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Preface

Model plants, among all other plant species, are very important for genetic studies
to enhance understanding of plant life on our planet. Model plant species help
researchers to study the genetics of key biological phenomena, processes, and
characteristics. Plant models, as whole plants are grown from seed as well as tissue
or cell culture, are used to experimentally investigate the consequences of natural
mutations, adaptation of plants to harsh environments or changing climate, plant
ecology and evolution, and polyploidization. Model organisms are particularly
important when targeted plant species are difficult to study or when there is a lack
of data. Because of the simplicity, suitability, and availability of research material
for randomized and repeated experiments as well as the speed and precision

of laboratory experiments, model plants are the key objects for plant science
investigations.

Model plants with emerging new candidate species are widely used to simulate
various morphological, physiological, and molecular processes in plants, allowing a
more accurate understanding of the mechanisms underlying plant life. Furthermore,
knowledge gained in studying model plants for key characteristics of interest can be
generally translated to other plant species with the basic understanding that many
key cellular and molecular processes are conserved and regulated by ‘blueprint’
genes inherited from a common ancestor.

Model Organisms in Plant Genetics discusses plant models for genetics and breeding
research. Chapters describe characteristics of model plants such as Arabidopsis, moss,
soybean, maize, and cotton, highlighting their advantages and limitations as well as
their importance in studies of plant development, plant genome polyploidization,
adaptive selection, evolution, and domestication, as well as in the improvement of
industrially important traits. This book is a useful resource for students, life science
researchers, and other interested readers.

I am thankful to the staff at IntechOpen, especially the Author Service Manager,
Ms. Nera Butigan for her help throughout the editing process. I also thank all the
chapter authors for their excellent contributions.

Ibrokhim Y. Abdurakhmonov

Center of Genomics and Bioinformatics,
Academy of Sciences of Uzbekistan,
Tashkent, Uzbekistan
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Chapter1

Introductory Chapter: Model
Plants for Discovering the Key
Biological Processes in Plant
Research

Ibvokhim Y. Abdurakhmonov

1. Introduction

Model plants for genetic studies are very important among all other plant
species living on our planet. Models, as the whole plant is grown from seed as well
as tissue or cellular culture, help researchers to study the genetics of key biological
phenomena, processes, and characteristics that are useful for understanding the
consequences of natural mutations, adaptation of plants to the harsh environment
or changing climate, plant ecology and evolution as well as polyploidization. Model
organisms are particularly important and required when targeted plant species
are very difficult to be easily studied or a needed research material is unavailable
to be efficiently analyzed and data is generated; therefore, because of model plant
simplicity, suitability, availability of research material for randomized and repeated
experiments as well as speed and precision of laboratory experiments, model plants
are “stand-in” [1] object for plant science investigations. Moreover, discovered bio-
logical and genetic functions of model plant species can be translated to the related
plant taxa under the investigation due to orthologous and paralogous gene function
and molecular cellular processes that can be extrapolated, explained, and varied by
close or distant phylogenetic relationships.

2. Current status

One of the first model organisms for plant sciences was Arabidopsis thaliana,
which was recognized as the universal model plant especially for all flowering
eudicot plants due to short life cycle, ease of cultivation, relatively small genome
size, and having a fully annotated genome sequence [1]. For the first time, stud-
ies on Arabidopsis as a model plant have begun to be carried out in the late 1970s.
Currently, a search using the “plant models” keyword in the PubMed database has
revealed more than 300 research publications on various model plants, including
A. thaliana (Figure 1). A sharp increase in the number of publications on this topic
has been observed since 2005, reaching a maximum in the last 5 years.

Since 2000, molecular genetic features of such biological processes as plant
development, plant evolution, plant response to biotic and abiotic stresses, intracel-
lular signaling, including hormonal signaling, were revealed using A. thaliana as a
model plant [1]. In addition, A. thaliana is used as a model for studying the epigene-
tic regulation of metabolism [3]. In these studies, it was possible to establish the role
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Figure 1.
Dynamics of “plant models” keyword-retrieved scientific publications. Source: PubMed [2].

of chromatin modification in the regulation of metabolism, as well as to identify
metabolic pathways involving reactive oxygen species and nitric oxide (NO) in the
modulation of chromatin activity under stress conditions [3].

However, the using of A. thaliana as a model plant is limited to Monocots and
nonflowering plants due to strong differences in morphology, physiology, and genet-
ics. Therefore, A. thaliana cannot be directly used to model studies on symbiotic
interactions with soil microorganisms [1, 4]. All this prompted researchers to search
for other model plants. So, at present, Brachypodium distachyon is used as a model for
studying Monocots, mosses - Physcomitrella patens, legumes - Medicago truncatula,
trees - Populus trichocarpa [1]. In addition, Setaria viridis is used to study C4 photo-
synthesis, the evolution of terrestrial plants — Marchantia polymorpha [1].

Additionally, currently, attention is being increasingly focused on the study of
genomic multi-tissue metabolic models that allow to identify the metabolic interac-
tions between tissues and organs [5]. Such models are developed for Arabidopsis,
barley, soybean, and Setaria. Moreover, Arabidopsis-based models for metabolic
pathways studies allow predicting the metabolic phenotype under genetic modifica-
tions, the course of metabolic reaction of plant tissues under changing environ-
mental conditions [5]. Moreover, soybean-based multi-tissue models are used to
study nutrient mobilization during seed germination. In addition, the model of
using mesophyll and bundle sheath cells in S. viridis allows revealing the metabolic
features of C4 photosynthesis [5].

Another interesting area of application of plant models is the study of allelopathy
at the level of interaction both between individual plants and between organisms
belonging to different kingdoms (plants, insects, fungi, and bacteria) [6]. Allelopathic
plants (i.e., producing chemicals that inhibit the growth and development of other
organisms) include wheat (Triticum sp.), rye (Secale cereale), corn (Zea mays), barley
(Hordewm vulgare), rice (Oryza sativa), and sorghum (Sorghum bicolor). Of these
plants, maize (Z. mays) is most often used as a model for studying allelopathy [6]. The
use of allelopathic models made it possible to reveal the mechanism of stability and
synergy of allelochemical substances, the dependence of their effect on biotic (soil
bacteria) and abiotic (temperature, soil moisture, etc.) environmental factors.

Also, to study the synergistic or antagonistic interaction between organisms
belonging to different kingdoms (plants, soil fungi, and bacteria), a system consist-
ing of soybeans, rhizobacteria, and soil fungi are used as a model [7]. Such multi-
component modeling made it possible to reveal the mechanisms of interaction
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between these organisms, including changes in the level of gene expression [7].
These results later can be used in agriculture to reduce the level of invasion by
weeds and yield increase potential [6, 7].

Practical application in agriculture has received data on the features of the plants
architecture and growth obtained using the so-called agent-based modeling [8-10].
These data made it possible to obtain plants with desired architecture and height
and were used for such plants as kiwi (Actinidia deliciosa), apple (Malus domestica),
avocado (Persea americana ‘Hass’), peach (Prunus persica), grape (Vitis vinifera)
[8-10]. In silico programs and platforms specially developed are used to process and
optimize such numerical simulation models [11, 12].

3. Chapter topics

In this Model Organisms in Plant Genetics book, together with a group of
international plant researchers, we successfully compiled the current status and
view on the advance of plant models for genetics and breeding research. Chapter
topics, presented herein, described advances on plant models characteristics of
the mostly used plant Arabidopsis with its limitations and need for other types of
model plants, views on how mosses are used for plant development studies. Several
chapters describe how crops such as soybean, maize, and cotton can be a model for
studying a group of industrially important traits such as oil production and plant
genome polyploidization, adaptive selection, evolution, and domestication as well
as crop improvement.

4, Conclusions

Thus, the last-five years’ literature review, highlighted above, and new advances
presented in chapters of this book, collectively highlight the importance and future
key role of plant models for the development of plant sciences research, leading to
novel discoveries. Model plants with emerging new candidate species will be widely
used to simulate various morphological, physiological, and molecular processes in
plants, allowing a more accurate understanding of the mechanisms explaining the
plant ontogenesis.
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Chapter2

Overview of Arabidopsis as a
Genetics Model System and

Its Limitation, Leading to the
Development of Emerging Plant
Model Systems

Madhabendra Mohon Kar and Ayan Raichaudhuri

Abstract

Model plant systems make it easier to perform experiments with them. They
help to understand and expand our knowledge about the genetic basis behind
different plant process. Also, it is easier to design and perform genetic and genomic
experiments using a model plant system. A. thaliana was initially chosen as the
model plant system, and remains to this date, one of the most widely studied plant.
With the advent of better molecular biology and sequencing tools and to under-
stand the genetic basis for the unique processes in different plant species, there is
emergence of several new model systems.

Keywords: Model plants, emerging model plants, genetic experiments, genomic
studies, evolutionary model, legumes, crop plants, Avabidopsis thaliana, Mimulus,
Medicago truncatula

1. Introduction

Model organisms are non-human species, which are usually less complex and
easier to study to gain a broad understanding about different biological character-
istics and phenomena [1]. The results obtained by studying the model organisms,
are often used to understand the different biological characteristics and processes
of the model of interest, which are usually more complex and difficult to study [1].
The term “model organism”, came into use mostly in the 1990s with the advent of
Human Genome Project [1]. The most widely, used model organisms that was rec-
ognized for biomedical research by National Institute of Health of USA, includes,
thale cress (A. thaliana), mouse (Mus musculus), rat (Rattus norvegicus), zebrafish
(Danio rerio), fruit fly (Drosophila melanogaster), nematode (Caenorhabditis elegans)
and baker’s yeast (Saccharomyces cerevisiae) [1].

Model organisms have several advantages that make it convenient to perform
experiments with them [1, 2]. Some of those advantages include, being easier
to grow and maintain in large numbers in labs, availability of different genetic
strains, small genomic size, ease of performing genetic manipulations and ease of
standardized isolation of genetic material and availability of thoroughly annotated
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genomes [1, 2]. Model organisms serve as useful tools for biological interventions,
allowing easier experimental design and interpretation of genetic and genomic
experiments. The understanding of the important role of genetics in plant research
and the advent of powerful tools for molecular biology, pushed toward the need
to focus on a single organism for performing detailed analysis [2, 3]. Use of a
single model organism, also promoted interdisciplinary research, and helped in
conserving resources required for research [2].

This chapter will provide a brief overview on Arabidopsis as a plant model
system and its limitation, along with a brief overview of few emerging model plant
system that are important in genetics research.

2. Arabidopsis as a plant model system

In the 1970s, the search for a model system in plant genetics, lead to interest in
Arabidopsis research [2]. Several researchers and reviewers have shown interest
and documented about the use of A. thaliana as a model organism, especially for
genetic research [4-6]. A. thaliana has been the most used plant model systems for
several decades [7]. This has allowed for extensive advances in the understanding of
several biological process in plants, like, plant development, biotic and abiotic stress
response, hormone biology and signaling [8]. Discoveries made as part of studying
Arabidopsis, not only have been relevant to other plant species, but have also greatly
enhanced the understanding of human biology [8-10].

Arabidopsis develop from a seed into mature plant, in a short period of time as
six weeks [11]. Unlike many other plants, they can easily be grown indoors under
feeble florescent lighting [11]. Also, the seed and seedlings of Arabidopsis is small,
allowing the germination of the plant in an adequate number even on a single petri
dish [11]. As the growth of this plant, requires no coculture of other species, it
increases the possibility of controlling different variables and helps in maintain-
ing aseptic growth conditions [11]. Thus, research using Arabidopsis is relatively
convenient, fast, and cheap [2, 11]. The small genome size (~132 Mbp), along with
the early availability of completed and annotated genome sequence of Arabidopsis,
further made it central to genetic research [11, 12]. Also, the ability of the plant
to undergo self-pollination and tolerate a high degree of homozygosity, makes it
advantageous for research [2, 11].

Apart from genetics, Arabidopsis is also useful for answering questions about
biochemistry, molecular biology, and physiology [13].

3. Limitations of using Arvabidopsis as a model system

Moe than 400,000 species of gymnosperms, angiosperms, ferns, hornworts,
lycophytes, mosses, liverworts, and algae, are classified as plants [7]. All of them,
represents biodiversity in terms of their biochemistry, architecture, reproductive
system and ecosystem among other characteristics [7]. Arabidopsis is a type of
eudicot in the Brassicaceae (Brassicales) family, which along with monocots, are part
of angiosperms (flowering plants) [7, 13]. It is a type of land plant. It is only one
species of plant, that is only capable of growing in a certain limited set of environ-
ments [7]. So, to understand growth of different crop plants, and the evolutionary
history of land plants, necessitates study of additional species [7].

Though many biological processes are common across various species of plant --
especially across flowering plants — several other processes are species or clade
specific [13]. Some of those processes that varies widely across species, families,
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genera, and population are response to pathogens and plant secondary chemistry
[13]. Also, some cereal crops that comprises as a major source of food, also var-

ies morphologically, physiologically, and developmentally from Arabidopsis [13].
Arabidopsis does not have much symbiotic relation with soil microorganism as it
does not associate with mutualistic arbuscular mycorrhizae [7, 11]. Also, it has

an annual lifestyle, dicotyledonous way of development, and performs only C3
photosynthesis [7]. Also, not all genes that are expressed in other plants, are not
represented in Arabidopsis [7]. Thus, having a single generic model cannot be used
for understanding all aspects of plant biology.

4. Emerging plant models for studying genetics
4.1 Brachypodium distachyon

The tribe, Triticae, that includes crops like, wheat, barley, and rye, have large
genomes, and are difficult to perform genetic studies on them [13]. Brachypodium dis-
tachyon, is closely related to wheat and barley (both belong to the tribe Triticeae, which
are important crop plants, thus it was chosen as a model plant, to study cereal biology
[13, 14]. It also has synteny with major small grains like, wheat, maize, millet, rice, and
barley [15]. It is a small annual species, that belongs to the genus Brachypodium [13]. It
isa C3 plant, that is distributed worldwide [15]. It has some characteristics that make
it suitable to be used as a model system, to study genetics. The characteristics include,
small genome size (~272 Mb), small size, ease of cultivation in lab and short lifecycle,
ability to self-pollinate and ease of genetic crossings [13, 15]. The fully annotated refer-
ence genome sequence of B. distachyon, is publicly available [15]. Also, a large variety
of tools are available to be used with this plant as a model system [13, 16-18]. They
include availability of diverse collection of germplasm, microarrays, robust transfor-
mation protocol and several T-DNA insertion lines [13].

B. distachyon is an emerging model system that is useful for studying genetics
of flowering plants [13]. This model system is particularly useful for understand-
ing and expanding our knowledge about the biology of grasses, including that of
small grains [15]. B. distachyon can serve as an essential system to study specific
processes, like, endosperm development, cell wall biology, flowering control,
and inflorescence development [13]. The plant is also useful for studying genetic
basis for cold tolerance and genome organization, apart from the studying of
loral development, vein patterning, the controls of the perennial versus annual
habit [13]. There are several works, that describe the development of this plant as
a model system [19-22].

4.2 Medicago truncatula

Though legumes are an important source of food apart from playing a major role
in nitrogen fixation, most cultivated legumes are poor model systems for genomic
research [23]. Arabidopsis, the most used plant model system cannot be used to
proper understand many of the features uniquely seen in legumes [23, 24]. To study
the rhizome legume symbiosis, Barker et al., suggested using Medicago truncatula
as amodel plant system [25, 26]. The plant possesses several features, that make it
an ideal candidate for studying legume biology and genetics [24]. Some of them
are, it’s small genome size (~375 Mbp), that is sequenced and fully annotated,
diploid genome, autogamous fertilization, relatively short generation time (around
4 months), rapid reproductive cycle, availability of large number of cultivars and
presence of a well characterized nitrogen-fixing symbiont, Sinorhizobium meliloti
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[24, 25, 27-30]. Also, the genus Medicago belongs to the phylum Galegoid [31]. So, it
is related to several crop legumes like pea, chickpea, faba bean, lentil, chickpea, and
clover [31]. Also, as members of this phylum have a similar genetic organization and
high level of nucleotide sequence conservation, there is potential for easy transfer
of genome sequence between the member species [24].

Several bioinformatics resources are available for Medicago like Medicago
Gbrowser, LegumeGRN legumelP, and Legoo [25]. Also, in addition to tran-
scriptomics tools, several libraries for metabolic studies and reference maps for
proteomic studies are available for Medicago truncatula [25, 32-34]. The capacity
of the plant to be transformed efficiently and the generation of different mutants,
have enhanced the ability to perform function genetic studies on Medicago trun-
catula [25]. M. truncatula, which is a legume related to alfalfa, has emerged as an
important model plant, for studying and understanding the molecular biology and
genetics of various processes involved in mycorrhizal, rhizobial, and pathogenic
plant-microbe interactions [24]. To understand the biological processes like sym-
biotic nitrogen fixation (involving root nodule formation), the seed development,
and the abiotic stress tolerance, genetic studies using M. truncatula is ideal [25].

4.3 Mimulus

Mimulus (monkeyflower) genus is important not only as a classic ecological and
evolutionary model system but is also important for studying the developmental genet-
ics and evolutionary development of certain important plant traits, that are not found
in common model plant system like Arabidopsis [35]. Genetic studies with Mimulus
could help to answer a large range of evolutionary and ecological questions [36].

The species within the genus Mimulus has become important for understand-
ing the genetics of mating system evolution, speciation, inbreeding depression,
ecological adaptations, cytological patterns of evolution and speciation [36-42].
This system is also phylogenetically attractive for broad comparative genom-
ics research across the plant kingdom [36]. Species within mimulus has several
attributes that facilitate genetic experimentation [36]. Such, attributes include
the ability of several species within the genus being self-compatible, many can be
clonally propagated using cuttings and short generation time under experimental
conditions [36]. The M. lewisii complex, is currently best developed to be used asa
model system among all the other Mimulus species — which includes the bumblebee-
pollinated M. lewisii, hummingbird pollinated M. cardinalis and M. verbenaceus,
and self-pollinated M. parishii -- for studying developmental genetics and evolu-
tionary development [35]. This is owing to their characteristics like, these species
being genetically similar enough to allow manual cross pollination to produce fertile
offspring. They are also, uniquely suitable for genetic analysis as they have high
fecundity (up to 1000 seeds per flower), short generation time (2.5-3 months), and
small genome size (c. 500 Mb) [35].

The M. lewisii complex is used as a model system, to enhance our understanding
in several research areas like, that of, regulation of carotenoid pigmentation, forma-
tion of periodic pigmentation patterns, developmental genetics of corolla tube
formation and elaboration and molecular basis of floral trait variation underlying

pollinator shift [35].

5. Future perspective

Model plant systems are important for studying and understanding the molecu-
lar biology and genetics of various plant processes. The definition of model systems

12



Overview of Arabidopsis as a Genetics Model System and Its Limitation, Leading...
DOI: http://dx.doi.org/10.5772/intechopen.99818

and the list of model systems are changing with the increase in our understanding
about plant processes and the advent of newer technologies to study plants [7].

The limitations of classical genetic manipulation that catapulted A. thaliana as

a model plant system, are being addressed with the development of rapid high
throughput genome sequencing and targeted gene editing using tools like TALENS,
ZINC-FINGER nucleases, and CRISPR/Cas9 [7, 25]. This enables, a wider variety
of plant species to be studied, and that helps to gain insights into unique and varied
biological processes. The extensive use of emerging sequencing technologies, along
with genomics and systems biology approaches will enhance understanding of the
functional aspects of the gene pool of different plant species [25].

The technological advances, leading to the development of emerging model
plants, will certainly help in providing more possibilities of choices to plant
researchers. This will help in improving our understanding of the underlying genet-
ics that influences the fundamental properties of plants and plant development. The
increase in understanding, will increase our ability to genetically modify plants to
better suit our needs.
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Chapter 3

Mosses: Accessible Systems for
Plant Development Studies

Jordi Floviach-Clark, Han Tang and Viola Willemsen

Abstract

Mosses are a cosmopolitan group of land plants, sister to vascular plants, with a
high potential for molecular and cell biological research. The species Physcomitrium
patens has helped gaining better understanding of the biological processes of
the plant cell, and it has become a central system to understand water-to-land
plant transition through 2D-to-3D growth transition, regulation of asymmetric
cell division, shoot apical cell establishment and maintenance, phyllotaxis and
regeneration. P. patens was the first fully sequenced moss in 2008, with the latest
annotated release in 2018. It has been shown that many gene functions and net-
works are conserved in mosses when compared to angiosperms. Importantly, this
model organism has a simplified and accessible body structure that facilitates close
tracking in time and space with the support of live cell imaging set-ups and multiple
reporter lines. This has become possible thanks to its fully established molecular
toolkit, with highly efficient PEG-assisted, CRISPR/Cas9 and RNAI transformation
and silencing protocols, among others. Here we provide examples on how mosses
exhibit advantages over vascular plants to study several processes and their future
potential to answer some other outstanding questions in plant cell biology.

Keywords: bryophyte, moss, model organism, plant development, regeneration, cell
polarity, reprogramming, asymmetric division, stem cell, water-to-land, 2D-to-3D

1. Introduction
1.1 Mosses in context

Mosses are plants that belong to the Bryophytes, a cosmopolitan sister group
of vascular plants with the last common ancestor between 400 and 500 million
years ago [1, 2]. As a mostly avascular lineage, Bryophytes, that include mosses,
liverworts and hornworts, thrive in mostly moist niches near the surface and stay
compact (<10 cm), with some neovascularised exceptions that grow up to 65 cm
[3-5]. Their cosmopolitan distribution in a variety of biotopes including moist and
arid environments, can be explained by unique adaptations like drought, freezing
and salinity tolerance [4, 6, 7]. Mosses’ life cycle is dominantly gametophytic (the
photosynthetic and growing phase is haploid), and the size and architecture of their
organs is smaller and simpler than that of vascular plants, with leaf-like structures
(phyllids) and sexual organs (antheridia and archegonia) of often only one cell
of thickness, stem-like structures of circa ten cells and spore-bearing containers
(sporangia) of single-cell spores [4, 8-10].
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This miniaturised body renders mosses accessible systems for the study and dis-
section of cell and molecular aspects of plant biology that require close monitoring
in time and space [11]. Such studies greatly benefit of the accessibility to single cells
in a multicellular context. For instance, asymmetric and directional cell divisions
are key life developmental tools to build an organism, but we lack understanding on
how these processes are exactly controlled and regulated [12]. Importantly, these
developmental drivers are shared between mosses and vascular plants, and to some
extent with animals, and associated gene functions seem to be highly conserved
despite the long period of independent evolution [13].

In the last two decades, mosses have gained high interest in plant research, with
Physcomitrium patens (Hedw.) Mitten becoming a central model system. P, patens
organelle genomes were sequenced in 2003 (plastids) and 2007 (mitochondria)
and nuclear genome in 2008, with the latest revision in 2018. In addition to this, a
myriad of genetic tools has emerged that allow close study of all processes of this
moss as a representative of this lineage of the Bryophytes.

Hereby, we present how mosses, thanks to their simplified body plan and genetic
networks in development, and with special focus in P. patens, can become corner-
stone model organisms to study several developmental processes that determine
plant architecture of most land plants [11]. We selected a number of outstanding
developmental processes that pose central research questions in developmental
biology of plants and that started to be investigated in mosses in the last years.
These processes are introduced in a bottom-up approach, with special attention
to their molecular and cellular basis, going from the early stages to the final plant
organisation, chronologically. The essential and most used tools available to investi-
gate these aspects of mosses are briefly described to facilitate the initiation into this
model system. Finally, we show how the moss revolution has recently started with
the rise in moss genomes sequenced and increase in moss research with additional
species and questions beyond P. patens.

1.2 Moss morphology and life cycle

As most land plants, mosses have alternating generations between the haploid
gametophyte and diploid sporophytes. However, unlike vascular plants, mosses
spend most of their life cycle in the gametophytic stage, in which most of the organ-
ism asexual development, including photosynthesis and growth, occurs. The sexual
organs eventually develop at this stage to give rise to the embryo after fertilisation,
that produces the sporophyte over the gametophyte. This fruiting stage is diploid
until haploidisation in spore formation takes place [11, 14].

Starting from a spore, the first developmental stage of the moss is the chloro-
nema, a chloroplast-rich and single cell-wide filamentous tissue that serves for
initial colony expansion, early photosynthesis and nutrient absorption. The cells
are slightly elongated (~80 pm long), and the intercellular cell walls are oriented
perpendicular to the growth direction [15]. This filament eventually transitions
to caulonema, a quick-growing filamentous cell type that have underdeveloped
chloroplasts at early stage, with longer and narrower cells (~250-300 pm long) that
grow twice as fast, and with oblique intercellular cell walls [15-17]. This tissue has
exploratory purposes and is favoured in stressful, light-poor, and nutrient-poor
conditions, possibly with the aim of finding more suitable conditions [18, 19].
Caulonema can transition again to (secondary) chloronema [17]. The filamentous
tissues are collectively referred to as protonemata and can laterally grow and divide
to branch as new filaments. The protonemata grow in a mat-like fashion that shapes
the two-dimensional (2D) developmental stage of mosses where the growth is
confined in a plane of few millimetres of thickness.
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Sometimes, the lateral cell outgrowth (the cell initial) gives rise to a bud cell
instead of a branch cell, which is the beginning of gametophore development and
the transition to three-dimensional (3D) growth [20]. The identity of the cell initial
can be predicted by the division plane angle, implying that identity is determined
before division (Figure 1). Currently, the list of known genes involved in the path
selection and division plane orientation is growing, but the early determinants of
bud formation and branching remain unknown [18, 21]. The bud grows by well-
defined asymmetrical and oriented divisions to form the gametophore, the leafy
shoot-like plantlet of mosses that ultimately bears gamete-producing organs.

The bud basal cell gives rise to a new type of filamentous tissue, the rhizoids,
with pigmented, caulonema-like morphology. They function as anchorage to the
ground to stabilise the up-growing gametophore and contribute to nutrient and
water uptake, similar to roots and root hairs of seed plants, but with the tissue com-
plexity of root hairs [22, 23]. The bud apical cells divide in precise directions to give
rise to oriented phyllid initial cells with a particular phyllotactic pattern (i.e. lateral
organ organisation around the shoot; e.g. spiral) to develop the gametophore.

The apical cells eventually arrest their proliferation, or terminally give rise to
sexual organs (firstly antheridia, and later archegonia) under autumnal/spring
conditions: short day (8 h), low light (20 pmol/mz/s) and low temperature (15°C)
[24, 25]. Despite the asynchronous development of male and female gametangia,
this moss is self-fertilising, and thus tends to genetically self-isolate [26]. Flagella-
driven spermatozoids (male gametes) move towards the archegonial venter in
liquid water and fertilise the egg cell to give rise to a diploid zygote. The zygote will
subsequently develop, via an embryonic stage with a new 2D-to-3D transition, into
the sporophyte, that consists of the foot (the interface with the gametophyte) and a
short stalk (seta) with a terminal capsule. In the capsule, meiosis gives rise to up to
few thousands of haploid spores [8, 26].

The first documented ecotype, known as ‘Gransden’ (United Kingdom, 1962),
has reduced rates of sporophyte formation, probably due to long asexual propaga-
tion in laboratories [27]. In many laboratory lineages, it has become self-sterile,
rendering it unattractive for studies dependant on sexual reproduction. On the
contrary, the more recently isolated ecotypes ‘Villersexel’ (France, 2003) and

Gametophore

Phyllotaxis

Protonemal
apical cell

2-cell bu
Branching bud inifial
Spore H ) Q / Caulonema

2D-to-3D
transition

500 pm
Protonemata

Figure 1.
Scheme of morphology and location of different developmental processes.
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‘Reute’ (Germany, 2006) have 15 times more sporophytes (77% of total gameto-
phores), indicating a high fertility rate [26]. Despite these differences, all ecotypes
can be propagated asexually in identical conditions from any tissue thanks to the
high regeneration rate of this moss, through which explants will redifferentiate into
chloronema and initiate the life cycle from there [28, 29].

2. Outstanding developmental processes

Several essential developmental processes are shared between all land plants, includ-
ing angiosperms and bryophytes. Strikingly, in mosses many shared processes take place
with a simplified set of genes and sometimes in single cells. Therefore, the underlying
genetic regulatory networks of development are easier to study. In this section, we
highlight some of these processes and their unique ease of study in the moss P, patens.

2.1 The 2D-to-3D transition

The ability to structure organs in three dimensions (3D) was an essential fea-
ture for water-to-land transition. Many aquatic plants develop in a homogeneous
environment, whereas land plants faced a highly distinct environment at ground
surface level (a plane) and at the air/soil axis (perpendicular to this plane). This
required land plants to develop specific tissues to efficiently grow in each dimension
and cope with new challenges [20].

From a physiological perspective, the transition from 2D-to-3D growth in
mosses consists in the development of complex structures such as the gametophore
that grows out of the surface plane where protonema thrive, exhibiting negative
gravitropism and positive phototropism [30-32]. The development of the game-
tophore relies on the ability of the moss to define different organisation in each
dimension of space. The basal units from which this spatial assembly takes place are
ultimately single cell primordia, from which organs emanate [33]. To this end, a cell
must spatially sense intrinsic and extrinsic signals and transduce them to subcel-
lular structures that pave the way to division plane positioning and subsequent
asymmetric and oriented cell division. However, the molecular basis of spatial
sensing and its transduction to organisation, action and maintenance of the division
machinery has not been fully elucidated yet [12].

Cellularly, the 2D-to-3D transition in a moss occurs during bud formation
(Figure 1). When a cell initial is formed in protonemata, in 5% of the cases it hasa
bud initial cell identity instead of a branch initial identity. Each bud initial swells
and undergoes divisions oriented in all three axes of space [34]. This transition is
supported and maintained by a different genetic and molecular machinery than that
of protonemal development, and is the molecular basis of 3D growth. These proteins
are specifically present from the first cell of the bud and onwards (e.g. DEK1, NOG1),
and remains active in subsequent proliferating organs (e.g. shoot apical meristem,
phyllids, gametangia) [13, 34-36]. In general, gradients or local clusters of pro-
teins, peptides, nucleic acids, and hormones can be signals, sensors and/or actuators
in developmental processes, and what is upstream of the cascade of 2D-to-3D transi-
tion remains a mystery. Some actors that are already on the radar include oscillations
of auxin and cytokinin concentrations, ROP and SOSEKI proteins and CLE/CLV
peptides-receptors, and they have been pinned down to different moments of the
process and at different locations [12, 37, 38]. However, how do they coordinate their
activity remains elusive and an active area of study.

In vascular plants, the 2D-to-3D transition occurs only once in their lifecycle,
during embryogenesis, where orthologs of the essential moss 3D machinery genes

20



Mosses: Accessible Systems for Plant Development Studies
DOI: http://dx.doi.org/10.5772/intechopen.100535

are also expressed [34, 35]. This event is confined in the endosperm during embryo-
genesis and its observation in seed plants requires seed and ovule microdissection,
which makes iz vivo monitoring difficult [39]. Furthermore, knockouts of some

of these genes are lethal in this early stage. On the contrary, P. patens exhibits both
growth fashions (2D and 3D) simultaneously and frequent transition events (bud
formation) during all its vegetative stage in each colony (months), and deletion

or functional mutants are non-lethal due to the indefinite growth character of the
remaining 2D tissues [34, 35].

These features provide a privileged seat for in vivo long-term tracking and sub-
cellular study of molecular markers, gene expression and protein localization that
allows to shed light to the necessary cellular events required establish 3D growth in
single cells to build a full plant.

2.2 The shoot apical meristem/cell (SAM/SAC) assembly

The protagonist of 2D-to-3D growth transition is the formation of the shoot apical
meristem (SAM), a region at the apical growth side responsible for the continuous
formation of the aerial organs of the plant, including leaves and reproductive organs
[40, 41]. The histology of the SAM in angiosperms describes a central zone with
stem cells that self-renew, divide and radially differentiate into peripheral cells that
determine organ initiation at specific locations (e.g. by placement and establishment
of new leaf primordia) [42]. While angiosperms present multicellular stem cell centre
SAMs during their sporophytic phase, bryophytes present an unicellular structure, the
shoot apical cell (SAC), both in their gametophytic and sporophytic phase (Figure 1)
[43]. Despite the differences, both SAM/SAC share a common organisation, with stem
cell(s) at the centre, surrounded by regularly differentiating tissue [44].

The mechanisms that establish and maintain these pluripotent stem cell(s) in
the SAM/SAC is unknown. It involves spatial sensing, cell-to-cell communica-
tion, and asymmetric and oriented cell divisions, which render mosses attractive
systems for their accessibility. De novo establishment of SAC is especially easy to
study in mosses because it occurs once per bud formation (hundreds of events
per colony) and in sporophyte development after egg cell fertilisation (on top of
~77% of gametophores). These SAC establishment events consist of one relatively
exposed cell, that is easy to monitor during several division rounds for weeks
[16, 26]. Angiosperms present a SAM and numerous equivalent lateral meristems,
sometimes big and manageable (e.g. cauliflower meristems), but in general their
study requires dissection for visualisation and it consists of complex multicellular
structures that complicate characterisation.

The developmental origin of the sporophytic SAC in P, patens is either a de novo
SAC establishment after egg fertilisation or a gametophytic SAC redefinition [45, 46],
and in any case the genetic and signalling basis and developmental mechanisms of its
establishment seem conserved between angiosperms and bryophytes [22, 47].

The genetic make-up in both taxa has shown to rely on auxin response through
AUXIN RESPONSE FACTORS (ARFs), cytokinin signalling by ARABIDOPSIS
RESPONSE REGULATORS (ARRs), CHASE domain-containing histidine kinases
(CHKs) and CYTOKININ OXIDASE/DEHYDROGENASE (CKX), local coordina-
tion through several transcription factors families like CLAVATAs (CLVs), CUP-
SHAPED COTELYDONS (CUC), LATERAL ORGAN BOUNDARY (LOB) and
signalling peptides like CLAVATA3/EMBRYO SURROUNDING REGIONRELATED
(CLE) and chromatin modification by Polycomb Repressive Complex 1 and 2
(PRC1,2), among others [48]. Although many key factors have conserved roles
in SAM formation and maintenance in seed plants and mosses, some important
factors in angiosperms, like the key regulator of stem cell maintenance WUSCHEL,
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are not found in P. patens. These kind of differences can be insightful in defining the
basic network to maintain stemcellness, tailoring a SAM and help understanding cell
identity switch and organ formation [44].

2.3 Phyllotaxis from a cell

The most noticeable outcome of the shoot apical meristem/cell (SAM/SAC)
activity is the organised and oriented initiation of leaf primordia along the stem,
which leads to a unique geometric pattern of leaves and shoot branches named phyl-
lotaxis [49]. In land plants, phyllotaxis may be defined by both genetic and environ-
mental factors (light abundance, wavelength intensity ratio, etc.). For instance, leaf
organisation can be adapted by shade avoidance syndrome [50]. However, only the
genetic factors are shown to play a role in organ primordium location determina-
tion. A phyllotactic pattern is quantified by a fraction in which the denominator is
the number of organs of the same type until the same orientation repeats (e.g. in
P, patens, every fifth phyllid lies almost exactly below or above the first) and the
numerator is the number of turns it takes (e.g. two turns in P. patens). This ratio
(2/5) is then the fraction of a turn (e.g. 2/5 x 360°) or angle between two consecu-
tive organs. When the angle between organs tends to the golden angle (137.5°, with
fractions of turn derived from the Fibonacci sequence: 2/5, 3/8, 5/13, etc.), a spiral
pattern emanates. Different angles can be observed in different species, like e.g. the
180° angle that gives rise to a distichous (or alternate) pattern or 120° for a tristi-
chous pattern. Both Arabidopsis and P, patens follow a spiral pattern [43, 49, 51-53].

However, the pattern arises from essentially different SAMs/SACs: in angio-
sperms, phyllotaxis derives from a multicellular system with well-reported oscil-
lating auxin peaks around the SAM growth axis, whereas P. patens effectively
generates a pattern from a single apical cell (SAC). During the first division rounds
in bud formation, the initial cell divides asymmetrically and gives rise to an inverted
tetrahedral SAC with three lateral faces (Figure 1) [24, 54]. An oriented cell divi-
sion of the SAC produces a new central SAC and a peripheral derivative cell, the
merophyte, which develops into the future phyllid and a portion on the stem. The
change of the stem cell division plane orientation in the SAC in each round results
in a spiral phyllotactic pattern of the phyllids [55], which requires some unknown
round-to-round cue to achieve rotation. Surprisingly, the rotation direction or
chirality of the division orientations appears to be randomly determined, showing
both clockwise (S) and counter clockwise (Z) patterns, yet there is high frequency
of switch from one to the other (antidromy) in branches of gametophores of other
moss species [56].

The limited understanding of the origin and underlying molecular mechanisms
of this rotating pattern and derived phyllotactic pattern is largely confined to the
sporophyte of the evolutionarily recent group of flowering plants (angiosperms).
The available transcriptomic data of bud and tip cells and gametophores (or 3D
shoots) may provide more insight in the transition from uniplanar to triplanar
meristematic growth in moss [48].

Aligned with the phenotypic similarities of moss and angiosperm phyllotactic
patterns, several factors known from Arabidopsis have also been found in mosses,
including receptor signalling genes involved in shoot meristem size and pattern-
ing, hormone biosynthesis genes, transcription factors that control cell-specific
mechanism of developmental pattering, chromatin remodelling complexes and cell
cycle [48]. Many of these factors are essentially executive and likely controlled by
some spatial sensing machinery. Comparing them with new contributors or absent
members in the minimal regulatory network of mosses may help unravelling the
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fundamental elements that trigger the orientation-specification machinery that
greatly impacts plant architecture in all land plants, including relevant crops.

2.4 Regeneration

Most described processes in this chapter require cell identity acquisition and
maintenance. In certain circumstances (e.g. wounding), differentiated plant cells
can reprogram to become new stem cells, divide and redifferentiate for organ regen-
evation [57, 58]. P. patens is an excellent system to investigate cell reprogramming
and regeneration due to its fast and broadly occuring cell pluripotency [59].

In most tissue cultures of other plant species, exogenous hormones (e.g. auxin
and cytokinin) are required to induce callus formation and plant regeneration [60].
However, in moss, cells are capable of regenerating from protoplasts or excised
phyllids into new protonema filaments in the absence of exogenous hormones
(Figure 1) [61]. This implies that the whole regeneration toolkit is present in mosses
and can be endogenously activated on demand, which makes them different from
other taxa (e.g. angiosperms) [62].

When a phyllid is excised, cells neighbouring the cutting edge can reprogram
from somatic cells to protonemal stem cells, which can then start a new life cycle
[14]. This regeneration process is easy to study in mosses for several reasons: firstly,
cell identity conversion can be easily tracked with protonema stem cell reporters
[29]; secondly, aside of the simplicity of in vivo observation (see section Imaging),
the unistratose (i.e. single cell-layered) phyllid simplifies single-cellular extrac-
tions (e.g. laser ablation) for single cell omics and other high precision studies [63].
Interestingly, the result of the reprogramming cascade is timely visible 48 hours
after cutting, which also allows large scale collection of excised tissue for time-
course tracking of gene expression evolution during regeneration activation [64].

The mechanistic studies of the cell fate acquisition can benefit from this simple
cell type conversion in comparison to other model systems used in cell reprogram-
ming investigation (e.g. regenerative callus or Arabidopsis roots that consist of
multiple cell types that possess different tissue identity) for its minimality and
event frequency [65, 66]. In angiosperms, regeneration is often reduced to localised
stem cell pools (e.g. the base of leaves), takes longer to establish, and it is multicel-
lular and asynchronous at the explant level [58, 67].

Previous studies have taken advantage of the abovementioned features to inves-
tigate gene expression profile during phyllid cell reprogramming, which revealed
that genes involved in stress, proteolysis, and hormone signalling pathways are
induced from 6 to 24 h after cutting [64]. Some genes have been demonstrated to
play essential roles in moss leaf reprogramming, including Cyclin-dependent kinase
A (CDKA), found to link cell cycle reactivation and other cellular responses that
promote cell outgrowth as a new protonema filament [29]. Similarly, the outgrowth
of reprogrammed protonema cell requires WUSCHEL-related homeobOX 13-Like
(WOX13L) genes and Cold-Shock domain Protein 1 (PpCSP1), induced in the cells
facing the cutting edge within 24 h [68, 69]. Finally, an AP2/ERF transcription fac-
tor STEMIN1 (STEM CELL-INDUCING FACTOR 1) was discovered to induce cell
reprogramming in moss leaves without excision or wounding [70]. These studies
have identified new pieces in the puzzle of cellular reprogramming, and future
studies will aim to unravel mechanisms behind the cell identity conversion and
reprogramming.

One interesting feature of moss regeneration is inhibition of neighbouring cells.
The necessary cell-cell (apoplastic e.g. Ca>*-mediated) or cell-to-cell (plasmodes-
mata-mediated) communication makes regeneration an attractive developmental
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process to study this cell crosstalk [71-73]. The phytohormone ABA is a key respon-
sible of the dynamic regulation of the permeability of plasmodesmata in response
to changing environments, such as wounding. Control in plasmodesmata pore size
can influence the signalling molecules that can pass through or can be blocked in
particular cells, which can have a direct effect in development of the processes
mentioned until now [74, 75].

2.5 Hormone regulation

The signalling pathways and functions of plant hormones are substantially
conserved in P, patens. Given the differences in physiological structures and relative
evolutionary positions between angiosperms and bryophytes, mechanistic studies
of hormone regulation in mosses can bring new insights in the hormone regulatory
networks of all plants that resolve current questions.

Three plant hormones—auxin, cytokinin and strigolactone—have shown to
regulate shoot branching patterns (phyllotaxis) and activation in angiosperms.
Auxin moves down the main shoot of angiosperms to inhibit branch development,
while cytokinin promotes branching. In addition to branching, auxin is the key
molecule in the control of plant growth and development, and promotes organ
differentiation [76, 77]. Exogenous application of auxin or its inhibitors results
in irregular cell shapes and inhibit lateral organ formation, for instance in shoot
apical meristem (SAM) maintenance. The understanding of hormone regulation
and signalling in angiosperms progresses slowly due to tissue and gene network
complexity. In P. patens interfering with auxin transport via the auxin efflux protein
PIN-FORMED (PINs) knock-outs reveals the same effects on SACs as that have
been observed in Arabidopsis SAMs. Also, the interaction between core components
in auxin signalling and their response to auxin in P. patens is also conserved when
compared to Arabidopsis [78-80]. Furthermore, exogenous application of auxin
leads to termination of gametophore and differentiation into rhizoids, as it happens
with shoots and roots in Arabidopsis [81]. In protonema cells, PIN-mediated auxin
transport is essential for the chloronema-to-caulonema transition. When PINs are
overexpressed, tip auxin levels deplete, which results in cell fate transition inhibi-
tion, while the PIN knock-out mutants show a faster transition from chloronema
to caulonema [82]. Despite of these similarities, it has been shown that mosses
may not weave their architecture with PIN-based transport as angiosperms do. On
the contrary, they require bi-directional auxin transport to generate the observed
patterns of shoot branching, as was confirmed by modelling and empirical evidence
[83]. It derives that plasmodesmata-based transport may play a key role, which
renders cell-to-cell communication essential in plant architecture definition and has
not been reported in angiosperms [83].

Cytokinins and strigolactones also influence plant architecture, both in angio-
sperms and mosses. The levels of cytokinin are high and precisely distributed in
the central stem cell region of SAM in angiosperms to maintain stemcellness [84].
In the root apical meristem, auxin and cytokinin act antagonistically in meristem
size control, but its levels, distribution and interaction in P. patens single apical cell
environment are unknown. Despite that, both hormones are present in this moss
and are likely to play a role. The application of high concentrations of cytokinin in
culture causes ectopic shoot formation and inhibition of leaf formation [83, 85].
Also, in gametophore development, cytokinin inhibits rhizoid formation by oppos-
ing auxin, like in roots of Arabidopsis. As expected by this homologous functional-
ity, the mutants that stimulate cytokinin degradation lead to a strong increase of
rhizoids in both number and length [86]. The last mentioned hormone, strigolac-
tone, is reported to inhibit shoot branching in angiosperms and its localisation is
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restricted to the base of shoots. The same compound is able to stimulate the pattern
of shoot branching in P, patens. In filamentous tissues, strigolactone is produced to
inhibit chloronema branching and to regulate the colony extension [15, 87].

As shown, many processes that define plant architecture are regulated in similar
ways both in angiosperms and mosses. However, mosses offer a reduced gene
network and regulation complexity that facilitates the analysis of hormone func-
tions in the related developmental processes. Furthermore, subcellular and tissue-
level transport and distribution of hormones can be best visualised in their simple
plant bodies. In such plant models, new hormone functions will prove to be easier to
study and translate to agronomically relevant plants.

3. Protocols and tools

Many valuable online resources with information on protocols, stocks, tools and
genetic information have been exhaustively compiled elsewhere [11]. Hereby, we
provide some additional information and summary of the essentials of research in
P, patens.

3.1Imaging
3.1.1 Accessibility

The small size and simple architecture of moss organs allows detailed micro-
scopic visualisation easy to accomplish in almost all tissues. The strings of cells in
protonema and their branching is trivial to closely visualise, and the transition
to gametophores can be well tracked until the stem-like centre becomes slightly
thicker than a dozen of cells and grows out of the plane. From it, the leaf-like
structures (phyllids) have only one cell of thickness except in the midrib and can
be tore apart for up-close visualisation. The terminal sexual organs (antheridia and
archegonia) have a 3D structure that is easy to fully dissect or directly visualise due
to their monolayered sack structures. The subsequently developed spore-bearing
containers (sporangia) are full of single-cell spores [4].

This miniaturised body renders mosses accessible systems for the study and
dissection of cell and molecular biology that require close monitoring in time and
space. Such studies greatly benefit of accessibility to single cells in their context for
observation of subcellular responses iz vivo, e.g. protein localization, cytoskeleton
rearrangement, and cell divisions along the developmental progress in a better
resolution than most other multicellular plant tissues.

3.1.2 Reporter or marker lines

In P, patens, fluorescent marker lines that label different organelles (e.g. ER,
chloroplasts, mitochondria, peroxisomes, Golgi apparatus, vacuoles, and nucleus)
are available. In addition, given the predictable division patterns of the protonema
tip cells, P. patens has been extensively used to investigate mitosis. Therefore,
marker lines containing fluorescently labelled proteins such as several micro-
tubule-associated proteins relevant to cell divisions were generated for mitosis
imaging. Other published reporter lines show the concentration of the hormone
auxin (DR5, GH3 and R2D2), cell identities, like protonema-specific proteins
(RMO09 and RM55) or mature rhizoids (RSL1,2), and developmental switches such
as 2D-to-3D transition markers. In Table 1, references to all these reporters are
indicated.
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Visualised Fusion/Target Purpose Reference
Nucleus NLS4-GFP-GUS Nuclear localisation [21]
Endomembrane Endoplasmic reticulum [11]
system a-1,2-mannosidase Golgi apparatus imaging [88]
Targeting signal type 1 Peroxisome imaging [88]
(SKL)
Mitochondria Cytochrome c oxidase Mitochondria imaging [88]
Cytoskeleton LifeAct Actin cytoskeleton [89]
Tubulin Microtubule cytoskeleton [90]
MAP65 Antiparallel Microtubule- [91]
microtubule contacts
Kinesins [90]
Plasma membrane SNAP-TM-mCherry Membrane tracking [21]
Auxin pDR5v2:GFP-GUS Aux. induced fluor. [92]
GH3:GFP-GUS Aux. induced fluor.
R2D2 Ratiometric induction
Protonema pRMO09:NLS4-GFP-GUS Protonema identity reporting [29]
pRM55:NLS4-GFP-GUS Protonema identity reporting
Table 1.

Compilation of key molecular reporter lines published in litevature to study cell and developmental processes in
P. patens.

3.1.3 Microfluidics

Despite the advantageous physiological features of P. patens, observing cellular
and subcellular processes with high resolution and for long periods of time is chal-
lenging. Traditionally, monitoring the intrinsic changes involved in regeneration,
tip growth, bud formation, gametophore development and phyllid development,
such as cytoskeleton organisation, protein distribution, organelle location, etc. has
been done in glass-bottom petri dishes for as long as culture media could sustain,
or in coverslip-sandwich sample preparations for up to few hours, due to lack of gas
exchange [16, 37, 93-95]. However, the advent of microfluidics for bioimaging offers
a new tool to overcome some limitations.

Microfluidic devices are transparent and flexible structures commonly produced
using the biocompatible and air-permeable polydimethylsiloxane (PDMS) polymer.
In biology, they have been used for study and imaging of cell and tissue develop-
ment iz vivo, including 3D development. For instance, it has been beneficial for
high-throughput Arabidopsis root research [96]. Remarkably, the growth fashion
of the pollen tube and the embryo development in Arabidopsis or the protonemal
growth and early gametophore development of P. patens are ideal candidates for
high-throughput and high-resolution imaging in microfluidic devices with light-
and fluorescence-based microscopies [93, 97].

Until now, P, patens-tailored microfluidic devices have proven to be a reliable
system for the monitoring of previously mentioned processes, as they offer tracking
for up to weeks thanks to the air-permeability and possibility to refresh the media
by circulating it from a reservoir [16]. Furthermore, it is then possible to introduce
chemical agents or co-culture other organisms to image their cytological and gene
expression effects on the plant over long periods of time [93]. The close tracking
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allows for quantitative cell measurements such as biomechanic parameters, growth
rate and size of different tissues, frequency and geometry of divisions, developmental
time and pace studies, etc. Microfluidic devices can capture subtle phenotypes of
mutant lines for full analysis and high-quality phenotype reporting [16, 93].

3.2 Manipulation
3.2.1 Forward genetics

Some groups carried out forward genetic screening by X-ray or chemical muta-
gens that generated mutants with hormone resistance or abnormal tropic responses
[85, 98]. However, due to the lack of genomic information, the disrupted genes that
caused the phenotypes were never identified.

Recently, the completion of genome sequencing and the establishment of its
genetic mapping tools removed the obstacles in the forward genetic screening of
P, patens. To establish genetic mapping, two genetically divergent ecotypes of P
patens, Gransden and Villersexel were used [99].

With this genetic mapping resource, in the past few years, researchers started
to perform forward genetic screening by treating protoplast with UV light. In
such screenings, mutants with phenotypic defects were successfully obtained and
the causal lesions were identified by outcrossing and whole genome sequencing.
Notably, essential genes that are crucial for growth may not be identified due to the
lethality of their knock-outs; therefore, conditional screening was performed to
overcome this problem. After the UV light treatment, plants were cultured under
different temperatures and in such conditions, plants showed growth defect only in
high temperature were selected as a temperature-sensitive mutant [100].

Another screening aimed to discover genes that are essential for the 2D-to-3D
transition is also limited by developmental defects, given that mutants in this process
cannot produce gametophores necessary for sexual crossing. To overcome this prob-
lem, instead of crossing, researchers generated somatic hybrids between Villersexel
mutants and Gransden wildtype, which produced diploid sporophytes [34]. Spores
released from this hybrid sporophyte exhibited consistent phenotypic segregation
ratio with meiosis. Mutant plants generated from these diploid spores were sequenced
and genomically mapped to achieve the identification of new crucial genes for moss
2D-to-3D transition (e.g. NO GAMETOPHORES 1 and 2, or NOG1, NOG2).

In addition to UV light, tobacco Tnt1 retrotransposon was used to produce inser-
tional mutations in genic and GC-rich regions [101]. Both PEG- or Agrobacterium-
mediated transformations were applied and successfully produced mutants.

3.2.2 Gene identification

P, patens was the first moss fully sequenced. Organelle genomes were sequenced
in 2003 (plastids) and 2007 (mitochondria) and nuclear genome in 2008, with the
latest fully annotated revision made and genetic mapping obtained in 2018 [47]. This
information and the molecular tools available allow targeted mutagenesis to dissect
functions of genes of interest. Additionally, full genome structure and SNP variation
between four main ecotypes (Gransden, Reute, Villersexel and Kaskaskia) was reported
in 2017, completing the toolbox for reverse genetics and bioinformatics research.

3.2.3 Neutral locus integration

The integration of DNA constructs (including promoter, gene of interest and
selection cassettes) necessary to produce transformants with stable expression and
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Locus Vector Purpose Reference
PIG1 locus pGX8 XVE inducible overexpression [102, 103]
pGG626 XVE inducible RNAi expression

Pp108 locus pUGGi Constitutive RNAi expression [104]

Pp108 locus pTH-Ubi-Gate Constitutive expression by the maize [105]

Redundant copy of the pTK-Ubi-Gate ubiquitin promoter

ARPC2 gene

Redundant copy of the pTZ-Ubi-Gate

ARPC3 gene

PTA1locus pT10G Overexpression by EFla promoter [106]

BS213 locus pMJ1 [107]
Table 2.

A compilation of vectors designed to target proven neutral loci in P. patens.

non-disrupting phenotypes requires targeting of neutral loci that do not intrinsically
produce a phenotype when disrupted, often due to gene redundancy. In Table 2, there
are several standard neutral loci indicated which reportedly showed no visible pheno-
types or morphological defects when it is replaced by an entire gene expression cassette.

Currently there are several vector sets released to specifically target neutral loci,
that contain their flanking regions homologous to parts of the locus at start and end
of the vector. Cloning the gene of interest in between readily allows replacement
of the targeted locus with the entire cassette via homologous recombination (see
section Homologous recombination).

In P. patens, the gene loci have three commonly seen annotations in literature.
The first and standardised since 2017 (with the third chromosome annotation
version) is PpGeX_uuyyyVn.m, where G is the genome release version (version 3),
¢ stands for chromosome, X stands for chromosome number (from 1 to 27), and
uuyyy is an arbitrary flexible number that indicates the exact locus; V stands for
version, n for annotation version and m for locus version. Previous nomenclatures
and equivalences can be found elsewhere [108]. In Table 2, loci are named as the
original publication for traceability.

3.2.4 Homologous recombination

P, patens possesses an extremely high capacity of homologous recombination, which
allows researchers to alter moss genomic DNA in any desired endogenous locus [14].
A common workflow is gene deletion by replacement with an antibiotic cassette. Also,
protein localization studies with endogenous expression level is easily achieved by
fusion of the fluorescent gene reporter sequence right after the target gene. Some vector
sets for knock-out and knock-in to edit moss genome have been established and can
be requested from several research groups (see Table 2) [11, 109]. Due to the ancestral
genome duplication events in moss evolution, there is high functional redundancy of
several gene families that decrease the risk of unwanted ortholog disruption.

3.2.5 Targeted double strand break and divected repair (CRISPR/Cas9)

The game-changing CRISPR/Cas9 method has proven an efficient and effective
tool in P, patens to achieve large deletions, localised knock-in and point mutations
[110, 111]. Transient transformation, flexibility of selection strategy and easy
cloning workflow has rendered CRISPR/Cas9 transformation an established tool for
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P, patens research. Two groups developed whole CRISPR/Cas9 platforms indepen-
dently with high editing efficiencies.

In Nogué’s lab, a co-delivery method was developed where each element of the
system (Cas9, sgRNA and selection cassettes) was present in a separate plasmid. In
this method, Cas9 expression is driven by an actin promoter and ready to use as is.
The selection strategy can be chosen freely due to the lack of integration, minding
the presence of resistance in the background lines. This method is also suitable for
multiple mutations in different genes at once, given that more than one sgRNA plas-
mid can be simultaneously delivered in one transformation with still sufficiently
high efficiencies of transformation [110].

In Bezanillas lab, a whole set of gateway destination vectors for CRISPR/Cas9
system was developed. The strategy was to design a vector set to finally put all
the three essential components (Cas9, sgRNA and selection cassettes) in a single
expression plasmid. In both protocols, the sgRNA can be designed and optimised
using the online design tool CRISPOR V1 against P. patens genome Phytozome
Vi1 [112].

To increase the accuracy of mutations, the CRISPR/Cas9 system is applied with
a homology-directed repair (HDR), which allows for seamless knock-in or point
mutation in desired sites. The template DNA can be a donor plasmid that harbours
homologous fragments or oligodeoxynucleotides (ODNs) [111, 113]. By co-
transforming the plasmid or ODNs together with CRISPR/Cas9 and sgRNA vectors,
both methods show high accuracy to generate a desired point mutation or scarless
insertion with a fluorescence tag at any suitable location of the gene.

3.2.6 RNA interference

Given that moss possesses a relatively big gene family, arguably due to its double
genome duplication, the employment of gene deletion strategies might be inef-
ficient to investigate gene functions due to the high redundancy rate (e.g. there are
four ROP genes with highly homologous or identical sequences) [38]. For this, RNA
interference (RNAI) strategies offer an alternative to overcome this problem, and
the procedure has been well-established.

To generate an RNAi construct for a gene of interest, a DNA sequence of 300
to 1000 bp is subcloned in a destination vector. After standard PEG-mediated
transformation, the silencing effect can be detected after 24 h and last up to 3 weeks
[104]. To avoid lethal effects when constitutively expressing interfering RNA,
an oestradiol-inducible RNAi system is available [102]. Coupling RNAi silenc-
ing activation with fluorescent reporters facilitates screenings of loss of function
phenotypes [104].

3.3 Transformation

Standard transformation protocols have been applicable to P. patens for along
time. In Table 3, three methods are shown, with key protocol references for their
experimental application. The most essential step after transformation is pheno-
typic characterisation, that is often performed at the colony level (as it is derived
from the microscopic phenotypes). Some phenotypes that must be compared with
the reference wild type ecotype include colony size, shape, colour, texture, gameto-
phore count and ratio of gametophore number to colony surface. In the microscopic
level, protonemal parameters such as chloronema and caulonema cell length, thick-
ness, growth rate and transition and ratio of one to the other are valuable indicators
of several hormone and developmental processes. Naturally, the phenotyping
should include characteristics associated to the process of study.
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Strategy Highlights Reference

PEG/Mannitol One to two round selection, 10% of transformants, [114-117]
3-4 weeks for stable transformants

Agrobacterium tumefaciens Four-round selection, 100% positive transformants, [118]
12-16 weeks

Particle bombardment Easy to conduct; less used. [119]
Transient and stable DNA integration.

Table 3.
Summary table of the classical and curvent transformation techniques and reference protocols for application.

4. Beyond P. patens

Due to their accessibility, tractability and close yet independent phylogenetic
position, the interest in Bryophytes has increased dramatically in the last decade
[1]. Beyond P, patens, mosses have garnered special interest for their physiology and
development, involvement in carbon sequestration, abiotic stresses management
and biotic interactions. Eight species have had their nuclear genome sequenced and
drafted in the last few years, and at least thirteen others are currently being sequenced
[120-127]. Furthermore, the mitochondrial and/or plastid genomes of more than
forty other moss species (not cited) has been published in the last six years, which
may precede their nuclear genome study as with P. patens. This level of knowledge is
an essential tool to dissect the molecular basis of processes under study, and the recent
and future increase in the availability of this information is going to dramatically
accelerate research in mosses, among other bryophytes [128]. In this section, a collec-
tion of mosses at the frontier of moss cell and molecular research are highlighted for
their ecological relevance, distinct physiology and genetic composition, among others.
We believe these will be the next generation of mosses for research that will provide
new insights in plant research beyond P, patens in the coming years.

4.1 Ceratodon purpureus (Hedw.) Brid.

The fire moss C. purpureus (Dicranales, Bryopsida) is a cosmopolitan species that
thrives in diverse ecosystems, including hostile post-wildfire or heavy metal-contam-
inated areas, and those with high radiation and freezing temperatures [129, 130]. The
life cycle of this moss involves male and female haploid individuals due to the pres-
ence of sexual chromosomes. Consequently, it has become a reference for dioecious
reproduction and sexual dimorphism, with some developmental differences in sexual
and non-sexual features [131, 132]. In 2021, male and female nuclear annotated
genomes were published, making Ceratodon the third sequenced moss genus [127].
Furthermore, gene targeting in this species has been proven effective, providing all
the basic tools for cell and molecular biology research [133]. Importantly, the similar-
ity of growth fashion between C. purpureus and P. patens will provide a new reference
to study the discussed developmental processes in higher depth.

4.2 Hypnales W.R. Buck & Vitt

The Hypnales (Bryopsida) are the biggest and most diverse order of mosses
with varied morphology, and mostly exhibit pleurocarpous (i.e. non-erect) growth
fashion. It includes Fontinalis antipyretica Hedw., Pleurozium schreberi (Brid.) Mitt.
and Calohypnum plumiforme (Wilson) Kucera & Ignatov, the genome sequences
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of which have been published in the last two years [123, 125, 134]. P. schreberi is
attractive due to its documented symbiotic relationships with N,-fixing cyanobac-
teria and C. plumiforme for bryophyte-exclusive biosynthetic gene clusters research
[123, 134]. As pleurocarps, all of them exhibit a non-erect plant architecture that
suggests an adapted regulation of stem development.

Remarkably, the common aquatic moss F. antipyretica is a globally distributed species
and serves as a reference organism for the study of land-to-water habitat reversal and its
genetic basis. From the developmental processes’ perspective, this moss has a distinct
interest due to its tristichous phyllotactic pattern (120° rotation from organ to organ)
that can serve as a reference in the investigation of genetic regulation of asymmetric cell
divisions in the shoot apical cell at the gametophore apex (see Figure 1) [24].

4.3 Sphagnum L.

The genus Sphagnum (Sphagnales, Sphagnopsida) plays an important ecological
role in the climate change situation, as its species are important carbon fixators.
For this reason, The Sphagnome Project was created in 2018 in the aim to sequence
fifteen species across the genus [124]. At this moment, the genomes of Sphagnum

fallax and Sphagnum magellanicum have been published [124]. From the develop-
mental point of view, Sphagnum spp. are attractive due to their branching game-
tophores and subsequent implications in lateral shoot meristems and phyllotaxis,
which is different from P. patens and C. purpureus. Furthermore, Sphagnum spp. do
not show rhizoids and some species are mostly or fully aquatic, serving as models
for land-to-water reversal. Remarkably, Sphagnum spp. do not develop filamentous
protonemata as most mosses, but thalloid protonemata (i.e. disk-like, bidimen-
sional), as that of liverworts [135].

4.4 Polytrichopsida Doweld

The moss class Polytrichopsida is the second biggest (~200 species) after
Bryopsida (~11500 species), and its species have unique morphological character-
istics that make them uniquely interesting for developmental biology [5]. Despite
mosses being regarded as avascular plants, some exhibit hydroids and leptoids, a
functionally analogous tissue to tracheids and sieve elements of vascular plants that
slightly differs morphologically and developmentally. Polytrichopsida has several
genera with such structures, in some cases underdeveloped and, in others, completely
functional, like in Polytrichum and Dawsonia, with up to 65-cm tall gametophores
[5, 136]. This distinct characteristic suggests that xylem-like structures evolved
independently and thus the genetic and molecular machinery necessary to its
development may have similar origins to that of fern, gymnosperm, and angiosperm
vasculature. Another attractive feature of several genera of Polytrichaceae is the
perpendicular lamellae on the unistratose phyllids, that represents an increase in
leaf complexity and has proven to be an alternative evolutionary path for increased
photosynthetic capacity.

Despite its potential to provide valuable insight, genetic tools have barely been
developed for this taxon, but full mitochondrial and plastid genomes have recently
been published for Polytrichum commune, a cosmopolitan species ~10 cm long that
has a complete stem vasculature [137, 138].

4.5 Other mosses

The desert moss Syntrichia caninervis Mitt. (Pottiales, Bryopsida) is the first out-
standing example of dessication-tolerant moss to have its genome sequenced [126].
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This genome will provide tools to dissect the development of the unique sub-micron
structures of its phyllids that stimulate water capture and what genes are involved in
the asymmetric growth and divisions necessary for this structure [139].

The heavy metal-tolerant moss Scopelophila cataratae (Mitt.) Broth. (Pottiales,
Bryopsida), capable of thriving in copper-rich environments, has had its genome
drafted (unpublished, 2016) and CRISPR/Cas9 mutagenesis demonstrated [121].

Funaria hygrometrica Hedw. (Funariales, Bryopsida) is evolutionary close to P
patens, and they have virtually identical morphology at the gametophyte genera-
tion, but remarkably different sporophyte generation. F. hygrometrica has a longer
seta, different mechanisms and regulation of spore release [140]. However, the
level of difference in their transcriptome is unexpectedly high and transcripts
seem to be shifted in expression time but not in sequence. The recently published
genome may allow investigate how time-shifted expression of regulators impacts
morphology [120].

5. Conclusions

We have shown how mosses are an increasingly relevant model group to plant
developmental biology due to their distinct accessibility at physiological and
molecular level. Their evolutionary distance with agronomically relevant plants
does not diminish their potential to help to understand fundamental questions of
development that remain unsolved, given that most essential regulatory networks
are conserved. This has been shown in the hormonal regulation of branching and
shoot and root development, regeneration, the establishment of shoot apical cells
and the genetic make-up in 2D-to-3D transition. The utility of mosses has con-
vinced the scientific community to the point of promoting the sequencing of eight
new species to explore other physiological processes in the last few years. We have
also shown how Physcomitrium patens is a workhorse in cell and molecular biology
of plants, and provided evidence that it is likely to become a standard tool of plant
developmental biology together with a number of other mosses.
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Abstract

Maize leads the world’s cereals after wheat and rice in terms of cultivated area,
because of its economic importance for the production of both food purposes
and raw materials for industry. The maize genus Zea L. belonging to the family of
cereals (Poaceae or Graminaceae) includes six species. However, all cultivated maize
belongs specifically to Zea mays L. subsp. mays (2n = 2x = 20) is the only cultivated
species of the genus Zea L., and the remaining species of this genus are mostly wild
herbaceous plants. In addition to meeting the nutritional needs of the world’s popu-
lation, Zea mays L. is one of the classic model objects of genetic and physiological
research, as well as in the field of breeding not only cereals but also other important
agricultural plants. Especially, this model object has been used in genetic mapping
of loci of quantitative traits and genes associated with economically valuable traits,
such as yield, resistance to diseases and pests, grain quality, etc. in cereal crops.

Keywords: Zea mays L., hybridization, cytoplasmic male sterility, QTL, mapping,
GWAS

1. Introduction

Due to the constant growth of the world’s population, the demand for high-
calorie foods is increasing. Although maize was developed as an American crop, it
is now grown all over the world and today it has become the third most important
food crop after wheat and rice [1, 2]. Maize is the world’s leading cereal after wheat
and rice in terms of sown area, as currently makes up about 21% of the human diet
worldwide and more than 500 different staples and additives are produced from it
(FAOSTAT data). According to the International Grains Council (IGC), the corn
grain harvest in 2021 was about 1.12 billion tons.

A special role in the genetic analysis is played by model objects, by working
with which the researcher can significantly speed up and facilitate the process of
analysis. Maize (Zea mays L.) is one of the main classical models for fundamental
research in the fields of plant genetics and breeding. Especially, this model object
has been used in genetic mapping of loci of quantitative traits and genes associated
with economically valuable traits, such as yield, resistance to diseases and pests,
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grain quality, etc. in cereal crops. Since its chromosomes are easily analyzed under
an optical microscope, maize is also suitable for plant cytogenetic analysis. The
simplicity of castration (removal of male inflorescences—panicle), the presence
of mutations that cause male sterility, the possibility of setting seeds both during
cross-pollination and during self-pollination, the presence of a huge number of
various mutations facilitates hybridization.

The genus Zea L. from the grass family (Poaceae or Graminaceae) is represented
by four diploid (2n = 2x = 20) and one tetraploid (2n = 4x = 40) species;

1. Zea diploperennis—diploperennial teosinte,

2.Zea luxurians—teosinte,

3. Zea nicaraguensis,

4.Zea mays L.—corn are diploids, and

5.Zea perennis—perennial teosinte is a tetraploid species.
In turn, Zea mays L. is divided into three subspecies, such as,
1. Zea mays subsp. huehuetenangensis—maize,

2.Zea mays L. subsp. mays and

3.Zea mays subsp. parviglumis.

Aswell as there are three subspecies including

1. Zea mays subsp. mays—corn,

2.Zea mays subsp. mexicana (Schrad.), and

3.Zea mays subsp. parviglumis.

All species belonging to the genus Zea L. cross with other maize diploid species,
except the perennial tetraploid Z. perennis. While, the diploid maize and its wild rela-
tive, teosinte Zea perennis (Hitchc.) Reeves & Mangelsd, readily intercrossing [3].

Maize (Zea mays L. subsp. mays) is the single cultivated species of the genus Zea
L. The genome size of the diploid maize species ranges from 2.2 to 2.7 GB, includ-
ing approximately 32.000-42.000 protein-coding genes [4, 5]. The first tetraploid
species of Zea mays L. was obtained by Randolph (1932), using the heat shock
method [6]. The tetraploid species is characterized by the strong development of all
plant organs, resistance to abiotic and biotic environmental factors, and increased
content of nutrients compared to diploid species [7].

Currently, genetic, chromosomal, genomic, and cytoplasmic modifications
have been identified in maize, in particular, gene mutations have been best studied
[4, 8, 9]. Especially, the genes that control the behavior of chromosomes in mitosis
and meiosis, enzyme systems, the formation of chlorophyll and other pigments
have been studied and described; structures and functions of vegetative organs,
structure, and color of the endosperm, regulatory systems responsible for the
mutability and expression of other genes, for the development of various elements
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of the reproductive system, which determine male and female sterility, selective
fertilization, etc. [4, 8, 10].

Moreover, in maize were found and well-studied spontaneous and induced
chromosome rearrangements such as deficiencies, translocations, duplications, and
inversions [4]. In recent years, translocations have been widely used in maize to
determine linkage groups [8].

Since the discovery of polyploidy forms of maize, many of them have been well
studied. They are found in the aneuploids—trisomics, and monosomics in maize
[8]. On maize, cytological evidence of crossing over was obtained for the first time
in plants and mobile genetic elements were discovered [8, 11]. It studied the influ-
ence of long-term inbreeding and the effects of heterosis in plants and developed
hybrid breeding techniques based on obtaining and crossing pure lines (interline
and double interline hybrids); cytoplasmic mutations are well studied, especially
mutations associated with cytoplasmic male sterility (CMS), the use of which is
one of the achievements of maize genetics and plant genetics in general.

2. The origin and evolution of maize

Even though the origin of maize has been studied in-depth, it remains contro-
versial. Prehistoric breeder practitioners who cannot live and reproduce in their
current form without human help [12] domesticated maize (Zea mays L.). After
the American continent was discovered, it became clear that corn was the staple
food of the endemic Indians on the continent. According to several authors, maize
was introduced into cultivation 7-12.000 years ago in the territory of southwestern
Mexico. Cave excavations in arid regions of Mexico have unearthed small grains of
corn grown for food 5.000 years ago [13]. The oldest finds of cultivated corn kernels
were discovered in the caves of Gwila Nakitz and Tehuacan, located in the north-
western state of Oaxaca and the southeastern state of Puebla in central Mexico. In
addition, according to archaeobotanists Ranere et al. (2009), the first straight there
is evidence that maize was domesticated about 8.700 years ago in the Balsas region
from the wild teosinte plant [14].

Taxonomic and evolutionary studies indicate that the teosinte is the closest
wild relative of four annual and perennial maize species of the genus Zea L. [3].
However, according to the authors, some species of teosinte are genetically and
taxonomically differing from Zea mays L. While, in the study of maize genetics,
researchers consider teosinte to be an important resource.

Thus, according to archaeobotanical findings and the results of traditional ana-
lyzes [12, 13], there are various theories about the origin of Zea mays L. ssp. mays:

1. As aresult of the selection of the wild subspecies Zea mays ssp. parviglumis.
In addition, due to the possible introgressive hybridization with the ancestral
form Z. mays ssp. mexicana, the genetic material of up to 12% of cultivated

form might be obtained from this subspecies.

2. Caused by the hybridization of small cultivated wild form with another species
of this genus—either Z. luxurians or Z. diploperennis.

3.0One wild form has been introduced into the crop several times.

4.From the hybridization of Zea diploperennis with some representatives of the
closely related genus Tripsacum.
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3. Maize polyploidy studies

Polyploidy or whole-genome duplication (WGD) is considered as a major
process in plant evolution. A polyploidy event 160 million years ago is theorized to
have created the ancestral line that led to all modern flowering plants [15]. Genome
duplication is categorized into two events paleopolyploidy (ancient polyploidy) and
neopolyploidy (recent polyploidy). Ancient genome duplications are widespread
throughout eukaryotic lineages, particularly in plants. Paleopolyploidy has occurred
at least several million years ago. Both phenomena, ancient and recent polyploids
could occur through the doubling of the genome of single species (autopolyploidy)
or combining genomes of two different species (allopolyploidy).

According to the maize DNA sequence data, the genome duplications event
occurred after the divergence between sorghum and maize [10]. The duplications
event that happened approximately 11.4 million years ago resulted from an ancient
polyploid [16]. The maize WGD resulted in the subgenomes maizel and maize2
[17]. Polyploids are found almost in all groups of eukaryotic organisms as a result
of incorrect meiosis, fertilization, or cell division [18]. Polyploids can be obtained
experimentally by treatment with chemicals such as colchicine, oryzalin, trifluralin
and amiprophosmethyl or by combining diploid nuclei.

Niazi et al. (2014) have studied induced polyploidy in maize hybrids to increase
heterosis and restore reproductive fertility [19]. The seeds of open-pollinated maize
breeding lines and a maize x teosinte cross were germinated in colchicine solution (0.25,
0.5, or 1.0%) until they had a thick radical and protruded plumule. The highest number
of tetraploids with the lowest number of chimeric plants induced at 0.5% colchicine.
Scientists have reported that the leaf area, total soluble solids, leaf oil percentage, and
leaf crude protein contents were significantly increased in leaves of the induced tetra-
ploids of maize and maize x teosinte crosses relative to the diploid subspecies.

Igbal et al. (2018) have conducted research aimed to clarify the mysterious
meiotic behavior of autopolyploid and allopolyploid maize [20]. Scientists have
explored the stability of the chromosomes during meiosis in both auto- and allo-
polyploid maize. Furthermore, they have identified an association of chromosomes
between maize and Z. perennis by obtaining a numerous of auto- and allopolyploid
maize hybrids. The results showed a higher level of chromosome stability in allo-
polyploid maize during meiosis than in autopolyploid maize. Additionally, the
meiotic behavior of Z. perennis was relatively more stable than the allopolyploid
maize. As well as, 10 chromosomes of maize “A” subgenomes were homologous to
20 chromosomes of Z. perennis genome with little evolutionary differentiation and
a higher pairing frequency. However, “A” subgenome chromosomes have shown a
little evolutionary differentiation, while “B” subgenome chromosomes had a lower
pairing frequency and higher evolutionary differentiation in maize.

The diversity analysis of wild relatives of maize showed that various genes have
different histories and domestication such as intensive breeding processes have had
heterogeneous effects on genetic diversity across genes [10].

4. Maize is a model in genetic mapping studies for cereal crop
improvement

4.1 QTL mapping and GWAS for dissecting genetic architecture of complex
traits

A quantitative trait is a measurable phenotype and varies continuously among
individuals in a population. Quantitative trait loci (QTL) are genomic regions
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in which genetic segregation within a population is statistically associated with
variation in a quantitative trait. Genetic mapping of QTL is a process of locating
genes with effects on quantitative traits using molecular markers. QTL mapping is
a powerful method for improving agricultural crops, which allows using marker-
assisted selection technology to introgression the genes of interest from one geno-
type to another [21].

QTL mapping and genome-wide association study (GWAS) both are similar and
they typically measure the associations between genotype and phenotype [21, 22].
GWAS is a powerful tool for dissecting the genetic architecture of complex traits in
many crop species [22-24]. The main goal of GWAS is to link genotypic variations
with phenotypic differences. With the development of whole-genome sequencing
technology and high-density single-nucleotide polymorphism (SNP) BeadCap,
GWAS has also begun to be widely used to identify candidate genes that control
quantitative traits in crops [22].

Maize is a suitable crop for the GWAS approach and considerable progress has
been made over the last decade [25]. GWAS has been successfully used in maize
to detect a great many candidate QTL/genes attending to control diverse morpho-
biological and economically important traits, such as salt [26-28] and drought toler-
ance [8, 23, 29-31], kernel traits [32-36] and many other traits of interest. GWAS
facilitates to achieve advances in current studies in quantitative genetics.

4.2 Genetic analysis and fine mapping of QTL for kernel traits

Grain traits are the most important in maize commercialization over the world.
Kernel sizes and weight are major traits for grain yield in maize. Liu et al. (2014)
was conducted the genetic analysis and identified major QTL for maize kernel size
and weight [37]. They have identified a total of 55 and 28 QTL of maize kernel-
size traits and kernel weight using composite interval mapping (CIM) for single-
environment analysis along with mixed linear model-based CIM for joint analysis,
respectively.

Wang et al. (2020) have conducted QTL analysis and fine mapping using a com-
posite interval mapping (CIM) method aimed to map QTLs and predict candidate
genes for kernel size in maize [38]. Five QTL were identified for kernel length and
five QTL for kernel width out of 10 QTL.

Pan et al. (2017) reported the results of QTL mapping in six environments and
consensus loci for grain weight detected by meta-analysis [39]. Subsequently, a
meta-analysis was performed and 62 QTLs were determined for grain weight, ear
weight, and kernel weight per plant in six environments.

Li et al. (2010) have carried out QTL mapping for grain yield and yield com-
ponents under high and low phosphorus treatments in maize [40]. 69 QTL were
identified for the six traits at two sites. Thirty-six distinct QTL were identified from
Taian, in which 7 out of 36 for grain yield, 7 for 100 kernel weight, 5 for ear length,
5 for per ear, 6 for kernel number per row, and 6 for ear diameter, while 33 distinct
QTLs were identified at Yantai, in which 6 out of 33 for grain yield, 5 for 100 kernel
weight, 5 for ear length, 7 for row number per ear, 5 for kernel number per row and
5 for ear diameter.

Liu et al. (2020) have identification of QTL for kernel-related traits and the
heterosis for these traits [34]. They developed and evaluated 301 RILs population
for six kernel-related traits and the mid-parent heterosis (MPH) for these traits. A
total of 100 QTLs were identified in both mapping populations. As well, 20 QTL
clusters including 46 QTLs were identified across ten chromosomes. These results
may provide additional insights into the genetic basis for the mid-parent heterosis for
kernel-related traits.
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Liu et al. (2015) conducted a genetic analysis of kernel traits in maize-teosinte
introgression populations [33]. Scientists have analyzed kernel morphological traits
in 10 maize-teosinte introgression populations using digital imaging software.
QTLs were identified for kernel area and length with moderate allelic effects that
colocalize with kernel weight QTL.

Another group of researchers has conducted linkage and association mapping
aims to the analysis of the genetic architecture of maize kernel size [34]. Three
kernel traits of maize, kernel length, kernel width, and kernel thickness, were
studied in germplasm accessions and a biparental population. A total of 21 SNPs
were identified under four environments. Besides, 50 QTL were determined in
seven environments doubled haploid population. Combining the two mapping
populations revealed that 56 SNPs fell within 18 of the QTL confidence intervals.
A total of 73 candidate genes were detected, regulating seed development. As
well, seven miRNAs were found to locate within the linkage disequilibrium
regions of the colocalized SNPs.

Jiang et al. (2013) performed a meta-analysis of 584 QTLs related to grain yield
components [41]. A total of 73 Meta-QTLs for grain yield components such as 22
QTLs for row number, 7 QTLs for kernel number per row, and 44 QTLs for kernel
weight were estimated. Another group of Chinese scientists carried out combining
meta-QTL with RNA-seq data to identify candidate genes of kernel row number
traits [42]. A total of 373 QTL for grain yield and kernel row number was meta-
analyzed. Fifty-four meta-QTL were determined, including 19 for grain yield and
35 for kernel row number. A total of 1.588 genes located in the kernel row number
meta-QTL regions were identified by gene expression data.

DNA markers associated with kernel traits could be applied to marker-assisted
selection (MAS) to facilitate yield architecture, QTL fine mapping, and gene clon-
ing in the maize community [42].

4.3 The maize multiparental populations advance mapping resolution and
power

4.3.1 Maize-NAM population as a template for other crops

Molecular mapping is typically carried out using genetically segregated F,, back-
cross (BC), recombinant inbred lines (RIL), doubled haploids (DH), and near-iso-
genic lines (NIL). These commonly used biparental populations have their weaknesses
such as lower power, limited recombination, temporary nature, the impossibility of
estimation of dominant effects, time requirement, and expense. To overcome some of
the shortcomings in quantitative trait locus (QTL) mapping in biparental populations,
schemes for creating mapping populations with multiple parental genotypes have been
developed. The genetic diversity of these types of populations along with causing a
wide range of phenotypes, it makes possible to identify QTLs with high accuracy.

The nested association mapping (NAM) population is also an example of the
experimental design for multiparental populations (Figure 1). The NAM strategy
was first developed in collaboration with researchers Buckler et al. [43] to study the
genetic architecture of complex traits of maize (Zea mays L.). It should be noted
that, unlike association mapping, NAM is a unique method that is performed only
in a specially developed population [43].

The theory of nested association mapping

The main goal of the NAM is to efficiently link phenotypic traits with genotypic
data, as in a traditional QTL mapping strategy. The NAM method with low marker
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Figure 1.
The nested association mapping (NAM) population scheme.

density, high allele richness, high mapping resolution, and high statistical power
overcomes the disadvantages of Linkage analysis and Association mapping as well
took advantages of both methods.

The NAM strategy allows researchers to effectively apply systematic methods of
genetics and genomics and create sources such as general mapping populations as
well to explore complex traits of plants at the fundamental level.

The NAM strategy involves the following stages [43]:

1. Selection of diverse founders and the development of a mapping population
(RILs with a stable set of phenotypic traits are preferred);

2.Sequencing or high-density genotyping of parental genotypes;

3. Genotyping of both the founders and the progenies with a smaller number
of tagging markers to explain the inheritance of chromosome segments and
to project the high-density marker information from the founders to the
progenies;

4. Phenotyping of hybrids/RILs for various complex traits;

5. Conducting genome-wide association analysis using genotypic and pheno-
typic data.

The maize-NAM population was developed by crossing 25 diverse founders to
a single common inbred line, B73, resulting in 5.000 RILs. Buckler et al. (2009)
reported the results of the study on the genetic architecture of flowering time using
the maize-NAM population [44, 45]. Subsequently, several NAM populations in
maize were developed such as in Dent and Flint maize [46], Chinese inbred lines
population-based NAM [47], and teosinte [48].

55



Model Organisms in Plant Genetics

UQI!I l[!l UMI UQ{QU ILEB UMU I!IQU UQﬁU
OO (IO O T
(UM I R

Figure 2.
Multi-parent advanced generation inter-cvoss (MAGIC) population scheme.

The maize-NAM design served as a model for other crops such as sorghum
[1, 49-51], peanut [52, 53], barley [11, 54-57], oilseed rape [22, 58], wheat [59-63],
rice [64, 65], soybean [66, 67] and cotton [68, 69] as well as NAM were developed
in the model plant Arabidopsis thaliana [70, 71].

4.3.2 MAGIC population with greatly reduce mating design

Over the past decade, the use of multiparental populations was increased in
plant genetic research. The two most popular multiparental population designs
in crops are NAM and MAGIC (multi-parent advanced generation inter-cross)
populations (Figure 2) [72]. MAGIC populations offer new opportunities in
genetic mapping strategies and crop breeding approaches due to their complex
pedigree structure [73]. MAGIC was first proposed and applied in mice [74], as
well as Mackay and Powell (2007), and Cavanagh et al. (2008) first discussed in
plants [75, 76]. The first plant-MAGIC population was developed in A. thaliana
parents [77].

According to the MAGIC designs [75], several inbred lines are intercrossed many
times over in aiming to assemble mosaic parental alleles in a single line (Figure1).
Two different MAGIC populations were developed in maize [78-80].

Dell’Acqua et al. (2015) produced 1.636 MAGIC maize RILs derived from
eight genetically diverse inbred lines [79]. They show how MAGIC maize may
find strong candidate genes by incorporating genome sequencing and transcrip-
tomics data. They discuss several QTL for grain yield and flowering time, report-
ing candidate genes. Anderson et al. (2018) were developed four parent maize
populations with five different mating designs used in MAGIC and bi-parental
populations including 1.149 individuals [78]. The combined population here is
comprised of 118.509 genetic markers. They conducted association mapping and
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identified 2, 5, 7, and 6 QTL for plant height, ear height, days to anthesis, and
silking, respectively [78].

5. “Omics” tools to understand molecular mechanisms of major traits
5.1 RNAi and genome editing tools for control gene expression

The possibility of using an organism’ own gene and systematically inducing and
triggering RNA interference (RNAi) for any desired sequence made RNAi an effec-
tive approach for functional genomics [81]. RNAi is a major biological process in
plants that causes gene silencing both transcriptionally and post-transcriptionally.
RNAIi has been widely used in crops since its discovery. To date, this approach
has been conventionally based on the use of transgenic plants expressing double-
stranded RNAs (dsRNAs) against selected targets [82].

Segal et al. (2003) have conducted initial studies on RNAi mechanisms in
maize [83]. They found that maize transformed RNAi constructs for 22-kD
zein gene suppression could produce a dominant opaque phenotype. This
phenotype suppresses 22-kD zeins without affecting the accumulation of other
zein proteins.

Casati et al. (2006) have conducted GWAS of high-altitude maize and gene
knockdown stocks implicate chromatin-remodeling proteins in response to UV-B
[84]. They implemented comparative analysis by expression profiling of maize
aim to determine new components in the mechanisms of maize responses to UV-B.
Microarray analysis illustrated that among the UV-B responsive transcripts, vari-
ous types of genes implicated in chromatin remodeling are differentially expressed
before and after UV-B treatment in high-altitude lines. Transgenic RNAI plants with
lower expression of four chromatin-associated genes showed hypersensitivity to
UV-B, and altered UV-B regulation of selected genes. The results showed that genes
attended in chromatin remodeling are crucial for UV-B acclimation and that some
lines illustrate adaptations to this challenge.

Besides, Casati and Walbot (2008) have reported different transcriptome
changes in RNAI lines. They used 44 K Agilent oligonucleotide array platform to
compare RNAI lines to each other and to UV-B tolerant nontransgenic siblings
both before and after 8 h of UV-B exposure [85]. Maize leaves express more than
20.000 different transcripts under greenhouse conditions; after UV-B exposure 267
transcripts exhibit expression changes in control genotypes of B73.

In recent years, RNAi research in maize has been developing rapidly. One of the
agricultural economic problem is aflatoxins that are produced by fungus species
such as Aspergillus. In spite of control efforts, aflatoxin contamination is causing
the global loss of crops productions each year. Thakare et al. (2017) have obtained
aflatoxin-free transgenic maize using host-induced gene silencing [86]. Scientists
show that host-induced gene silencing is an effective method for eliminating this
toxin in transgenic maize. They transformed RNAi-gene cassette targeting afIC
gene, which encodes an enzyme in the Aspergillus aflatoxin biosynthetic pathway to
the maize plants. The aflatoxin was not be detected in kernels of RNAi-maize plants
after pathogen infection, while toxin loads reached thousands of parts per billion in
nontransgenic control kernels. The results show that siRNA molecules can be used
to silence aflatoxin biosynthesis in maize.

Velez et al. (2020) have studied the lethal and sublethal effects of Sec23
dsRNA in maize RNAi lines to control western corn rootworm (WCR) [87]. They
determined Sec23 as a highly lethal RNAi target using WCR adult feeding assays.
Scientists explain Sec23 dsRNA as an RNAI target for planta rootworm control.
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In the last few years, new genome editing methods have emerged that use four
types of engineered nucleases: Meganucleases, ZFN (Zinc-Finger Nucleases), TALENs
(Transcription Activator Like Effector Nucleases), and the CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) system. Among model plants,
including maize, all kinds of nucleases mentioned above have been used to create
targeted genome modifications [88, 89]. For example, D’Halluin et al. (2008) reported
the first use of targeted genome modification using customizable endonucleases
in maize. They succeeded in inserting a 35S promoter upstream of a promoterless
herbicide resistance transgene using a meganuclease [90]. Later, Shukla et al. (2009)
reported the first use of ZFNs for site-directed mutagenesis at the maize IPK1 gene
as well as site-directed DNA insertion of a PAT gene [91]. Especially, among the
DNA-Free Genome Editing technologies TALEN and CRISPR/cas9 technologies, have
become powerful tools for genomic research. For the first time in maize, a group of
scientists [92] using both TALEN and CRISPR systems reported the results of site-
directed mutagenesis in maize. They designed 5 TALEN and two CRISPR construc-
tions that target three genes involved in phytic acid (PA) biosynthesis. The results of
this study served to reduce the content of PA in the seed and this led the authors to
conclude that both technologies can be used to modify the maize genome. The follow-
ing year, using this technology has been obtained the generation of stable, heritable
mutations at the maize glossy2 locus [93]. As a result of this study, transgenic plants
containing mono- or diallelic mutations were obtained with a frequency of about 10%.
However, the TALEN method is more labor-intensive, requiring more time for con-
struction than CRISPR/Cas9.

Thus, the development of the TALEN and CRISPR/Cas9 systems is an important
step in the development of modern genomic engineering. The emergence of these
systems, due to their low cost and ease of design, has become a powerful impetus
for the development of both fundamental and applied science. More precisely,
directional editing of plant genomes can be used to solve both; the study of gene
functions and obtain plants with new properties, such as resistance to pathogens,
herbicides, metabolism changes, yield indicators, etc. [94].

5.2 Maize proteomics opens the way for an insight into the biology of cereal crop

In the natural conditions of growth or cultivation of a species, plants in the process
of their growth and development are often affected by adverse environmental factors
[95]. Under the influence of unfavorable conditions, the decrease in physiological pro-
cesses and functions can reach critical levels that do not ensure the implementation of
the genetic program of ontogenesis, energy metabolism, regulatory systems, protein
metabolism, and other vital functions of the plant organism are disrupted [96].

The main feature of protein research at the end of the twentieth century is
proteomics. Since proteomics complements the research of genomics, transcrip-
tomics, and metabolomics, it plays a central role in systems biology. Over the
past three decades, significant progress has been made in the proteomic studies
of maize as a model object [97]. Maize proteomic studies can be divided into two
categories [98]:

1. Profiling (or mapping) of the identified proteins of biological material, with
the aim of separating, identifying, and cataloging as many proteins as possible,
and, thus, the most complete scanning of the expressed genome sequences in
individual representatives, at certain phases of development.

2.Functional (cell-mapped) proteomics—studies polymorphism between differ-
ent protein populations. With the help of two-dimensional electrophoresis, a
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comparative analysis of protein extracts of control and experimental plants is
carried out. Both types of analysis became more real and informative after the
sequencing of the reference genotype of maize B73 was completed [10, 98].

To date, published maize proteomic studies have used major proteomic tech-
nologies such as SDS-PAGE and two-dimensional electrophoresis (2-DE), laser
capture microdissection, a combination of 2-DE with time-of-flight mass spec-
trometry (MALDI TOF), gas chromatography-mass spectrometry technologies
[99-104]. The main proteomic studies served to study changes in the composition
of proteins under the influence of biotic and abiotic factors. For example, the
effect of salicylic acid under high-temperature stress on the growth of seedlings
and the antioxidant defense system of corn was studied [105]. In addition, the
effect of some phytohormones, such as salicylic acid (SA), abscisic acid (ABA),
jasmonic acid (JA), and methyl jasmonate (MeJA), on the protein composition of
corn roots and leaves has been studied, and their important role in plant defenses
has been proven [7, 98, 101, 105, 106].

However, despite the potential role of proteomics in advancing the study of
stress tolerance in plants (also in the model), little useful information has been
obtained so far for crop improvement and breeding [99].

5.3 Maize is a paragon for investigation of epigenetic studies

Epigenetic gene regulation is essential for the proper development of organ-
isms. Epigenetic changes such as DNA methylation, histone modification, and
RNA processing influence gene expression without changing the DNA sequence.
Epigenetic studies have been the focus of many questions in plant research over the
last decade [107]. The maize genome is relatively large and complex that includes
abundant repetitive sequences, which are regularly silenced by epigenetic changes,
making it an ideal organism to study epigenetic gene regulation. The application of
new technologies to characterize maize epigenomes allows an understanding of the
relationship between epigenetic mechanisms and genome organization [108].

Initial examples of epigenetic regulation were related to the transposable ele-
ments, starting with McClintock’s early work in the 1950s [109]. Implementation
of advanced technologies to describe maize epigenomes allows a more clear under-
standing of the association between epigenetic mechanisms and genome organiza-
tion. In maize, the genome-wide analysis of cytosine methylation was carried out
using the combination of high-throughput DNA sequencing with the enzymatic
characterization of methylated bases through bisulfite conversion. In recent years,
numerous genome-wide studies of cytosine methylation have been published in
maize [30, 80, 110-115].

Eichten et al. (2011) have studied heritable epigenetic variation among maize
inbred lines [111]. The comparison analysis of the DNA methylation degree of B73
and Mol7 maize lines permitted determining of about 700 differentially methyl-
ated regions (DMRs). Some DMRs occur in genomic regions that are apparently
identical by descent in B73 and Mol7 suggesting that they may be examples of
pure epigenetic variation. The results of this study showed the naturally occur-
ring epigenetic variation in maize, including a pure epigenetic variation that is not
conditioned by genetic differences. The identified epigenetic variation may provide
complex trait variation.

Regulski et al. (2013) present the genome-wide map of cytosine methylation for
two maize inbred lines, B73 and Mol7 [116]. Results showed that CpG (65%) and
CpHpG (50%) islands (where H = A, C, or T) are highest methylated in transpo-
sons while CpHpH methylated is likely guided by 24-nucleotide (nt), but not 21-nt,
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small interfering RNAs (siRNAs). Scientists concluded that CpG methylation in
exons (8%) may deter insertion of Mutator transposon insertion, while CpHpG
methylation at splice acceptor sites may inhibit RNA splicing. The methylation map
developed in this study will be an invaluable resource for maize epigenetic studies.
West et al. (2014) have studied the genomic distribution of H3K9me2 and DNA
methylation in a maize genome [117]. They have investigated H3K9me?2 in seedling
tissue for the maize inbred B73 and compared to patterns of these modifications
observed in Arabidopsis thaliana. This study gives a clear view of the relationship
between DNA methylation and H3K9me?2 in the maize genome and how the distri-
bution of these modifications is shaped by the interplay of genes and transposons.
Kravets and Sokolova (2020) have studied the relationship between epigenetic
variability with different individual radiosensitivity and adaptive capacity [118].
The researchers found significant differences in chromosomal aberration yield
and DNA methylation profile under control and UV-C exposure for seedlings of
subpopulations that differed in germination time. These significant differences in
the control seedlings of different germination terms show the effect of the DNA
methylation profile on DNA damage by regular metabolic factors including reactive
oxygen species or thermal vibrations. The results showed the importance of epigen-
etic factors in identifying the radio-resistance and adaptive capacity of organisms.
Han et al. (2021) have reported epigenetic links to inbreeding depression in
maize [119]. Throughout the subsequent inbreeding between inbred lines, thou-
sands of genomic regions across TPC (teosinte branched1/cycloidea/proliferating
cell factor)-binding sites (TBS) are hypermethylated across the H3K9me2-mediated
pathway. Thus, several hundred TCP-target genes attended in mitochondrion,
chloroplast, and ribosome functions are down-regulated, causing decreased growth
vigor. On the contrary, random mating can reverse corresponding hypermethyl-
ation sites and TCP-target gene expression, restoring growth vigor.
A sufficiently large and highly repetitive maize genome provides an excellent
model for other crop genomes to study gene regulation.

6. Conclusion and future prospect

More recently, plants have not played an important role in various genetic
research because of their large and complex plant genomes. The role of model
objects in understanding the patterns of historical and individual development of
organisms is exceptionally great. The choice of an object for experimental scientific
research, as a rule, becomes a separate task that requires special attention. It is
necessary to clearly understand the criteria that the object of study must meet in
order not only to solve the scientific problem, but also in its own way to facilitate the
direct setting of the experiment. Plant genetics, physiology, and biochemistry have
developed along this path, and the formation of modern sections of the biology of
individual development is proceeding along this path.

Gradual studies carried out on model objects such as Arabidopsis, tobacco,
and rice, including corn, proved that plants could also play a key role in molecular
genetic experiments. Currently, genetic, chromosomal, genomic, and cytoplasmic
modifications have been identified in maize; in particular, gene mutations have
been best studied. To date, Zea mays L. is widely used in scientific research of the
plant world. Day after day, it becomes a real classical model in plant biologys; it has
unconditional advantages in solving many current issues of genetics and individual
development of plants, including cereals. Nevertheless, world science is moving
forward and posing tasks that are ever more complex for researchers, for which
corn alone is not enough.
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Abstract

Cotton is one of the most important crops in the world. The Gossypium genus is
represented by 50 species, divided into two levels of ploidy: diploid (2n = 26) and
tetraploid (2n = 52). This diversity of Gossypium species provides an ideal model for
studying the evolution and domestication of polyploids. In this regard, studies of
the origin and evolution of polyploid cotton species are crucial for understanding
the ways and mechanisms of gene and genome evolution. In addition, studies of
polyploidization of the cotton genome will allow to more accurately determine the
localization of QTLs that determine fiber quality. In addition, due to the fact that
cotton fibers are single trichomes originating from epidermal cells, they are one
of the most favorable model systems for studying the molecular mechanisms of
regulation of cell and cell wall elongation, as well as cellulose biosynthesis.

Keywords: cotton, polyploidy, genome evolution, cotton fiber, cell elongation

1. Introduction

Currently, the cotton (Gossypium L.) is one of the most important textile crops in
the world, producing natural and quality fiber. For example, in 2017/18, the cotton
world production and use were estimated at 25.1 million tons [1, 2]. As predicted,
world cotton production will grow and reaching 26.1 million tons in 2026 [3].

The Gossypium genus is represented by more than 50 species, divided after
ploidy into two groups: diploid (2n = 2x = 26) and tetraploid (2n = 4x = 52) [1, 4].
Moreover, 45 of species are diploid, and five remained species are tetraploid [4].
Among them, the diploid species such as G. arboretum L., G. herbaceum L. and tet-
raploid G. hirsutum L. and G. barbadense L. are cultivated only [4, 5]. Consequently,
this kind of diversity of Gossypium species is a suitable model for studying the
evolution, domestication and polyploidy, also to study of ploidy effect on the most
important agronomic traits of cotton (e.g. fiber quality), as well as the expression
and inheritance of corresponding genes of interest [6].

Similar to most plants, the evolution of cotton was characterized by repeating
cycles of whole genome duplication [1, 6, 7]. At the same time, a parallel level of
cytogenetic and genomic diversity emerged during the global widespread of the
cotton, that finally led to the appearance of eight groups of diploid (n = 13) species
(groups A-G and K of genomes) [1, 6]. It should be noted that despite the existence
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of different types of polyploidy [1, 6], the most common type is allopolyploidy,
when two differentiated genomes, usually of various species, are combined in one
cell nucleus as a result of hybridization [1, 6].

Thus, allopolyploid duplication of the genome leads to numerous of molecular
genetic interactions, interlocus concerted evolution, difference of genomic evolution
rates, interlocus transfer of genetic material, and possibly to changes in gene expres-
sion [1, 6]. In addition, allopolyploidy may have stimulated the morphological,
ecological and physiological adaptation of cotton through natural selection based on
a higher level of variability such as a result of duplication of the gene set [1, 6].

For the same reasons, the genome duplication may have given new opportunity
for cotton improvement by directional selection [7, 8]. Another important aspect of
allopolyploidy is that not every allopolyploid has to strictly correspond to concept
of the simple summation of the ancestral diploid genomes. In some cases, the fusion
of two different genomes is accompanied by significant genomic reorganization and
non-Mendelian genetic inheritance as result [7, 9].

Consider to the mentioned above, we would attempt to analyze the conse-
quences of evolution of polyploids, including on genomic, epigenomic and pheno-
typic levels in this chapter.

2. Evolution of Gossypium genus

According to molecular genetic data, the history of cotton evolution has
amounted about 10-15 million years, after the Gossypium diverged from other
Gossypieae [6, 10, 11]. In the same time, the evolution of eight groups of diploid
species (genomic groups A-G and K) also occurred by the cotton widespread, that
led to the arising of parallel level of cytogenetic and genomic diversity [1, 6, 11]. It
should be noted that molecular genetic and cytogenetic studies show that the spe-
cies lineages on genealogical tree of the genus coincide with genomic groups A-G,
K, and AD and geographic origin [11, 12].

The evolution studies of the Gossypium have shown that the origination of
tetraploid species proceeded by polyploidization of A- (African) and D-genomes
(American) diploid species [1, 6, 11]. Alloploidization of these two genomes
occurred about 1.5-2 million years ago, resulting in five different genomes: G. dar-
winii, G. tomentosum, G. mustelinum, G. hirsutum and G. barbadense, where the last
two belong to cultivated species [13]. It was also proved that during the alloploidi-
zation process the G. arboreum and G. herbaceum were as receptors of A-genome
and should be a predecessors, because all existing polyploid species contain the
cytoplasm of the A genome. At the same time, the D-genome donor was appear G.
raimondii [11].

After occurrence of the predecessor of allotetraploid species, at the initial stage
of divergence led to the origination of two evolutionary lines of cotton with AD
genomes: the first includes G. mustelinum (AD4 genome), the second one - all other
species (AD1 — AD3 and AD5 genomes). In other words, the follow-up divergence of
the second evolutionary line of AD genomes led to the emergence of recent allo-
tetraploid cotton species such as G. hirsutum (AD1 genome), G. barbadense (AD2
genome), G. tomentosum (AD3 genome), and G. darwinii (AD5 genome) [11, 12].

One of an important evolutionary events for Gossypium was appear the domes-
tication of four wild species. This selection was based on the length and quality of
cotton fiber, which is anatomically specialized unicellular trichomes located on the
surface of the epidermis of seeds [10, 11]. This sequential process led to the domes-
tication of four species of cotton: two American — G. hirsutum and G. barbadense
and two Afro-Asian — G. arboretum and G. herbaceum [11].
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Followed phylogenetic studies have shown the trait of prolonged elongation of
trichomes has appeared first time in the A/F-genomes. Possibly, it was the reason
to domestication of G. arboretum and G. herbaceum (A-genome). Unlike A-genome
a number of species with D-genome (G. thurberi, G. trilobum, G. davidsonii and
G. klotzschianum, and three species of the Cauducibracteolata subsection) lack
of clearly visible fibers [11, 12]. This suggests that the traits of prolongation of
trichomes were probably inherited by the allotetraploid (AD-genome) from the
A-genome [11].

Moreover, the domestication of cotton species led to a change not only in the
length of the fiber, but also in the chemical composition of its: the fiber of wild
species besides cellulose contains suberin, while in cultivated species it is cellulose
only [11].

Summarizing the information mentioned above, it should be noted that the
Gossypium diverged from other Gossypieae in the Pleistocene period eventualy.

This genus has evolved in two ways: divergence at diploid species(genomic groups
A-G and K) and allopolyploidization of A- and D-genomes, followed by arising of
tetraploid species (AD1 - AD5-genomes). Besides this, the domestication of these
species and artificial selection based on fiber quality have also greate influenced on
evolution of cultivated cotton.

3. Mechanisms of polyploidy

Polyploidization of eukaryotic genomes is an important evolutionary event
that had a significant effect on the evolution of plants, including cotton [14-16].
Polyploids are divided into two large groups: autopolyploids and allopolyploids
[17-20]. The difference between these two groups basically lies in the hybridization
type: intraspecific hybridization occurs in autopolyploids, while allopolyploids arise
by the combination of processes such as interspecies hybridization and duplication
of chromosomes [17, 20].

In turn, there are two types of allopolyploids: true and segmental allopolyploids.
True allopolyploids emerged due to hybridization of distantly related species, but
segmental allopolyploids through hybridization of closely related species with par-
tially different genomes [20]. In this case, segmental allopolyploids can be consid-
ered as an intermediate type between true allopolyploids and autopolyploids [20].

In autopolyploids, the presence of more than two homologous chromosomes in
the genome may lead to formation of multivalents during meiosis. It contributes to
the polysomic type of inheritance of traits. Whereas, in true allopolyploids biva-
lents are formed, that leads to disomic inheritance of traits. At the same process, in
segmental allopolyploids monovalent, bivalent and/or multivalent chromosome
pairing is observed during meiosis [20].

The second mechanism is the fusion of unreduced gametes — the basic factor of
the natural emergence of polyploidy. In this case, the fusion of unreduced gam-
etes may lead to unilateral- (fusion with a typically reduced gamete) or bilateral
polypolydization (fusion with another unreduced gamete) [20].

The formation of unreduced gametes can occur due to errors during meiosis.

In this case, errors during meiosis I (first division restitution — FDR) can be a
consequence of a fail to chromosome pairing in prophase I (synaptene/pachytene)
or separation of homologous chromosomes in anaphase I [20]. At the same time,
errors during meiosis II (second division restitution - SDR) occur in anaphase II
due to the fail to separation and segregation of sister chromatids [20]. Both of FDR
and SDR lead to a chromosome set doubling in gametes, resulted in dyads or triads
formation [21].
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Depending on the meiotic restitution mechanism, a polyploidization conse-
quences will differ. Thus, after FDR, the heterozygosity level of unreduced gametes
will be similar to the original gametes, while SDR leads to a decrease in the level of
heterozygosity of unreduced gametes [20]. The heterozygosity level of a resulting
polyploids will be of decisive importance both in the struggle for survival as well as
by artificial selection.

Polyploidy had a significant effect on the evolution process and formation of
species by increasing phenotypic variability, heterosis, and mutation resistance. On
the other hand, in terms of evolution, allopolyploidization (interspecific hybridiza-
tion) is more preferable due to the pronounced effect of heterosis, that manifest
in increasing of biomass, growth and its rate, fertility and resistance of occured
hybrids to stress [22]. Thus, in tetraploid cultivated cotton species (G. hirsutum
and G. barbadense) the quality and yield of fiber are much higher than cultivated
diploids (G. arboretum and G. herbaceum) [23].

Resuming the above, polyploidization is rather widespread phenomenon in
plant evolution (the number of polyploid species is approximately ¥ of the total
number of vascular plant species) [24]. At the same time, the polyploidy occurrence
brings an evolutionary “benefit” to a species, increasing its chances in the struggle
for survival.

4. Genomic consequences of polyploidization

The allopolyploidization process of cotton genome could not be considered as
the simple sum of the A- and D-genomes. It has been shown that genome duplica-
tion leads to various molecular genetic interactions e.g.: interlocus consistent evolu-
tion, different rates of genomes evolution, interlocus transfer of genetic material
and changes in gene expression [1, 6, 17].

Additionally, according to the latest molecular data tetraploid cotton species are
at least paleo-octaploids, and diploid species are paleo-tetraploids. Due to this fact
cotton may be a good model system for studying consequences of genome poly-
ploidization [6, 9, 25].

In connection with the above, let us review the changes that occurred after
polyploidization of the cotton genome.

4.1 Genome stability

Despite the fact that diploid Gossypium species have the same chromosome
basic number (n = 13), the DNA length in different species widely varies from
~900 Mb in D-genomes to ~2500 Mb in K-genomes [1, 6, 17]. Moreover, the analysis
of bivalents formation in the metaphase of meiosis also suggest that diploid cotton
species are actually paleopolyploid organisms [6]. A number of studies have also
shown that the ancestor of Gossypium went off through cycles of polyploidization,
followed by the loss of a part of homologous genes and diploidization [6, 26, 27].

In this respect it should be noted that allopolyploidization of cotton has not only
characterized by rearrangements at the chromosome level [1, 6]. This assumption
was confirmed by both classical cytogenetic and molecular genetic data [1, 6].
Thus, cytogenetic data show that chromosomes of A- and D-genome less form
bivalents after crossing of allotetraploids compared to diploid species hybrids [1, 6].
For example, hybrids of allotetraploids form less than one bivalent per cell in the
meiotic metaphase, while hybrids of present diploids of A- as well as D-genome
form, on average, 5.8 and 7.8 bivalents [1, 6].
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Additionally, the analysis of the order and syntheny of genes in the A- and
D-genomes as well as allopolyploid genomes (A versus At and D versus Dt) showed
alow level of structural chromosome rearrangements with a retention of collinear
linkage groups [28]. Along with this, AFLP analysis of nine artificial allotetra-
ploid and allohexaploid cotton species showed a significant additivity of genetic
loci [1, 6].

Summarizing the facts, it can be assumed that the cotton genome stabilization
after polyploidization led to such reorganization of the original genomes that they
were no longer able to homeological pairing [1, 6].

Thus, it can be concluding that the cotton genome is quite stable and genome
stabilization is not achieved through structural rearrangements unlike some other
plant models with polyploid genome.

4.2 Mobile elements in genome

As mentioned above, the genome size of different cotton species differs signifi-
cantly even the same basic number of chromosomes [1, 6, 29]. This may be condi-
tioned with a number mobile genetic elements (MGE) in the Gossypium genome [6].
Wu et al. (2017) have shown that the Gossypium genome contains a large number
of MGE, particularly a long terminal repeat (LTR) retrotransposons in compare to
Theobroma cacao (L.) and A. thaliana (L.) Heynh [30].

Moreover, the analysis of the genomes of G. raimondii, G. arboreum, and G. hir-
sutum showed that the greatest number of MGE, especially LTR-retrotransposons
is observed in A- and AD-genome [6, 12, 31, 32]. However, the frequency of occur-
rence of Copia LTR retrotransposons is higher in G. raimondii (D5 genome) — the
smallest genome size (885 Mb). At the same time, the occurrence frequency of the
Gypsy LTR retroelements is higher in species with a large genome size [6, 32-34].
Additionally, it was established that the wide distribution of GORGE3 (Gossypium
retrotransposable gypsy-like element) in A- and AD-genome was the reason for their
upsizing [31, 32, 35, 36].

It has been also found that besides the genome resizing in various cotton species,
MGE:s have also affected on the expression of genes responsible for fiber develop-
ment [30, 32]. Thus, in D-subgenome was observed the insertion of the Copia LTR
retrotransposon into promoter region of the gene encoding the transcription factor
GhMYB25. This well consists with the facts of hyperexpression of the D-genome
homeolog in G. hirsutum [32]. Similarly, the insertion of the LINE retrotransposon
into promoter of ethylene response factor (GhERF) gene in D-subgenome increases
the expression level of the D-homeologue in compare to its A-copy [32].

It has been also suggested that the silencing of CICR (Chinese Institute of Cotton
Research) LTR elements had an appreciable effect on the formation of allotetraploid
cotton species, because the occurrence frequency of these MGEs is significant in the
A-subgenomes, and practically not occur in the D-subgenomes [37].

Summarize this, presence of mobile elements in a genome, their polymorphism
and occurrence frequency, probably had the significant influence on the cotton
evolution. In addition, MGE are involved in regulation of activity of genes respon-
sible for fiber quality.

4.3 Asymmetric evolution of the genome
Hereof the Gossypium has both diploid and tetraploid genome, it makes cotton

an ideal model to study of the homeologous genes evolution and their expression
after polyploidization.
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As mentioned above, the extended trichomes elongation trait was probably
inherited by the allotetraploid AD-genomes from the A-genome [11]. Further evo-
lution of domesticated tetraploids (G. hirsutum and G. barbadense) was done under
the influence of artificial selection directed on improving fiber quality. Its led to the
asymmetric evolution of the A- and D-subgenomes. According Li et al. (2015) in
G. hirsutum the mutation frequency and formation rate of single nucleotide poly-
morphisms (SNPs) within intergenic collinear regions of the Dt-subgenome were
significantly higher than in the At-genome [31]. Meanwhile, established Ks values
for pairs of collinear genes in the At- and Dt-subgenomes were less than in the cor-
responding diploid A- and D-genomes. It was also shown reducing of dN/dS ratio in
Dt/D pair in comparison with T cacao and similar indicators for At/A [31].

In addition, scientists have found a greater extension of total rearrangements
in At-subgenome (372.6 Mb) compared to Dt-subgenome (82.6 Mb) by compara-
tive study of interchromosomal rearrangements and SNP frequency in G. hirsu-
tum and G. barbadense [38]. It was also shown that SNP frequency is increased
in the At-subgenome in both G. hirsutum and G. barbadense by comparing the
Dt-subgenome (5.95 per thousand nucleotides in At-subgenome versus of 5.81 in the
Dt-subgenome) [38].

These data also show that allotetraploid genomes due to genetic redundancy are
being under less pressure from stabilizing selection, and directed selection by fiber
quality has a greater effect on the At-subgenome [31, 38].

The asymmetry of these subgenomes is also appeared by the mutation types
occurring in allotetraploid genomes of G. hirsutum and G. barbadense. Thus, it
was found that duplications in the At-subgenome were more conserved than in
the Dt-subgenome of G. hirsutum. At the same time, there are more conservative
deletions in Dt-subgenome compared to the At-subgenome of G. barbadense [39].
These data indicate that artificial selection during cotton domestication furthered
the fixation of duplications in the At-subgenome in G. hirsutum, and deletions in
the Dt-subgenome of G. barbadense. It may have contributed to the development of
a higher fiber quality in Pima cotton that distinguishes the species from others [39].

Differences in subgenomes are also manifested by different occurrence of
frequency and activity of MGE. Two independent research groups have found that
MGE number in At-subgenome exceeded the same parameter in Dt-subgenome
[31, 40]. At the same time, the frequency of LTR-Gypsy occurrence in the
At-subgenome was significantly higher than in the Dt-subgenome [31, 40]. Li et al.
(2015) have also found that subgenomes differ not only in the MGEs number within
them, but also by transcriptional activity and location [31]. Thus, it was shown
that the transcription level of both LTR-Copia and LTR-Gypsy was increased in the
Dt-subgenome compared with the At-subgenome [31]. However, LTR-Copia were
more active and more frequently located near the coding genes when compared to
LTR-Gypsy [16].

The asymmetry is also manifested in the unequal expression of At- or
Dt-homeologs, which regulate fiber development in cotton [31, 41-43]. The expres-
sion level of homeologs of some transcription factors (eg, MYB) was significantly
increased in the At-subgenome [31]. And the comprehensive proteomic analysis of
the fiber of allopolyploid species (G. hirsutum and G. barbadense) have shown that
A-patterns of expression prevailed in G. hirsutum over ones in G. barbadense at dif-
ferent stages of fiber development. Thus, the expression level changed the direction
of dominance from D-genome to A-genome [42].

Moreover, the results obtained using the RNA-seq technology on G. hirsutum
have shown a shift on the level of homeologs expression towards the A-subgenome
in allotetraploid cotton [44]. This shift of gene expression can be explained by
the deactivation of homeologs in non-dominant D-subgenome due to negative
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regulators (miRNA and transcriptional repressors) [6, 44]. It was also established
that genes in A-subgenome may be responsible for the fiber development by regula-
tion of fatty acids biosynthesis/metabolism and microtubules growing process.
While the genes in D-subgenome may be involved to the transcription regulation
and stress response [44].

Thus, the analysis of the available data allows to speak about the asymmetric
evolution of allopolyploid cotton subgenomes with a shift in dominance towards
A-subgenome.

5. Effects of polyploidy on fiber development

The fiber is one of the key point for domestication of four Gossypium species:
two diploid G. arboretum and G. herbaceum (A-genome), as well as two tetraploid
species G. hirsutum and G. barbadense (AD-genome) [11]. In the meantime, the
domestication process of tetraploid species was independent, that have been
confirmed both the sequencing data and significant differences in cotton fiber at
the proteome level [42, 43, 45].

Cotton fiber is basically elongated single cell of seed epidermis (trichome) with
a clear gradation of development stages: fiber initiation, elongation, secondary
biosynthesis of the cell walls and maturation [33, 46, 47]. It first appeared among
ancestral diploid cotton with A-genome after divergence with F-genome [1, 6, 48].
Allotetraploid species (AD genomes) have significantly higher fiber quality, that
can be explained by the nucleotypic effect after allopolyploidization of A- and
D-genome [48, 49].

Polyploidization has also led to increase of the number of nuclear genes associ-
ated with fiber development [47]. E.g., a number of studies have shown the content
of Malvaceae specific genes of MIXTA family, encoding MYB transcription factors
and regulating fiber development is significantly higher in allotetraploid species
[50, 51]. Additionally, stabilization of the natural and artificial selection con-
tributed a changes at the expression level of fiber development genes. It has been
achieved either by epigenetic modifications (DNA methylation, miRNA and siRNA
biogenesis) or by histones modification, among other factors [48, 52].

The fiber development in cotton is a complex process ensured by the coordi-
nated action of many genes involvong to biosynthesis of polysaccharides, lipids
and phytohormones, pro- and antioxidant system, calcium homeostasis, as well as
transcription factor genes (MYB, C2H2, bHLH, WRKY and HD-ZIP) [40, 53-55].
At the same time, in tetraploid species, the expression and co-expression of genes
at different stages of fiber development is different: some genes are expressed at the
stage of fiber initiation, others - at the stages of fiber elongation and secondary cell
walls biosynthesis [53, 54]. It has been shown that genes in the Dt-subgenome are
predominantly expressed at the stage of fiber initiation, very important parameter
to the fiber yield [1, 33].

The difference of gene expression level between G. hirsutum and G. barbadense
was also established using whole genomes alighnment of both species. It was shown
that a longer fiber of G. barbadense may be a result of more continuous activity
of genes encoding sucrose transporter (GbTSTI), Na*/H"-antiporter (GPNHXI),
aluminum-activated malate transporter (GbALMT16), vacuolar-localized vacuolar
invertase (GbVIN1) and plasmodesmata (PD) [8].

It was also found that the fiber development in tetraploid is specified by gene
expression in both At- and Dt-subgenome [1, 40, 48, 55]. Despite the fact that
major genes for fiber quality were introduced into allopolyploids from A-genome,
the genes in Dt-subgenome also take a significant effect on the fiber development in
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tetraploid cotton [48]. For example, several researchers on the base of an integrated
genetic and physical map of fiber development genes supposed that a transcription
factors regulating the expression of fiber genes in At-subgenome are transcribed in
Dt-subgenome [1, 56].

Along with this, another research group has identified 811 positively selected
genes (PSG) in G. hirsutum, 591 of them were associated with fiber development
[40, 55]. Along with this, another research group has identified 811 positively
selected genes (PSG) in G. hirsutum, 591 of them were associated with fiber devel-
opment [40, 55]. Moreover, 58% of these PSGs were localized in At-subgenome,
and 42% of PSGs were identified in the Dt-subgenome only. Moreover, it has been
shown that PSGs in At-subgenome are associated with beta-D-glucan biosynthesis,
regulation of signal transduction, as well as carbohydrates and sucrose biosynthesis.
While, PSGs in Dt-subgenome determine the stress responses, which, as is known,
reflect on fiber development [40, 55, 57].

All of these results were confirmed by studies of functional enrichment of
proteins differentially expressed in cotton fiber [42]. The results of the study of
proteome in G. hirsutum and G. barbadense have shown that the dominant expres-
sion pattern of G. hirsutum was more similar to A-genome (G. arboretum), while
dominant expression pattern of G. barbadense was different dependent on fiber
development stage, and switched from Dt- subgenome to At-subgenome [42]. In
this case, the dominant patterns of At-subgenome produced the enzymes involved
to biosynthesis of alcohols, monosaccharides and hexoses, while the patterns of
Dt-subgenome produced proteins involved in various stress responses [42]. These
results allowed to suggest that similarity in fiber appearance of these two species
arose during evolution but through different pathways at the proteomic level [42].

The results obtained by genome sequencing of tetraploid G. hirsutum and
diploid G. arboretum and G. raimondii have shown that difference of gene expres-
sion between G. hirsutum and G. raimondii was significantly higher than between G.
hirsutum and G. arboretum [44]. It has been also demonstrated a shift of the expres-
sion level towards the At-subgenome, explained by the authors as an activation/
deactivation of Dt-homeologs by negative regulators such as miRNA and transcrip-
tion repressors. Deactivation of Dt homeologues was confirmed by a reduced
number of nonfunctional genes in the Dt-subgenome [44]. The other authors have
shown that the Dt-subgenome dominant pattern of G. hirsutum is associated with
stress responses (genes encoding phosphatidylinositol phosphate kinase PIPK, PIP
(internal plasma membrane protein), calmodulin (CaM), ethylene receptors and
ethylene response factors (ERF), ABA receptors (PYR/PYL), protein kinase SnRK
and protein kinase PP2C [8].

Thus, all of these data show that hybridization of A- and D-genome in allo-
polyploids had a significant effect on the fiber development in cotton due to both
nucleotypic effect as well as changes and differentiation at the expression level of
homeologuesof in At- and Dt-subgenome. Obviously, At-genes are associated with
the fiber development, while Dt-genes regulate the activity of At-genes towards
to fiber quality and determine the adaptive capabilities of allotetraploid cotton to
adverse environment conditions [8, 42, 44].

6. Differential evolution of subgenomes

Following the fusion of two genomes into a single nucleus due to allopolyploidy,
it is expected that some genes will acquire mutations and become pseudogenes,
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while others may diverge and acquire new functions [17-19]. However, it can be
expected that these and other phenomena affecting the genes molecular evolution,
will be equally distributed in the two allopoliploid genomes. This leads to a useful
null hypothesis, that is, the evolutionary rates of nucleotide substitutions will be
equivalent for duplicated homeologists [17-19]. This leads to the null hypothesis,
according to which the evolutionary rates of nucleotide substitutions will be
equivalent for duplicated homeologs [17-19]. Inference expectation is that both
gene copies accumulate intraspecific diversity at equivalent rates. However, this is
not always true, for example, when there is strong directional selection per gene
copy [17-19]. However, in the presence of strong stabilizing selection per gene copy,
this condition got broken [17-19].

Despite this, this model can be useful in study the mechanisms underlying
differential evolutionary rates or different levels of diversity. Thus, if one of the
homeolog becomes pseudogenized, while the others remain under the pressure of
purifying selection, an increase in nucleotide diversity can be expected at a higher
rate in the first locus than in the last one [15, 19]. Finding duplicated genes in the
same nucleus simplifies the problem of isolating potentially important genomic
forces from population-level factors that can influence diversity patterns, such as
the selection system or effective population size [15, 19]. Since population factors
are neutral in regards to the two homeologs, the observed differences in diversity
are almost certainly associated with genetic or genomic processes [15, 17-19].

Gossypium allopolyploids is a suitable model for these studies, especially when
the two genomes are largely collinear but genome size differ in twice [1, 14, 15,
58-60]. The assumption of unequal speeds evolution in A- and D-genomes was
confirmed by the observations that synthetic A- and D-genomic hybrids may be
formed only when the A genome is used as a recipient [6]. This phenomenon is
confirmed by divergent indicators. Thus, the study of the levels of RFLP poly-
morphisms found in allopolyploid cotton has shown that the number of poly-
morphisms in the Dt-subgenome was greater than in the At-subgenome [1, 14, 15,
58-60]. Similarly, two independent phylogenetic analyzes allowed to find out that
D-genomic sequences in allopolyploids have longer phylogenetic branches and
higher evolutionary rates in comparison to their homeologous A-genomic sequences
[1, 14, 58]. Moreover, localization of quantitative traits loci indicates higher rates of
evolution in the D-subgenome [1, 14, 58-60].

In addition, a direct test of the null hypothesis of the nucleotide substitution
rates equivalence for homeologous genes is provided by measuring of the levels
of nucleotide diversity [1, 17-19]. If evolutionary forces are equal for duplicated
genes, mutations must accumulate randomly towards the homeolog. Therefore, the
number of detected alleles should be approximately equal for two gene copies in the
study of allelic polymorphism [1, 17-19, 58]. This approach was used by researchers
in the study of the nucleotide sequences of the alcohol dehydrogenase gene (AdhA)
in G. hirsutum and G. barbadense [61]. In both allopolyploid species the estimates
of nucleotide diversity were twice as high for the Dt-homeolog of AdhA gene [60].
Similar data were obtained in the study of other gene of alcohol dehydrogenase
(AdhC) [62].

Thus, these data allowed to suggest the existence of the increasing rate of
Dt-subgenome evolution of the allopolyploid Gossypium. In addition, the evolution-
ary forces affecting Gossypium subgenomes can be fundamentally different. At the
same time, it should be noted that the molecular mechanisms underlying the dif-
ferential evolution of subgenomes remain unclear. However, it is logical to assume
that they are associated with a double difference in genomic size.
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7. Conclusion and future prospect

Summarizing the aforementioned, due to Gossypium diversity including both
diploid (2n = 2x = 26) and tetraploid (2n = 4x = 52) species, cotton may be an ideal
model for studying the evolution of allopolyploids, as well as the influence of ploidy
for the most important agronomic traits — cotton fiber quality [1, 6, 33, 55]. In addi-
tion, the presence four cultivated species (diploid - G. arboretum and G. herbaceum
and tetraploid - G. hirsutum and G. barbadense) allow to use this plant as a model
for studying the effect of artificial selection in domestication process to shift of the
homeologous expression level in tetraploid towards one of the subgenome [1, 6,

33, 55]. Moreover, because of cotton fiber is a single and easily isolated cell with a
clear gradated of developmental stages, it is a good model to study of fiber develop-
ment mechanisms [47].

This chapter presents the results of research on the evolution of Gossypium,
mechanisms of polyploidization, genomic consequences of polyploidy, including
the role of mobile genetic elements and asymmetric expression of homeologues, as
well as the polyploidy effect on fiber quality traits. These data clarify the evolution
history of this genus and mechanisms that regulate the formation and elongation
of fiber.

Despite the volume of the obtained data, there are many unsolved issues in cot-
ton genomics. Thus, the study the subgenome asymmetry using LTR-elements will
help to clarify the evolution of Gossypium genomes and their divergence in time.
Analysis of MGE polymorphisms may help identify genes involving to development
of cotton fiber.

In addition, the issues of sub- and neofunctionalization of duplicated genes
remain unclear, as well as the mechanism and relationship of epigenetic regulation
in asymmetric expression of homeologous genes.

Continuation of comparative transcriptome and proteomic studies will also
make it possible to more accurately differentiate the of natural and artificial selec-
tion influence on cultivated cotton species. At the same time, these studies can be a
good basis for a more complete characterization of the metabolic pathways underly-
ing the fiber formation and development.

Such research as genotyping and more accurate assembly of reference genomes,
pan-genomic approaches (sequencing of gene pool in a populations), big data
analysis, genome editing, de-novo domestication and genomic selection, combined
with the available data, will allow for more efficient development of new cotton
varieties with the desired properties as well as developing of personalized farming
technologies for this crop.
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Chapter 6

Soybean as a Model Crop to Study
Plant Oil Genes: Mutations in
FAD2 Gene Family

Sy M. Traove and Guohao He

Abstract

Plants have numerous fatty acid desaturase (FAD) enzymes regulating the
unsaturation of fatty acids, which are encoded by a FAD gene family. The FAD2
genes belong to such family and play a vital role in converting monounsaturated
oleic acid to polyunsaturated linoleic acid. Oleic acid has the health benefits
for humans, such as reduction in cholesterol level, antioxidation property, and
industrial benefits like longer shelf life. The development of genotypes with high
oleic acid content in seeds has become one of the primary goals in breeding oilseed
plants. The identification and characterization of the FAD2 genes in plants have
been an important step to better manipulate gene expression to improve the seed
oil quality. The induction of mutations in FAD2 genes to reduce FAD2 enzyme
activity has been an integral approach to generate genotypes with high oleic acid.
This chapter will describe the FAD2 gene family in the model organism soybean and
the correction of mutations in FAD2 genes with the increase of oleic acid content.
Leveraging advanced research of FAD2 gene family in soybean promotes the study
of FAD?2 genes in other legume species, including peanut. The future perspectives
and challenges associated with mutations in FAD2 genes will be discussed.

Keywords: legume, desaturase, genome editing, fatty acid, mutation, protein

1. Introduction

The legume family (Leguminosae) is the third-largest family of flower-
ing plants, with over 800 genera and 20,000 species, after the Orchidaceae
and Asteraceae [1]. It is classified into three sub-families: Papilionoideae,
Caesalpinioideae, and Mimosoideae based on morphological characters [1]. The
family presents incredibly diverse morphological characters, from giant rain
forest trees and woody lianas, to desert shrubs, ephemeral herbs, herbaceous
twining climbers, aquatics, and fire-adapted savanna species [1-3]. Two sub-
families, Caesalpinioideae and Mimosoideae, are mostly woody trees and shrubs.
Papilionoideae is the largest sub-family consisting of 476 genera and ~ 14,000
species, including most of the economically important legumes [4]. All papil-
ionoids share a common ancestor and bear butterfly-shaped flowers [5, 6]. Within
the Papilionoideae, there are four clades, phaseoloids, galegoids, genistoids, and
dalbergoids, based on phylogenetic analyses [1, 4]. These clades cover the eco-
nomically important food and feed legumes. For instance, the phaseoloid clade
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includes soybean, common bean, cowpea, and pigeon pea; the galegoid clade
within the Hologalegina group includes medicago, chickpea, faba bean, lentil,
and pea; the genistoid clade includes lupinus, and the dalbergoid clade includes
peanut (Figure1) [7, 8].

The pea (Pisum sativum L.) was the original model organism used in Mendel’s
discovery (1866) of the laws of inheritance, establishing the foundation of modern
plant genetics [9, 10]. Although Mendel’s peas were the first “model” plant, legume
biology has long lagged behind more successful models from the Brassicaceae
family or economically important cereals [10]. Due to legumes differing vastly in
genome size, chromosome number, ploidy level, and reproductive biology, two
legume species with smaller genome size in the Galegoid clade, Medicago truncatula
and Lotus japonicas, were firstly selected as model organisms to demonstrate the
referenced genetic system for legumes [11-13]. As the genome of soybean (Glycine
max L.) has been available in 2010 [14], gene discovery in soybean is more efficient
and feasible, providing a powerful high-throughput and non-targeted approach
to gene expression and an excellent resource for comparative legume genomics.
Although soybean has a relatively large genome compared with much smaller
genomes of Medicago and Lotus, soybean is the most widely grown and economi-
cally important legume. Together with advantageous genome sequences, soybean is
also considered as a model organism in legumes [15].

The existence of model organisms is fundamental for advancing genetic and
genomic studies in crop species. Comprehensive biology study in the model
organisms facilitates the transference of biological knowledge, gene function and
expression, genomic information, and advanced tools to crop species. Fatty acids

Leguminosae Species Clade Sub-family

Caesalpinioideae
(2300 species)

Mimosoideae
I (3300 species)

Lupinus I Genistoids
| Aeschynomenoid
Feanit /dalbergioids
Lotus *
Chickpea
Lentil
Faba bean i Papilionoideae
Garden pea Hologalegina

M. t tula * {13,800 species)
. truncatula

Sweet clover

Red clover

Pigeonpea . .
Soybean * Millettioids
Mung bean /Phaseoloids

#Iﬁﬂﬂ

Common bean

Figure 1.
Phylogenetic relationships of sub-families, major clades within the sub-family Papilionoideae, and some
economically important species in legumes (modified from refevences [7, 8] ). *refer to model species.
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are essential components of cellular membranes, storage lipids, and precursors
involved in plant metabolism and development [16]. The abundance of different
fatty acids in plants is regulated by diverse fatty acid desaturases (FADs) enzymes
[17]. Among FADs, the FAD2 enzyme converts monounsaturated oleic acid to
polyunsaturated linoleic acid by adding a second double bond at the A12 position
in the acyl chain. Manipulation of FAD2 gene expression and enzyme activity in
seeds enables the accumulation of oleic acids that benefit industries and consumers.
This chapter aims to describe the FAD2 gene family in the model organism soybean.
Mutations induced in FAD2 genes and consequences from soybean to crop species,
including peanut, are also discussed.

2. FAD gene family in the model organism soybean

Soybean seed oil is composed of approximately 20% of total seed composition,
contributing the greatest concentrations of oil when compared to any food legume
[18]. However, the concentration of oil is entirely dependent on the growing region,
cultivar, and several environmental factors. As seeds develop, lipids, mostly triglyc-
erides, are stored in cell oil bodies surrounding the larger protein bodies [19]. The
fatty acid composition of most soybean seeds consists of 11% palmitic acid (16:0),
4% stearic acid (18:0), 25% oleic acid (18:1), 52% linoleic acid (18:2), and 8%
linolenic acid (18,3) [20], with 24 other fatty acids in much lower quantities [21].
Synthesis of less common fatty acids occurs with similar structural configurations,
which reside in cell membranes and storage lipids that are found in much lower
quantities. This composition is mainly due to the physiological processes for seed
dormancy and sustaining nutrition for young, recently germinated plants [18].

Fatty acids play an essential role in regulating the tolerance to various envi-
ronmental stresses by altering the properties of cell membranes [22, 23]. During
the desaturation of fatty acid in plant cells, the number and position of the double
bonds in a fatty acid chain influence its physical and physiological properties [24,
25], the membranes function, and the proper growth and development [24]. The
release of the genomic sequence has allowed the identification of FAD genes firstly
in Arabidopsis followed by many crop species, including oilseed crops, such as soy-
bean [26, 27], cotton [28, 29], cacao [30], peanut, and olive [31, 32]. Different fatty
acid desaturases (FADs) are involved in the desaturation of fatty acids, including
the microsomal A12 desaturase (FAD2), the microsomal o3 desaturase (FAD3), the
trans ©3 desaturase (FAD4), the A7 desaturase (FADS5), the plastidial A12 desatu-
rase (FADG6), the plastidial w3 desaturase (FAD7), and the plastidial ®3 desaturase
(FADS) [33]. Among these desaturases, FAD2 and FAD6 are w6 desaturases that
convert monounsaturated fatty acid (oleic acid) to polyunsaturated fatty acid
(linoleic acid) in the endoplasmic reticulum (ER) and plastids, respectively. FAD3,
FAD7, and FADS are »3 desaturases that synthesize linolenic from linoleic acid in
the ER (FAD3) and plastids (FAD7 and FADS8) (Figure 2) [34, 35]. FAD4 and FAD5
specifically produce monounsaturated acid from palmitic acid for phosphatidyl-
glycerol (PG) and monogalactosyldiacylglycerol (MGDG), respectively [36]. The
content of oleic and linoleic acids affects the oxidative stability and nutritional
value of edible oil [37]. Linoleic acid is a polyunsaturated fatty acid that plays a vital
role in human health and nutrition; however, it has the disadvantage of decreas-
ing the stability, flavor, and shelf life of the edible oil [38, 39]. Conversely, the oil
higher in oleic acid has advantages of higher oxidative stability and long shelf life
[40], increase structural integrity at a higher cooking temperature [41], and nutri-
tion benefits to reduce low-density lipoprotein (LDL) cholesterol [42], suppress
tumor formation, and protect from inflammatory diseases [43]. Therefore, human
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Figure 2.
Illustration of a part of the fatty acid biosynthesis pathway.

Gene Accession number Chromosome References
GmFAD2-1A Glyma.10G278000 10 [47, 50, 51]
GmFAD2-1B Glyma.20G111000 20 [47, 50, 51]
GmFAD2-2A Glyma.19G147300 19 [47, 50, 51]
GmFAD2-2B Glyma.19G147400 19 [47, 50, 51]
GmFAD2-2C Glyma.03G144500 03 [47, 50, 51]
GmFAD2-2D Glyma.09G111900 09 [52]
GmFAD2-2E Glyma.15G195200 15 [52]
Table 1.

List of FAD2 genes in soybean.

consumption of soybean seed oil demands higher oleic acid and lower linoleic acid.
Efforts have been made to identify FAD2 genes that significantly affect fatty acid
biosynthesis, to understand their inheritance, and to manipulate gene expression to
develop oilseed crops with high content of oleic acid [44-49].

2.1 FAD?2 gene family in soybean

In soybean, the FAD gene has two copies, GmFAD2-1and GmFAD2-2, each
of them has two members (GmFAD2-1A and GmFAD2-1B) and three members
(GmFAD2-2A, GmFAD2-2B, and GmFAD2-2C), respectively [47, 50, 51]. Using
both soybase and phytozome databases, an additional two novel FAD2-2 members,
named GmFAD2-2D and GmFAD2-2E, were identified (Table 1) [52]. Among
the identified FAD genes in soybean, the FAD2-1A and FAD2-1B EST analysis
suggested that the GmFAD2-1A and GmFAD2-1B are actively expressed in devel-
oping seeds and constitute the seed specific paralogs in the soybean genome [53].
GmFAD2-2A possessed a deletion of 100 bp in the coding region and therefore was
predicted to be non-functional [50]. GmFAD2-2B and GmFAD2-2C were found
to display ubiquitous expression in all the vegetative tissues of the soybean plant,
GmFAD2-2D was expressed in the flower, seed, and nodule, while GmFAD2-2E
expression was exclusively confined to the pod and seed with a low level of
expression.

Because of nutritional and health value, soybean breeders have been paying spe-
cial attention to screen for the source of high oleic acid in soybean germplasm. Two
mid-oleic acid mutant lines carrying a mutant allele GmFAD2-1a were identified
from phenotype-based screening [54]. Through Targeting Induced Local Lesions In
Genomes (TILLING), another mutant GmFAD2-1b was found. When combining
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mutant GmFAD2-1a and GmFAD2—-1b alleles into one line, oleic acid content was
increased to 83%. Similarly, a total of 22 plant introductions (PIs) were screened
for high oleic acid content in soybean seeds [50]. Two genotypes, PI 603452 and
P12833270, were identified with increased oleic acid. Sequence analysis showed
mutations occurred in the FAD2-1A gene of PI 603452 and in the FAD2-1B gene of
PI 283327, respectively. When PI 603452 was crossed with PI 283327, a soybean line
carrying both homozygous FAD2-1A and FAD2-1B mutants was found in the fol-
lowing segregation generations. Fatty acid content analysis showed that oleic acid
content increased up to 82-86%, and the level of linoleic and linolenic acids was
reduced, while only 20% of oleic acid in wild type soybean lines. Further mutation
analysis using (TILLING) by sequencing also demonstrated that mutations within
GmFAD2-1A and GmFAD2-1B affect seed oleic acid content in soybean [52]. These
two genes have played an important role in converting oleic acid to linoleic acid and
directly determining the composition of oleic acid in soybean seeds. FAD2 gene is
1,164 bp long with an open reading frame coding for about 387 amino acids [55]. It
contains two exons and a single large intron that is embedded within the 5'-untrans-
lated region (5’ UTR) and has a promoter function to regulate the expression level
of FAD2 [56, 57]. In soybean, GmFAD2-1A and GmFAD2-1B share 99% coding
sequence identity and are located in paralogous regions of chromosomes 10 and 20,
respectively [58].

2.2 Mutations in FAD2 genes

Natural mutations in both GmFAD2-1A and GmFAD2-1B in soybean led to a
high level of oleic acid, indicating that mutations in both genes can suppress FAD2
gene expression to loss of enzyme function resulted in accumulation of oleic acid
and decrease in linoleic acid content. Consequently, mutations induced in both
genes become a critical step to improve seed oil. Various mutagenesis tools are used
to target these two genes in the coding region or promoter region. A previous study
showed that RNAI silencing reduced GmFAD?2 expression and increased oleic acid
from 20% to greater than 80% [59]. Transcription activator-like effector nucleases
(TALENS) technique was used to target and cleave conserved DNA sequences in
both genes FAD2-1A and FAD2-1B [60]. In four of 19 transgenic soybean lines
expressing the TALENs, FAD2-1A and FAD2-1B mutations were observed in the
DNA extracted from leaf tissues, and three of the four lines transmitted heritable
FAD2-1 mutations to the next generation. The fatty acid profile of the seed was
dramatically changed in plants with homozygous mutations in both FAD2-1A and
FAD2-1B, resulting in oleic acid increasing from 20% to 80% and linoleic acid
decreased from 50% to under 4% [60]. The chemical mutagen (EMS) was used in
the germplasm to generate mutant lines with high oleic acid content [61]. Sequence
analysis revealed lines with mutation on the FAD2-1A and FAD2-1B. Further cross-
ing of the single mutant lines released the FAD2-1a and FAD2-1b double mutant
with high oleic acid content. Biological mutagens have also been used to induce
mutations in FAD2 gene to develop high oleic acid lines.

In recent years, the RNA-guided CRISPR/Cas9 system has appeared as a prom-
ising tool in site-directed mutagenesis. The release of the genomic sequence of
soybean and the characterization of the FAD2 allow to precisely induce mutations
on the coding sequence of these FAD2 genes. Kim et al. [62] first used CRISPR/
Cpf1 system in soybean and successfully induced deletion mutations in FAD2 genes
though edited plants were not available (Figure 3). The CRISPR/Cas9 system was
also used to target the soybean FAD2 genes. Expression and sequence analysis
confirmed the alteration of the target genes was corrected with high oleic acid
up to 65.58% while low linoleic acid to 16.08% [48]. CRISPR/Cas9 technology
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FADZ2-1A locus

CTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC  WT
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CTTTTAGTCCCTTATTTCTC- === ==~ ATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -7
CTTTTAGTCCCTTATTTCTC-===~====~ AGCCATCGCCGCCATCACTCCAACACAGGTTC =10
CTTTTAGTCCCTTATTTCTCmmemmanan AAGCCATCGCCGCCATCACTCCAACACAGGTTC -9
CTTTTAGTCCCTTATTTCTCAT == === == GCCATCGCCGCCATCACTCCAACACAGGTTC -9
CTTTTAGTCCCTTATTTCTCAT - == === === CCATCGCCGCCATCACTCCAACACAGGTTC —10
CTTTTAGTCCCTTATTTCTCATG- ===~ ~~-~ GCCATCGCCGCCATCACTCCAACACAGGTTC -8
CTTTTAGTCCCTTATTTCTCAT-GAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -1
CTTTTAGTCCCTTATTTCT == mmm = AAGCCATCGCCGCCATCACTCCAACACAGGTTC —10

CTTTTAGTCCCTTATTTCTCAT == ======AGCCATCGCCGCCATCACTCCAACACAGGTTC -8
CTTTTAGTCCCTTATTTCTCATGG-AAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC -1

FAD2-1EB locus
CTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC WT
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CTTTTAGTCCCTTATTTCTC - m = ATAAGCCATCGCCGCCATCACTCCAACACAGGTTC =7
CTTTTAGTCCCTTATTTCTCAT -~ -~~~ --~ GCCATCGCCGCCATCACTCCAACACAGGTTC -9
CTTTTAGTCCCTTATTTCTC-=--~~~~~ AAGCCATCGCCGCCATCACTCCAACACAGGTTC -9
CTTTTAGTCCCTTATTTCTCAT - GAAAATAAGCCATCGCCGCCATCACTCCAACACAGGTTC 1
CTTTTAGTCCCTTATTTCTCAT == ======== CCATCGCCGCCATCACTCCAACACAGGTTC —10
CTTTTAGTCCCTTATTTCTC- === ====-~ AGCCATCGCCGCCATCACTCCAACACAGGTTC —10
CTTTTAGTCCCTTATTTCTCAT == === === AGCCATCGCCGCCATCACTCCAACACAGGTTC -8
CTTTTAGTCCCTTATT === === mmmm - AAGCCATCGCCGCCATCACTCCAACACAGGTTC —12
CTTTTAGTCCCTTATTTCT == mmmmmmmm AAGCCATCGCCGCCATCACTCCAACACAGGTTC —10
CTTTTAGTCCCTTAT T Tmm m e m e GCCATCGCCGCCATCACTCCAACACAGGTTC —14
Figure 3.

Demonstration of deletion mutations identified at the target site (blue) of FAD2 genes using CRISPR/Cpf1
(cited from Kim et al. [62] ).

induced homozygous mutations in GmFAD2-1A alone generated high oleic acid
without adverse effects on plant development [63]. Two gRNAs simultaneously
targeting two sites within the second exons of both GmFAD2-1A and GmFAD2-1B
showed dramatic increases in oleic acid content to over 80%, whereas linoleic
acid decreased to 1.3-1.7% [56]. Transgene-free high oleic homozygous genotypes
could be obtained through segregation generations, in their case, as early as the
T1 generation. A gRNA was designed to target the coding region in the first exon
of GmFAD2-1A and GmFAD2-2A, resulting in the oleic acid content increased
from 17.1% to 73.5%, and the linoleic acid content decreased from 62.9% to 12.2%
[49]. The coding region of FAD2 gene contains four transmembrane domains and
three histidine boxes (H-box) in soybean (Figure 4) [53]. The histidine residues
are essential for the catalytic function of the FAD2 enzyme; substituting histidine
with a different amino acid disrupts its desaturase function [64]. High efficiency of
mutagenesis using CRISPR-based gene editing provides a promising tool to induce
mutations within the sequence of FAD2 genes. With intensive efforts, high oleic
acid varieties, Vistiv Gold and Plenish, were developed by Monsanto and DuPont
companies, respectively [49].

In addition to alter the coding region, mutations in the promoter and intron can
influence FAD2 gene expression. The FAD2 intron has promoter activity because
it harbors promoter-like sequence structures, including TATA and CAAT boxes, as
well as many potential cis-elements [56]. Bioinformatics analyses of FAD2 intron
revealed the CGATT motif and the 5’ UTR Py-rich stretch motif that enhanced gene
expression [65]. Mutations in the TATA-box of the promoter reduced the promoter’s
function [66]. Therefore, mutations induced in both intron and promoter can
manipulate the gene expression of FAD2, though few studies focus on this aspect in
soybean.
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TM-1
A MGLAKETTMGGRGRVAKVEVQGKKPLSRVPNTKPPFTVGQLKKAIPPHCFQRSLLTSFSY
B MGLAKET IMGGGGRVAKVE I QOKKPLSRVPNTKPPFTVGQLKKAIPPHCFQRSLLTSLSY 60
TM-2 H-box 1
A VVYDLSFAFIFYIATTYFHLLPQPFSLIAWP IY WVLQGCLLTGVWY IAHECGHHAFSKYQ 120
B VVYDLSLAFIFYIATTYFHLLPHPFSLIAWP [Y WVLQGC ILTGVWYV IAHECGHHAFSKYP 120
H-box 11
A WVDDVVGLTLHSTLLVPYFSWK ISHRRHHSNTGSLDRDEVFVPKPKSKVAWFSKYLNNPL 180
B WVDDVMGLTVHSTLLVPYFSWKISHRRHHSNTGSLDRDEVFVPKPKSKVAWY TKYLNNPL 180
T™-3
A GRAVSLLVTLTIGWPMYLAFNVSGRPYDSFASHYHPY APIYSNRERLLIY VSDVALFSVT 240
B GRAASLL I TLTIGWPLYLAFNVSGRPYDGFASHYHPY APIYSNRERLLIYVSDVALFSVT 240

TM-4

A YSLYRVAT LKGLVWLLCVYGVPLLIVNGFLVTITYLQHTHF ALPHYDSSEWDWLKGALAT 300
B YLLYRVATMKGLVWLLCVYGVPLLIVNGFLVTITYLQHTHY ALPHYDSSEWDWLRGALAT 300

H-box 111

A MDRDYGILNKVFHHITDTHVAHHLFSTMPHYHAMEATNA IKPILGEYYOQFDDTPFYKALW 360
B MDRDYGILNKVFHHITDTHVAHHLFSTMPHYHA TEATNAMKPILGEYYRFDDTPFYKALW 360

A REARECLYVEPDEGTSEKGVYWYRNKY 387
B REARECLYVEPDEGTSEKGVYWYRNKY 387
Figure 4.

Alignment of FAD2-1A and FAD2-1B amino acid sequences. The difference in Amino acids between A and
B is highlighted in ved. There are four transmembrane domains and three H-box in the coding region of FAD2
enzyme in soybean (modified from Tang et al. [53]).

2.3 FAD2 genes from model organism soybean to crop species peanut

Peanut (A. hypogaea L.) is an economically important oilseed crop like soybean
but belongs to a different clade from soybean. Comparison of FAD2 genes in
peanut and soybean, peanut has an open reading frame without intron but one
intron in soybean. Compared to soybean, peanut seed has a higher content of oleic
acid (36-67%) and a lower level of linoleic acid (15-43%) [67]. The first natural
mutant peanut genotype with 80% of oleic acid content and 2% of linoleic acid
in seeds was reported in 1987 [68]. Research studies have demonstrated that the
natural mutant genotype with high oleic acid was associated with mutations in the
FAD?2 genes. Two homeologous AhFAD2A and AhFAD2B genes are responsible for
converting oleic acid to linoleic acid, located on the chromosomes 9 and 19 of the
A and B genomes in the allotetraploidy peanut, respectively [69, 70]. The coding
region of both genes has a length of 1,140 base pairs (bp) with 99% sequence
homology and only 11 bp differences. The comparison between the high oleic acid
line (F435) and the low oleic acid line (Tampson 90) revealed the presence of two
mutations on the coding sequence of ARFAD?2. The first mutation was a substitu-
tion of base guanine (G) to the base adenine (A) at the 448 bp position from the
start codon in AhFAD2A, resulting in a missense amino acid from aspartic acid
to asparagine. The second mutation was an insertion of the purine base adenine
(A) at 441-442 bp position in ARFAD2B, leading to the shift in the amino acid
reading frame, consequently generating premature stop codon [70]. Both spon-
taneous mutations that occurred on AhFAD2A and AhFAD2B alleles led to 80%
of oleic acid and 2% linoleic acid [71]. After screening the Chinese mini core
collection, 53.1% of genotypes carrying natural mutation G448A in the AhFAD2A
gene and 46.9% with no mutations were observed [72]. Interestingly, 82.8% of
this mutation existed in A. hypogaea subsp. hypogaea while 15.4% was observed
in A. hypogaea subsp. fastigiat. In addition, no mutations were detected in the
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AhFAD2B gene alone in any lines of the collection. Over 4000 peanut genotypes
were screened, and two natural mutant lines PI 342664 and PI 342666 with high
oleic acid, were identified [73]. In these two natural mutant lines, sequencing
results of the coding region showed the same substitution of G448A in AhFAD2A,
but a different substitution of C301G in ARFAD2B, resulting in an amino acid
substitution of H101D. These reports demonstrated that mutations occurred in
the coding region in either one or both of AkFAD2A and AhFAD2B genes alter
enzymatic activity that leads to the higher oleate trait in mutant genotypes [73]. In
addition to the natural FAD2 mutations in peanut, various chemical and physi-
cal mutagens, for example, X rays, EMS, gamma rays, and sodium azide, were
used to generate mutations in FAD2 genes to increase oleic acid content in seeds.
However, these methods generated many other mutations in the genome other
than in the target gene [74-77]. Yuan et al. [78] was the first use of CRISPR/Cas9
technology in peanut to induce mutations in FAD2 genes. The result showed that
the same mutations of AZFAD?2 genes that occurred in nature could be induced
by gene editing. We have increased oleic acid content with different levels using
a CRISPR-based gene editing approach targeting several locations in the coding
region and cis-regulatory RY element (CATGCATG) and 2S seed protein motif
(CAAACAQC) in the promoter region of peanut. Inducement of mutations in both
coding and promoter regions using the CRISPR-based gene editing technology is
ongoing in our peanut research. Hopefully, through gene editing, genotypes with
high oleic acid content in soybean and peanut will be developed to complement
the conventional breeding method.

3. Future perspectives and challenges in the mutagenesis of FAD2 genes

As amodel organism and economically important species in legumes, soybean
has been intensively investigated in genetics and genomics for its genetic improve-
ment. Precision gene editing systems have been used to change the profile of the
soybean seed fatty acid panel. The TALEN technology has been used to target
the FAD2 genes, and induced mutations materialize by a significant increase of the
oleic fatty acid content. CRISPR-based gene editing system has advantages of ease
use, accuracy, high efficiency, and success in a wide range of crop species to induce
mutations in FAD2 genes. Transgene-free genotypes can be obtained through
recombination of edited plants in the following segregation generations. However,
the application of CRISPR-based gene editing is a challenge in polyploidy species
due to multiple copies of target genes. Different mutant allele combinations would
also change the content of oleic acid. Moreover, a complete loss of FAD2 function
could result in important development defects due to the lack of polyunsaturated
fatty acids that play a crucial role in maintaining the fluidity of the cell membrane
in a cold temperature environment. The better strategy to accumulate oleic acid
in seed only may implement gene editing to target cis-regulatory elements that
implicate seed-specific gene expression in the promoter and avoid knocking down
FAD?2 expression in the entire plant.

Genetic transformation methods were developed using particle bombardment
meristem cells and shoot tips and somatic embryogenesis in soybean. The establish-
ment of these technologies has permitted the generation of soybean lines to improve
its oil quality. However, legume species are generally difficult to transform and
regenerate. The tissue culture procedure is time-consuming, genotype dependent,
and recalcitrant to regenerate adventitious shoots from explants, particularly in
soybean and peanut. Methodology to avoid tissue culture should be developed, such
as floral dipping for Agrobacterium mediate delivery.
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4, Conclusions

Fatty acids are essential components of cellular membranes and storage lipids
that are regulated in part through the action of fatty acid desaturases (FADs) and
related enzymes. FAD2 gene encoding fatty acid desaturase 2 enzyme is respon-
sible for converting oleic acid to linoleic acid in the developing seeds and directly
affects seed oil quality in oilseed crops. Intensive genetic and genomic studies
of FAD2 genes in soybean as a model organism provide valuable information on
understanding FAD2 gene family members to other oilseed crops. Due to high oleic
acid’s nutritional and health value, efforts have been focused on generating muta-
tions in the FAD2 gene, which could lead to high oleic acid content. Mutations that
occurred in both FAD2-1A and FAD2-1B genes in soybean can result in the highest
oleic acid content. Among the tools used for mutagenesis, CRISPR/Cas9 technology
is a promising approach to target multiple genes simultaneously and precisely to
efficiently induce mutations.
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