgrass genomic diversity,
ploidy, and evolution: Novel insights from a network-based SNP discovery protocol. PLoS Genet. 2013, 9, e1003215. [CrossRef]

27. Goonetilleke, S.N.; March, T.J.; Wirthensohn, M.G.; Arús, P.; Walker, A.R.; Mather, D.E. Genotyping-by-sequencing in almond:
SNP discovery, linkage mapping and marker design. Genes Genomes Genet. 2018, 8, 161–172. [CrossRef]

28. Wastie, R.L. Nursery screening of Hevea for resistance to Gleosporium leaf disease. J. Rubber Res. 1973, 23, 339.
29. Lim, T.M. A rapid laboratory method of assessing susceptibility of Hevea clones to Oidium Hevea. Exp. Agric. 1973, 9, 275.

[CrossRef]
30. Tan, A.M.; Loo, T.P.; Vadivel, G.; Ros, M.; Bach, K.; Yoon, K.F. Survey of major leaf diseases of rubber in Peninsular Malaysia.

Plant. Bull. Rubber Res. Inst. Malays. 1992, 2, 51.
31. Doyle, J.J.; Doyle, J.L. Isolation of plant DNA from fresh tissue. Focus 1990, 12, 13–15.
32. Roy, C.B.; Ravindran, M.; Saha, T. Efficient screening of AFLP primer combinations for evaluating genetic diversity among

cultivated rubber (Hevea brasiliensis) clones. Nat. Rubber Res. 2012, 25, 21–30.
33. Rambaut, A. FigTree v1.4.2. A Graphical Viewer of Phylogenetic Trees. 2018. Available online: https://tree.bio.ed.ac.uk/

software/figtree/ (accessed on 22 November 2022).
34. Milne, I.; Shaw, P.; Stephen, G.; Bayer, M.; Cardle, L.; Thomas, W.T.B.; Flavell, A.J.; Marshall, D. Flapjack-graphical genotype

visualization. Bioinformatics 2010, 26, 3133–3134. [CrossRef] [PubMed]
35. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E. The variant call format and VCFtools. Bioinformatics 2011, 27,

2156–2158. [CrossRef]
36. Feng, L.Y.; Liu, J.; Gao, C.W.; Wu, H.B.; Gao, L.Z. Higher genomic variation in wild than cultivated rubber trees, Hevea brasiliensis,

revealed by comparative analyses of chloroplast genomes. Front. Ecol. Evol. 2020, 8, 237–247. [CrossRef]
37. Gu, Z.; Gu, L.; Eils, R.; Schlesner, M.; Brors, B. Circlize implements and enhances circular visualization in R. Bioinformatics 2014,

30, 2811–2812. [CrossRef]
38. Rajalakshmy, V.K.; Joseph, A. Production of sporangia by Phytophthora meadii. Indian Phytopathol. 1986, 39, 470–471.

250



Plants 2022, 11, 3418

39. Joseph, A.; Mathew, F.; Mercy, M.A. Evaluation of wild Hevea germplasm against Phytophthora meadii causing abnormal leaf
fall disease of rubber in India. In Proceedings of the International Rubber Workshop on Hevea Diseases in Africa, Benin City,
Nigeria, 5–7 June 2012; pp. 55–65.

40. Borjesson, T.; Stollman, U.; Schnurer, T. Volatile metabolites and other indicators of Penicillium aurantiogriseum growth on different
substrates. Appl. Environ. Microbiol. 1990, 56, 3705–3710. [CrossRef] [PubMed]

41. Breton, F.; Sanier, C.; D’Auzac, J. Role of cassiicolin, a host-selective toxin, in pathogenicity of Corynespora cassiicola, causal agent
of a leaf fall disease of Hevea. J. Rubber Res. 2000, 3, 115–128.

42. Hallé, F.; Martin, R. Etude de la croissance rythmique chez l’hévéa (Hevea brasiliensis) Müll. Arg., (Euphorbiacées, crotonoïdées).
Adansonia 1968, 8, 475–503.

43. Fernando, T.H.P.S.; Jayasinghe, C.K.; Wijesundera, R.L.C.; Silva, W.P.K.; Nishantha, E.A.D.N. Evaluation of screening methods
against Corynespora leaf fall disease of rubber (Hevea brasiliensis). J. Plant Dis. Prot. 2010, 117, 24–29. [CrossRef]

44. Bradbury, P.J.; Zhang, Z.; Kroon, D.E.; Casstevens, T.M.; Ramdoss, Y.; Buckler, E.S. TASSEL: Software for association mapping of
complex traits in diverse samples. Bioinformatics 2007, 23, 2633–2635. [CrossRef] [PubMed]

45. Schulze, T.G.; McMahon, F.J. Genetic association mapping at the crossroads: Which test and why? Overview and practical
guidelines. Am. J. Med. Genet. 2002, 114, 1–11. [CrossRef] [PubMed]

46. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649. [CrossRef]

251



Citation: Carra, A.; Catalano, C.;

Pathirana, R.; Sajeva, M.; Inglese, P.;

Motisi, A.; Carimi, F. Increased

Zygote-Derived Plantlet Formation

through In Vitro Rescue of Immature

Embryos of Highly Apomictic

Opuntia ficus-indica (Cactaceae).

Plants 2023, 12, 2758. https://

doi.org/10.3390/plants12152758

Academic Editor: Andrew McCubbin

Received: 11 May 2023

Revised: 2 June 2023

Accepted: 9 June 2023

Published: 25 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Increased Zygote-Derived Plantlet Formation through In Vitro
Rescue of Immature Embryos of Highly Apomictic
Opuntia ficus-indica (Cactaceae)

Angela Carra 1, Caterina Catalano 1, Ranjith Pathirana 2,3, Maurizio Sajeva 4, Paolo Inglese 5, Antonio Motisi 1 and

Francesco Carimi 1,*

1 CNR—Istituto di Bioscienze e BioRisorse, Via Ugo La Malfa 153, 90146 Palermo, Italy;
angela.carra@ibbr.cnr.it (A.C.); caterina.catalano@ibbr.cnr.it (C.C.); antonio.motisi@ibbr.cnr.it (A.M.)

2 Plant & Food Research Australia Pty Ltd., #46 Plant Breeding, Waite Road, Urrbrae, SA 5064, Australia;
ranjith.pathirana@adelaide.edu.au

3 School of Agriculture, Food and Wine, University of Adelaide, Waite Road, Urrbrae, SA 5064, Australia
4 Department of Biological, Chemical and Pharmaceutical Sciences and Technologies (STEBICEF),

University of Palermo, Via Archirafi 18, 90123 Palermo, Italy; maurizio.sajeva@unipa.it
5 Department of Agricultural Food and Forest Sciences, University of Palermo, Viale delle Scienze,

90128 Palermo, Italy; paolo.inglese@unipa.it
* Correspondence: francesco.carimi@ibbr.cnr.it

Abstract: O. ficus-indica (prickly pear cactus) is an important forage and food source in arid and
semiarid ecosystems and is the most important cactus species in cultivation globally. The high degree
of apomixis in the species is a hindrance in plant breeding programs where genetic segregation
is sought for the selection of superior genotypes. To understand if in ovulo embryo rescue could
increase the proportion of zygotic seedlings, we compared the mature seed-derived seedlings with
those regenerated from in vitro embryo rescue at 20, 25, 30, 35, and 40 post-anthesis days (PADs)
in four Italian cultivars. The seedlings were classified as apomictic or zygotic based on molecular
marker analysis using inter-sequence single repeat (ISSR) primers. Multiple embryos were recovered
from all the cultured immature ovules, and plantlets were regenerated and acclimatized to the field
post hardening, with success rates ranging from 62% (‘Senza spine’) to 83% (‘Gialla’). The level of
polyembryony differed among cultivars and recovery dates, with the highest being ‘Rossa’, producing
4.8 embryos/ovule at 35 PADs, and ‘Gialla’, the lowest, with 2.7 at 40 PADs. The maximum number
of embryos observed within a single ovule was 14 in ‘Trunzara bianca’. ISSR analysis revealed that
ovule culture at 35 PADs produced the highest percentage of zygotic seedlings in all the cultivars,
from 51% (‘Rossa’) to 98% (‘Gialla’), with a high genotype effect as well. Mature seeds produced
much fewer seedlings per seed, ranging from 1.2 in ‘Trunzara bianca’ to 2.0 in ‘Rossa’ and a lower
percentage of zygotic seedlings (from 14% in ‘Rossa’ to 63% in ‘Gialla’). Our research opens a pathway
to increase the availability of zygotic seedlings in O. ficus-indica breeding programs through in ovulo
embryo culture.

Keywords: apomixis; embryo rescue; ovule culture; prickly pear; cactus pear; nucellar embryos;
hybrid progeny

1. Introduction

Prickly pear (Opuntia ficus-indica (L.) Mill.), also called cactus pear, Barbary fig, or
nopal cactus, is a member of the Cactaceae family; it originated in central Mexico and is
considered the most important cactus species in horticulture worldwide, with a global
distribution [1,2]. Photosynthetic adaptation with Crassulacean acid metabolism (CAM),
where carbon is fixed in the night when the air is cooler, allows Opuntia spp. to better
adapt to conserve water in arid or semiarid environments than the C4 and C3 plants, with
3–5 times lower transpiration rates [2,3]. Its excellent adaptation to arid and semiarid
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climates makes its fruit and fresh stems (cladodes) an important source of human nutrition
as well as a forage and fodder source for farm animals in such areas [1,2,4].

The fruits of O. ficus-indica cultivars, known as prickly pears or tunas, can be very
sweet. They come in diverse colors and are highly appreciated in many cultures [1,5,6]. For
a long time, Mexicans have used the tender young cladodes (nopalitos) as a source of green
and fresh vegetables [2,7]. Although nopalitos are not a common food in industrialized
countries [2,8], they are gaining popularity among European and US consumers for their
health benefiting profile. Furthermore, the prickly pear has many medicinal properties and
has been used in traditional Mexican medicine for the treatment of a variety of diseases,
such as arteriosclerosis, diabetes, and gastritis [2,9,10]. Additionally, the large amount of
biomass produced by the prickly pear due to its high shoot-to-root ratio combined with its
high productivity makes it an ideal fodder and feed source for livestock in semiarid and arid
climates. A five-year study comparing the response of three Opuntia species to irrigation in
Logandale, Nevada, USA showed that O. ficus-indica is the preferred species in terms of
biomass gain and fruit quality [11]. Global prickly pear production is dominated by three
countries: Mexico (45%), Italy (12.2%), and South Africa (3.7%). In Mexico, the planted area
is between 50,000 and 70,000 ha, with an annual production of 300,000–500,000 tons [5,9,12].
Cultivation in Italy is concentrated in Sicily with about 8600 hectares, ranking first among
the Mediterranean regions for producing and exporting prickly pear fruits [13].

Thanks to a mix of reproductive strategies (sexual, apomictic, and other clonal strate-
gies), reduced water loss due to succulent stems (including many other morphological
and physiological features), and efficient photosynthesis through CAM and polyploid
genomes, opuntioid genera have successfully established in many parts of arid and semi-
arid ecologies, although they are endemic to the Americas [14–16]. For example, on the
planet’s driest continent, Australia, all opuntoid cacti present (Austrocylindropuntia spp.,
Cylindropuntia spp., and Opuntia spp.), except O. ficus-indica, were named as Weeds of
National Significance in April 2012 [17]. Opuntia and Cylindropuntia are the most invasive
among cacti in Australia, with tiger pear (O. aurantiaca), prickly pear cactus (O. monacantha),
wheel cactus (O. robusta), white-spined prickly pear (O. streptacantha), common prickly pear
(O. stricta), and velvet prickly pear (O. tomentosa) being the most widespread [18]. South
Africa and Spain are also considered invasive hotspots for opuntoid cacti [14]. These facts
illustrate the high degree of adaptation of Opuntia spp. to drier regions of the world where
other crops struggle, and the need to exploit it in horticulture in these regions.

Exploiting apomixis is a natural way of cloning through seeds, as apomixis produces
seedlings that are genetically identical to the mother plant without the involvement of male
gametes [19,20]. Apomixis is a complex developmental process; it is historically subdivided
into two categories, gametophytic and sporophytic, based on whether the embryo develops
via a gametophyte (embryo sac) or directly from a diploid somatic (sporophytic) cell within
the ovule [20]. Apomixis in angiosperms is rarely obligate; usually, apomictic plants pro-
duce asexual and sexual progeny within the same offspring generation, and asexuality is
facultative. Therefore, a proportion of the offspring represents recombinants, but frequen-
cies of sexuality vary a lot among genera, species, and different modes of apomixis [21,22].
Diplospory is a form of gametophytic apomixis in which an unreduced embryo sac forms
from a megaspore mother cell with the circumvention of meiosis [20,23]. Apomixis has a
genetic basis, but it is still a matter of question how it is regulated. The ability to produce
genetically uniform progeny via seeds is of significant value for its potential in agriculture
to fix complex favourable genotypes, particularly hybrids expressing heterosis or those
obtained from wide crosses, to improve breeding programs’ efficiency [19–21,23].

On the other hand, the apomictic embryos, which are genetically identical to their
maternal parent, limit the range of genetic variability that can be observed in the progeny
of a cross, and thus the possibility of finding new genotypes. In these cases, in vitro embryo
rescue can be a very useful technique for breeding programs [24,25].

Apomixis frequently occurs in Opuntia spp., including O. ficus-indica [15,19]. It was
initially described by Ganong in O. vulgaris as far back as 1898 [20]. The most common
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type of apomixis in Opuntia involves the development of adventitious embryos from
nucellar tissue (sporophytic agamospermy) [21–23]. Or, as in O. streptacantha, embryos
can develop from an unfertilized egg (diplospory parthenogenesis) [21]. More recently,
Kaaniche-Elloumi et al. [24] reported that O. ficus-indica ovules showed both sporophytic
and gametophytic embryogenesis.

The objectives of this research were to study apomixis in O. ficus-indica and to de-
termine the incidence of sexual and apomictic embryos in vitro and in vivo. In order to
determine whether the genotype influences the level of polyembryony, four different culti-
vars were used. We also analyzed the effect of the ovule isolation time on the proportion of
sexual and apomictic offspring in vitro, with the aim of developing a protocol to increase
the production of zygotic seedlings in crossbreeding programs.

2. Materials and Methods

2.1. Plant Material

To study polyembryony, four cultivars used for fresh fruit consumption were utilized:
‘Rossa’, ‘Senza spine’, ‘Trunzara bianca’, and ‘Gialla’. All the genotypes analyzed are classi-
fied as facultative apomicts because they have the ability to reproduce both sexually and
asexually through apomixis. Immature and mature fruits were collected from open polli-
nated adult plants growing at the germplasm repository for perennial plants at the Institute
of Biosciences and BioResources of the National Research Council of Italy (CNR-IBBR),
located in Collesano District (Province of Palermo), Italy (37◦59′19.9′′ N, 13◦54′55.8′′ E,
80 m a.s.l.). Fruit growth and development are shown in Figure 1 and Supplementary
Figure S1.

Figure 1. Prickly pear fruits of four cultivars harvested at 5-day intervals from 20 to 40 post-anthesis
days for in vitro embryo rescue and, at maturity, for in vivo germination. Bar = 2 cm.

2.2. Media and In Vitro Culture Methodology of Immature Ovules

Media preparation, culture conditions, and plant regeneration were conducted simi-
larly to the methods described by Carimi et al. [25]. Fertilized ovules to be grown in vitro
were excised from immature fruits collected at 5-day intervals from 20 to 40 post-anthesis
days (PADs) during July and August. The immature fruits were rinsed with tap water
and then surface-sterilized by immersion for 5 min in 70% ethanol and 30 min in 2% (w/v)
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sodium hypochlorite. Finally, the fruits were rinsed two times with sterile distilled water
for 5 min under aseptic conditions (Figure 2A,E). After sterilization, one longitudinal cut
was made immediately under the fruit epidermis, avoiding the core where fertilized ovules
are embedded. After opening the immature fruits (Figure 2B,F), fertilized ovules were
extracted under aseptic conditions (Figure 2C,G), and, by means of a longitudinal cut, the
outer seed integument was removed under a stereoscopic microscope using a scalpel and
forceps (Figure 2D,H).

Figure 2. Procedure for ovule dissection under aseptic conditions. (A,E) Fruits harvested at different
post-anthesis days (20 and 40, respectively) were surface sterilized in a laminar flow hood. Bar = 1 cm.
(B,F) Fruits dissected in halves. Bar = 1 cm. (C,G) Immature ovules dissected from fruit. Bar = 1 mm.
(D,H) The ovules after the outer integument was removed with a razor blade. Bar = 1 mm.

Immature ovules without integument were cultured on plant growth regulator-free
Murashige and Skoog [26] (MS) basal medium (micro and macro salts and MS vitamins)
supplemented with sucrose (50 g L−1) and 500 mg L−1 malt extract and solidified with
7 g L−1 Plantagar (S 1.000, B&V, Italy). To induce embryo development and to determine
the percentage of responsive ovules, each immature ovule was placed on 8 mL of medium
in plastic Petri dishes (60 × 15 mm) sealed with Parafilm M (Figure 3A). Cultures were
maintained in a climatic chamber at 26 ◦C with a 16 h photoperiod (40 μmol m−2 s−1 at
shelf level provided by Osram Cool White 18 W fluorescent lamps).

Four weeks after incubation, each embryo sac was scored for the presence or absence
of one or more embryos. About six weeks after incubation, the embryos generated from
immature ovules were collected and transferred to solid MS medium prepared as previously
described in Petri dishes (100 × 20 mm) and cultured for a further 4–6 weeks to allow
plantlet development. Individual germinated somatic embryos (about 1–2 cm in length)
were transferred to Magenta™ vessels to allow further growth (one embryo/Magenta™
vessel containing 50 mL of basal MS medium).

Once rooted, plantlets were transferred to autoclaved Jiffy® peat pellets and main-
tained for five weeks in a basal heating bench at 25 ◦C and at high relative humidity
(95–98%). Subsequently, the plants were pricked into pots containing sterile soil, trans-
ferred to the greenhouse, and exposed to natural daylight conditions at 22/27 ◦C night/day.
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Figure 3. In vitro recovery procedure of Opuntia ficus-indica embryos and plantlets. (A) The fertilized
immature ovule, without the outer integument, incubated on MS medium. Bar = 1 cm. (B) Embryos
arising from fertilized immature ovule incubated in vitro on MS medium. Picture taken 3 weeks
from the beginning of the experiment. Bar = 1 mm. (C) Embryos at different developmental stages
dissected from a single fertilized ovule of ‘Trunzara bianca’ after 4 weeks of incubation. Bar = 5 mm.
(D) Plantlets growing in Petri dish after 8 weeks from the beginning of the experiment. Bar = 1 cm.
(E) Plants are removed from Magenta vessels and rinsed thoroughly in water to remove traces of
medium; ready for transfer to Jiffy pots. Picture taken 14 weeks from embryo germination. Bar = 1 cm.
(F) Opuntia plant acclimatized in a Jiffy pot after 19 weeks from the beginning of the experiment.
Bar = 1 cm.

2.3. Seed Germination In Vivo

Fresh seeds were collected from mature fruits harvested in September stratified at 4 ◦C
for 3 months in the dark and germinated into plastic pots (70 mm × 70 mm) containing
sterile soil. The potted plants, covered with transparent polyethylene bags to maintain
temperature and high humidity, were placed in a climate chamber at 25 ± 1 ◦C under
the same culture conditions as described above. The percentage of germination and the
number of plantlets produced per seed were evaluated four months after sowing.

2.4. DNA Extraction

DNA was extracted from young cladodes of the mother plants growing in the field and
from young seedlings regenerated from ovules in vitro and from seeds in vivo. Seedlings
from different cultivars were randomly selected from each different ovule isolation time for
the analyses of genetic origin (zygotic or apomictic). All the samples were frozen in liquid
nitrogen and stored at −80 ◦C. They were ground in a mortar with liquid nitrogen, and
genomic DNA was extracted using the procedure described by Doyle and Doyle [27]. DNA
was quantified by measuring OD260, as described by Sambrook et al. [28].

2.5. Genetic Analysis

To assess the genetic origin of the progeny, mother plants and plantlets generated
from ovules in vitro and from seeds in vivo were characterized by inter-simple sequence
repeat polymorphic DNA (ISSR) marker analysis, as described by Siragusa et al. [29].
Briefly, a total of ten primers as reported by Fang and Roose [30], were used in preliminary
experiments to assess the genetic origin of seedlings. Five of those primers, i.e., (AC)8YG,
(AC)8YA, (TCC)5RY, (GA)8YC, and (GA)8YG were low informative and therefore were not
included in the final study. The primers used in the final study were (AG)8YC [Annealing
Temperature (Ta) 52.6 ◦C], (AC)8YT (Ta 50.3 ◦C), (AG)8YT (Ta 50.3 ◦C), (GT)8YG (Ta 52.1 ◦C),
and (CA)8RG (Ta 51 ◦C). To distinguish apomictic from zygotic seedlings, a genetic analysis
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based on ISSR analysis was performed, as previously described in detail [29]. To confirm
the reproducibility of the banding patterns, all analyses were repeated twice.

2.6. Statistical Analysis

The fruit growth pattern was evaluated by measuring fruit fresh weight, diameter,
and length of 20 fruits for each cultivar at 20–40 PADs at 5-day intervals and at the
ripening stage.

Each treatment in vitro and in vivo comprised 60 ovules or seeds, and experiments were
performed in triplicate in a randomized complete block design. The effects of genotype and
ovule developmental stage on the percentage of responsive ovules, the average number of
plantlets generated per ovule, the percentage of monoembryonic ovules, and the percentage
of ovules and seeds producing zygotic seedlings were tested by ANOVA (p ≤ 0.05), and
the differences among means were tested by Tukey’s test. Prior to analysis, percentage data
were arcsin square root transformed. Statistical analysis was performed using SigmaStat 3.5
for Windows.

3. Results

3.1. Embryo Rescue In Vitro

The first embryos emerged from the immature ovules cultured on MS medium
(Figure 3A) about one week after culture initiation, and after 3–4 weeks, several embryos
were visible on the surface of the ovule (Figure 3B). Fertilized ovules contained several
embryos at different developmental stages (Figure 3C). The maximum number of viable
embryos observed in a single fertilized ovule varied according to the cultivar: ‘Senza spine’
had a maximum of eight, ‘Rossa’ had a maximum of twelve, ‘Gialla’ had a maximum of
twelve, and ‘Trunzara bianca’ had a maximum of fourteen.

A high percentage of embryos germinated in vitro (Figure 3D), and about 8–10 weeks
after culture initiation, the plantlets grew normally (Figure 3E) with no significant differ-
ences found among the different genotypes. After about 3–4 months of culture in vitro, the
quality of the roots was good, and plantlets were transferred to Jiffy peat pellets (Figure 3F).
The percentage of acclimatized plantlets observed for the different cultivars was: 62%, 71%,
75%, and 83% for ‘Senza spine’, ‘Trunzara bianca’, ‘Rossa’, and ‘Gialla’, respectively.

Responsive ovules were collected from all genotypes at different PADs. The percentage
of responsive explants ranged from 10% (‘Gialla’ collected at 40 PADs) to 97% (‘Senza spine’
collected at 35 PADs). The best result for all cultivars was obtained when collection was
performed at 35 PADs (Figure 4).

The percentage of responsive ovules varied according to the collection time. The value
increased when ovules were isolated in the period lasting from 20 to 35 PADs, while it
decreased significantly at 40 PADs (Figure 4).

No significant differences were found among cultivars for the number of plantlets
per ovule, while the number of plantlets per ovule was significantly lower for recovery at
40 PADs when compared to earlier periods of embryo rescue. Overall, data attest their value
between 3.6 (‘Gialla’) and 4.6 (‘Rossa’) plantlets per ovule when genotype is considered,
while data ranged between 3.5 (40 PADs) and 4.8 (35 PADs) for the number of plantlets
regenerated per ovule according to time of recovery (Figure 5).

The percentage of monoembryonic ovules varied greatly in the experiment (Figure 6).
The highest percentage was achieved with ‘Trunzara bianca’ collected at 40 PADs (22.9%)
and the lowest percentage was recorded with the same cultivar collected at 20 PADs (5.0%).
However, no significant differences were found among cultivars; percentages ranged
from 13.4% (‘Rossa’) to 17.7% (‘Trunzara bianca’). With regard to the time of recovery, no
significant differences in percentages of monoembryonic ovules were observed.
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Figure 4. Effect of genotype and ovule isolation time on percentage of responsive ovules incubated
in vitro. Different letters indicate significant differences (Tukey’s test, p < 0.05, n = 60). Data represent
values ± SE.

Figure 5. Effect of genotype and ovule isolation time on average number of plantlets generated per
ovule. Different letters indicate significant differences (Tukey’s test, p < 0.05 level, n = 60). Data
represent values ± SE.
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Figure 6. Effect of genotype and ovule isolation time on percentage of monoembryonic ovules.
Different letters indicate significant differences (Tukey’s test, p < 0.05 level, n = 60). Data represent
values ± SE.

Ovules versus seeds: The number of plantlets generated per ovule in vitro and per seed
in vivo varied greatly, and the number generated from ovules was significantly higher than
those from seeds for all four cultivars (Figure 7). The average number of plantlets obtained
per ovule ranged from 3.64 to 4.62 (‘Gialla’ and ‘Rossa’, respectively), with no significant
differences among cultivars. Conversely, the average number of plantlets obtained from
seeds in vivo was strongly reduced (Figure 7), ranging from 1.21 to 1.99 (‘Trunzara bianca’
and ‘Rossa’, respectively).

Figure 7. Average number of plantlets generated per ovule in vitro and per seed in vivo. Different
letters indicate significant differences (Tukey’s test, p < 0.05 level, n = 60). Bars correspond to mean
values ± SE.

3.2. Genetic Analysis

ISSR primers were used to amplify the DNA of regenerants from each cultivar and to
compare them to the respective mother plant. The presence of polymorphic bands allowed
us to detect zygotic and apomictic seedlings (Figure 8).
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Figure 8. DNA analysis of plantlets recovered in vitro from immature ovule culture. Inter-simple
sequence repeat polymorphic DNA (ISSR) profiles amplified from DNA extracted from 47 RP of
‘Rossa’ analysed using primer (GT)8 YG. M 100-bp DNA ladder; ♀ mother plant; RP 1–23 and
24–47 plantlets rescued in vitro. Arrows indicate polymorphic bands. The asterisk (*) indicates the
profiles of the zygotic seedlings.

Screening using molecular markers revealed that a genotype had a significant effect
on the percentage of ovules producing zygotic seedlings (Figure 9). The highest percentage
was achieved with ‘Gialla’ collected at 35 PADs (98%) and the lowest percentage was
recorded with ‘Rossa’ collected at 20 PADs (33%). Significant differences were also observed
among cultivars; percentages ranged from 42.2% (‘Rossa’) to 92.4% (‘Gialla’). However,
no significant differences were found among different ovule isolation times; percentages
ranged from 58.5% (20 PADs) to 74.5% (35 PADs).

Figure 9. Percentage of ovules, collected at different days post anthesis, that yielded at least one
zygotic seedling. Different letters indicate significant differences (Tukey’s test, p < 0.05 level, n = 60).
Bars correspond to mean percentage values ± SE.
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Ovules versus seeds: From our results, it appears that the in vitro ovule culture proce-
dure allows a more efficient recovery of zygotic embryos than the traditional in vivo seed
germination procedure (Figure 10). The percentage of ovules with a zygotic seedling was
higher than and significantly different from the values for seeds with a zygotic seedling
in all the cultivars, ‘Trunzara bianca’ and ‘Gialla’ being the most responsive. The highest
percentage was achieved with ovules of ‘Gialla’ (92.40%), and the lowest percentage was
recorded with seeds of ‘Rossa’ (13.78%).

Figure 10. Percentage of ovules and seeds producing zygotic seedlings. Different letters indicate
significant differences (Tukey’s test, p < 0.05 level, n = 60). Bars correspond to mean percentage
values ± SE.

4. Discussion

Under the rainfed conditions of the semiarid highlands of central Mexico, cactus
pear (O. ficus-indica) is the main fruit crop, with more than 50,000–70,000 ha planted [5,22].
Cactus pear is also important in Italy and South Africa [12]; it is gaining importance in
Chile [31], Brazil [32], and Egypt [10]; and it is becoming an important alternative crop
for several countries in North Africa and other semiarid areas of the world [2–4,33,34].
Currently, in all countries with commercial plantations, the crop is produced from a few
varieties that have either a direct origin in Mexico or have been derived from those [15,35].
The narrow nature of the germplasm base in Italy is also evident from our results of fruit
characteristics, as there were no statistical differences in fruit length, diameter, or weight
among the four studied cultivars. Producing varieties with better adaptation to the local
environment, resistance to disease, and improved fruit or forage quality is an important
objective in cactus pear breeding programs [15,35]. Climate change, while adding more
opportunities for cactus cultivation in new areas, will require the achievement of other
novel objectives in breeding programs [36,37]. Among the reproductive strategies evolved
in Opuntia spp., apomixis and vegetative propagation by cladode detachment can be used
for clonal propagation, and these are valuable tools for breeders and nurseries. This is
the main reason for the lack of genetic diversity in O. ficus-indica. While the prevalence of
apomixis in O. ficus-indica gives an additional tool for the nursery industry for vegetative
propagation of elite genotypes, the identification of hybrids and progeny selection in
crossbreeding programs becomes challenging, complicated, and inefficient because of
apomixis [22].

Embryo rescue is a biotechnological approach used to overcome some technological
difficulties encountered when using traditional plant breeding approaches. Early rescue
of hybrid embryos allows the recovery of interspecific and intergeneric hybrids that are
impossible to produce in vivo [38,39]. The method is also used to manipulate ploidy in
cultivated species [38,40]. In this study, we explored another possible application of embryo
rescue, i.e., to enhance the regeneration of zygotic embryos in O. ficus-indica. Previously,
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embryo rescue has been employed to increase the ratio of zygotic embryos to apomictic
embryos in other apomictic species, such as citrus [25,41]. In cacti, Felker et al. [42] tested
the progeny of a cross between O. lindheimerii and O. ficus-indica using randomly amplified
polymorphic DNA (RAPD) markers and confirmed that four out of thirteen (30.8%) tested
progeny were apomicts. In our study, we show conclusively that within O. ficus-indica,
this ratio is genotype-dependent, with just 13.8% of the seedlings being zygotic in ‘Rossa’
against 63.3% in ‘Gialla’ in seedlings grown from mature seeds. While there are several
mechanisms involved in apomixis, many studies have confirmed it to be controlled as
a dominant trait [43,44], and the complexities unravelled in molecular studies can be
attributed mainly to secondary factors resulting from the reproductive process [45,46].
Therefore, induced mutagenesis could be used to produce non-apomictic genotypes to
help in crossbreeding programs [47,48]. However, a more urgent need is the development
of methods to recover more zygotic seedlings from existing cultivars in crossbreeding
programs. Our research was directed at a solution to solve this problem.

We attempted embryo rescue over five PADs periods from 20 to 40 days in four Italian
cultivars with contrasting morphologies, and in all the cultivars, 35 PADs embryo rescue
was the most successful in terms of the percentage of responsive ovules (80–95%) and the
mean number of responsive embryos per ovule (4.4–5.3) in all four cultivars. In contrast,
mature seeds produced very low numbers of seedlings per seed (1.2–2, or almost fourfold
less). Our method of acclimation and hardening of immature embryo-derived seedlings
was efficient, and the success rate was from 62% (‘Senza spine’) to 83% (‘Gialla’). The
next step in our research was to identify the origins of the seedlings, and we used ISSR
markers, which are highly efficient and reliable [49–51]. Again, we found genotypic effects
on the percentage of seedlings of zygotic origin, with ‘Rossa’ and ‘Senza spine’ producing
significantly less (42 and 46%, respectively) than ‘Trunzara bianca’ and ‘Gialla’ (85 and
92%, respectively). Importantly, our method yielded a significantly higher percentage
of zygotic embryo-derived seedlings than the counterpart mature seeds (14–63%) in all
four cultivars. It should be noted that this higher percentage of zygotic embryos in our
in vitro approach is from a fourfold higher ovule response compared to mature seeds, as
already noted, thus making the yield of zygotic seedlings even greater. Of the four periods
tested, 35 PADs recorded the highest yield of zygotic seedlings in all four cultivars, thus
making our protocol easy to follow. It appears that for any species, the optimum period
for the rescue of embryos needs to be identified, as previously recorded in apomictic sour
orange (Citrus aurantium—125 PADs) [25] and in ‘Shiranuhi’ mandarin, a hybrid citrus
[(C. unshiu × C. sinensis) × C. reticulata] (145 DAP) [41].

In preliminary experiments (data not presented), different combinations of plant
growth regulators (PGR) were added to the culture medium to stimulate the in vitro devel-
opment of the zygotic and apomictic embryos present in the immature ovules. Interestingly,
we observed that in some combinations, PGR stimulated callus formation and the pro-
duction of adventitious embryos from the different tissues of immature ovules. On the
contrary, the PGR-free medium allowed the regular development of the zygotic and apomic-
tic embryos already present in the immature ovules without the production of callus and
adventitious embryos. Therefore, the immature ovules used in the present study were
incubated on PGR-free medium to facilitate the recovery of zygotic embryos. The in vitro
protocol used in our research is simple, as it consists of only MS media supplemented with
malt extract and sucrose. For in ovulo embryo rescue of Hylocereus interspecific hybrids,
another cactus of horticultural significance, Cisneros and Tel-Zur [52] used a combination
of naphtheleneacetic acid, thidiazuron, and glutamine. In blueberry [38] and gentian [53]
in vitro ovule culture, casein hydrolysate seems to be an essential ingredient. Thus, a re-
duced form of organic nitrogen seems to be essential for embryo growth in vitro, as also
suggested by Sahijram et al. [54].

It is known that in Opuntia spp., apomixis can occur mainly through sporophytic
agamospermy [21–23], where adventitious embryos develop from nucellar tissue. However,
the development of embryos from unfertilised ovules (parthenogenesis) has also been
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observed in the genus Opuntia [21]. However, the exact reason for the abortion of zygotic
embryos in vivo during the seed maturation processes is not known, and we are focusing
on this aspect in our current research. Our hypothesis is that the numerous embryos of
apomictic origin that are contained in the ovule (often, there are more than ten embryos
per ovule) compete with the zygotic embryo by using the resources necessary for its
development, causing its abortion. This hypothesis is substantiated by the increase in the
proportion and number of zygotic embryos when the immature ovules are incubated on a
culture medium providing sufficient nutrients, which enhances the chances of survival of
zygotic embryos.

In conclusion, it can be stated that in ovulo embryo culture can increase the number of
zygotic seedlings and their ratio to apomictic seedlings; therefore, this can play a significant
role in crop improvement programs of apomictic O. ficus-indica involving hybridisation
and selection in segregating populations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12152758/s1, Supplementary Figure S1: Immature fruit growth
pattern of the four varieties of prickly pear used in the experiments.
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Abstract: The Cattleya (Orchidaceae–Laeliinae subtribe) intergeneric hybrids, such as Brassolaeliocattleya
(Blc.), have great ornamental value, due to their compact-size, with large and high color diversity
of flowers. Artificial induction of polyploidy brings agronomic, ornamental and genetic benefits to
plants. Polyploidization efficiency depends on factors, such as the type of antimitotic, polyploidiza-
tion method, concentrations, exposure times and type of explant. This study aimed to develop
a protocol to polyploidize Blc. orchids, by testing two types of explants (seeds and protocorms),
concentrations and exposure times to colchicine. The effects of colchicine on the in vitro development
of explants were also investigated. The responses of explants to colchicine depended on the con-
centrations, exposure time and the interaction of these factors. Flow cytometric analysis evidenced
high endopolyploidy and allowed the separation of polyploidized (4C, 8C and 16C peaks) from
non-polyploidized (only 2C and 4C peaks) plants. The highest percentage of polyploid plants was
regenerated from protocorms (16.4%) treated with colchicine instead of seeds (3.2%). Protocorms
treated with colchicine at 500–750 μM for 18 h resulted in the best percentage of polyploidization.
Additionally, in vitro natural polyploidization using protocorms was reported (11.5%). Cytological
analyses allowed an estimation of the number of chromosomes of the parents (≡70), polyploidized
(≡140) and non-polyploidized progeny (≡70).

Keywords: orchid hybridization; in vitro culture; seedling; colchicine; polyploids; flow cytometry

1. Introduction

Orchids of the genus Cattleya (Orchidaceae) are commonly called the “queens of
orchids” [1], whose flowers are characterized by their large and wide petals in relation to
the more elongated sepals, and have a lip with a great ornamental value [2]. In Cattleya,
the currently commercialized plants are hybrids, obtained by interspecific or intergeneric
hybridization, which has been the most widely breeding technique used to obtain a great
diversity of commercial hybrids [3].

Cattleya hybrids show an excellent ornamental quality and acceptance in the interna-
tional potted flower market [4] but the long juvenile period, the highly genotype-specific
response to flowering and the short lifespan of flowers hampered the efficient development
of large-scale production [3,5] similar to developed with other orchid genera, such as
Phalaenopsis, Dendrobium and Oncidium hybrids, with greater commercial importance.

In orchid breeding programs, the addition of biotechnological tools to conventional
hybridization, such as in vitro polyploidization, could be used to obtain superior geno-
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types with desirable characteristics that have not yet been obtained by conventional
breeding programs [6].

Polyploidy is a phenomenon associated with organisms with more than two sets
of chromosomes in their cells [7]. Polyploidy in plants can be naturally achieved either
by endoreduplication [8] or by the fusion of unreduced gametes [9] but has widely been
achieved by artificial induction using chemicals with antimitotic action. In plants, the most
common antimitotic used is colchicine [10,11].

Colchicine inhibits microtubule formation in the chromatic spindle causing nondisjunc-
tion and subsequent duplication of chromosomes within plant cells, generating polyploid
cells [12], which develop and regenerate into polyploid plants. Polyploidization produces
interesting changes and new features in cultivated plants, ranging from morphological,
horticultural and cellular changes that are affected by physiological, biochemical and
genetic characteristics, with some improvements in relation to diploid organisms [12].
For example, polyploidization in flowers results in changes of development and archi-
tecture of plants and also in floral structures, as well as in the flowering season and
number of flowers [13]. Polyploidization has been used in breeding programs in different
ornamental plants, such as Salvia coccinea cv. Coral Nymph, Gladiolus grandiflorus and
Chrysanthemum carinatum, in which polyploid plants showed larger flowers, with thicker
petals and a longer shelf-life [14–16]. Additionally, in the orchid industry and trade, pro-
duction of new polyploid cultivars usually results in superior ornamental characteristics
compared to diploid cultivars [17].

However, the efficiency to induce chromosome duplication under in vitro conditions
requires the development of a protocol including the methodology containing all the
steps of in vitro cultivation, as well as the methods used for treating plant tissues with
antimitotic chemicals. The factors affecting most the efficiency of polyploidization include
the genotype, type of explant, culture medium and cultivation conditions, and those related
to the antimitotic agent, such as molecule used and induction method, concentration and
exposure time, and the method used to confirm polyploidization [10].

Different protocols for artificial induction of polyploid plants have already been devel-
oped for the main commercial genera of orchids, such as Phalaenopsis [18], Cymbidium [19],
Dendrobium [20] and Oncidium [21]. In Cattleya, there are only two studies on the induction
of polyploidy using only species, such as Cattleya tigrina [22] and C. intermedia [23]. In
addition, there is limited knowledge about ploidy levels of interspecific and intergeneric
hybrids as a result of hybridization, and efficient protocols aimed to achieve the poly-
ploidization of commercial Cattleya hybrids, such as Brassolaeliocattleya. In this context, the
objective of this study was to test different types of explants subjected to different exposure
times and colchicine concentrations, aiming to develop a protocol for polyploidization and
in vitro artificial chromosome duplication of a Brassolaeliocattleya hybrid. In addition, we
also studied the different effects of colchicine on the in vitro development and growth of
explants treated with this alkaloid.

2. Results

2.1. Colchicine Effects on Explant Development

(a) Seeds

The percentage of seeds containing embryos (total five repetitions of 100 seeds counted
under microscopy) of the crossing between Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC”
was 81.25% [(number of seeds containing embryos/total number of seeds) * 100)].

Increases in colchicine concentration or exposure time caused a decrease in the percent-
age of germinated seeds (Table 1). The percentage of seeds that developed into seedlings,
instead of protocorms, only increased using the highest concentration of 1000 μM (Table 1).
On the contrary, increasing exposure time led to increases in protocorm development
(54.99% to 68.36%), instead of seedlings with roots and shoots, which decreased from
45.01% to 31.64% (Table 1).
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Table 1. Germination percentage (GP), percentages of seeds developed into protocorms (PrD) and
into seedlings (SeD) and total fresh weight (TFW) of Blc. Haw Yuan Beauty x Blc. Goldenzelle “LC”
seed progeny exposed to different times and concentrations of colchicine.

Seeds

Colchicine Treatment Time (h) GP (%) PrD (%) SeD (%) TFW (g)

6 44.86 a 54.99 c 45.01 a 13.62 a
12 31.53 c 62.51 ab 39.15 ab 12.40 a
18 29.94 c 58.25 bc 41.75 a 12.26 a
24 36.96 b 68.36 a 31.64 b 13.42 a

Colchicine concentrations (μM)

0.00 49.42 a 62.88 a 37.10 b 14.52 a
250 36.21 b 60.38 ab 39.62 ab 12.76 ab
500 34.86 b 67.21 a 34.86 b 13.08 ab
750 30.64 c 61.75 a 38.25 b 12.50 ab

1000 27.97 d 52.91 b 47.09 a 11.77 b

F Colchicine treatment time (h) 59.15 ** 12.91 ** 10.06 ** 2.49 ns
F Colchicine concentrations (%) 69.89 ** 7.36 ** 4.78 ** 3.85 **

F Interaction 5.13 ** 4.1 ** 3.10 ** 1.64 ns
CV (%) 3.28 24.19 4.05 5.96

Mean values followed by different letters, in the same column, are significantly different by Tukey’s test at 1%
probability. ** significant at 1% probability (p < 0.01).

Both increases in colchicine concentration and exposure time had an effect on the total
fresh weight, with a reduction of 2.75 g at 1000 μM colchicine (11.77 g/vial) in relation to
the control treatment (14.52 g/vial) (Table 1).

(b) Protocorms

Increasing concentrations of colchicine resulted in a gradual decrease of protocorm
survival (Table 2). The type of regeneration of protocorms, either by the proliferation
of protocorm like-bodies (PLBs) or by the formation of new plantlets, were not affected
by colchicine concentration (Table 2). In addition, increases in colchicine concentration
gradually reduced the total fresh weight of tissues regenerated from protocorms, from
12.75 g (control) to 8.66 g (at 1000 μM), a reduction of 32% total fresh weight (Table 2).

Exposure time to colchicine had no effects on explant survival (Table 2). However, the
best percentage of regeneration via plantlet formation, instead of PLBs proliferation, was
reported at 12 h time exposure (Table 2). The largest difference occurred when treated for
6 h compared to longer exposure times, in which there was a reduction in the proliferation
of PLBs and an increase in protocorms regenerated into plantlets (Table 2).

Colchicine also had important physiological effects on protocorms, resulting in the
death of part of the protocorms and tissues exposed to colchicine. This was observed by the
difference in color in part of the explants treated with the alkaloid, which showed a brown
color, demonstrating partial or total death of the treated tissues (Figure 1A), compared to
untreated protocorms (Figure 1B).

Although most protocorms showed a brown-color, after treatment with colchicine, the
emergence of new points of regeneration of PLBs in tissues were observed, demonstrating
that phytotoxic effects of colchicine did not completely affect the tissue, thus allowing their
regeneration (Figure 2).

2.2. Flow Cytometry and Cytogenetic Analysis

Specific and high-quality peaks (2C, 4C, 8C or 16C) were obtained for the analyzed in-
dividuals (Figure 3). Flow cytometry confirmed the hybrid origin of the obtained seedlings
(Figure 4). Nuclear 2C value showed that the female parent (Blc. Haw Yuan Beauty)
has a higher DNA content (2C = 7.79 pg) than the male parent (Blc. Goldenzelle ‘LC’,
2C = 5.79 pg) (Figure 3A,B). All the progenies from the control (without colchicine treat-
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ment) showed intermediary peaks (Figures 3C and 4) and nuclear 2C value (2C = 6.86 pg).
Flow cytometry also confirmed the polyploidized plants, which showed higher nuclear
DNA content (2C = 14.37 pg) (Figure 3D).

Table 2. Percentages of survival (PS), PLBs proliferation (PLBP), regeneration into plantlets (RlP) and
total fresh weight (TFW) of Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC” progeny protocorms
exposed to different times and concentrations of colchicine.

Protocorm

Colchicine Treatment Time (h) PS (%) PLBP (%) RIP (%) TFW (g)

6 64.67 a 59.38 a 40.62 b 10.07 ab
12 59.50 a 36.94 b 63.06 a 11.70 ab
18 63.34 a 46.91 ab 53.09 ab 8.92 b
24 61.67 a 40.92 b 59.08 a 12.30 a

Colchicine concentrations (μM)

0.00 72.92 a 44.19 a 55.80 a 12.75 a
250 71.25 a 47.21 a 52.79 a 11.01 ab
500 66.67 ab 43.47 a 56.53 a 11.23 ab
750 51.04 bc 46.33 a 53.67 a 10.07 ab

1000 49.58 c 48.97 a 51.03 a 8.66 b

F treatment time 0.49 ns 5.0 ** 5.25 ** 4.07 *
F concentrations 7.66 ** 0.21 ns 0.22 ns 2.30 *

F Interaction 1.92 * 0.67 ns 0.70 ns 0.96 ns
CV (%) 15.97 41.11 33.36 22.43

Mean values followed by different letters, in the same column, are significantly different by Tukey’s test at 1% and
5% probability levels. ** significant at 1% probability (p < 0.01); * significant at 5% probability (p < 0.05).

Figure 1. Effects of colchicine on in vitro protocorm survival of Blc. Haw Yuan Beauty × Blc.
Goldenzelle “LC”: (A) protocorms cultured in MS medium for 120 days after treatment with colchicine
at a concentration of 1000 μM and exposure time of 24 h, showing dead tissues, regeneration of
PLBs ** and plantlets *; (B) control treatment with protocorms in plant regeneration (red arrow).
Scale bar = 1 cm.

Flow cytometry histograms showed the presence of cells with different DNA ploidy
levels, e.g., 2C, 4C, 8C and 16C cells, demonstrating that the leaves of progeny showed
a high level of endopolyploidy (Figure 3C,D). Thus, the distinction between polyploid
and non-polyploid plants was based on the following parameters: diploid plants were
considered those showing only cells in 2C, 4C and sometimes 8C channels (Figure 3C),
while polyploid plants showed cells only in 4C, 8C and 16C channels (Figure 3D).
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Figure 2. Regeneration of progeny of Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC” in response to
colchicine treatment of protocorms: (A) plantlets regenerated from protocorms treated with colchicine;
(B) plantlets regenerated from protocorms not treated with colchicine. Scale bar = 1 cm.

In general, polyploidized plants presented different morphology and architecture
compared to non-polyploidized plants (Figure 5). Polyploid plants had oblong-shaped
leaves with greater thickness, width and intensity of green color (Figure 5A), unlike non-
polyploid plants, which showed lanceolate-shaped leaves with lower width, thickness and
a light green color (Figure 5B).

Chromosome counting of the parents showed that the estimated number of chro-
mosomes was approximately 70 (Figure 6B), which is similar to the F1 progenies (≡70)
(Figure 6A). Root tips of polyploid plants, analyzed by flow cytometry, confirmed the
occurrence of in vitro polyploidization (≡140 chromosomes), especially in treatments with
colchicine (Figure 6C,D).
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Figure 3. Flow cytometry histograms with nuclear 2C value measurements using the internal
standard S. lycopersicum (2C = 2.00 pg): (A) male parent Blc. Goldenzelle “LC” with 2C = 5.79 pg;
(B) female parent Blc. Haw Yuan Beauty with 2C = 7.79 pg; (C) Blc. Haw Yuan Beauty × Blc.
Goldenzelle “LC” not treated with colchicine with 2C = 6.86 pg; (D) Blc. Haw Yuan Beauty × Blc.
Goldenzelle “LC” treated with colchicine with 2C = 14.37 pg.

Figure 4. Comparison of the 2C, 4C and 8C peaks channels between Blc. Haw Yuan Beauty (BLCHYB)
(orange line), Blc. Goldenzelle “LC” (BLCGLC) (green line) and the progeny of Blc. Haw Yuan
Beauty × Blc. Goldenzelle “LC” not treated with colchicine (black line).
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Figure 5. Development and in vitro rooting of plantlets regenerated from protocorm explants treated
and not treated with colchicine: (A) vial containing only polyploid plants (P) of the progeny from Blc.
Haw Yuan Beauty × Blc. Goldenzelle “LC”; (B) vial containing non-polyploidized plants (np) of the
progeny from Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC” and not treated with colchicine. Scale
bar = 1 cm.

 

Figure 6. Prometaphase chromosome: (A) progeny of Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC”
without colchicine treatment; (B) Blc. Haw Yuan Beauty; (C,D) progeny of Blc. Haw Yuan Beauty × Blc.
Goldenzelle “LC” treated with colchicine. Scale bar = 10 μm.

2.3. Protocorms Resulted in the Best Polyploidization Rates Compared to Seeds

Only five out of 154 progenies (3.21%) derived from seeds were polyploidized using
colchicine (Figure 7A). Polyploid plants were derived only from seeds treated at 500, 750
and 1000 μM (Figure 7A). Differently and more effective than seeds, the use of protocorms
treated with colchicine (Figure 7) resulted in a total of 35 polyploid plants out of the total of
213 analyzed (16.43% polyploidization efficiency). The best frequencies of polyploidization
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(44 and 46%) were obtained using 1000 μM colchicine for 18 h and 500 μM colchicine for
6 h). Positive correlation between colchicine concentration and frequency of polyploidized
seedlings was observed for colchicine treatment of protocorms (Figure 7B). The treatment
time was also positively correlated with frequency of polyploidization until 18 h. The
treatment for 24 h resulted in a reduction in polyploid frequency (14.6%) and was lower
compared to shorter induction times (Figure 7C). In addition, natural polyploidization
occurred in low frequency (11.5%) in water-treated protocorms (Figure 7A).

 

 

0

5

10

15

20

25

30

0 250 500 750 1000 Mean 0 250 500 750 1000 Mean

Protocorms Seeds

Fr
eq

ue
nc

y 
of

 p
ol

yp
lo

id
ize

d 
se

ed
lin

gs
 (%

)

Colchicine concentrations (μM)

A

0

5

10

15

20

25

30

0 250 500 750 1000

Fr
eq

ue
nc

y 
of

 p
ol

yp
lo

id
ize

d 
se

ed
lin

gs
 (%

)

Colchicine concentrations (μM)

B
Protocorms

0

5

10

15

20

25

30

3 6 9 12 15 18 21 24

Fr
eq

ue
nc

y 
of

 p
ol

yp
lo

id
ize

d 
se

ed
lin

gs
 (%

)

Treatment time in colchicine (h)

C

Figure 7. Polyploidy frequency in seedlings of Blc. hybrid. The type of the explant and con-
centration of colchicine in the frequency of polyploidization (A) and correlation with concen-
trations (B) and treatment time (C) in protocorms treated with colchicine. The Student’s t-test
showed significant values of coefficient of correlation (r) (0.05 *) for protocorms (treatment time and
colchicine concentration) and for seeds (only for colchicine concentration). Equations and r values:
(B) y = −4 × 10−6x2 + 0.0164x + 10.714, r = 0.882 *; (C) y = −0.0611x2 + 1.8267x + 6.4, r = 0.913 *.
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3. Discussion

3.1. Colchicine Switched the In Vitro Development of Blc. Orchid

Colchicine has been the main substance used for chromosome duplication in plants.
However, colchicine phytotoxicity was reported in different types of tissues used as ex-
plants, where the different levels of toxicity depend on the concentrations and exposure
times used to treat the plant material [24].

In orchids, such as Bletilla striata, the treatment with the highest concentration of
colchicine and longer exposure time (0.4% colchicine for 9 days) resulted in the lowest seed
germination rate [25]. Chung et al. [13] also induced polyploidy using hybrid seeds of
Calanthe (C. discolor × C. sieboldii) (Orchidaceae) and reported a slight gradual decrease in
seed germination as a consequence of increasing concentration and exposure time of seeds
to colchicine or oryzalin.

Lone et al. [26] observed a reduction in the survival rate of protocorms of Cattleya tigrina
at the highest concentration of colchicine (1%), showing survival rates of 100%, 96% and
84%, with 24, 48 and 72 h of exposure, respectively, and compared to the control (100%).
Similar results were reported for Vanda (Orchidaceae) protocorms treated with colchicine,
aiming to induce polyploidy. The tissue response to colchicine resulted in greater accumu-
lation of phenolic compounds, resulting in limited development of treated explants [27].

In the current experiment, lower survival percentages (between 40 and 80%) were
observed after treating with colchicine. Reduction in growth of plant tissues treated with
colchicine has been attributed to its negative effects on meristematic cells, producing
abnormal cycles during cell division [28] and high concentrations of colchicine cause a
decrease in mitotic division rates in treated tissues [29], which cause decreases in plant
growth. These negative effects of colchicine were also observed in the present study with
the hybrid progeny from Blc. Haw Yuan Beauty x Blc. Goldenzelle “LC”.

3.2. Colchicine Is Efficient at Inducing Polyploidization in Blc. Orchid

Chung et al. [13], using seeds of Calanthe (C. discolor × C. sieboldii) as explants, reported
an increase in the percentage of tetraploids as a function of time of treatment (from 3 to
7 days) and concentration (0.05% to 0.1%) of colchicine. Calanthe hybrid seeds treated
with 0.1% colchicine for 3 and 7 days produced a high percentage of polyploids, 74% and
81%, respectively [13].

Among the differences between the present study with Blc., using seeds as explants,
and that conducted by Chung et al. [13], was the time of exposure of seeds to colchicine and
the genotype. While the latter authors adopted 3–7 days, the present study with Blc. used
6–24 h (or 1 day). Despite this, in Blc. it was observed that the longest time of treatment
with colchicine (24 h) was not the one with the highest frequency of polyploidized plants.
Chung et al. [13] also concluded that the high percentage of polyploids in Calanthe is also
due to its genome that allow the easy duplication of the number of chromosomes.

Even with a low rate of colchicine-treated seeds that developed into polyploidized
plants in the present study on Blc., the small seed size enabled the treatment of a high
number of seeds using a reduced amount of colchicine solution, a reagent with high cost
and risks associated with its manipulation [6].

Different from seeds used as explants, increases in the percentage of polyploids in
colchicine-treated protocorms of Blc. are correlated with colchicine concentrations and ex-
posure times and were superior or similar (38–46%) to those previously obtained with other
orchid species and hybrids. For example, in protocorms of the hybrid Cymbidium sinenthese
‘Lv mosu’ × Cym. hybridum ‘Shijieheping’, the treatment with 0.03% colchicine for 72 h
generated the best result, with 36% polyploids [30]. PLBs of Dendrobium chrysotoxum treated
with 0.04% colchicine for 24 h produced a polyploid frequency of 47% [31]. Additionally,
protocorms of Phalaenopsis equestris, Phal. fasciata and Phal. Betty Hausermann showed
high-frequency of polyploidization, 46%, using the treatment with 50 mg L−1 colchicine for
10 h [32].
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Other interesting observation of our study are the presence of polyploidized seedlings
from protocorms not treated with colchicine. Three main factors could explain such results:
polyploid seedlings were generated during or as result of hybridization; the occurrence
of natural endoreduplication in protocorm cells, which formed polyploidized PLBs and
plantlets; the use of liquid medium and the presence of anaerobiosis combined with the
time of treatment of the protocorms induces polyploidy.

Although polyploidization in response to hybridization has already been reported
in orchids [33], this is not the case of natural polyploid plants from Brassolaeliocattleya,
since flow cytometry of non-treated progenies showed intermediary nuclear DNA content
between two parents. The hypothesis of endopolyploid cells inside protocorms that resulted
in natural polyploid plants is strengthened by flow cytometry analysis that showed a high
number of endopolyploid cells in tissues of protocorms of the studied hybrid.

Thus, the most accepted hypothesis is that the sections, manipulation and exposure of
endopolyploid cells of the isolated protocorms resulted in the production of polyploid PLBs
in the absence of colchicine. This result and conclusion were confirmed by Chen et al. [34],
in which the sectioning of PLBs from Phalaenopsis aphrodite resulted in up to 34% polyploid
PLBs. These authors [34] concluded that the main cause of polyploids regenerated from
PLBs was derived from endopolyploid cells observed in their tissues. Furthermore, Cattleya
is an orchid genus in which it has been observed endopolyploidy events in different tissues
of several species, such as C. trigina [22], C. trianae, C. grandis, C. guttata, C. labiata, C. cernua,
C. tenius, C. elongata, C. crispata, C rupestres, C. aclandiae, C. amethystoglossa, C. pfisterii,
C. rupestris, C. sincorana, C. loddigesii and C. granulosa [35].

This spontaneous system for polyploidization of orchids using protocorms is extremely
interesting from a practical point of view, as it does not require complex and additional
procedures for using colchicine [18], a high-cost product that can pose health risks to
the operator, whether in the preparation of solutions or in the treatments applied to
plant tissues.

3.3. Ploidy Levels and Chromosome Counting in Blc. Orchids

Direct and indirect methods can be used for identification and confirmation of poly-
ploid plants compared to diploid ones [36]. Flow cytometry is also considered a high-
throughput system for early screening of polyploid plants in orchids [37].

The presence of endopolyploid cells, as reported for Blc. progenies in the present
study, was also observed in other orchids, such as Cattleya tigrina, with ploidy levels of
2C and 4C and self-polyploidized seedlings resulting in cells with ploidy levels of 4C
and 8C [22]. In our study, polyploidized plants showed only 4C and 8C peaks and at
much lower frequencies, 16C, instead of 2C and 4C observed in most of non-colchicine
treated protocorms.

As a consequence, seedlings of Blc. also showed changes in morphological features,
and similar to observed in the leaves, such as thickness, length and intensity of green
color in polyploids of C. tigrina [22], Dendrobium formosum [38], Cymbidum lowianum [39]
Phalaenopsis amabilis and Phal. amboinensis [40]. The intensity of leaf color is used as
a morphological marker for the identification of polyploidized plants [36], where it is
believed that this effect is related to chromosomal duplication, causing an increase in the
content of pigments and the enzyme production in polyploid plant cells [22].

Root tips of polyploid plants were analyzed by chromosome counting and confirmed
the occurrence of in vitro polyploidization (≡140 chromosomes).

The combined results of cytogenetics with flow cytometry analysis confirmed that
polyploidized plants contained twice the number of chromosomes and more than twice
the DNA content of non-polyploidized plants. However, it was not possible to determine
the exact number of chromosomes from the parents and progeny obtained from the cross
between the two cultivars of Brassolaeliocattleya (Blc. Haw Yuan Beauty x Blc. Goldenzelle
“LC”) used in the present study, which have ornamental and horticultural characteristics
from C. briegeri, C. intermedia, C. forbesi, C. loddigesii, C. dowiana, C. trianae, C. tenebrosa and
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C. bicolor [41,42]. Cytological studies have shown that most Cattleya species mentioned
above have 40 chromosomes [43,44], but there are also intraspecific chromosomal variations,
such as in C. trianae and C. bicolor with 42 chromosomes [44,45]. Similarly, Brassavola and
Laelia also belong to the subtribe Laeliinae, therefore they have 40 somatic chromosomes, in
addition to some chromosomal variations of 42, 44 and 60 identified in the genus Laelia [45].

Molecular cytogenetic techniques allowed increasing the amount of information on
the evolution of the karyotype in the subtribe Laeliinae [43,46]. A study on the evolutionary
karyotype diversity in the subtribe Laeliinae, using molecular cytogenetics together with
chromosome band analysis, demonstrated that C. trianae showed a fusion of a chromosome
pair as a rearrangement mechanism. Laelia gouldiana presented a polyploid karyotype
and L. marginata had a supernumerary chromosome [43] indicating the high degree of
chromosomal variations common to this subtribe, to which the hybrid used in the present
study belongs.

Difficulties encountered in obtaining the exact number of chromosomes in Blc. Haw
Yuan Beauty × Blc. Goldenzelle “LC” were related to the high number of chromosomes
found, in both parents and progeny, and the difficulty in finding perfect metaphases, as
well as the low rate of cell divisions observed in root meristems during the in vitro culture
of Blc. Haw Yuan Beauty x Blc. Goldenzelle “LC”.

4. Material and Methods

4.1. Plant Material, In Vitro Establishment and Growth

Seeds from a mature capsule, eight months old, were obtained from the crossing
between two hybrid cultivars: Brassolaeliocattleya ‘Haw Yuan Beauty’ and Blc. Goldenzelle
“LC” (Orchidaceae) germplasm collection at UFSCar, Araras, Brazil. Seeds were dried at
room temperature for 24 h before storage in 1.5 mL eppendorf type vials at 8 ◦C.

Disinfection and in vitro seeding were carried out using a solution containing one
volume of bleach (2.0–2.5% active chlorine) and nine volumes of autoclaved deionized
water. Seeds were immersed in this solution for 12 min under agitation, followed by three
washes in autoclaved deionized water. Seeding was performed in 30 mL Murashige and
Skoog culture medium [47] with the macronutrient concentration reduced by half, with
2% sucrose (Synth®, Diadema-SP, Brazil), 1.2 g L−1 activated charcoal (Synth®), 0.1 g L−1

inositol (Synth®) and pH adjusted to 5.7 before the addition of 6.4 g L−1 agar (Agargel®,
João Pessoa-PB, Brazil) inside glass flasks (240 mL capacity) covered with polypropylene
caps. The culture media contained in the flasks was sterilized by autoclaving for 25 min at
121 ◦C and 1 atm.

4.2. Colchicine Treatment Procedures

Colchicine (Sigma-Aldrich®, Saint Louis, MO, USA) was prepared from a stock solu-
tion of colchicine, previously dissolved in a 1% (v/v) solution of dimethylsulfoxide (Synth®).
Five concentrations were tested in this experiment: 0.00 μM; 250 μM; 500 μM; 750 μM and
1000 μM, combined with four immersion times: 6, 12, 18 and 24 h.

Treatments with colchicine were applied to seeds collected and stored from the Blc.
hybrid and used as explants, and to protocorms also obtained from the germination of the
same seeds, but after 90 days of in vitro cultivation in the culture medium described in
Section 4.1. For seed treatment, 5 mg fresh mass of seeds per treatment and 15 protocorms
per replication (60 per treatment) were used for this study (Figure 8). The graphical abstract
with step-by-step experiment is also presented (Figure 9).

For the seeds, the different concentrations of colchicine were applied as pre-treatment,
by the immersion of seeds in solutions containing different concentrations of colchicine,
using a 250 mL Erlenmeyer flask kept in a horizontal rotary shaker at 60 rpm and in dark
conditions at 25 ± 1 ◦C during exposure times. After exposure time, seeds were subjected to
asepsis and inoculated in vitro in a germination culture medium, as described in Section 4.1.
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Figure 8. Types of explants used for polyploidy induction: (A) macroscopic view of the seeds;
(B) microscopic view (×40) of viable seeds (VS) containing embryos and non-viable seeds (NVS);
(C) protocorms used in colchicine treatments. Scale bar = 1mm (B) and Scale bar = 1 cm (C).

 

Figure 9. Graphical abstract of the main procedures, treatments and analysis of Blc. progeny treated
with colchicine aiming polyploidization.

In vitro protocorms, obtained after 90 days of seed germination, were selected and
subjected to different concentrations of colchicine and exposure times. The colchicine
solution was filter-sterilized using a Millipore Millex™ EMD syringe filter (<0.22 μm) and
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poured into a 250 mL Erlenmeyer flask containing liquid MS medium (with no activated
charcoal and agar). After preparing the different concentrations of colchicine, protocorms
were immersed and maintained in horizontal rotary shakers at 60 rpm in dark conditions
at 25 ± 1 ◦C during the exposure times.

For each explant, controls were made for each exposure time, with all detailed proce-
dures maintained, except for the addition of colchicine in contact with seeds or protocorms.
At the end of the colchicine exposure times, all explants were washed with sterile deionized
water three times to remove colchicine from the explants, and then cultured again in MS
culture medium containing charcoal and agar, as described in Section 4.1. There was no
addition of plant growth regulators to the culture medium.

Cultivation of seeds or protocorms was carried out at 25 ± 2 ◦C with lighting provided
by Light-Emitting Diodes (LEDs) in the red and blue wavelengths (3:1), with a Photo-
synthetically Photon Flux Density (PPFD) of ≡ 50 μmol cm−2 s−1 and photoperiod of
16 h.

For both explants, a 5 × 4 factorial completely randomized design was adopted, with
five concentrations of colchicine and four exposure times. In total, four replications were
used per treatment, consisting of 240 mL glass flasks containing 30 mL culture medium
with the seeds (at least 5.0 mg/vial) or protocorms (15/vial).

4.3. Effects of Colchicine on Seeds and Protocorms

Evaluations of in vitro germination, regeneration and development were specific to
each type of explant:

(a) Seeds: Using the counting method, the percentage of seeds was evaluated by the
presence or absence of the embryo inside the testa with the aid of an optical microscope
(Nikon Eclipse e200, Nikon Instruments, Japan) with a 4X objective lens (Figure 1B).
This included the percentage of germination 180 days after seeding; the percentage
of embryos that developed into protocorms and/or seedlings based on fresh mass
calculation of each type of development after germination; the total fresh weight of
plant tissue obtained per vial.

(b) Protocorms: After 180 days of culture following the treatment with colchicine, the
percentages of survival and death of protocorms, the percentages of PLBs proliferation
and the regeneration into plantlets and the total fresh weight obtained per vial were
recorded.

4.4. Flow Cytometry Analysis

The nuclear 2C value was measured from eight seedlings (3–4 months old) of each
treatment of seeds, and from 13 seedlings (7–8 months age) of each treatment of the
protocorms in MS culture medium. The internal standard used for the analysis was
Solanum lycopersicum L., 1753, ‘Stupické’ (2C = 2.00 pg) [25].

A leaf fragment of ~2 cm2 from individuals of Blc. Haw Yuan Beauty × Blc. Golden-
zelle “LC” and the internal standard were simultaneously chopped [48] for about 30 sec
in a Petri dish containing 0.5 mL OTTO-I lysis buffer [49] supplemented with 50 μg mL−1

RNAse (Sigma®) and 2 mM dithiothreitol (Sigma®) [50] and incubated for 3 min. A total
of 0.5 mL of the same buffer was added and the suspension was filtered through a 30 μm
diameter nylon mesh (Partec® Gmbh, Munster, Germany) in a 2.0 mL microtube. After
centrifugation at 100× g for 5 min, the supernatant was discarded and 100 μL of the same
buffer was added to the precipitate; the material was vortexed and incubated for 10 min.

Subsequently, 0.5 mL modified OTTO-II staining buffer [49,50] (400 mM Na2HPO4.H2O,
2 mM dithiothreitol (Sigma®), 50 μg mL−1 RNAse (Sigma®) and 75 μg mL−1 propidium
iodide (PI (Sigma®), excitation/emission wavelengths: 480–575/550–740 nm) was added to
the suspensions.

Suspensions were filtered through 20 μm nylon mesh (Partec®) into the reading
tubes (Partec®) and kept for 30 min in the dark to stain the nuclei. Then, suspensions
were analyzed in a flow cytometer (BD Accuri C6 flow cytometer, Accuri cytometers,
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Belgium) equipped with a 488 nm laser to promote PI excitation and PI emission to the FL2
(615–670 nm) and FL3 (>670 nm).

Fluorescence peaks of the G0/G1 nuclei of each individual of Blc. Haw Yuan Beauty × Blc.
Goldenzelle “LC” and the internal standard were analyzed from histograms using BD
Accuri™ C6 software. G0/G1 peaks with a coefficient of variation (CV) less than 5% were
considered to determine the level of DNA ploidy. The nuclear 2C value of each individual,
in picograms (pg), was calculated using the formula below:

DNA content of each individual (pg) = [(mean channel of peak G0/G1 of each indi-
vidual of Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC”) *2.00 pg S. lycopersicum]/(mean
channel of peak G0/G1 from S. lycopersicum) Blc. Haw Yuan Beauty and Blc. Goldenzelle
“LC” cultivars used as parents were also analyzed by flow cytometry.

4.5. Chromosome Counting

Root tips were collected from seedlings in in vitro conditions. Root tips (~2 cm)
were pre-treated in a solution of 8-hydroxyquinoline (8-HQ) (Sigma®) at 300 ppm and
cyclohexamine (Sigma®) at 25 ppm (19:1) for 24 h at a controlled temperature of 27 ◦C.
The pre-treated roots were fixed in a 3:1 Carnoy solution for 24 h at a controlled room
temperature of 27 ◦C.

The Feulgen method was used to stain the roots [51]. Roots were washed twice for five
min with distilled water and hydrolyzed in a 5N HCl solution (Merck KGaA, Darmstadt,
Germany) at 60 ◦C for 12 min. Afterwards, two washes were made with distilled water for
five min and hydrolyzed roots were incubated in Schiff’s reagent for 45 min in the dark.

Stained roots were treated twice in a 0.01 M citrate buffer solution for 5 min each,
followed by enzymatic digestion using a mixed solution of cellulase (Serva 16420, Germany,
final concentration of 1.4 U mL−1) and pectinase (Calbiochem 515883, Germany, final
concentration of 29.4 U mL−1) (1:1) for one hour of incubation.

After digestion, roots were placed in a citrate buffer solution on ice until mounting the
slides. The protocol described by Mondin and Aguiar-Perecin [51] was followed for prepa-
ration of cytological slides containing mitotic metaphases, in which the root was placed in
a 45% acetic acid solution (Merck KGaA, Darmstadt, Germany) for ~2 min and then the
root meristem was macerated on a slide with a drop of 1% acetic carmine. A coverslip was
placed on the macerated tissue and heated with a lamp for later crushing/squashing. For
chromosome counting, slides were analyzed using a Zeiss Axiophot 2 microscope using
the appropriate filter. Images were acquired by the PCO CCD camera and digitized in the
IKARUS software (Metasystems, Germany).

Images of cells containing mitotic metaphases were captured with a 100X objective
lens. Image J software was used to analyze and count the chromosomes.

4.6. Statistical Analysis

All data were analyzed using the AgroEstat Online software (http://www.agroestat.
com.br/), in which homogeneity and homoscedasticity tests, and analysis of variance
(ANOVA) were run, and when a difference was detected, the means were compared by
Tukey’s test (p < 0.05 and <0.01). In addition, the frequency of polyploids from different
concentrations and treatment time with colchicine were submitted to regression analysis
and the coefficient of correlation (r values) were tested using Student’s t-test.

5. Conclusions

This study reports the different effects of colchicine on in vitro growth and develop-
ment of seeds and protocorms of the Brassolaeliocattleya hybrid, from the crossing between
Blc. Haw Yuan Beauty × Blc. Goldenzelle “LC”. In addition, we developed an efficient
methodology for polyploidization of this orchid of high ornamental value. In addition,
the potential of a colchicine-free polyploidization was demonstrated by using individu-
alized protocorms as explants. Flow cytometry and cytological analysis were efficient in
estimating ploidy and separating polyploid plants from non-polyploid plants.
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Abstract: In vitro mutagenesis offers a feasible approach for developing new orchid cultivars through
genetic manipulation. In the present study, protocorm-like bodies (PLBs) were exposed to gamma
rays (10, 20, 40, 60, 80 Gy) to study in vitro growth responses and induction of mutants in Dendrobium
‘Emma White’. Both proliferation and regeneration of PLBs decreased progressively with increasing
doses, except for a significantly enhanced growth response at 10 Gy. The optimal dose of gamma
radiation for mutagenesis was found in the range 10 to 25 Gy based on the growth reduction curve.
Analysis using a high-throughput cell analyzer revealed a significant reduction in nuclear DNA
content at > 40 Gy doses. At 10 Gy treatment, the growth attributes, such as root length, plant height
and leaf number, were significantly increased by 36%, 26% and 20%, respectively, compared to the
control. This increase was significant over other tested doses as well. Testing of random amplified
polymorphic DNA markers revealed the presence of detectable polymorphism among gamma mutant
plantlets with a polymorphism information content value at 0.41. The gamma-ray-induced earliness
in flower development was observed within 294 days post ex vitro growth of 10 Gy mutant compared
to the control plants flowered after 959 days. Our results highlight the significance of gamma radiation
in inducing enhanced growth, morphological variations and early floral initiation in Dendrobium,
providing a basic framework for mutation breeding and improvement of orchids.

Keywords: orchids; mutation; genetic markers; polymorphism; random amplified polymorphic DNA

1. Introduction

Dendrobium is the second largest genus after Bulbophyllum in the Orchidaceae family.
Dendrobiums were used as rich medicinal plants in many old-world countries, including
both China and India [1]. Dendrobiums also have potential demand all over southeast
Asia and other tropical parts for exports due to the wide range of choices for flower
color, shape, texture and longevity [2]. Worldwide Dendrobium marketing and trade
occur broadly as cut flowers and potted plants. Dendrobium occupied among the top
ten orchid taxa of commercially traded and propagated live plants at 2.3% (hybrids) and
3.4% (species) between 2006 and 2015 [3]. Thailand is the largest producer and exporter of
Dendrobium, with 70% of the total 2.1 billion cut flowers exported globally [4]. However,
only a few Dendrobium varieties dominate export trade from southeast Asian countries,
and the majority of these varieties are genetically derived from Dendrobium phalaenopsis
species [5]. ‘Sonia’ cultivar from Thailand and ‘Uniwai’ cultivar from Hawaii occupy 70%
of total Dendrobium production [6,7], indicating the limited choice in varieties. Developing
new genetic stocks with desirable traits will be helpful in meeting the demand for new
Dendrobium varieties across international and domestic markets [8,9].
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Development of a large number of new Dendrobium varieties is constrained by
compatibility barriers within inter-sectional crossing in the genus and lack of advanced
segregating progenies to construct genetic and linkage maps [8,10]. Further, linkage drag
and negative linkage for promising characters, apart from prolonged juvenile phase [11]
and mortality at ex vitro hardening [12], hinder the selection process. The absence of
natural hybrids from the center of origin (Australia) also supports the crossability problems
in Dendrobium [13], and even self-pollination leads to drastic adverse effects on several
traits that were unresponsive to selection in this species [14]. Conventional breeding
programs involving traditional hybridization to transfer desirable traits are laborious and
take 12–13 years to develop new cultivars [15]. Hence, application of mutation breeding can
offer quick and better solutions to overcome such inherent pre- and post-zygotic barriers to
develop new vegetatively propagated Dendrobium cultivars. A wide range of trait-specific
mutant varieties from plant structure to biotic and abiotic stress resistance with high yield
have been successfully achieved through mutation breeding in other crops [16,17].

Among orchids, the initial studies on mutagenesis were conducted in Cattleya using
gamma rays [18]. The changes in flower color pigmentation and flower size were reported
in Dendrobium ‘Sonia’ cultivar through gamma radiation [19]. Induced mutations in
orchid breeding for genetic improvement are restricted to a few genera; however, from a
breeding point of view for developing new cultivars, it is essential to determine the correct
mutagen, the optimum mutagen dose and the choice of developmental stage for treatment.
Such studies will provide a baseline for other mutation breeding work for orchid varietal
development. In the present study, we have studied the effect of gamma-radiation-induced
in vitro and ex vitro growth responses and mutagenic changes at the cellular and genetic
level in Dendrobium hybrid ‘Emma White’.

2. Results

2.1. Growth Response of Protocorm Like Bodies (PLBs) to Different Doses of Gamma Radiation

The fresh weight of protocorm-like bodies (PLBs) of Dendrobium ‘Emma White’
measured a month after irradiation (MAI) ranged from 448.2 mg (10 Gy) to 209.1 mg
(80 Gy), indicating a gradual decrease in tissue biomass with increasing doses of gamma
irradiation as compared to the control (Table 1). However, the reduction by ~ 60 to 70% in
tissue fresh weight was more evident at doses > 40 Gy. At 3 MAI, no significant differences
were observed for proliferation among PLBs irradiated at 10 and 20 Gy doses (Figure 1A).
In contrast, the proliferation was reduced drastically by 35 to 50% for PLBs treated with
gamma ray doses of 40, 60 and 80 Gy compared to the control. At 6 MAI, a 28% increase in
proliferation was observed at 10 Gy, in contrast to doses > 40 Gy, where the proliferation
reduced significantly by 70 to 90% compared to the control (Figure 1A). A similar effect
on the regeneration capacity of PLBs was observed at subsequent stages of growth and
development. Initially, there was no evidence of PLB regeneration into shoots at higher
doses, except for 10 and 20 Gy, where the regeneration percentage was comparable to the
control (Figure 1B). At 6 MAI, PLBs exposed to 10 Gy radiation showed an increase (4%) in
regeneration as compared with the control. However, a lower regeneration response at a
gamma dose of 40 Gy (18.86%) with suppressed growth was observed at 60 and 80 Gy doses,
indicating that PLBs are sensitive to higher doses of gamma radiation (Figure 1B). The
average number of days required for initiation of leaf primordium from PLBs irradiated at
10 and 20 Gy was 36.2 days and 38.8 days compared to the control (32.2 days). On the other
hand, a prolonged delay in the initiation of leaf primordium at a dose of 40 Gy (106.4 days)
was observed, indicating an adverse effect of gamma irradiation on PLBs differentiation
and the developmental process.

In the present study, all the PLBs of Dendrobium ‘Emma white’ irradiated with gamma
ray doses of 10, 20, 40, 60 and 80 Gy survived with no browning or desiccation, making it
difficult to estimate the lethal dose (LD50). Hence, the radiation sensitivity of PLBs towards
gamma rays was assessed based on the growth reduction dose (GR50), at which the growth
of PLBs reduced by 50% [20]. The GR50 was estimated to be 25.52 Gy based on the initial
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regeneration response of irradiated PLBs (Figure 2), suggesting an optimal dose range of
10 to 25 Gy for irradiation of Dendrobium ‘Emma White’ PLBs.

Table 1. Fresh weight of protocorm-like bodies of Dendrobium ‘Emma White’ one month after
irradiation with gamma rays.

Treatment Fresh Weight (mg)

Control 648.6 ± 27.4 a
10 Gy 448.2 ± 16.6 b
20 Gy 294.4 ± 14.3 c
40 Gy 237.1 ± 4.9 d
60 Gy 232.0 ± 4.7 d
80 Gy 209.1 ± 5.9 d

The data represent mean values ± standard error. Means with different lower-case letters (a, b, c, d) are significantly
different at p < 0.05 (Duncan’s Multiple Range Test).

Figure 1. Growth response of protocorm-like bodies (PLBs) of Dendrobium after gamma irradiation.
PLBs of Dendrobium ‘Emma White’ were irradiated with gamma ray doses of 10, 20, 40, 60 and 80 Gy
and incubated at 22 ± 2 ◦C and 65–70% relative humidity with 16 h photoperiod. An unirradiated
set of PLBs was maintained as control. After three and six months of irradiation, growth response of
irradiated PLBs based on proliferation percentage (A) and regeneration percentage (B) was recorded
for each treatment. Data represent mean values ± standard error (n = 10). Means with different
lower-case letters (a, b, c, d) are significantly different at p < 0.05 (Duncan’s Multiple Range Test).

Figure 2. Linear regression analysis to estimate growth reduction dose (GR50) of gamma-irradiated
protocorm-like bodies of Dendrobium ‘Emma White’. Shoot regeneration response of PLBs irradiated
with gamma rays of 10, 20, 40, 60 and 80 Gy after three months of radiation treatment was used to
estimate GR50. The mean values of regeneration percentage were analyzed using linear regression
equation (y = mx + c).
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2.2. Nuclear DNA Content Estimation and Cell Cycle Analysis in Irradiated PLBs by
High-Throughput Cell Analyser (HTCA)

The estimation of nuclear DNA content based on the average fluorescence intensity
ranged from 101 to 85%, with a maximum of 101%, followed by 96% under 10 and 20 Gy
doses, respectively (Figure 3A). In contrast, gamma-irradiated PLBs at higher doses showed
a significant decrease in DNA content, with a maximum (15%) reduction at 80 Gy. Similarly,
at 40 and 60 Gy, the DNA content of PLBs was reduced by ~7 to 9% compared to the control.
The results indicated that gamma radiation exerted more effect in PLBs irradiated at higher
doses, as was evident from the average fluorescence intensity of nuclear DNA generated by
high-throughput cell analyzer (HTCA) (Supplementary Table S1). A histogram of the FL-3
fluorescence intensity peak distribution of nuclei isolated from gamma-irradiated PLBs
after five months of irradiation is shown in Figure 3B. The percentage of cell count at the
S + G2M phase in gamma-irradiated PLBs was decreased by ~ 14 to 50% with increasing
irradiation doses of 20, 40, 60, and 80 Gy, indicating inhibition of cell cycle progression at
the higher dose. Unlike other treatments, the cell count percentage in the 10 Gy treatment
was increased by 2% at the S + G2M phase compared to the control treatment used as the
benchmark value (Supplementary Table S1).

 

Figure 3. High-throughput-cell-analyser (HTCA)-based nuclear DNA content estimation and cell
cycle analysis in protocorm-like bodies (PLBs) of Dendrobium under different gamma radiation
treatments. PLBs of Dendrobium ‘Emma White’ were irradiated with gamma ray doses of 10, 20,
40, 60 and 80 Gy and incubated at 22 ± 2 ◦C and 65–70% relative humidity with 16 h photoperiod.
After five months of treatment, nuclei were isolated from irradiated and control PLBs to estimate
the nuclear DNA content based on the average fluorescence intensity of nuclei generated by HTCA,
(A) Percentage of DNA intensity calculated based on fluorescence intensity of nuclei under different
radiation treatments of 10, 20, 40, 60 and 80 Gy, including control using HTCA, (B) FL-3 fluorescence
intensity histogram of nuclei isolated from PLBs, incubated with propidium iodide overnight at 4 ◦C
in dark conditions. Gate between 0–1200 indicates dead cells (green), 1201–1600 live non-dividing
cells in G1 phase (red) and 1601–2800 dividing cells in S, G2 and M phase (yellow) of cell cycle. The
488 nm laser-excited propidium iodide dye (FL-3) intercalates DNA and facilitates enumeration of
DNA per nuclei number.

2.3. Frequency and Spectrum of Variation among Gamma-Irradiated Population of Dendrobium
‘Emma White’

During the initial period of in vitro regeneration, plantlets developed from gamma-
irradiated PLBs did not exhibit any morphological variation. However, after seven to
eight months of irradiation, variation in the leaf shape and shooting pattern was observed.
Alterations in leaf morphology (yellowing, asymmetrical and oval to cordate shapes) was
observed at 10, 20 and 40 Gy doses (Figure 4). However, no shoot regeneration was
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observed from gamma-irradiated PLBs at 60 and 80 Gy. The highest frequency of variation
(51.6%) was observed in the gamma-irradiated population of 40 Gy (Table 2), followed by
the lower frequencies in PLBs irradiated at 20 Gy (9.5%) and 10 Gy (7%). The maximum
spectrum of variation (10) was observed at 40 Gy compared to the spectrum of variation of
7 at lower doses (10, 20 Gy). The number of plantlets regenerated was reduced by 80% at
40 Gy compared to the highest number of regenerated plantlets at 10 Gy and the control.
Among the mutagenic changes observed for morphological traits in the gamma-irradiated
population, the variations induced in leaf margin (serration) were higher in proportion
than other leaf variations (leaf margin > leaf apex > leaf vein > leaf shape) (Table 2).

 

Figure 4. Morphological variations among in vitro plantlets regenerated from gamma-irradiated
protocorm-like bodies (PLBs) of Dendrobium ‘Emma White’. PLBs of Dendrobium ‘Emma White’
were irradiated with gamma ray doses of 10, 20, 40, 60 and 80 Gy and incubated at 22 ± 2 ◦C and
65–70% relative humidity with 16 h photoperiod. Seven to eight months post irradiation, alterations
in growth and structure of shooting pattern were observed at 10, 20 and 40 Gy doses. (A) Control
unirradiated plantlet, (B–D) leaf variations at 10 Gy, (E–H) leaf variations at 20 Gy, (I–M) Leaf
variations at 40 Gy. Morphological variation observed in leaf distribution pattern (B,C,E); leaf margin,
midrib, apex, shape, and color (D,M); leaf margin (G,J,K,L); leaf color (I); leaf texture (H); multiple
shoots formation (F).
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Table 2. Variation frequency and variation spectrum of leaf mutants derived from gamma-irradiated
protocorms-like bodies (PLBs) of Dendrobium ‘Emma White’.

Gamma
Dose

Leaf
Margin

Leaf
Vein

Leaf
Texture

Leaf
Apex

Leaf Shape Leaf Distribution
Leaf

Color Plantlets
Regenerated

Total No.
of

Mutants

Variation
Frequency

(%)

Variation
Spectrum

T/S DM T/R DN Lobed Linear Ovate Distorted LC T/R YLWM

Control - - - - - - - - - - - 300 0 - -

10 Gy 4 4 - 6 - 2 2 - 1 2 - 300 21 7.0 7

20 Gy 5 2 3 3 - - 1 5 3 - - 230 22 9.5 7

40 Gy 8 3 2 5 1 - 1 3 2 1 5 60 31 51.6 10

T/S toothed/serrated; DM double midrib; T/R thick/rough; DN deep notch; LC leaf clump; T/R twisted/rolled;
YLWM yellow leaves with a white margin. Variation frequency (%) calculated based on morphological variations
observed to the total regenerated plantlets.

2.4. Phenotypic Variation among In Vitro Plantlets Derived from Gamma-Irradiated PLBs

A significant effect of gamma radiation was observed on plant growth attributes viz.,
plant height, leaf length, leaf number, leaf width, root number and root length (Figure 5). Ex-
cept for the 10 Gy treatment, all the other gamma irradiation doses showed a dose-dependent
decrease in plant growth. The lowest radiation dose induced a significant difference in growth
of plantlets when compared to the control. Compared with the control, the root length was
increased by 36%, plant height by 26% and leaf number by 20% in the 10 Gy treatment.
However, no significant differences were observed for root width in all treatments. The overall
decrease in plant growth attributes at dose 20 Gy ranged from a minimum reduction in leaf
width by 2% to a maximum reduction in leaf number by 9% compared to the control. At a
higher dose of 40 Gy, significant differences were observed in plant height, leaf number and
length, root number and length. The plant height was reduced by 33%, followed by a 30%
reduction in leaf length at a 40 Gy dose compared to the control.

2.5. Genetic Analysis of Regenerated Mutants Based on Random Amplified Polymorphic
DNA Markers

The genetic divergence among gamma-irradiated mutants of ‘Emma White’ with
respect to control plants was analyzed based on random amplified polymorphic DNA
(RAPD) markers (Figure 6). A total of 33 bands were generated using six RAPD primers,
and the number of bands ranged from four to eight, with an average of 5.50 bands per
primer, of which four bands were monomorphic and the remaining twenty-nine bands
were polymorphic (Table 3). The percentage of polymorphism was found to be 100% for all
the primers except for OPAW13, 33.33%, and an average polymorphism of 88.89%. The
polymorphism information content (PIC) value of different RAPD primers ranged from
0.15 to 0.5, with an average of 0.41 (Table 3). Among all six RAPD primers, two primers
(OPB5 and OPF1) were found with a PIC value at 0.5, indicating a highly informative
nature for the study of gamma-ray-induced mutants. OPAW13 showed the minimum PIC
value at 0.15. NEI72 dissimilarity-coefficient-based genetic distance ranged from 0.07 to
0.89, with an average distance of 0.37, indicating a greater range of genetic diversity among
gamma-irradiated mutants of ‘Emma White’ (Table 4). A maximum genetic distance of 0.89
was observed between mutants generated at 40 Gy_2 and 10 Gy_2. In contrast, the lowest
distance of 0.07 was obtained between 20 Gy_3 and Control_2, followed by the distance of
0.09 between two control plants. The average genetic distance between the mutants and
the control was found to be in the order of 0.16 (20 Gy) < 0.26 (40 Gy) and 0.37 (10 Gy),
indicating the most distant genetic divergence among the 10 Gy mutants with respect to the
control. A dendrogram constructed by the UPGMA-based clustering method showed three
major clusters (I, II, III) with a genetic dissimilarity coefficient of 0.40 and with a cophenetic
correlation coefficient of 0.82 [21]. Cluster I included mutants of 20 Gy and 40 Gy, including
controls of ‘Emma White’; cluster II included mutants of 10 Gy and 40 Gy, whereas cluster
III included three mutants of 10 Gy (Figure 7).
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Figure 5. Variations in phenotypic characters of in vitro plantlets at 10, 20 and 40 Gy gamma radiation
treatments. Protocorm-like bodies (PLBs) of Dendrobium ‘Emma White’ were irradiated with gamma
rays of 10, 20, 40, 60 and 80 Gy and incubated at 22 ± 2 ◦C and 65–70% relative humidity with 16 h
photoperiod. After 11–12 months of irradiation, differential phenotype of regenerated plantlets at
10, 20 and 40 Gy doses were recorded concerning plant growth attributes (A) plant height, (B) leaf
length, (C) leaf number, (D) leaf width, (E) root number, (F) root length and root width. No significant
difference in root width was observed under all the responsive treatments. Data represent mean
value ± standard deviation (n = 10). Mean values with different lower-case letters (a, b, c, d) are
significantly different at p < 0.05 (Duncan’s Multiple Range Test).

Table 3. Random amplified polymorphic DNA (RAPD) banding pattern analysis in gamma-ray-
induced mutant plantlets at doses 10, 20 and 40 Gy.

SI. No. Primer Total No. of Bands Monomorphic Polymorphic Polymorphism (%) PIC

1 OPB12 4 0 4 100 0.48
2 OPA4 4 0 4 100 0.41
3 OPAW13 6 4 2 33.33 0.15
4 OPAW17 6 0 6 100 0.41
5 OPB5 8 0 8 100 0.5
6 OPF1 5 0 5 100 0.5
7 Total 33 4 29 - -
8 Mean 5.50 0.67 4.83 88.89 0.41
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Table 4. Genetic dissimilarity matrix from random amplified polymorphic DNA binary data of
gamma-ray-induced mutants of Dendrobium ‘Emma White’.

C_1 C_2 10 Gy_1 10 Gy_2 10 Gy_3 10 Gy_4 20 Gy_1 20 Gy_2 20 Gy_3 40 Gy_1 40 Gy_2 40 Gy_3

C_1 0
C_2 0.09 0

10 Gy_1 0.37 0.33 0
10 Gy_2 0.37 0.33 0.33 0
10 Gy_3 0.48 0.36 0.38 0.56 0
10 Gy_4 0.48 0.36 0.46 0.15 0.44 0
20 Gy_1 0.13 0.13 0.55 0.55 0.61 0.61 0
20 Gy_2 0.24 0.27 0.46 0.38 0.61 0.43 0.20 0
20 Gy_3 0.10 0.07 0.32 0.39 0.43 0.50 0.10 0.26 0
40 Gy_1 0.26 0.19 0.66 0.57 0.37 0.54 0.28 0.38 0.17 0
40 Gy_2 0.45 0.33 0.63 0.89 0.16 0.61 0.41 0.49 0.33 0.20 0
40 Gy_3 0.13 0.17 0.51 0.51 0.56 0.48 0.09 0.15 0.15 0.30 0.37 0

 

Figure 6. Random amplified polymorphic DNA (RAPD) polymorphism in gamma-ray-induced
mutants of Dendrobium ‘Emma White’. Total genomic DNA was isolated from in vitro young leaves
of control and mutant plantlets using a modified CTAB method for RAPD marker level study to
analyze the radiation-induced genetic variability in ‘Emma White’. Twenty-eight decamer RAPD
primers were used, out of which six primers (OPB 12, OPA 4, OPAW 13, OPAW 17, OPB 5, OPF 1) that
produced clear and scorable bands were used to generate RAPD binary matrix. Bands were scored
as the presence (1) or the absence (0) for control and mutant DNA samples. DNA ladder (lane L);
control 1 (lane 1); control 2 (lane 2); 10 Gy_1 (lane 3); 10 Gy_2 (lane 4); 10 Gy_3 (lane 5); 10 Gy_4
(lane 6); 20 Gy_1 (lane 7); 20 Gy_2 (lane 8); 20 Gy_3 (lane 9); 40 Gy_1 (lane 10); 40 Gy_2 (lane 11);
40 Gy_3 (lane 12); blank without DNA to check cross-contamination (lane B). Primers: (A) OPB12;
(B) OPA4; (C) OPAW13; (D) OPAW17; (E) OPB5; (F) OPF1. GeneRuler1 Kb DNA Ladder.

2.6. Leaf Variation among 10 Gy Mutant Population

After 7–8 months of ex vitro growth and development, morphological variations
were observed among plants regenerated from 10 Gy-irradiated PLBs compared to the
control (Figure 8). The differences were more apparent in leaf structure and arrange-
ment of individual shoots. These variations ranged from double apexed leaves, fused
leaves, multiple and raised midribs, serrated leaf tips, bilobed leaves, twisted leaves and
broad/elliptic/ovate/triangular/linear-shaped leaves. Under a 10 Gy irradiation dose,
13 leaf mutants (10/4, 10/5, 10/16, 10/17, 10/21, 10/29, 10/33, 10/35, 10/37, 10/41, 10/79,
10/85, 10/111) were observed with morphological traits distinct from the control (Figure 8).
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Figure 7. Dendrogram based on random amplified polymorphic DNA (RAPD) binary data. Dendro-
gram constructed using Nei’s dissimilarity coefficient by UPGMA-based clustering method showed
three major clusters (I, II, III), with a cophenetic correlation coefficient of 0.89. Cluster I included
mutants of 20 Gy_1, 2, 3 and 40 Gy_1, 3, including two controls of ‘Emma White’ C_1, 2; cluster II
included mutants of 10 Gy_3 and 40 Gy_2, whereas cluster III included three mutants of 10 Gy_1, 2, 4.

Figure 8. Morphological variations in 10 Gy mutant plants of Dendrobium ‘Emma White’ after
7–8 months of ex vitro transfer of well grown in vitro plantlets. (A) Control ((B):10/29) Leaves twisted in
an anti-clockwise direction from the base. ((C):10/5) Closed leaf with marginal serrations around apex.
((D):10/85) Deformed leaf emerged from base of another fused leaf. ((E):10/35) Bilobed leaf with a deep
notch, leaves fused to form two separate midribs. ((F):10/17) Asymmetric ovate leaf with two midribs,
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two middle leaves emerged from fourth leaf. ((G):10/4) Broad leaf with two midribs, notch at
apex, folded base. ((H):10/37) Deltate (triangular leaf) with uneven leaf growth. ((I):10/33) Third
and fourth leaf fused with other leaves. ((J):10/35) Two leaves emerged from the base of another
bilobed leaf. ((K):10/111) Closed leaf with marginal tooth or serrations around apex. ((L):10/21)
Oval-shaped leaf with two midribs. ((M):10/79) Two midribs with slight elevation, small pseudo-
bulb like appearance at the base. ((N):10/41) Long needle-shaped leaf (12.4 × 1.3 cm) opened at top.
((O):10/16) Leaf with two midribs, twisted, three pointed apexes.

2.7. Isolation of Early Flowering Mutant among 10 Gy Mutant Population

The first early flowering mutant (10/46) was isolated within 294 days of ex vitro
transfer compared to several years required for flower development in control plants. This
mutant plant was observed with a plant height of 7.2 cm, with the growth appearing stunted
and with no change in flower color. In addition, alteration in the structure of the flower was
observed as dorsal and lateral sepals fused with no petals. The lip of the early mutant flower
appeared slightly rounded with wavy edges and longer side lobes compared to the flower
of the mother plant (Supplementary Figure S1). The flower bud formation was initiated at
224 days of ex vitro growth, with a potted vase life of 50 days, as indicated by the number of
days to withering. Among the gamma-ray-induced population, five other early flowering
mutant lines (10/27, 10/39, 10/60, 10/118 and 10/7) were recovered within 457 to 678 days
to first flowering as compared to the control plants flowered after 959.14 days (Figure 9,
Table 5). Our results present a workflow for optimizing in vitro growth parameters and
irradiation doses to isolate different morphological variations and desirable mutants, such
as the early flowering mutant. Figure 10 depicts a complete workflow of the gamma-
irradiation-induced mutagenesis system in Dendrobium ‘Emma White’.

 
10/60 10/7 10/27 Control/8 

Figure 9. Gamma-radiation-induced early flowering mutant lines recovered from gamma-irradiated
protocorm-like bodies of Dendrobium ‘Emma White’ at dose 10 Gy (A–C) and control (D).

Table 5. Performance of gamma-radiation-induced early flowering mutants recovered from irradiated
protocorm-like bodies of Dendrobium ‘Emma White’ at dose 10 Gy compared with control plants (C).

10 Gy Mutant and Control Lines DFBI DTFF DTW

10/46 224 294 50
10/27 405 457 107
10/39 463 512 79
10/60 595 645 86

10/118 574 669 53
10/7 613 678 81
C/4 906 954 85

C/5(1) 886 923 126
C/5(2) 886 923 76

C/8 910 969 87
C/13 790 862 101
C/11 870 961 52
C/6 1067 1112 79

C: control un-irradiated plants; values within bracket depict flower spike number of the same flower. DFBI: number
of days to first bud initiation. DTFF: number of days to first flowering. DTW: number of days to withering.
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Figure 10. Workflow of gamma irradiation-induced mutagenesis in Dendrobium ‘Emma White’.
(A) Protocorm-like bodies (PLBs) generated from the shoot-tip of ‘Emma White’ was irradiated
with different doses of gamma rays (10, 20, 40, 60, 80 Gy); (B) Irradiated PLBs were transferred
onto the fresh culture medium and incubated in a culture room at 22 ± 2 ◦C and 65–70% relative
humidity with 16 h of photoperiod. After three and six months of gamma irradiation, growth
response of PLBs was recorded based on proliferation and regeneration percentage; nuclei isolated
from PLBs irradiated with gamma rays were used for estimation of nuclear DNA content based
on fluorescence intensity using high throughput cell analyser (HTCA); genetic diversity of in-vitro
plantlets regenerated from gamma irradiated PLBs at dose 10, 20, and 40 Gy were analysed using
random amplified polymorphic DNA (RAPD) markers; (C) Ex-vitro acclimatization and hardening of
well rooted mutant and control plantlets in coco-peat; (D) After three months, plants were re-potted
into a mixture of media containing coco-chips, brick pieces, leaf molds, and stone chips in 1:2:2:1 ratio;
(E) After six months, plants were transplanted into larger pots with fresh potting mixture; (E1) First
flowering in mutant 10/46 was observed within 294 days of ex-vitro growth; (E2) Morphological
variations were observed in leaves of 10 Gy mutant plants as compared to control; (F) After twelve to
thirteen months, well-grown Dendrobium ‘Emma White’ mutant population were established with
early flowering at dose 10 Gy.

3. Discussion

The present study describes gamma-radiation-induced mutagenesis and its effect
on various stages of in vitro and ex vitro plant growth in Dendrobium ‘Emma White’.
Compared to shoots and plantlets, PLBs have been proposed as the most suitable explant to
induce variations in different orchid species due to their higher sensitivity toward gamma
rays [22,23]. Thus, PLBs of Dendrobium hybrid Emma White were used as explants in
the present study. Gamma rays are suitable for obtaining mutants with minor radiation
damage [24]. The results revealed a significant effect of gamma irradiation with respect
to the overall growth and diverse morphological variations, including early flowering, in
‘Emma White’. The growth response was inversely proportional to increasing radiation
doses. However, it is interesting that a lower radiation dose showed enhancement in prolif-
eration and regeneration of PLBs after the radiation treatment (Figure 1). In addition, the
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results obtained from the study of differential phenotype of in vitro regenerated plantlets
indicated the stimulatory effect of low-dose gamma radiation, which is in accordance with
the previous report of enhanced growth responses at lower doses of gamma rays [25–29].
This effect may probably be attributed to the induced physiological and hormonal changes
resulting in increased growth and development [30]. The effect of higher doses of gamma
radiation indicated minimal proliferation and regeneration responses and reduced plant
growth, suggesting radiation-induced cellular damage. The result corresponds to a previ-
ous report of growth inhibition at gamma doses > 40 Gy in two cultivars of Cymbidium
hybrid [31]. A similar decrease in relative growth rate was reported in the growth of PLBs
in Cymbidium at doses > 80 Gy [32]. Such a reduction in growth following gamma expo-
sure could be attributed to significant oxidative damage resulting in altered chloroplast
structure [25], membrane injuries [32] and a substantial decrease in nucleic acid and soluble
protein levels [33], inhibiting metabolism and plant growth [34]. The higher doses alter
stomatal morphology, resulting in inadequate gaseous exchange and, hence, lower plant
viability [35]. Thus, irradiation at a lower dose is highly recommended in mutation breed-
ing in orchids due to the adverse effects of higher doses on plant growth and survival [35].
In general, explant mortality after irradiation has been observed in many orchid cultivars
with higher doses [22,23,36,37], including few other ornamentals [38–40].

Nuclear DNA content is suggested as an index of radiation damage in plants [24]. To
understand the effect of radiation at the cellular level, nuclear DNA content was estimated
based on fluorescence intensity of isolated nuclei using HTCA, which allows rapid high-
throughput content screening in a short period over traditional flow cytometry [41]. The
DNA content decreased significantly at doses more than 40 Gy, with more pronounced
reduction at 80 Gy, suggesting that PLBs are more sensitive to higher doses of gamma
rays. Nuclear DNA estimation can be used to measure radiation damage in mutation
breeding experiments [35,42,43]. The decrease in DNA content has been related to signal-
transduction-induced cell cycle arrest at the G2M phase of cell division [44]. The present
study assessed the gamma-radiation-induced frequency of 7%, 9.5% and 51.6% based
on morphological variations in regenerants recovered after radiation at 10, 20 and 40 Gy,
respectively (Table 2). Such variations are not common in progenies arising from hybridized
or self-pollinated orchids [45]. The previous study reported a mutation frequency of 3%
induced by ion-bean (C6+) irradiation in two Paphiopedilum species, with no detectable
variations by gamma rays [22]. The variegated chlorophyll leaf color mutants (0.4 Gy) and
leaf shape mutants (2 Gy) were identified in two Dendrobium species with ion-beam (C6+),
respectively [46]. To reduce the occurrence of undesired severe alterations in mutation
breeding, the ideal doses that provide high frequency and a spectrum of desirable mutations
can be chosen over radiation doses with the highest mutation frequency [47]. Due to their
higher heterozygosity, orchids have a high mutation rate and different mutation types
in a short cycle [48]. In the case of ornamental plants, single trait changes are generally
observed, including harmful and unpredictable changes [49].

Molecular markers are considered an important tool for assessing plant genetic di-
versity in breeding programs [50]. Among various molecular markers, RAPD is the most
common, inexpensive and reliable method for evaluating genetic variability [51], especially
for plants such as orchids, where the availability of specific primers is limited. RAPD has
been successfully employed in genetic diversity studies of many orchid cultivars [52–55].
The present study assessed the polymorphism in genomic DNA of mutant plantlets regen-
erated from gamma-irradiated PLBs of ‘Emma White’ using RAPD markers. A total of
thirty-three scorable bands were generated using six RAPD primers, of which twenty-nine
bands were polymorphic, with an average polymorphism of 88.89% (Table 3). The results
suggest the effectiveness of gamma radiation in inducing higher polymorphism among
mutants compared to the control. A previous study reported polymorphism of 46.5% in
chemical mutagenesis of Dendrobium ‘Earsakul’ using ISSR markers [56]. As evident from
the RAPD banding pattern, the absence of bands could be attributed to various kinds of
DNA damage induced by gamma irradiation treatment resulting in generation of genetic
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diversity among mutants and between mutants and the control. Except for OPAW13, all
the primers used in this study showed PIC values > 0.4, indicating informativeness in
evaluating and quantifying polymorphism among the mutant population. In addition,
the high cophenetic correlation coefficient of 0.82 was observed using the dissimilarity
matrix and clustering method, which revealed that the dendrogram precisely preserved
the pairwise distances between the original data points, making the dendrogram generated
from the UPGMA-based clustering method viable for genetic diversity studies. Cluster
analysis delineated mutants of different doses and the control into three distinct clusters,
one comprising the control and mutants under 20 and 40 Gy treatment, while the third
cluster included mutants under 10 Gy, indicating their potential genetic distinctness from
other treatments and the control (Figure 7).

Morphological variations were detected from the in vitro differentiation stage to the
ex-vitro stage, with altered leaf structure, multiple serrations, deep notches and asymmetric
leaf arrangement in the mutant population (Figures 4 and 8). In a study using gamma-ray-
induced mutants of rice, it has been shown that an increase in leaf vein density could result
in enhanced photosynthetic efficiency, which indicates that trait alterations can be useful in
higher plant productivity [57]. A pre-flowering period in orchids generally requires several
years of vegetative growth depending on genera, species and habitat [11,58–61]. In the
case of Dendrobium, it requires a minimum juvenile period of 2 to 5 years for floral induc-
tion [62]. In the present study, we isolated an early flowering mutant (10/46) among the
10 Gy-irradiated mutant population after 294 days of ex vitro transfer of in vitro plantlets.
Generally, MADS-box genes are involved in floral organ expression and patterning during
development in all angiosperms [63]. Low-dose gamma irradiation could have triggered
the upregulation of these genes or some other signaling pathways involved in flower
development, promoting early flowering. The isolated early flowering mutants are good
candidates to further study flowering at the molecular level. A previous study reported
overexpression of MADS-box genes (OMADS4 and OMADS1) in transgenic Arabidopsis and
Oncidium cultivars, enabling early flowering [60]. In contrast, delayed flower bud formation
to full bloom at 5 Gy gamma radiation treatment was reported in chrysanthemums [64].
We have also observed changes in the floral morphology in terms of in fused sepals and
missing petals in the early flower mutant line (10/46) (Supplementary Figure S1). Similar
morphological changes due to gamma irradiation influencing the shape of petals, sepals
and the lip were also observed with PLBs of ‘Sonia Kai’ hybrid of Dendrobium [65], which
resulted in recovery of four commercial mutants [19]. These changes could be due to
a significant decrease in stomata size and cellular damage by radiation [36], which can
influence the pattern of both growth and proliferation. However, early flowering in orchids
after gamma treatment has not been reported, except for Phalaenopsis aphrodite treated at
15 Gy [66]. Our results suggest that mutagenesis can be used to isolate morphological
mutants and mutants with desirable attributes for further improvement of valuable orchid
hybrids such as Dendrobium ‘Emma White’.

4. Materials and Methods

4.1. Plant Material for Gamma Irradiation Treatment

PLBs of Dendrobium ‘Emma White’ (D. ‘Singapore White’ x D. ‘Joan Kushima’) were
used as explant for mutagenesis, which is a complex hybrid derived from five Dendrobium
species [9]. The PLBs generated from the shoot tip of ‘Emma White’ were developed
previously at the institute (unpublished work). Before gamma radiation treatment, the
established PLBs were maintained on Gamborg basal medium [67] supplemented with 2%
sucrose, 0.15% activated charcoal (AC), 0.2 mg/L naphthalene acetic acid (NAA), gelled
with 0.7% agar and adjusted at pH 5.8. After two weeks, the PLBs were irradiated with
five doses of gamma rays (10, 20, 40, 60 and 80 Gy at a dose rate of 32.54 Gy/min) using
60Co gamma irradiator (Gamma Chamber 5000, Bhabha Atomic Research Centre, Trombay,
Mumbai, India) as per the standard protocols [68]. All irradiated PLBs were transferred
onto the fresh basal medium with the same supplementation. Gamborg basal medium
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was used as a culture medium throughout the experiment. An un-irradiated set of PLBs
were maintained as control. The cultures were incubated at 22 ± 2 ◦C and 65–70% relative
humidity with 16 h photoperiod provided by white fluorescent tube lights (Philips, India,
40 w).

4.2. Evaluation of Growth Response of Irradiated PLBs

To assess the immediate effect of gamma ray exposure in ‘Emma White’ the fresh
weight of PLBs was measured after a month of irradiation treatment. In addition, growth
responses to different irradiation doses were examined based on the survival, proliferation
and shoot regeneration rate of PLBs, recorded at three and six months after irradiation.
Subsequent development of PLBs after irradiation was investigated by recording the total
number of days required for PLBs differentiation in terms of leaf primordium initiation.
All growth parameters, including survival, proliferation and regeneration, were calculated
based on the percentage of the number of responded PLBs to the total number of PLBs
cultured. Accordingly, the optimal dose for mutagenesis was evaluated considering the
PLBs growth response after irradiation. After every three months interval, PLBs were
transferred into the fresh culture medium, allowing continuous growth and development.
The experiment was performed with ten biological replicates and 10–12 PLBs per replicate.

4.3. High-Throughput Cell Analysis and Estimation of Nuclear DNA Content of PLBs

After five months of gamma irradiation, nuclei were isolated from irradiated and
control PLBs for high-throughput cell analysis and estimation of nuclear DNA following
the procedure using Tris-MgCl2 buffer [69]. The isolated nuclei pellet was re-suspended
in 600 μL of propidium iodide staining buffer overnight at 4 ◦C in dark conditions. The
following day, 200 μL of stained nuclei solution was pipetted into a flat bottom corning
96-well plate and centrifuged at 3000 rpm for 6 min. The plate with loaded samples was
placed inside the high-throughput cell analyzer (HTCA) (TTP Labtech’s acumen® Cellista,
Melbourn, UK), and flow data were analyzed using acumen Cellista software (version
4.2.5.0.69208). The un-irradiated set of PLBs was processed similarly and taken as control.
Based on DNA-intercalating fluorescent dye (propidium iodide), FL3 was selected as the
standard fluorescence filer (488 nm excitation and 620 ± 30 nm emission) for the present
study. The average fluorescence intensity of nuclei generated by this laser scanning imaging
cytometer was used to estimate nuclear DNA content. Based on the selected fluorescence
gate, nuclei population defined as G1 (gate 1201–1600) and S + G2M (gate 1601–2800) were
used to estimate the average percentage of nuclei in the S + G2M phase of the cell cycle.
The experiment was performed with six biological replicates (~25 mg of PLBs per replicate),
where each replicate was further divided into two technical replicates. Thus, a total of
12 replicates were used for each irradiation treatment.

4.4. Random Amplified Polymorphic DNA (RAPD)-Based Divergence Analysis of In Vitro
Gamma Mutants

Total genomic DNA was isolated from in vitro young leaves of control and mutant
plantlets using a modified cetyl trimethylammonium bromide (CTAB) method [70]. The
isolated DNA was checked for its concentration and purity level using Nanodrop spec-
trophotometer. A preliminary marker level study was conducted using RAPD to analyze
radiation-induced genetic diversity in ‘Emma White’ mutants. A total of 28 decamer RAPD
primers were selected based on the previous studies [52,71–74], of which six primers (OPB
12, OPA 4, OPAW 13, OPAW 17, OPB 5, OPF 1) that produced strong and scorable bands
were considered for further analysis. The details of the primers are listed in Supplementary
Table S2. The 10 μL of polymerase chain reaction (PCR) mix was prepared containing 2x
GoTaq® Green Master Mix (5 μL), 10μM primer (1 μL), nuclease free water (2 μL) and DNA
sample (50 ng). PCR amplification was performed using Applied Biosystem Veriti 96-well
Thermal Cycler with the first cycle of initial denaturation at 94 ◦C for 5 min, followed by
35 cycles of denaturation at 94 ◦C for 45 s, annealing temperature (Tm) specific to individual
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primers (refer Supplementary Table S2) for 1 min, extension at 72 ◦C for 2 min and a final
cycle of extension at 72 ◦C for 5 min, followed by hold at 4 ◦C. The DNA amplicons were
analyzed using 1.8% agarose gel, and bands were visualized and photographed using gel
documentation system UV trans illuminator ECX-F20.M (GeNei).

4.5. Morphological Variation Analysis of Putative Mutants at In Vitro and Ex Vitro Stage

The gamma-irradiated regenerated PLBs were continuously monitored for any de-
tectable morphological changes compared to control. Sub-culture was conducted at a
regular interval of two months, allowing continuous growth and development of plantlets.
Variation frequency was calculated as the percentage of mutants to the total regenerant
PLBs and variation spectrum as the total mutant number [31,75]. After 12–13 months of
post irradiation in vitro growth, the expression of differential phenotype was recorded
in terms of plant height, leaf number, leaf length, leaf width, root number, root length
and root width. The well-rooted plantlets were transferred ex vitro for acclimatization
and hardening. A separate set of un-irradiated plantlets were maintained as the control
for observation. The plantlets were washed with water to remove excess agar attached
to roots, rinsed in 1% systemic fungicides (Carbendazin 50% WP, 02 min) and air-dried
(10–15 min) and planted in small pots (10 × 7 cm) with coco-peat. The potted plants were
kept inside a polyhouse under controlled conditions. After three months, plants were
re-potted into a mixture of media containing coco-chips, brick pieces, leaf molds and stone
chips (1:2:2:1 ratio). After six months, plants were transplanted into larger pots (15 × 16 cm)
with fresh potting mixture. Each hardened plant was numbered accordingly as radiation
dose followed by plant number, e.g., 10/1, 10/2, 10/3, 10/4, 10/5, etc. The morphological
variations among the putative mutant populations were regularly monitored and flowering
traits, such as days to flower bud initiation (DFBI), days to first flowering (DTFF) and days
to withering (DTW), were recorded.

4.6. Statistical Analysis

The experiments were conducted in a completely randomized design (CRD). The
statistical data were analyzed using R version 4.1.2 (Accessed on 1 November 2021). The
influence of gamma irradiation on growth response of PLBs was analyzed using one-way
ANOVA, followed by Duncan’s Multiple Range Test (DMRT)-based post hoc analysis to
determine the significant differences between irradiation treatments. The optimal gamma
dose for mutagenesis of Dendrobium cultivar was analyzed using linear regression equation
(y = mx + c) in Microsoft Excel, where y is the dependent variable (proliferation and
regeneration rate), x is the independent variable (gamma radiation dose), m is the slope
and c is the y-intercept, respectively. For RAPD data analysis, amplified bands were scored
for the presence (1) or the absence (0) in a binary matrix. NEI72 coefficient-based genetic
distance was calculated to generate dissimilarity matrix, and a dendrogram was constructed
using unweighted pair group method with arithmetic mean (UPGMA) clustering method
in NTSYSpc software, version 2.10 e [76]. The percentage of polymorphism was calculated
as the number of polymorphic bands divided by the total number of bands [77]. The
polymorphism information content (PIC) value of a marker was calculated using Gene-Calc
bioinformatic tools [78].

5. Conclusions

The work described here establishes an optimized in vitro mutagenesis method for
isolating gamma-radiation-induced mutants in Dendrobium ‘Emma White’ (Figure 10).
It will reduce the time required for radiation dose optimization to generate a mutant
population with desired traits, especially in orchids. Furthermore, a low radiation dose
of 10 Gy showed a significantly profound stimulatory effect on overall growth and early
flower development, indicating the usefulness of low doses in mutation breeding. The
isolated mutants with economically valuable traits can be used in plant improvement and
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for further research into functional genes and related signaling pathways that influence
early flowering in mutants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11223168/s1, Figure S1: Comparison of early flower mutant
recovered from irradiated PLBs at 10 Gy dose with the flower of ‘Emma White’ mother plant; Table S1:
Mean DNA intensity and nuclei count of gamma-irradiated PLBs after five months of irradiation
treatment; Table S2: RAPD primers used for genetic study of gamma-irradiated mutants.
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Abstract: Selecting transformed plants is generally time consuming and laborious. To develop a
method for transgenic plant selection without the need for antibiotics or herbicides, we evaluated
the suitability of the R2R3 MYB transcription factor gene CaAN2 from purple chili pepper (Capsicum
annuum) for use as a visible selection marker. CaAN2 positively regulates anthocyanin biosynthesis.
Transient expression assays in tobacco (Nicotiana tabacum) leaves revealed that CaAN2 actively
induced sufficient pigment accumulation for easy detection without the need for a basic helix-loop-
helix (bHLH) protein as a cofactor; similar results were obtained for tobacco leaves transiently
co-expressing the anthocyanin biosynthesis regulators bHLH B-Peru from maize and R2R3 MYB
mPAP1D from Arabidopsis. Tobacco plants harboring CaAN2 were readily selected based on their red
color at the shoot regeneration stage due to anthocyanin accumulation without the need to impose
selective pressure from herbicides. Transgenic tobacco plants harboring CaAN2 showed strong
pigment accumulation throughout the plant body. The ectopic expression of CaAN2 dramatically
promoted the transcription of anthocyanin biosynthetic genes as well as regulators of this process.
The red coloration of tobacco plants harboring CaAN2 was stably transferred to the next generation.
Therefore, anthocyanin accumulation due to CaAN2 expression is a useful visible trait for stable
transformation, representing an excellent alternative selection system for transgenic plants.

Keywords: alternative selection method; anthocyanin; CaAN2; Capsicum annuum; transformation;
visible marker

1. Introduction

Pepper (Capsicum annuum) is an economically important vegetable that provides an-
tioxidant compounds (with anti-inflammatory and antimicrobial effects) for the human
diet. Engineering the pepper genome to produce novel and useful agronomic traits requires
development of stable transformation methods and accurate selectable markers. Various
selectable markers have been used for crop transformation, with their transformation effi-
ciencies being strongly affected by the type of marker chosen [1,2]. The use of antibiotic and
herbicide resistance genes as positive selection markers has prompted biosafety concerns
about human health and the environment [3,4]. To address these concerns, β-glucuronidase
and fluorescent proteins are generally used for the identification of transformed cells. How-
ever, these systems have several limitations, such as the need for destructive GUS staining
methods and for expensive equipment to detect fluorescent signals [5,6]. Additionally, the
process of genetic transformation and regeneration is time consuming and labor intensive,
in terms of selection and characterization of transformed cells and occasionally can result
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in chimerism (a single plant tissue containing transformed and non-transformed sections),
thus requiring additional experiments for gene transfer to subsequent generations.

Anthocyanins, a large class of secondary metabolites, are widely distributed in various
plant tissues, including flowers, stems, leaves and fruits, with colors ranging from red to
blue [7]. Therefore, anthocyanins could potentially be used as a selectable marker for the
visual identification of transformed cells during in vitro culture. The anthocyanin biosyn-
thetic pathway involves a multienzyme complex and is controlled by key transcription
factors, including R2R3-MYB, basic helix-loop-helix (bHLH) and WD40 proteins, as well
as MBW complexes [8,9]. The R2R3-MYB transcription factors, belonging to subgroup 5
(SG5) and SG6, activate anthocyanin biosynthesis. The ectopic expression of the R2R3-MYB
transcription factor genes in apple, barrelclover, radish and strawberry leads to red or
purple coloration in various tissues, including calli, root tips and leaves, by upregulating
the expression of anthocyanin biosynthetic genes [10–12].

Most pepper plants have green stems and leaves, white flowers and fruits that turn
from green to red at maturity; others have purple stems, leaves, flowers and fruits at the
immature stage and red fruits at the ripe stage. CaAN2 (ANTHOCYANIN2), an ortholog
of petunia PhAN2, was isolated from purple pepper and shown to be responsible for the
skin color of purple pepper fruits [13]. In purple-fruited pepper, variation in the CaAN2
promoter region can enhance the expression level of this gene in various tissues, resulting
in the accumulation of anthocyanin pigments [14].

In this study, to investigate the potential use of CaAN2 as a visible selectable marker,
a transient assay and stable transformation of tobacco (Nicotiana tabacum) plants was
performed. The ectopic expression of CaAN2 induced anthocyanin accumulation in tobacco.
In addition, tobacco plants that were stably transformed with CaAN2 showed strong
pigment accumulation, which was steadily transferred to the next generation. These results
indicate that CaAN2 could be utilized as an alternative visible selectable marker to facilitate
transgenic plant identification.

2. Results

2.1. Anthocyanin Accumulation Determines the Green and Purple Coloration of Chili Pepper

To investigate the mechanisms controlling anthocyanin biosynthesis in chili pepper,
two pepper cultivars with different pigmentation patterns in fruits were analyzed. The
green cultivar (G) has green leaves, green stems and white flowers, and its fruits are green
at the mature green fruit stage 1 (FS1) and gradually become red at the red ripe stage (FS3).
The purple cultivar (P) has green leaves, purple stems and purple flowers and its fruits are
green at FS1, turn purple at the breaker stage (FS2) and are red at FS3 (Figure 1).

Figure 1. Comparison of the phenotypes of green (cv. AG188) and purple chili pepper (cv. 20GP15-
2). (A) Green pepper plant; (B) green pepper flower; (C) green pepper fruits at different stages of
development: mature green (left), breaker (middle) and red-ripe (right). (D) Purple pepper plant;
(E) purple pepper flower; and (F) purple pepper fruits at different stages of development. Bars = 1 cm.
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Anthocyanin contents were quantified in the leaves, stems, flowers and fruits at each
stage in these two pepper cultivars (Figure 2). The anthocyanin contents were essentially
consistent with the visible pigmentation patterns: anthocyanin levels were high in the stems,
flowers and FS2 stage fruits of the P cultivar. These results suggest that the anthocyanin
contents of stems, flowers and fruits are responsible for the differences in the purple
coloration of the pepper cultivars.

Figure 2. Anthocyanin contents of various green and purple pepper tissues. L, leaves; S, stems; F,
flowers; FS1, mature green stage fruit; FS2, breaker stage fruit; and FS3, red-ripe stage fruit. Different
letters indicate significantly different values (p < 0.01), as determined by two-way ANOVA followed
by Duncan’s multiple range tests.

2.2. CaAN2 and CaTT8 Are Highly Expressed in Purple Chili Pepper Fruit

To examine the expression of genes encoding two regulators of anthocyanin biosyn-
thesis, the R2R3 MYB transcription factor gene CaAN2 and the basic helix-loop-helix
(bHLH) transcription factor gene TRANSPARENT TESTA8 (CaTT8), quantitative reverse-
transcription PCR (qRT-PCR) was performed with various tissues including leaves, stems,
flowers and fruits at different developmental stages in both cultivars. CaAN2 and CaTT8
were expressed at higher levels in all tissues of the P vs. G cultivar and their expression
levels reflected the extent of pigment accumulation in these tissues (Figure 3A). Specifically,
CaAN2 and CaTT8 transcript levels were highest in flowers and purple fruit at breaker
stage (FS2) in the P cultivar. Indeed, anthocyanin content was correlated with the simul-
taneous expression of CaAN2 and CaTT8. These results suggest that CaAN2 and CaTT8
cooperatively regulate anthocyanin biosynthesis in various tissues of chili pepper.

As shown in Figure 3B, the general phenylpropanoid biosynthetic genes phenylalanine
ammonia-lyase (CaPAL), cinnamate 4-hydroxylase (CaC4H) and 4-coumarate coenzyme A:ligase
(Ca4CL) were highly expressed in the leaves of the P cultivar. However, early biosynthetic
genes, including chalcone synthase (CaCHS), chalcone isomerase (CaCHI) and flavanone hydroxy-
lase (CaF3H), were highly expressed in flowers of the P cultivar. The late biosynthetic genes,
including dihydroflavonol 4-reductase (CaDFR), anthocyanidin synthase (CaANS) and UDP-
flavonoid glucosyl transferase (CaUFGT), were highly upregulated in flowers and fruits (at
stage FS2) of the P cultivar, which showed high anthocyanin contents. Taken together, these
results confirm that anthocyanin accumulation reflects the expression levels of flavonoid
biosynthetic genes across various tissues of different cultivars and that this expression
occurs in tissues co-expressing CaAN2 and CaTT8.
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Figure 3. Relative transcript levels of CaAN2 and other anthocyanin biosynthetic genes from green
and purple peppers. Expression levels of anthocyanin regulatory genes (A) and anthocyanin biosyn-
thetic genes (B). Results represent means ± SD from three independent biological replicates. CaACTIN
was used as the reference gene. Different letters indicate significantly different values (p < 0.01), as
determined by two-way ANOVA followed by Duncan’s multiple range tests.

2.3. Isolation of CaAN2 cDNA and Phylogenetic Analysis

To investigate the mechanism regulating anthocyanin biosynthesis in purple chili
pepper, the R2R3-type transcription factor gene CaAN2 was cloned from P cultivar leaves
by PCR. The cDNA sequence of CaAN2 was 100% identical to the previously reported
sequence for CaAN2, comprising a 789-bp coding sequence encoding a predicted protein of
262 amino acids (GenBank accession number NP_001311547.1)
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Flavonoid-related MYB transcription factors belonging to SG5 and SG6 regulate an-
thocyanin biosynthesis in different tissues of various plants, including leaves, fruits and
seeds [11,15,16]. In the phylogenetic tree generated from R2R3-MYB proteins from various
plant species (Figure 4A), CaAN2 falls into the SG6 clade, together with PhAN2, AtPAP1
and MdMYB10: these eudicot MYB transcription factors actively regulate anthocyanin
biosynthesis [16–19]. Sequence alignments showed that all SG5 and SG6 R2R3-MYBs share
the highly conserved motif [D/E]Lx2[R/K]x3Lx6Lx3R in the R3 domain, which is func-
tionally important for interactions between MYB and R/B-like bHLH proteins [11,16,19].
Additionally, the R2R3 domain of CaAN2 contains five conserved tryptophans that are
important for forming the helix-loop-helix protein architecture at the N terminus. At
the end of the R3 domain, CaAN2 harbors the conserved ANDV motif, a characteristic
feature of SG6 R2R3-MYBs (Figure 4B). While CaAN2 contains this conserved SG6 motif
([K/R]P[Q/R]P[Q/R]TF), it also harbors a highly variable C-terminal region compared to
those of other anthocyanin-activating R2R3 MYB transcription factors [11,15,17] (Figure 4C).
These results suggest that CaAN2 activates anthocyanin biosynthesis in chili pepper.

Figure 4. Phylogenetic analysis and multiple sequence alignment of anthocyanin-activating R2R3
MYBs. (A) Phylogenetic tree of pepper CaAN2 and R2R3 MYB proteins from other plants. The
phylogenetic tree was constructed using the neighbor-joining method with MEGA6 software. The
GenBank accession numbers of species used in this study are listed in Supplementary Table S1.
(B) Multiple sequence alignment of the R2 and R3 domains across the R2R3 MYB proteins shown in
(A). The conserved residues ANDV and DNEI are represented by red and blue boxes, respectively.
Inverted blue triangles indicate the conserved residues forming the inner hydrophobic core of the R2
and R3 domains. (C) Multiple sequence alignment of parts of the C-terminal regions of R2R3-MYB
sequences, showing the SG5 and SG6 motifs. Amino acids matching either the SG6 or SG5 motif are
indicated in red. The starting amino acid position of each sequence is given in the second column.
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2.4. CaAN2 Is an Active Regulator of Anthocyanin Biosynthesis

To evaluate the role of CaAN2 in anthocyanin biosynthesis, various combinations of di-
verse transcription factor genes, including genes encoding a bHLH B-peru from (ZmB-peru),
R2R3 MYB mPAP1D from Arabidopsis (AtmPAP1D) and CaAN2, were transiently expressed
in tobacco leaves (Figure 5). Individual infiltration with the ZmB-peru AtmPAP1D gene
did not induce anthocyanin production, whereas co-infiltration with both genes induced
anthocyanin accumulation in tobacco leaves. By contrast, the transient overexpression of
the full-length genomic sequence or cDNA of CaAN2 induced visible pigment accumulation
in the absence of the bHLH transcription factor gene ZmB-Peru, as did the simultaneous ex-
pression of CaAN2 and ZmB-peru. These results indicate that CaAN2 is a positive regulator
of anthocyanin biosynthesis.

Figure 5. Anthocyanin accumulation in a tobacco leaf transiently infiltrated with Agrobacterium
expressing CaAN2 and other anthocyanin biosynthesis regulatory genes. Tobacco leaves were
transiently infiltrated with Agrobacterium cultures carrying empty vector or the indicated combinations
of constructs harboring ZmB-peru, AtmPAP1 and CaAN2. A representative photograph of a transiently
infiltrated tobacco leaf at 5 days after agroinfiltration is shown.

2.5. CaAN2 Is a Good Candidate Visible Selectable Marker Gene

As shown in the transient assay, pigment accumulation was readily detected by the
expression of CaAN2. To verify the utility of this gene as a visible marker, we transformed
tobacco leaf disks with Agrobacterium containing pB2GW7-CaAN2, which includes the bar
gene for phosphinothricin (PPT) resistance and cultured the resulting explants with or
without PPT. Green shoots were detected more on PPT-free medium than on medium
containing PPT (Figure 6). Additionally, purple shoots were observed on both PPT and
PPT-free medium. Regenerated plantlets harboring the CaAN2 gene showed distinct red
coloration and were easily detected from the callus phase to plant regeneration. These
results suggest that pigment accumulation via the expression of an anthocyanin activating
regulator can be used to select transgenic plants without the need for selective pressure
from antibiotics or herbicides.
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Figure 6. CaAN2 expression in tobacco leaf explants enables the easy visual screening of transgenic
tobacco plants. Purple coloration caused by anthocyanin accumulation can be observed in leaves
grown on medium with (A,B) or without PPT (C,D).

2.6. Ectopic Expression of CaAN2 Strongly Promotes Anthocyanin Biosynthesis

Transgenic tobacco plants harboring CaAN2 showed easily distinguishable pigmen-
tation throughout the plant body, including leaves, stems and flowers (Figure 7A). The
transgenic tobacco plants showed high anthocyanin contents, whereas the non-transgenic
(NT) tobacco plants did not, indicating that CaAN2 strongly increased anthocyanin produc-
tion and conferred an intense red-purple color due to strong anthocyanin accumulation
(Figure 7B). Taken together, these results demonstrate that heterologous expression of
CaAN2 strongly enhances anthocyanin accumulation and confers an intense red-purple
color in tobacco.

Figure 7. Phenotypes and relative anthocyanin contents of transgenic tobacco plants containing
CaAN2. (A) Phenotypes of transgenic plants. (B) Total anthocyanin contents. NT, nontransgenic
tobacco plant; CaAN2-OX, transgenic tobacco plants ectopically expressing CaAN2. All results
represent mean values ± SD from three independent biological replicates. Asterisks indicate values
that differ significantly from NT at p < 0.001 according to a Student’s paired t-test.

qRT-PCR was performed to investigate the expression of anthocyanin biosynthetic
genes and related transcriptional regulators in transgenic tobacco plants harboring CaAN2.
To examine the relationship between leaf color and the transcript levels of anthocyanin
biosynthetic pathway genes, the expression of nine structural genes, including the upstream
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genes NtPAL and Nt4CL; the early biosynthetic genes NtCHS, NtCHI, NtF3H and flavonoid
3′-hydroxylase (NtF3′H); and the late biosynthetic genes NtDFR, NtANS and NtUFGT was
measured. The expression of anthocyanin biosynthesis regulatory genes, including the
R2R3-MYB activator gene NtAN2, the bHLH activator gene NtAN1, the R2R3-MYB repres-
sor gene NtMYB3 and the R3 repressor gene NtETC1 was also analyzed. The expression
levels of all structural genes except NtPAL and Nt4CL were higher in transgenic vs. NT
plants (Figure 8A). The transcript levels of these upregulated genes were similar to those
of CaAN2. As expected, CaAN2 transcripts were only present in transgenic plants but not
in NT plants. In addition, the transcript levels of NtAN1 and NtAN2, encoding endoge-
nous anthocyanin biosynthesis activators, were high in transgenic plants but not in NT
plants. Additionally, the transcript levels of the R2R3-MYB type repressor NtMYB3 and
the R3-MYB type repressor NtETC1 were high in transgenic tobacco plants but not in NT
plants (Figure 8B). These results indicate that the ectopic expression of CaAN2 promotes
the transcription of anthocyanin-biosynthesis-related regulators and biosynthetic genes,
resulting in anthocyanin accumulation in tobacco leaves.

Figure 8. Expression profiles of anthocyanin biosynthetic genes and endogenous transcription factor
genes in the leaves of nontransgenic tobacco (NT) and three independent transgenic tobacco lines
harboring CaAN2. The relative transcript levels of anthocyanin biosynthetic genes (A) and regulatory
genes (B) were measured by qRT-PCR, with NtGAPDH used as a reference gene. The biosynthetic
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pathway genes evaluated include those encoding chalcone synthase (NtCHS), chalcone isomerase (NtCHI),
flavanone 3-hydroxylase (NtF3H), flavonoid 3′-hydroxylase (NtF3′H), dihydroflavonol 4-reductase (NtDFR),
anthocyanidin synthase (NtANS) and UDP-flavonoid glucosyltransferase (NtUFGT) as well as the upstream
enzyme phenylalanine ammonia-lyase (NtPAL) and 4-coumarate-CoA ligase (Nt4CL). Results are means ±
SD from three independent biological replicates. *, ** and *** indicate values that differ significantly
from NT at p < 0.05, p < 0.01 and p < 0.001, respectively, according to a Student’s paired t-test.

2.7. Plant Coloration Facilitates Detection of and Selection against Chimerism

Chimerism is a fairly common occurrence during plant transformation and is a prime
factor in the failure to transfer genes to subsequent generations [20]. Therefore, minimizing
chimerism is indispensable for establishing an efficient and reliable transformation system.
Here, transformed shoots with overall uniform red coloration were selected and progressed
these shoots to subsequent generations. After the next several generations, CaAN2 was
stably transmitted, resulting in strong pigmentation due to anthocyanin accumulation. This
process will be useful for reducing the occurrence of chimerism during transformation
using CaAN2 as a visible marker gene.

3. Discussion

The molecular genetic improvement of crops is strongly dependent on the selection
of transformants with the desired traits. Selectable markers for antibiotic or herbicide
resistance are commonly used for the screening of transformants. However, public con-
cerns have been raised about the presence of selectable markers due to possible risks for
human health and the environment [3]. Therefore, several alternative methods have been
developed to generate marker-free transgenic plants, such as co-transformation and segre-
gation, site-specific recombinase-mediated excision and intrachromosomal homologous
recombination, but these techniques are costly, time-consuming and/or inefficient [21].
Additionally, plant selection systems consist of two components: chemical agents and
selectable marker genes. During the tissue culture process, chemicals such as herbicides or
antibiotics must be added to the tissue culture medium.

Anthocyanins, a group of flavonoid metabolites derived from phenylpropanoid com-
pounds, are widely present in various plant tissues, including leaves, stems, flowers and
fruits [7]. Additionally, high anthocyanin content in foods is generally considered ben-
eficial to human health due to their strong antioxidant properties. Tissues containing
anthocyanins can easily be discerned with the naked eye without the need for additional
treatments. To utilize anthocyanin as a visible marker, it is essential to identify key genes for
anthocyanin biosynthesis. In this study, the role of CaAN2 from purple fruited chili pepper
in anthocyanin pigment accumulation was verified. The high expression of CaAN2 acti-
vated the transcription of anthocyanin biosynthetic genes from pepper as well as tobacco,
resulting in pigment accumulation (Figures 2 and 5). Some anthocyanin-activating R2R3
regulators indispensably require bHLH transcription factors to induce anthocyanin accu-
mulation [22]. Mangosteen (Garcinia mangostana) GmMYB10 did not activate the AtAFR or
GmDFR promoter when expressed alone in a transient expression assay, but it activated
these genes when co-expressed with AtbHLH2 [23]. In addition, transgenic Lisianthus
containing snapdragon AmROSEA1 (R2R3 MYB) showed anthocyanin accumulation only
in sepals, which strongly express a bHLH cofactor gene [24]. Transgenic tobacco plants
simultaneously expressing the maize ZmB-peru gene and the Arabidopsis AtmPAP1D gene
displayed notable color changes compared to plants individually expressing ZmB-peru or
AtmPAP1D [22]. Here, we determined that CaAN2 alone is sufficient to activate anthocyanin
biosynthesis in tobacco and pepper; therefore, it can be used as a visible reporter gene for
plant transformation. Evaluation of the effect of CaAN2 in a heterologous tobacco system
confirmed that this gene can be useful for identifying transgenic plants without the need
for the expensive equipment required for GFP detection or the chemical staining required
for GUS detection.
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The use of the genome-editing tool CRISPR-Cas9 for the molecular breeding of crops
is on the rise. In addition, molecular characterization of transgene-free gene-edited plants
is required and this is a time-consuming and labor-intensive process. The OsC1 reporter
gene is a valuable tool to aid in the visible screening of transformants at high efficiency [25].
The combination of Cas9 protein and OsC1 represents a powerful selection system for
transgenic rice plants, allowing transgene-free, gene-edited plants to be easily selected on
the basis of a color change. Advanced methods based on anthocyanin accumulation can
enable the robust, rapid selection of plants with gene-edited target traits.

Here, we successfully used CaAN2 to monitor the transient transformation of tobacco
and successfully selected transformed cells. The selection of transformed plants is gen-
erally labor- and time-intensive [26]. However, the expression of CaAN2 can easily be
monitored in transgenic plants based on anthocyanin accumulation. The application of
CaAN2 for CRISPR-Cas9-mediated genome editing is feasible for the selection of transgenic
or transgenic-free genome-edited plants. Using this method, transgenic plants could be
screened without the need for additional treatments.

4. Materials and Methods

4.1. Plant Materials

Two pepper (Capsicum annuum) cultivars, the green cultivar ‘AG188’ and the purple
cultivar ‘20GP15-2’, were used in this study; these cultivars are referred to as G and P, re-
spectively. The seeds were obtained from the National Institute of Horticultural and Herbal
Science (Wanju, Korea) and cultivated in the greenhouse. Tobacco (Nicotiana tabacum cv.
Xanthi) plants were grown in greenhouses and growth chambers at Hankyong University
(Anseong, Korea) under natural light at 26 ± 2 ◦C and used for transient Agrobacterium
(Agrobacterium tumefaciens)-mediated infiltration assays and stable transformation.

To analyze anthocyanin contents and the transcript levels of anthocyanin biosynthetic
genes, all samples were rapidly frozen in liquid nitrogen and stored at −80 ◦C. Each sample
was ground to a powder and split into two aliquots: one for RNA extraction and the other
to measure anthocyanin contents.

4.2. RNA Extraction, cDNA Synthesis and Isolation of Genomic DNA

Total RNA was extracted from various tissues of both pepper cultivars and from
tobacco leaves using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using
a FavorPrep Plant Total RNA Mini Kit (Favorgen, Changzhi, Taiwan) according to the
manufacturer’s instructions. First-strand cDNA was synthesized from 2 μg total RNA
using amfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT, Barker, TX, USA) for
qRT-PCR analysis. Genomic DNA was extracted from the samples with a DNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions.

4.3. Measurement of Total Anthocyanin Contents

Total anthocyanin contents in frozen tissue samples were measured as previously
described [27]. Each 100 mg (fresh weight) tissue sample was incubated in 600 μL extraction
buffer (methanol containing 1% [v/v] HCl) for 6 h at 4 ◦C with moderate agitation. After the
addition of 200 μL water and 200 μL chloroform, the sample was centrifuged at 14,000× g
for 5 min at 4 ◦C to precipitate the plant debris. The absorbance of the supernatant was
recorded at 530 nm (A530) and 657 nm (A657) using a microplate reader. Anthocyanin
contents were determined according to the formula A530 − (0.25 × A657). Each sample was
extracted and examined using three independent experiments.

4.4. Quantitative Reverse-Transcription PCR (qRT-PCR) Analysis

Transcript levels were measured by qRT-PCR using AccuPower 2x Greenstar qPCR
Master Mix (Bioneer, Daejun, Korea) and a Bio-Rad CFX96 Detection System (Bio-Rad Labo-
ratories, Hercules, CA, USA) according to the manufacturer’s instructions. Gene expression
levels were normalized to actin (CaACTIN) and glyceraldehyde 3-phosphate dehydrogenase
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(NtGAPDH) for pepper and tobacco, respectively, as the reference gene. Three independent
biological replicates were performed per sample. The primers used for RT-qPCR analysis
are listed in Supplementary Table S2.

4.5. Gene Isolation and Sequence Analysis

The full-length coding sequence of CaAN2 was amplified from cDNA and genomic
DNA from purple pepper by PCR with PrimeSTAR HS DNA Polymerase (Takara, Otsu,
Japan) using the primer pair CaAN2 F/R (Supplementary Table S1). All amplicons were
subcloned into the pENTR/D-TOPO vector (Invitrogen) for validation by sequencing.
Multiple sequence alignments were generated using the CLUSTALW program (https:
//www.genome.jp/tools-bin/clustalw). A phylogenetic tree was constructed using the
neighbor-joining method [28] with MEGA version 6 software [29].

4.6. In Planta Assays of the Anthocyanin Biosynthesis Activity of CaAN2

Amplified DNA products of CaAN2 were cloned into the Gateway entry vector
pDONR221 (Invitrogen) using PCR-specific primer sets (Supplementary Table S1) and
incorporated into the Gateway destination vector pB2GW7 (VIB-Ghent University, Ghent,
Belgium) via several Gateway cloning steps. The resulting constructs were introduced into
Agrobacterium strain GV3101 for the transient infiltration assay and stable transformation.

To perform the tobacco agroinfiltration assay, Agrobacterium cultures harboring
pB2GW7-CaAN2, pB2GW7-ZmB-peru and pB2GW7-AtmPAP1 were grown in LB medium
at 28 ◦C with shaking until the optical density at 600 nm reached 1.2. The bacteria were
pelleted and resuspended in infiltration solution containing 10 mM MgCl2 and 0.1 mM ace-
tosyringone. Equal amounts of Agrobacterium suspensions harboring each construct were
infiltrated into the abaxial surfaces of the expanded leaves of 6-week-old tobacco plants as
described [28]. Photographs of infiltrated leaves were taken at 5 days after infiltration.

4.7. Plant Regeneration

Transgenic tobacco (N. tabacum cv. Xanthi) plants were generated by transforma-
tion with Agrobacterium containing the pB2GW7-CaAN2 construct using the leaf disc
method [22]. Briefly, tobacco seeds were surface sterilized and grown on solidified half-
strength Murashige and Skoog (MS) medium (Duchefa, Haarlem, Netherlands). The plants
were grown in a growth chamber under a 16 h light/8 h dark cycle at 26 ± 1 ◦C for 2 months.
Leaf discs were obtained from the cultured plants and submerged in Agrobacterium mixture.
To identify transgenic events, explants were cultured on shoot-inducing medium with or
without 10 mg/L phosphinothricin (PPT, Duchefa). The regenerated shoots were subse-
quently transferred to MS medium to enable rooting and cultivated in a greenhouse to
maturity. Three representative tobacco lines were selected for further analysis. Transgenic
T3 lines were developed by successive self-pollination of T0 plants.

5. Conclusions

In this study, we characterized CaAN2 as a common key regulator of anthocyanin
pigmentation in purple chili pepper, cooperatively expressed with CaTT8. Through the
transient assay and stable tobacco transformation, it confirmed that individual expression
of CaAN2 sufficiently induced the anthocyanin accumulation in a heterologous system.
Additionally, anthocyanin accumulated phenotypes were stably inherited into the next
generation without chimerism. Taken together, it indicates that CaAN2 is useful as an
alternative selection system for transgenic plants, as a visible selective marker gene.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11060820/s1, Table S1: List of primers used in this study.
Table S2: List of primers used in this study.
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