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Preface

Plant reproductive ecology is concerned with the adaptive significance of the
variation in traits associated with floral biology, pollination, seed dispersal, and
seedling establishment. The immobility of plants and their reliance on pollen
vectors for mating is the main cause of the diversification of floral traits and pol-
lination systems in flowering plants. This book explores the reproductive diversity
of flowering plants in relation to environmental variables. It has direct relevance
in agriculture, horticulture, conservation of biodiversity, control of invasive
plant species, plant breeding, and biotechnology.

The volume is a compilation of seven chapters written by eminent scientists across
the world. Flower symmetry is a key evolutionary innovation of angiosperms

and transition from radial to bilateral symmetry is believed to be associated with
increased specificity to pollinators, thereby favoring reproductive isolation. Chapter 1
unravels the genetic, phylogenetic, and evolutionary patterns for transition in
flower symmetry. Chapter 2 provides an interesting and comprehensive review of
the evolutionary transformations of the reproductive structures of angiosperms in
light of aromorphosis, allomorphosis, specialization, and reduction, which are the
key directions of the evolutionary process.

Pollination is an integral event for the reproductive success of a plant. Chapter 3
focuses on the diversity of pollinators in an agro-ecosystem, the interactions
between plants and pollinators, and the threat of declining pollinators. The authors
highlight the need for comprehensive management strategies and restoration of
pollinators for sustainable agriculture. Chapter 4 reviews the complex breeding
system of commercially important Citrus species like mandarin, sweet orange,
pummelo, grapefruit, lemons, limes, and citrons and their dependency on pollina-
tion services in a global pollinator decline scenario. Chapter 5 discusses the complex
interactions and impact of non-native exotic plant communities on native plants
and pollinators.

Seed biology is an important aspect of reproductive ecology, as fruits and seeds

are the economic products of many of our crop plants. Chapter 6 highlights recent
advances in the reproductive ecology of Medicago sativa (alfalfa), an important
forage legume, in relation to its floral biology, pollination ecology, ovule sterility,
inbreeding depression, breeding strategies, seed production, and seed dispersal.
Chapter 7 focuses on seed priming, a cost-effective interlinking technology between
seed germination and seedling establishment. The authors discuss the relevance

of the technique in enhancing seed vigour and seed germination and promoting
successful crop stand establishment under extreme climatic conditions and fragile
ecosystems.



The book is a useful resource for ecologists, botanists, zoologists, plant breeders,

and conservation biologists.

We thank Author Service Manager, Ms. Jasna Bozic, at IntechOpen for her constant

support and help in completing this project.
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Chapter1

Current Trends in Developmental
Genetics and Phylogenetic
Patterns of Flower Symmetry

Renu Puri and Anjana Rustagi

Abstract

Flower Symmetry is a key evolutionary innovation in some lineages of angio-
sperms. The flowers of the primitive angiosperm plants were radially symmetrical
actinomorphic. Later bilaterally symmetrical zygomorphic flowers independently
evolved in several clades of angiosperms. This transition of trait is associated with
an adaptation to specialized methods of pollination. Zygomorphic flowers allow
more specific plant insect interaction. So, the transition from radial symmetry to
bilateral symmetry facilitates reproductive isolation which in turn might have led
to diversification or rapid speciation of some lineages in angiosperms. Phylogenetic
analyses in lineages of angiosperms revealed that few clades have shown that there
have been reversals, that is, there is transition from bilateral symmetry to radial
symmetry. When such studies are correlated with genetic studies, it is revealed that
CYC (TCP family) transcription factors are responsible for the transition of this flo-
ral trait. Phylogenetic analyses, genetic studies and Evo-Devo analyses can answer
important questions such as what other transition in floral symmetry is found in
angiosperms? Is there a pattern of floral symmetry transition in different lineages?
Do these transitions act as key innovation for the clades in which they have evolved?

Keywords: floral symmetry, zygomorphic, actinomorphic, phylogeny, asymmetry

1. Introduction

Flower is a significant novelty for evolutionary success in angiosperms. It
primarily comprises four whorls—sepals, petals, stamens, and carpels. The shape
of the flower changes because of change in the shape or morphology of any of these
whorls. This gives rise to different shape and symmetry of flowers. The change in
symmetry can occur in any of the whorl; however, it is widely studied in petals [1].
Floral symmetry is an important trait as it impacts the visual appearance of a flower.
Hence, it’s been a fascination for human eye. Pollinators are usually attracted to
flowers due to its diverse forms of colors but also due to the symmetry it possesses,
thereby contributing to the plant pollination syndrome [2-4]. Broadly there are
the two types of floral symmetry, radial symmetry also known as polysymmetry or
actinomorphy and bilateral symmetry also known as monosymmetry or zygomor-
phy. Flowers with radial symmetry have more than two planes of symmetry and are
called as actinomorphic. Flowers with bilateral symmetry have single plane of sym-
metry and are called as zygomorphic [5-7]. There is another rare form of symmetry
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A. Radial Symmetry B. Bilateral Symmetry C. Asymmetry

Eg. Eg. Eg.

D. Catharanthus roseus E. Impatiens sp. F. Canna sp.

Figure 1.

Di]g‘ﬁvent types of floval symmetry. A. Radial symmetry (more than one plane of symmetry, polysymmetry,
actinomorphy). B. Bilateral symmetry (single plane of symmetry, monosymmetry, zygomorphy), C. asymmetry
(no plane of symmetry). D. Flower of Catharanthus roseus showing radial symmetry, E. flower of impatiens
sp. showing bilateral symmetry and F. flower of canna sp. showing asymmetry.

in flowers that is known as asymmetry [8]. This refers to morphologies where there
is no pane of symmetry (Figure1).

These categories have been studied at various different levels such as the molec-
ular aspects of these transitions and how the pollinators perceive them [5, 6]. There
have been transitions from actinomorphy to zygomorphy many times during the
diversification of angiosperms, and these transitions are more common in species-
rich lineages such as Fabaceae, Lamiales, and Orchidaceae. However, reversals from
zygomorphy to actinomorphy are also reported [9-12].

We in this chapter focus on the different genetic studies, which have been con-
ducted to understand the molecular basis of the variation in floral symmetry and
what do we get to know when these studies are correlated with phylogenetic studies.
These studies have provided insights into how and when these transitions in floral
symmetry evolve.

2. Diversity of floral symmetry in angiosperm flowers

Apart from the flower symmetry categories mentioned above, there are many
other forms of flower symmetry such partial zygomorphy and few others. There are
different degrees of symmetry. In the year 1925, based on the aspects of symmetry
as used in crystallography, new terms were introduced. Of those rotational symme-
try, mirror symmetry and spiral symmetry are to name a few [13].

Later correlation studies between floral symmetry and pollination biology
were conducted. These studies focused on how pollinators perceived flowers.
With these studies, three-dimensional aspects were added to the floral symmetry
terminology [10, 14, 15]. After around 75 years, an elaborated and modified clas-
sification was proposed, which was also based on visual perception of flowers by
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the pollinators [2, 3]. These terminally only applied to very discreet flower forms
and only in mature flowers [16].

However, there are variable degrees of floral symmetry at different developmental
stages. This variation can also be seen in different lineages, or there might be con-
vergent evolution of this state in two different and closely unrelated clades. Endress
[5] considered these two aspects, that is, developmental changes and phylogenetic
changes, and identified three forms of monosymmetry and three forms of asymmetry.

First form of monosymmetry is found in taxa with elaborated monosymmetric
flowers, for example, Lamiales, Asterales, and Leguminosae. The second is taxa
in which monosymmetry arises, but predominantly the group is polysymmet-
ric, e.g., Passiflora lobata (Passifloraceae) and Chiranthodendron pentadactylon
(Malvaceae). The third form is evolution of monosymmetry form by reduction,
e.g., in case of Hippuris (Antirrhinaceae). First form of asymmetry is seen in taxa,
which are predominantly monosymmetric, e.g., Vigna (Leguminosae). Second
form is unordered asymmetry in flowers of basal angiosperms, e.g., Zygogynum
(Winteraceae). Third form is asymmetry, which arises due to reduction, e.g.,
Centranthus (Valerianaceae) [5].

3. The genetic basis of flower symmetry

The genetics of a flower is regulated by specific transcription factors (TFs) [17].
TFs such as MADS (First alphabet of MCM1 in yeast, AGAMOUS in Arabidopsis,
DEFICIENS in snapdragon, and SERUM RESPONSE FACTOR in human)-box
are widely studied for various developmental pathways from root development to
fruit development. One important role is determination of organ development in
flower. ABCDE model and its modifications are based on the different functions of
MADS-box TFs [18-25].

Floral development is also controlled by other set of TFs Known as MYB TFs.
These TFs are found in all eukaryotic organisms and identified by the presence of
MYB R Repeats. Each repeat is about 52 amino acids. Based on these repeats, the
MYB TFs are classified into 4R, 3R, 2R, and 1R-MYB types. In plants, the most com-
mon are 2R-MYB TFs (R2R3) [26-29].

Recent studies show that MYB TFs, DIV-and-RAD-interacting-factors (DRIF),
DIVARICATA (DIV) and, RADIALIS (RAD) play important role in floral symmetry
[30, 31]. The studies revealed that these MYB TFs interact with TCP (TCP family
name is derived from its first three characterized members, first alphabet of TB1,
TEOSINTE BRANCHED 1; CYC, CYCLOIDEA and PCFs, proliferating cell factors)
TFs. CYCLOIDEA (CYC) and DICHOTOMA (DICH) are two paralogs that belong
to TCP family. They are expressed in the dorsal region of flowers, and they are vital
to control floral symmetry [32]. The studies show that these TFs and their orthologs
and paralogs have similar interactions in Dicots and monocots.

3.1 Developmental genetics of floral symmetry in dicots

The molecular basis of floral symmetry was first studied in Antirrhinum majus,
which has zygomorphic flowers [33]. In the dorsal region, there is interaction of
RAD and DRIF. CYC is expressed only in the dorsal region of flower. RAD promoter
and intron have CYC target sequence. When CYC binds to RAD promoter, its
causes synthesis of RAD protein. The DIV protein Interacts with DRIF but when
RAD binds to DRIF, DIV/DRIF complex is not formed and thus not able to activate
downstream ventral gene. In the ventral region, CYC is not expressed and likewise
RAD is not activated. DRIF is free to bind to its target sequence present on the DIV
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promoter region [34, 35]. This heterodimer complex, DIV/DRIFT complex activates
the ventral genes. This differential expression of CYC in dorsal and ventral region
of snapdragon flower causes dorsoventral symmetry (Figure 2) [36-38].

Flower of A. majus is an example from Lamiales where there is elaborated zygo-
morphy. Within Lamiaceae in family Gesneriaceae, the clade has zygomorphic flow-
ers. However, Conandron ramondioides have actinomorphic flowers [39]. This is the
case of reversal from zygomorphy to actinomorphy. In this species, there is change
in the expression of the homologs of above TFs. In case of petals and stamen, there
is loss of expression of CrCYC and CrRAD so the DIV is active and ventral genes are
activated (Figure 3) [40-42].

Another member of clade lamiales Plantago lanceolata shows actinomorphic
flowers [43]. Interestingly here CYC A clade gene is absent, but PICYC-B clade
gene is expressed. PICYC-B at early stages is present in ground tissue, and later
it expresses in stamens till the upper portion of filament. PICYC is absent
in petals. Homolog of RAD gene is absent, and PIDIV, ortholog of DIV is
expressed in lateral petals and in the ovary. Absence of CYC-A clade and
RAD gene in the dorsal part of flower might have been responsible for radial
symmetry (Figure 4) [44, 45].

More complex mechanism takes place in Asteraceae. Here the inflorescence
is complex and is known as capitulum. For example, in Senecio vulgaris, the disc
florets have radial symmetry and ray florets have bilateral symmetry [46]. Here
there are CYC-like genes RAY1, RAY2, and Ray3. Unlike as in A. majus, RAY1 and
RAY?2 are expressed in entire ray floret, and RAY3 expresses only in ventral region.
MYB genes SvDIVIB and SvRAD are expressed only in the ray florets at early
stages. SYRAD expresses in ventral region. At later stages, SvDIV1B expresses in
disc florets too (Figure 5) [47].

cve Activates { h
—’L
Present Y RRE ,,)
Yo o
&
Dorsal structures £
g
&
Drift /’/)f 7\\‘\
Cannot BRIFT RAD )
bindto .
DIV
Cyc Cannot K/' RAD

absent Activates \_ inactive )

Ventral structures

bindto N
Bl DRIFT

Antirrhinum majus

Figure 2.
Molecular genetic control of floral symmetry in Antirrhinum majus.
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Molecular genetic control of floval symmetry in Conandron sp.
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Figures.
Molecular genetic control of floval symmetry in Senecio vulgaris.

3.2 Developmental genetics of floral symmetry in monocots

Little is known about floral symmetry in monocots. Orchidaceae family supports
the DDR (DDR stands for DIV, RAD, and DIV-and-RAD-Interacting Factor DRIF)
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Figure 6.
Molecular genetic control of floral symmetry in Orchidaceae.

regulatory module [48]. Recent study revealed that DIV, DRIFT, and RAD interact
with each other and work as regulatory unit. DDR module is more conserved in
monocots than in dicots. Orchids show resupination before anthesis and dorsally
placed structure becomes ventral in position. DIV and DRIF express in ventral
structures and after resupination take dorsal position. In the lip high level of RAD
expression prevents activation of DIV, RAD is responsible for lip determination in
orchids (Figure 6) [49].

4. Other putative genes

Apart from MYB and TCP family, other putative genes need to be identified.
Few genes are identified in model plant Arabidopsis. One such is RABBIT EARS
(RBE). It belongs to C2H2 Zinc finger TFs family. Its expression is regulated by
Auxin. When this gene is muted, then two of the petals do not elongate and give
rise to bilateral flower. RBE further regulates TCP4 negatively by binding directly
to its target sequence to the TCP4 promoter [41]. The role of CYC and CYC-like
genes, which belong to TCP family, is already known. Other putative TCP mem-
bers could be analyzed to reveal other pathways responsible for flower symmetry.

Other putative genes are such as AINTEGUMENTA-LIKE 6 (AIL6), AUXIN-
REGULATED GENE INVOLVED IN ORGAN GROWTH (ARGOS), AIN-
TEGUMENTA (ANT), BIGPETALp (BPEp), and JAGGED (JAG). The differential
expression of these genes plays important role in floral organ development.
Further analyses on non-model species that have different floral symmetries can
reveal their role in floral symmetry [41]. The identification of these genes will not
only help to identify the QTL for floral traits but also for phylogenetic studies. The
homologs of these genes can further help us to understand the evolution of these
genes and the gene families.
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5. Phylogenetic pattern in floral symmetry

Floral symmetry patterns are best understood in phylogeny context. These
studies help in understanding how often the transition from radial symmetry to
bilateral symmetry has occurred and vice versa. It also gives insight on what lineages
these transitions have taken place and when those transitions occurred on geological
timescale.

We now have clear understanding about the major lineages of angiosperms.
Recent studies focus on mapping various morphological traits on these robust phy-
logenetic analyses. In relation to floral symmetry, recent studies have constructed
itas a character and different forms (radial symmetry, bilateral symmetry, asym-
metry, etc.) on phylogenies [50]. Such robust studies have answered the abovemen-
tioned questions.

Studies revealed that the ancestral flower of angiosperms was radially sym-
metrical [8]. Floral symmetry character reconstruction on ordinal phylogeny
also revealed the same scenario and showed that the transition to bilateral
symmetry is widespread on angiosperm phylogeny. Parsimony reconstruction
on family phylogeny revealed that there are at least 70 such transitions from
radial to bilateral symmetry in angiosperms including 23 in monocots and 46 in
eudicots [50].

Later studies focused on detailed phylogeny of smaller clades. Character recon-
struction of floral symmetry in Lamiales at family level revealed one transition
from radial to bilateral symmetry and one vice versa [51]. Multiple transitions from
radial to bilateral symmetry were observed in Brassicaceae, Ranunculaceae, and
Solanaceae [52-54].

S.no Clade names

Group 1 Amborrellales, Pandanales, Arecales, Dasypogonaceae, ceratophyllales, Trochodendrales,
Buxales, Gunnerales, Dileniales, Vitales, Celastrales, Oxalidales, Fagales, Crossosomatales
Picramniales, Heurteales, Malvales, Berberidopssidales, Cornales, Nymphaellales,
Austrabaileyales, Chaloranthales, Canellales, Magnoliales, Petrosaviales, Aquifoliales,
Escalloniales, Bruniales, Paracryphiales, Garryales, Icacinaceae, Metteniusaceae,
Oncothecaceae, Vahliaceae

Table 1.
List of clades in which radial symmetry is conserved in all or most of its descendents.

S.no Clade names

Group 2 Piperales, Laurales, Acorales, Alismatales, Dioscoreales, Liliales, Asparagales, Poales,
Commelinales, ranunculales, Proteales, Sabiales, Saxifragales, Zygophyllales, Malphighiales,
Fabales, Rosales, Cucurbitales, Geraniales, Myrtales, Sapindales, Brassicales, Santalales,
Caryophyllales, Ericales. Apiales, Dipsacales, Asterals, Boraginaceae, Gentianales, Solanales

Table 2.
List of clades in which bilateral symmetry evolved independently.

S.no Clade names
Group 3 Zingiberales, Lalmiales Acorales, Fabales, Dispacales
Table 3.

List of clades in which bilateral symmetry evolved early as a single event.
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S.no Clade names

Group 2 Orchidaceae, Fabaceae, Malpighiaceae,Capparaceae, Cleomaceae, Brassicaceae, Caprifoliaceae
and Aster-aceae

Table 4.
List of clades in which there was reversal from bilateral symmetry to vadial symmetry.

Bilateral symmetry has evolved at least 130 times independently in different
clades, and there were at least 70 reversals [55]. Based upon these transitions, four
basic groups have been observed. These are: first, there are clades where radial
symmetry is conserved (Table1). Second, clades wherein bilateral symmetry has
evolved independently (Table 2). Third, clades wherein bilateral symmetry arises
as single early event (Table 3), and fourth group includes clades that show rever-
sal to radial symmetry (Table 4). Basal angiosperms have radial symmetry with
exceptions such as in Glossocalyx. Radial symmetry is also conserved in ancestral
monocots and Eudicots. More robust phylogenetic studies in future can further
reveal detailed transitions.

6. Floral symmetry on geological timescale

First fossil remains of flowers with inserted flower parts are found to be from
early Cretaceous period (Barremian-Aptian period) around 125 million years ago
(Ma.). This fossil represents the flowers of the ancestors of early Nympheales
[56, 57]. The first fossil of a flower, which is pentamerous, was reported from late
Cretaceous period (Cenomanian period) around 100 Ma. This fossil remains has
both petals and sepals. It is considered as a representative of ancient ancestor of
Eudicots [58].

Clearly, the above fossil records show that there was a transition from closed
floral structure to an open floral structure. The flower evolved from closed noncyc-
lic structures to more open and cyclic forms. This transition took place in Mid-
Cretaceous period. It is during this period that many floral traits evolve. Many of
these traits are key innovations. This floral trait evolution coincides with the major
diversification period of angiosperms [59, 60].

The first transition from radial symmetry to bilateral symmetry can be traced
to the first radiation in angiosperms. These flower remains are reported from
Turonian fossils from late Cretaceous, which is around 100 Ma. These flower fossils
have staminodal nectaries making the radial flower partially bilateral. These flowers
fossils are the first report of zygomorphic flower form, although these forms were
not exactly bilaterally symmetrical. These fossils represented the precursors or
ancestors of zygomorphic flowers [59, 61].

First complete zygomorphic flowers are recorded from Paleogene (Paleocene-
Eocene period) around 55 Ma [59]. This is the time period where a second major
diversification of angiosperms took place. So, we have seen that both the radiation
events of angiosperms diversification coincide with the evolution of floral traits
including floral symmetry [61]. Thus, floral symmetry transition is clearly the key
innovation, which might have played crucial role in radiation of angiosperms. Of
course, there might be other factors too that played their part. One such factor is
evolution of pollinators.

Interestingly, the evolution of those floral traits that lead to diversification of
angiosperms in the above-said events coincides with the advent of specialized pol-
linators. Also, the evolution of bilateral symmetry in some plant lineages cooccurs
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with the time period when there was a rise of some bee families. Thus, in some
lineages the Coevolution of insect pollinators with the floral symmetry holds true
[2, 5]. Although there are other abiotic and biotic factors that are needed to be tak-
ing into account such as climatic conditions and various architectural components
of flower.

7. Conclusion

Great deal of progress is being made on study of floral symmetry evolution
in dicots. The MYB TFs and TCPs play an important role in understanding the
molecular genetic basis of floral symmetry. However, there is a scope to identify
other putative genes that might be having evolutionary significance. Robust stud-
ies should be taken up, especially among monocots to unravel modulators of floral
symmetry patterns.

Most of the species-rich lineages have bilateral symmetry. Based on this observa-
tion, many hypothesize that bilateral symmetry is related to increased specificity to
pollinators, thereby increasing the chances of reproductive isolation. This holds true
for many taxa, but not all lineages of angiosperms follow the same pattern.

Evolution is a highly complex phenomenon, and diversification of species is
dependent on various factors and not just one single trait. Therefore, it is necessary
to take holistic approach and to combine other factors such as developmental stages,
floral mechanics, etc., with the phylogenetic framework to get a detailed answers
about floral symmetry.
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Chapter2

Evolutionary Patterns of the
Internal Structures of Generative
Organs in Angiosperm Plants

Elizabeth L. Kordyum and Helen A. Kravets

Abstract

Evolutionary patterns of the internal structures of generative organs in
angiosperms are considered in light of the idea on their close dependence on the
appearance of angiospermy — formation of the ovary closed cavity by carpels—
macrosporophylls. A characteristic feature of the sexual process in gymno- and
angiosperms is the independency of water for fertilization, unlike all lower plants
and pteridophytes. The main direction of the further evolution of the sexual process
consisted in the modification for adaptations that ensure the successful fertilization
in new conditions. The guidelines and levels of evolution include aromorphosis,
allomorphosis, specialization and reduction which are considered to be concrete
examples of microstructure of generative organs.

Keywords: embryology, fertilization, aromorphosis, allomorphosis,
specialization and reduction, angiosperms

1. Introduction

The current state of botanical knowledge allows us to believe the opinion that
the appearance of angiosperms was the largest arogenesis and followed many
branches with a pronounced heterochrony of the evolution of their organs [1, 2].
One of the fundamental changes in the structure of the reproductive organs of
angiosperms was the formation of a closed ovary by carpels-macrosporophyles,
in which the ovules were formed. The presence of a “wet chamber” protected the
ovules and embryos during the seed formation was a decisive condition for the
rapid dispersal of angiosperms under increasing dryness of the atmosphere at
certain geological periods of the Earth [3].

Differentiation of pistil-forming carpels into closed ovary, style, and stigma also
caused a change in the conditions for pollen germination and pollen tube growth,
i.e. conditions for the delivery of male to female gametes and the process of fertiliza-
tion. A characteristic feature of the sexual process in gymno- and angiosperms is the
independence of fertilization from water, in contrast to all plants and pteridophytes,
in which fertilization occurs only in the presence of water, which is necessary for
the movement of spermatozoids to the egg-cells. The main direction of the further
evolution of the sexual process in the broad sense of this word consisted in the per-
fection of readjustments ensuring fertilization in the new conditions. The perfection
of readjustments ensuring fertilization in the new conditions presented the main
direction of the further evolution of the sexual process in gymno- and angiosperms.
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Implementation of the functions of male and female gametophytes in the new
conditions inevitably caused the structural changes in their organization, aimed
at optimizing the passage of the fertilization process and determined the modern
specificity of the embryo sac and pollen grains. On the basis of extensive com-
parative embryological studies of angiosperm species, classifications of types of
ovules, micro- and macrosporangia, male and female gametophytes, fertilization,
embryo- and endospermogenesis have been developed, and controversial issues of
their emergence and evolution are actively discussed [4-16]. It must be emphasized
that internal structures of the generative organs of angiosperms arose as a result of
complex morphogenetic transformations of the homologous structures of the previ-
ous forms. Cognition of the laws of these transformations, i.e. becoming and further
evolution of embryological structures, is the task of the evolutionary embryology of
plants, in particular angiosperms. In this mini-review, we have made an attempt to
discuss the evolutionary transformations of the embryological structures of angio-
sperms in the light of the main directions of the evolutionary process — aromorphosis,
allomorphosis, specialization and reduction.

2. Aromorphosis

The currently accepted concept of aromorphosis [1, 2, 17 18] includes the
appearance in the body of such changes of a progressive order that are not strictly
limited to any particular environment and, thus, raising the organization of the
organism to a higher level, allow it to capture new, often very different areas for
its habitat. Assignment of the emergence of angiosperm female and male game-
tophytes to phenomena of the aromorphosis type emphasizes the higher level
of their development in comparison with the previous ones. The specific female
gametophyte of angiosperms and double fertilization were new progressive steps,
surprisingly precisely coordinated with each other, in the organization, first of all,
of the plant female generative sphere and the implementation of one of the cardinal
biological processes — fertilization. Polyploid endosperm, formed as a result of the
fusion of sperm with the polar nuclei of the central cell of the embryo sac, is the
final stage in the conjugated chain of aromorphoses of the internal structures of
the generative organs of angiosperms. Deep rearrangements in the organization of
the angiosperm female gametophyte, embryo sac, in comparison with the female
gametophyte of archegonial plants, and primarily gymnosperms, is quite natural.
We do not consider in detail the existing hypotheses about of the embryo sac origin
and the directly related question about the origin of angiosperms, referring the
readers to excellent reviews [4, 5, 9, 10, 12, 18-27].

We only note that Porsch’s [28], and Favre-Duchartre’s [29], archegonial
hypothesis is based on the recognition of the embryo sac homology with the female
gametophyte of gymnosperms. Coulter [6] expressed the idea of gradual reduction
of an archegonium, which begins in gymnosperms and ends in angiosperms with
the complete disappearance of its wall, from which only the reproductive structure
remains, an egg cell. Fagerlind [30, 31] considered the elements of an embryo sac as
the initial stages of the female gametophyte development in Gnetum, in fact, before
the formation of archegonia. A clearly formulated hypothesis of the neotenic origin
of an embryo sac was proposed by Romanov [32] and Takhtajan [9, 33]. According to
these concepts, the maturation of gametes occurs before the formation of archegonia
as aresult of terminal abbreviation (shortening) of the gametophyte development.
“Like any neoteny, a sharp shift in the reproductive phase (in this case, the differ-
entiation of the ovule) to an early stage of development, at the latest after the third
division of the macrospore nucleus, occurs together with the terminal abbreviation
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of development, that naturally excludes the archegonium formation” ([33], p. 116).
Thus, a terminal abbreviation with the subsequent deviation of the last phases

of development is clearly manifested in the embryo sac emergence. According to
Kollman [34], who proposed this term back in 1884, the concept of “neoteny” (liter-
ally “retention of a youthful form)” means the preservation of juvenile characteris-
tics in a sexually mature organism. Neoteny in organ development is also considered
as a part of paedomorphosis (literally “child-shape” including neoteny (reduced
rate) [8, 9, 35, 36], included in the broader concept of “heterochrony”, which can be
defined as change to the timing or rate of developmental events, relative to the same
events in the ancestor [8, 11, 15, 37, 38] idea of the important role of neoteny in the
emergence of the newest characters at the early stages of ontogenesis and, thus, more
progressive taxa in evolution finds its development in the views of Takhtajan [10, 11]
on macroevolution as a result of changes in developmental timing (heterochrony or
heterobatmy).

The male gametophyte (pollen grain) of angiosperms has emerged on the same
regularities as the female one — the onset of the phase of puberty at the early stages
of gametophyte development, even before the formation of an antheridium, by
the basal abbreviation of the gametophyte development of the previous forms [33]
(Figure1). As a result of the pistil formation, pollen germinated on the stigma
being not protected from the direct influence of the environment [12, 39-44].
Pollen grains of gymnosperms germinate in a specific pollen chamber and further
development of the male gametophyte occurs over a relatively long period of time
[45-47]. Germination of angiosperm pollen grains on the stigma should have been
carried out for a much shorter time [48]. So, only the final stage of the male game-
tophyte development could take place after pollination — the formation of gametes
that occurs in plants with the two-celled type of pollen grains. In plants with the
three-celled type of pollen grains, the entire development of the male gametophyte
ends in the microsporangium. In general, the time interval between pollination and

Type Microspore : Stagz'e ofdevefopmen: .
lc te |9 tc | sc e
te Ny fc ;L‘ fe
- @@ s
5 fc Zi ~ fe
Taxus - 90
axus b % @ C\
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Gnetum 5 @ * p @b" x
Angiospermae % * . @ [L' %

Figure 1.

Comparison of developmental stages of a male gametophyte in seed plants. X —stages missing from ontogenesis
in a result of abbreviation; p, p, — prothallial cells; tc — tube cell (siphonogenic); g — generative cell; cs — cell-
stalk; sc —spermatogenous cell [33].
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fertilization in gymnosperms is much longer as compared to angiosperms. It ranges
from 10 h to more than 12 months (fertilization occurs in the spring or summer of
the next year), except for Gnetum and Ephedra, which have a fertilization interval
of 6-8 days and 10-36 h, respectively [46-48]. Accelerated pollen tube growth rate
in angiosperms is considered as a critical innovation that preceded the origin of the
closed carpel, long styles, and multiseeded ovaries [40].

Angiospermic plants have a shorter reproductive cycle than gymnosperms [12,
39, 45]. An important step in the onset of a rapid reproductive cycle is to shorten
of the progamous phase [12, 22, 42, 43]. The duration of the progamous phase is
usually associated with the rate of the male and female gametophyte development.
In general, well-hydrated and metabolically very active pollen germinates quickly
(often within minutes) [49], but also rapidly loses viability [50]. Active pollen
dehydration provides a longer functional life, but slower germination and leads to
large fluctuations in the duration of the progamous phase [42, 43].

The syngamic phase in flowering plants can also vary considerably in duration.
In a number of Asteraceae species, for example Taraxacum koksaghyz and Crepis
capillaries, syngamy (fusion of sperm with an egg) and triple fusion (fusion of
sperm with the polar nuclei of the central cell of the embryo sac) were observed
within 15-30 min and 40-50 min after pollination, respectively [51]. There is a very
short progamous phase of the fertilization process (from the moment the pollen
gets the stigma to the entry of a pollen tube into micropyle of the ovule) in cere-
als, for example wheat — 15 min [52]. In Amborella trichopoda, syngamy and triple
fusion could be observed within 24 h [41], in Consolida arvensis, 3-12 h after pol-
lination [53] that is possibly due to the large number of ovules in the ovary and their
non-simultaneous maturation. In most Liliaceae, especially in Lilium species, the
duration of pollination-fertilization is very long, for example, the progamous phase
continues about three days and the phase of syngamia lasts about four days [54].
One of the reasons for the delay in the rate of fertilization may be heterochrony as a
shift in the synchronous development of male and female gametes [55].

3. Allomorphosis

According to Schmalhausen [2], allomorphosis is the most common type of
evolution, in which the organism does not experience any significant complication
of its organization, and the relationship between the organism and the external
environment generally retains the same character. The term “allomorphosis’, as
noted by Schmalhausen [2], closes to idioadaptation of Severtsov [1] that provides
the emergence of various adaptive forms within the same level of organization
but it seems to us broader and therefore we used it to consider the evolution of the
internal structures of generative organs of angiosperm plants. We believe that their
subsequent changes at the level of allomorphosis emphasize the importance of new
correlative connections as a result of the emergence of angiospermy.

That is why, allomorphosis is most clearly manifested after the next aromorpho-
sis in the evolution of various plant groups. The data of comparative morphological
and ontogenetic studies show an essential role of abbreviation (mainly basal and
terminal, less often medial), deviation (terminal and medial), less often prolonga-
tion (terminal) in the rearrangements of the internal structures of the generative
organs, relating to allomorphosis. In our opinion, the emergence of the existing
diversity of a number of embryological structures, in particular various types of
macrosporangium and microsporangium wall formation, Allium- and Adoxa-
types of bisporic and tetrasporic embryo sacs, types of endosperm, etc., should be
attributed to phenomena of the allomorphosis type.
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3.1 Macrosporangium

The emergence of an ovule in seed plants must undoubtedly be attributed to
aromorphosis. With the formation of integuments, a macrosporangium found
itself in the new conditions, which created the preconditions for its further evolu-
tion in certain directions [10, 12]. Evolution of a macrosporangium at the level of
phenomena such as allomorphosis took place in both gymno- and angiosperms. In
the latter, the range of changes in the macrosporangium structure turned out to be
much wider due to the occurrence of angiospermy, the largest aromorphosis, and
the creation, as a result, of new correlative connections [56-61]. The classification
of angiosperm macrosporangia, proposed by us [60] is based on the theory of the
tunic and corpus of the structure and functioning of the vegetative shoot growth
point (cited from [62]). According to this theory, a vegetative shoot growth point
consists of one or more peripheral layers, cells of which divide mainly anticlinally.
This initial growth zone is called the tunic. Tunic layers surround a group of cells
dividing in different directions and representing an another initial growth zone —
corpus. The tunic and corpus are considered as two interdependent growth zones
not associated with certain anatomical and morphological areas of the shoot and
leaves. Cells of the tunic outer layer divide only in the anticlinal direction and form
an epidermis. The organization of the tunic - corpus is also present in the generative
meristem — the meristem of an inflorescence, flower, and the generative meristem is
mostly characterized by a two-layer tunic.

In the course of evolution, there was a transition from the structured apical
meristem of ferns and gymnosperms with one or more initials to the stochastic
meristems of the layered structure of angiosperms. This created conditions for the
formation of a pool of meristematic cells, which could compete with each other for
the creation of cell clones [63-65]. The layered organization (corpus-tunic) of the
corpuscular meristem contributed to the relative isolation of these clones of cells
and influenced the spread of mutations [66-68]. Mosaicity and instability of cell
populations of the stem apex were apparently of key importance for the evolution
and wide diversity and distribution of angiosperms. The emergence of a generative
meristem could also be induced by mobile genetic elements [69]. These mechanisms
allowed angiosperms to quickly get rid of harmful mutations, preserve genetic
variants for a long time and in case of environmental threats, and cells carrying
adaptive mutations to win the competition to provide a wide variety of structures of
reproductive organs.

The classification of macrosporangia proposed by us [60] is found on the struc-
tural features of a nucellus, namely: a number of central cells of the tunic second
layer of an ovule rudiment, a number of differentiating archesporial cells, the
division intensity of vegetative, and in some cases, sporogenous cells of the tunic
second layer, and time and place of the emergence of integuments. Two groups
of macrosporangia are distinguished (Figure 2): (A) an undifferentiated ovule
primordium consists of cells derived from the two tunic layers and a corpus layer.
(B) An undifferentiated ovule primordium consists of cells derived from one tunic
outer layer and the placenta subepidermal layer [70].

Based on the ideas about the direction of macrosporangium evolution in
archegonial and angiosperm plants, we consider a large macrosporangium with a
multilayered wall, multicellular archesporium and a well-expressed parietal tissue
as a primary type I (Casuarina-type) [33, 51, 56, 60, 70]. Macrosporangia of II-VIII
types are recorded as derivatives of type I which results the tripartite abbreviation,
mainly basal, medial and terminal (according to Takhtajan [33]). The most striking
example of basal abbreviation is the development of macrosporangium types VI
(Achillea), VII (Antennaria) and VIII (Himantoglossum), where the initial stages of
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Figure 2.
Main types of macrosporangia in angiosperms: (a—d) successive stages of macrosporangium development [60].

the ovule primordium formation almost completely disappear. In macrosporangia
of these types, archesporial cells differentiate from derivatives of the placenta
subepidermal layer after two or three periclinal cell divisions. Medial abbreviation

is widespread under development of types II — IV. For example, primary archespo-
rial cells, differentiating from the central cells of the tunic second layer of the
macrosporangium primordium, as well as protoderm cells of its apex do not divide
under development of a type I (Malabaila). Division of the primary archesporial
cell also falls out during the formation of type IV (Anisum). The number of divisions
of somatic cells of the tunic second layer was also reduced during the development
of type I and IV. One or another derivative type of a macrosporangium does not
depend on the type of ovule (atropic, anatropic, hemitropic, campylotropic, amphi-
tropic), as well as the position of the ovules in the ovary - epitropic, apotropic and
pleurotropic. Thus, evolution of angiosperm macrosporangium proceeded in the
direction of reduction of its vegetative and sporogenous parts, and both directions
might not coincide in time. The most advanced types of macrosporangia should be
considered IV (Scopolia- and Vincetoxicum- subtypes), VII (Antennaria-type) and
VIII (Himantoglossum-type) characterized by a single-layer wall, unicellular arche-
sporium and the absence of parietal cells [60]. It should be noted that in nature there
are undoubtedly intermediate forms between the main types of macrosporangia.

3.2 Microsporangium wall

The medial and terminal abbreviations, in our opinion, are clearly traced in the
formation of an microsporangium wall during angiosperm evolution and expressed in
the reduction of a number of cell divisions derived from the parietal layer. In a number
of angiosperm species, the microsporangium wall consists of five or more layers; as
aresult of cell division in the parietal layer, two central layers arise. Periclinal cell
divisions of the two central layers lead to the formation of the tapetum, two middle
layers, and an endothecium. A further increase in the number of layers of the micro-
sporangium wall occurs mainly due to periclinal cell divisions of one or two middle
layers. Additional middle layers can also result from cell division of the endothecium
or tapetal layer. Davis [61] considered the last type of wall formation as the initial type
and gave it a corresponding name - the basic type. The centrifugal type of microspo-
rangium wall formation, since the time of Warming [71], is known for the fact that
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asaresult of cell division of the parietal layer, the tapetum and the central layer are
formed, from which the middle layer and endothecium arise. In the centripetal type,
as a result of cell division of the parietal layer, endothecium and the central layer are
formed, from which the middle layer and tapetum arise. Thus, the wall in those cases
consists of four layers — the epidermis, endothecium, middle layer and tapetum.

The centrifugal type of formation of the microsporangium wall is known mainly for
dicotyledonous species, which led to Davis’s [61] proposal to designate it as a dicotyle-
donous type. The centripetal type, monocotyledonous according to the terminology
of Davis [61], is more common in monocotyledonous species. In the reduced type, the
tapetum and endothecium are directly formed from periclinal divisions of the cells

of the parietal layer, the middle layer is absent (Figure 3). There is no objection to the
position of Davis that dicotyledonous (centrifugal), monocotyledonous (centripetal)
and reduced types of microsporangum wall formation are derivatives of the basic type,
in which a more massive microsporangium wall is formed as a result of a greater num-
ber of cell divisions. The emergence of various types of angiosperm microsporangia, as
well as macrosporangia, can be attributed to phenomena such as allomorphosis.

3.3 Embryo sac

Such modus of evolution of the female gametophyte in angiosperms (it also occurs
in Gnetum) [46], as the combination of stages of macrosporogenesis and the embryo
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Figure 3.
Types of microsporangium wall formation [61].
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sac development, clearly reveals in the origin of bisporic and tetrasporic embryo sacs
[32, 72]. So, the tetranuclear embryo sac is accomplished after the fourth (Allium-
type) and third divisions (Adoxa-type). Nevertheless, it is more correct, in our
opinion, to speak not about the loss of one or another stage, but about overlapping
the stages. The Oenothera-type monosporic unipolar embryo sac could originate from
the normal type, in particular through terminal abbreviation (only two divisions of

a macrospore nucleus) and medial deviation (after the first division of a macrospore
nucleus, two nuclei are located at the micropylar end of the embryo sac) [32, 72]. The
emergence of a peculiar tetrasporic embryo sac of the Fritillaria-type is possible to be
amedial deviation. Medial and terminal deviations are also traced in the development
of tetrasporic embryo sacs of the types Plumbago, Plumbagella, Tulipa tetraphylla, and
T eriostemon. Tetrasporic embryo sacs of the Drusa, Peperomia, and Penaea types arise
through a overlapping the medial and terminal deviations and terminal prolongation
[12, 32, 72]. The structural diversity of bi- and tetrasporic types may be the result of
instability and competition between macrospores participating in their ontogenesis
[73]. This competition within embryo sacs can be expressed as eggcell production by
descendants of more than one megaspore, or suppression of the descendants of all
but one megaspore. Both phenomena evolved several times, forming obviously an
amazing variety of the structure of the embryo sacs [73].

3.4 Endosperm

The triploid endosperm produced by most monosporous gametophytes is
likely descended from the ancestral diploid endosperm and is considered a key
adaptation of the most successful flowering plant lines [10-12, 73-75]. The greater
importance attached to the duplicated maternal genome in the triploid endosperm
could have contributed to a more efficient allocation of resources in the embryo
sac, since it reduced the influence of competition for maternal resources unrelated
among paternal genomes of endosperm [73]. At the same time the actual ploidy
of the endosperm nuclei can vary widely depending on the type of embryo sac,
the involvement or depression of the lower polar nucleus, the stage of endosperm
development and other events [32, 74-80].

The differences between three types of endosperm — nuclear, cellular and helobial —
are mainly observed in order variations of mitosis and cytokinesis at the initial stages
of endosperm development [51, 58, 61, 74-80]. Subsequent stages of endosperm
development, such as synthesis and accumulation of reserve nutrients, its presence
in mature seeds or its resorption by an embryo do not show any direct connection
with its types. The developmental features of cellular and helobial endosperm have no
analogues in archegonial plants. Regardless of the type of endosperm development,
its role in the formation of the embryo, seed, and fruit is basically the same, which
has been shown by numerous studies of the embryology and biology of seed and fruit
maturation in a number of cultivated angiosperm species under natural conditions and
experiments [74-80]. Attempts to compare this or that endosperm type with the shape
and size of embryo sacs, as well as the rate of embryogenesis in cultivated and wild
angiosperm plants have not yielded positive results [80]. This gives us the basis to con-
sider the types of endosperm at the level of allomorphosis phenomena as various kinds
of basal deviations, hereditarily fixed in the further evolution of angiosperm taxa.

4. Specialization

In plants, the division of labor between functionally specialized modules
occurs at all levels of biological organization. Division of labor is favored by three
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factors: positional effects that predispose modules for one of the tasks, accelerating
performance functions, and synergistic interactions between modules [81]. Under
specialization of internal structures of generative organs of angiosperm plants, we
consider the changes which do not lead to a visible increase in the level of overall
organization. Specialization directly works to optimize the implementation of the
main functions of a given structure or its part [81], it manifests itself at the cel-
lular and tissue levels and usually not directly related to the ecological or biological
characteristics of species and, therefore, it is found in different taxa. As examples,
we consider various types of the tapetal layer of a microsporangium, differentiation
of the integumental (integumentary) tapetum, and various kinds of haustoria.

4.1 Microsporangial tapetum

The morphological features of the tapetal layer indicate its active physi-
ological state associated with its important functions — to supply the sporogenic
tissue with nutrients and produce the specific substances necessary for the
normal course of microsporogenesis and the male gametophyte development
[12, 51, 81]. Despite the type of microsporangium wall formation, the tapetal
layer is always its innermost layer. There are two main types of a tapetal layer
— secretory or parietal and amoeboid or periplasmodial [82, 83]. Secretory
tapetum cells lose their individuality not earlier of the formation of microspore
tetrads or at the subsequent stages of male gametophyte development, up to
two-celled pollen grains. Periplasmodial tapetum cells lose their individuality
during the prophase of meiosis of the microspore mother cells. Protoplasts are
joined, forming a typical, or true, periplasmodium with numerous nuclei. Once
the tetrads of microspores have split up, periplasmodium fills the entire cavity
of the microsporangium, surrounding microspores, and later pollen grains.

The amoeboid type of tapetum is sometimes considered as a of the secretory
type, as its formation begins at the stage of microspore tetrads or mononuclear
microspores, and a part of the cells can retain their individuality [82]. Recent
studies indicate some archaic features in the behavior of cells of the periplas-
modial tapetum at the beginning of microsporogenesis. For example, some
lilies in anthers with a large number of microsporocytes develop a competitive
cytomictic relationship between microsporocytes and tapetum cells [84], prob-
ably for the space in the anther [85]. These processes are apparently regulated
by microsporocytes [86], providing the necessary tissue homeostasis in the
developing anther.

It is believed that the periplasmodial tapetum repeatedly appeared in early
angiosperms, especially in monocots [87]. The evolutionary tendencies of the
tapetum may be directed towards even closer contact with spores / pollen grains.
In this respect, three evolutionary trends are distinguished: (1) invasion of tapetal
cells between spores, (2) loss of tapetal cell walls, and (3) increased feeding
through direct contact in narrow anthers [83]. A common feature of both tapetum
types is polyploidization, undoubtedly associated with its secretory function, in
particular the secretion of sporopollenin precursors. The secretory function of the
tapetum is also confirmed by its ultrastructural organization, which is similar to
that of actively secreting cells. The differences between the secretory and peri-
plasmodial types are mainly in the time and degree of cell wall lysis resulting in
the formation of a mostly false or typical periplasmodium. In general, the affinity
in the cytoplasm ultrasructure, behavior of nuclei, and the physiological activity
of the periplasmodial and secretory types gives us reason to consider them only as
a display of the structural specialization of the innermost layer of the microspo-
rangium wall.
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4.2 Haustoria

Extreme variety is characteristic for haustoria — haustoria of synergids, antipodal
cells endosperm, and suspensor [88, 89]. The number of genera of dicots and mono-
cots reported to develop haustoria was 305 and 51, respectively [89]. Twelve dicot
families had six, or more, genera with reported haustoria differentiating within ovules
or seeds: Rubiaceae (6 haustoria), Proteaceae (6), Campanulaceae (7), Verbenaceae
(9), Santalaceae (10), Asteraceae (11), Solanaceae (13), Cucurbitaceae (16),
Loranthaceae (17), Fabaceae (23), Acanthaceae (25), and Scrophulariaceae (40) [89].
These twelve families constituted 60% of the total number of dicot genera reported as
having haustoria [89]. Only three of the 16 monocot families had six or more genera
with haustoria: Orchidaceae (15); Poaceae (7) and Araceae (6), which accounted for
51% of the total documented monocot genera differentiating haustoria [89].

Synergid haustoria are formed as a result of the elongation and increase in a
volume of the upper part of synergids, which penetrate more or less deeply into
micropyle; the longest synergistal haustorium has been described in Quinchamalium
chilense (Figure 4a—e) [90], Olax stricta and O. wightiana [91, 92] and other parasitic
angiosperms [92]. The female gametophyte of these species elongates and grows
beyond the ovule into the base of the stylar canal. A lateral caecum develops close
to the chalazal end, and extends in the basal region of funiculus [88]. Cotyledonous
haustoria are described in certain monocotyledonous families such as the Liliaceae
[93], the Arecaceae [93], the Palmae [94] and the Poaceae [95], endospermal
haustoria are described in certain species of Cucurbitaceae, Fabaceae, Opiliaceae,
Euphorbiaceae [89]. The apex of the antipodal haustorium in these species passes
through the funiculus, reaching the placenta apex, where it forms branches that
penetrate the tissue of the placenta. The nuclei are hypertrophied, contain numerous
nucleoli, and sometimes divide, resulting in five to seven nuclei. In another spe-
cies the chalazal part of an embryo sac becomes almost three times longer than the
micropylar part due to development of the antipodal haustorium [96]. The antipodal
nuclei do not organize into independent cells so that there is an antipodal chamber
with three nuclei. The tip of the antipodal chamber elongates, passes through the
funiculus, reaches the placenta, and branches therein. The antipodal nuclei become
hypertrophied and, sometimes, 5-7 nuclei are delimited by a partition wall [90].

Figure 4.

Mature embryo sacs of Quinchamalium chilense with antipodal haustoria (a and b), antipodal and synergidal
haustoria (c); (d and e) fertilized embryo sacs with synergidal haustoria. 1 - synergid, 2 — antipodal
haustorium, 3 — synergidal haustorium [90].
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The most widespread and peculiar structures are of endosperm and suspensor
haustoria, that is quite understandable, since they strengthen the influx of nutrients
to a developing embryo. Endosperm haustoria are the most diverse in their structure
and developmental features in species with cellular and helobial endosperm types.
In the nuclear type of endosperm, the haustoria mainly arises from the chalazal end
of the embryo sac. In most cases, they are short and remain at the coenocyte stage.
In angiosperms with endosperm of cellular and helobial types, haustoria can arise
at the chalazal and micropylar ends of the embryo sac, as well as at both. In Opilia
amentacea (Opiliaceae) [97], the division of the primary endosperm nucleus leads
to the formation of a micropylar and a long tubular chalazal chamber. The devel-
opment of the endosperm in Aeginetia indica (Orobanchaceae) is of the cellular
type [98]. In addition to such haustoria, several secondary lateral haustoria can be
formed. In a number of species of the family Scrophulariaceae [58], well-developed
and aggressive haustoria of all three types can arise simultaneously, thus forming a
very effective absorbing system [58].

Suspensor haustoria can be one-, two-, and multicellular, as well as more or less
branching, contain one or two nuclei, or represent a well-developed coenocyte with
numerous nuclei. Suspensor haustoria are quite common in embryos of several taxa:
Cuscutaceae, Leguminosae, Podostemaceae and Tropaeolaceae [88]. For example,
the branches of a suspensor haustorium in Tropaeolum majus (Tropaeolaceae) pass
the integuments and funiculus reaching the site, where a vascular bundle enters
into seed juncture. Polyploidy in suspensor cells is quite common. For example, in
Phaseolus vulgaris (Fabaceae) [99], the basal cell of the 2-celled proembryo produces
a multicellular suspensor consisting of mononuclear giant cells with polytene
chromosomes. Due to endoreduplication the nuclei exhibit high polyploidy (up to
4000-8000n) [100].

4.3 Integumental tapetum or endothelium

Differentiation of the internal epidermis of the integument into integumental
tapetum (this name was given to this layer due to its similarity the microsporangium
tapetum) or endothelium also can attribute to specialization display. It should be
noted that integumental tapetum differentiate not in all species, a mature embryo
sac of which is surrounded by the integument after nucellus destruction. Presence of
endothelium is normally restricted to tenuinucellate and generally unitegmic ovules
[101, 102]. Endothelium occurs preferably in the dicotyledons, rarely in some mono-
cots [14, 56, 101, 103]. The integumental tapetum is most clearly expressed in many
families of Santalales, Lamiales, Solanales, Oxalidales, Malpighiales (in particular
Linaceae, Lobeliaceae, Asteraceae Convolvulaceae, Rubiaceae, Oleaceae families), as
well as in some families of Pandanales, Poales, Asparagales (Orchidaceae) [101-106].
So, typical endothelium was described in species of Hieracium, Taraxacum, and
Helianthus [101, 107, 108], Bellis perennis [109], Chondrilla ovules, both in sexual and
apomictic plants [101, 108], species of Abeliophyllum [110], Petunia [111], Avabidopsis
[112] and in others.

The functional significance of the endothelium in angiosperms is not completely
clear, but it likely plays a role in regulating the development of the embryo [104-106].
The integumental tapetum can play the role in the transfer of nutrients from the
integument to the embryo sac, as well as in the production of a number of enzymes
(diastase, protease, etc.), which convert nutrients into a form assimilable for the
embryo sac [103, 109, 113, 114]. Like the perisperm, this well-developed endothelium
may be a morphological manifestation of maternal control over development follow-
ing the evolution of double fertilization [106, 115]. The presence of an endothelium
has traditionally been regarded as a relatively advanced feature of seed development
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because it is widespread among asterid angiosperms [101, 105, 106]. Among the
lineages that diverged early in angiosperm evolution an endothelium has been recorded
only in extant Lactoris (Lactoridaceae, Piperales) [116] and Nymphaea thermarum
(Nymphaeales) [115]. Thus, the integumental tapetum performs a glandular-secretory
function, although it is also considered as a barrier preventing the transport of nutri-
ents, which come from the chalazal part of an ovule to an embryo sac into integument.
Thus, the integumentary tapetum is a specialized tissue that forms at the border of
gametophyte and sporophyte in usually reduced ovules. It can serve a nutrition func-
tion, although it is also seen as a protective barrier or as tissue exercising control over
the developmental embryo by the sporophyte [14, 106, 108, 109, 115, 116].

4.4 Antipodals

The antipodal apparatus is a group of a wide range of specialized cells. In mature
and fertilized embryo sacs, the shape, size, number of antipodal cells and their
nuclei essentially vary. At the same time, antipodals represent temporary forma-
tions in many angiosperm species and are actually absent in the embryo sac during
fertilization. Here, we briefly review the structure and behavior of antipodal cells
with haploid nuclei, which are formed in an embryo sacs of the Polygonum-type,
which is the most widespread among angiosperms, as well as in embryo sacs
Allium-, and Adoxa-types [32, 33, 35, 51, 56, 72]. The differences in a number and
ploidy of antipodes in other types of embryo sacs are due to the peculiarities of their
development, for example triploid antipodal cells in the embryo sacs of Fritillaria-
and Plumbagella-types [32, 56, 72].

The division of antipodal cells usually begins during the maturation of the
embryo sac and a number of antipodes can increase significantly, in particular in
many species of Poaceae family, e.g. up to 300 in Sasa paniculata, a bamboo [117].
In Aconitum vulparia the giant endopolyploid antipode nuclei are lobed and seem
to be at their most active state [118]. An antipodal complex consisting of a differ-
ent number of cells (always more than three, and often up to 150) was described
in species of Dipsacaceae, Gentianaceae, Pandanaceae, Rubiaceae, Typhaceae and
Sparganiaceae families [14, 51, 56, 58, 119].

Antipodal cells can remain mononuclear or become bi- and multinuclear as
a result of mitotic division of their nuclei without subsequent cytokinesis. For a
number of angiosperm species, polyploidization of antipodals is known and they
may be present in the embryo sac for a considerable time after fertilization, up to
the stage of the globular embryo. As an example, antipodales of many species in
the Ranunculaceae family grow thick, become hypertrophied glandular formations
at the stage of nuclear endosperm and persist for a long time in the embryo sac, up
to the stage of the multicellular embryo and cellular endosperm, in which reserve
nutrients accumulate. Polytene chromosomes are described in antipodal cells,
in particular in the species of Papaveraceae, Poaceae and Asparagaceae families
[120-123]. In maize the antipodal cells continue to divide during embryo sac matu-
ration reaching a final number of 20-100 cells with one to four nuclei each [124].
Antipodal cells in maize also have high metabolic activity and nutritive function
(high sucrose synthase activity), involved in auxin biosynthesis and signaling into
embryo sac [125, 126]. Interestingly, the antipodal cells in species of lily (Fritillaria-
type embryo sac) are characterized by a definite degree of affinity to egg appara-
tuses, e.g. a special type of specularity (symmetry) attracting an additional pollen
tubes in chalazal compartment of embryo sac [54]. Multiple antipodal cells are
common in Ranunculales, Papaverales, Rhamnales and Malpighiales [56, 58, 118,
119]. In sympetalous groups large antipodal cells are recorded from some Comales
and a few Lamiales but are otherwise rare [14, 56, 58].
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The functional significance of antipodes, which persist for a long time in embryo
sacs, is interpreted ambiguously. Antipodals are regarded as a physiologically active
apparatus that play an important role in the nutrition of the embryo sac [127-129],
being the center for the absorption, processing, and transport of nutrients from
the ovule chalaza into embryo sac. The opposite point of view about the absence
of vital functions in the development of the embryo sac in the antipodal apparatus
is based on the strong degree of its variability and the concept of the rudimentary
nature of antipodal cells [119]. Despite directly opposing points of view regarding
the functions of antipodales in the embryo sac, there is generally a consensus about
the antipodal complex as a specialized apparatus of the embryo sac, regardless of its
passive or active participation in the metabolism of the embryo sac.

Thus, specialization of various embryological structures does not show any
visible connection with the general level of development of one or another taxon,
appreciating by a whole complex of characters. Parallelism, recurrence of occur-
rence and mechanisms of formation of embryological structures can be traced both
in early and evolutionarily advanced taxons of angiosperms. The same types of a
tapetal layer, similar features of the formation, structure and behavior of haustoria,
antipodes and their nuclei are described in the families of angiosperms, occupying
very different positions in the system, as well as in families rich in species with a
wide ecological plasticity and in specialized families adapted to strictly defined
habitation. At the same time, certain trends in development can be traced, indicat-
ing specialization associated with taxon-specific traits.

4.5 Specialization relevant to to plant ecology

In addition, we consider some examples of specialization more clearly related to
the special features of plant biology and ecology in Podostemaceae, Loranthaceae,
Olacaceae, Santalaceae and Viscaceae families. Podostemaceae family is a pro-
nounced line of hydrophilic evolution [130, 131] and widespread in tropical coun-
tries. This family includes herbaceous plants, often of negligible size, growing in
fast-flowing water and characterized by a high specialization of vegetative organs
and their extreme diversity. The embryo sac in this family is distinguished as a spe-
cial type - Podostemon, which is a variant of the Allium-type of embryo sac with only
four cells as a result of terminal abbreviation [132-134] as abovenoted, formation of
a false embryo sac and suspensor haustoria are considered as adjustment to provide
nutritions of an embryo in the absence of endosperm. Organization of three-celled
embryo sac in the species is the result of precocious degeneration of the central cell
prior to syngamy. Lack of central cell before fertilization leads to absence of double
fertilization and endosperm in the species, and this features reiterates the general
cause of usual absence of double fertilization among the podostemads [135-137].
The nucellar plasmodium forms before fertilization in the Podostemoideae and
Weddellinoideae but after fertilization in the Tristichoideae of the Podostemaceae.
The timing in the formation of the nucellar plasmodium in either subfamilies varies
and is species-specific. Also, the development of the female gametophyte is species-
specific with limited life span of the central cell. The second male cell degenerates
such that there is no endosperm rather nucellar plasmodium is thought to offer the
nourishment to the developing zygote [138].

The Loranthaceae, Olacaceae, Santalaceae and Viscaceae families are repre-
sented by woody and grassy forms, often leading a parasitic or semi-parasitic life
style on tree branches or roots [130, 139-141]. Species of these families are mostly
distributed in tropical and subtropical areas, only a few are found in the temperate
zone. Overgrowth of an embryo sac beyond the nucellus and formation of lateral
or chalazal haustorium penetrating into the funiculus and placental column was
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Figure 5.
Apical part of nucellus with embryo sacs at different stages of development (a) and ovule with mature embryo
sacs in Cassytha filiformis (b). 1 — embryo sac [144].

reported for Osyris wightiana [89, 142]. Enlargement of an embryo sac by such
away that its apex can reach the style and stigma has been reported only for the
Loranthaceae family, e.g. the embryo sacs reach the stigma in Tapinostemma acaciae
[143]. The female gametophytes of this species grow from their tips and compete
over hundreds of micrometers to reach the apex of the nucellus and the site of fertil-
ization [143]. In Helixanthera ligustrina, the apex of an embryo sac is surrounded
only by the epidermis of the stigma. Several embryo sacs, a number of which can
reach more than six, develop in the ovule [88, 144], from one to four embryo sacs
penetrate the funiculus in Cassytha filiformis (Figure 5a and b) and C. pubescens.
Intense growth of embryo sacs, in some species of Loranthaceae family, in which
the tops of the embryo sacs with the egg apparatus reach the stigma, is assumed to
facilitate the fertilization, especially in cases of the micropyle absence.

5. Reduction

The term “reduction” is widely used in discussions about the evolution of plant
embryological structures — reduction of gametophytes, integuments, nucellus, and
embryos etc.). Nevertheless, the meaning enclosed in it is ambiguous in differ-
ent cases. Least of all, this term is used in the literal sense — aplasia or loss of one
or another trait. This is quite understandable, since gamete formation is the final
stage in the development of gametophytes. In this regard, the term “reduction” as
applied to gametophytes most likely has a synonym “abbreviation of development”
or neoteny [9, 14, 32]. In Romanov’s opinion, the simplification of the structure of
angiosperm gametophytes is only a morphologically simple expression of a complex
chain of biochemical and physiological reactions. A female gametophyte is also
preserved in apomictic plants, often transforming from haploid to diploid [32].

Various forms of reduction of the ovule structure and embryogenesis, often
constituting a fairly clear reduction series, are noted among the epiphytic, sapro-
phytic and parasitic species of a number of angiosperm families — Scrophulariaceae,
Santalaceae, Balanophoraceae, Cynomoriaceae, Lennoaceae, Hydnoraceae,
Loranthaceae, Myzodendraceae, Rafflesiaceae, Lauraceae, Cuscutaceae, Pyrola
ceae, Burmanniaceae, Gentianaceae, Lobeliaceae, Polygalaceae, Triuridaceae,
Corsiaceae, Petrosaviaceae, Orchidaceae, and Viscaceae [9, 140, 145-148]. An
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example, two archesporial cells differentiate directly in the subepidermal layer of
the young column located in the center of the ovary and representing the placental-
ovule complex on the opposite side in Arceuthobium minutissimum (Viscaceae),
which is the smallest woody parasitic plant losing morphologically pronounced
ovules [140, 145, 146]. In Aeginetia indica the ovules are extremely small, tenuinucel-
late, anatropous and unitegmic. The hypodermal archesporial cell functions directly
as the mother cell of the megaspore, without cutting off the parietal cell. The global
embryo is not differentiated, seeds are produced in abundance, but many of them
are empty and devoid of an embryo or endosperm [98]. Among Santalales holopara-
sites, Helosis (Balanophoraceae) is intermediate in the reduction series of its floral
organs [147]. The female gametophyte, named Helosis-type, is a bisporic four-celled
embryo sac, provided with a typical egg apparatus and a uni-nucleated central cell.
Fertilization was not observed, yet a few-celled embryo and cellular endosperm
developed. The archesporial cells are oriented obliquely to the longitudinal axis

of the column and are separated from each other by two or four rows of cells, they
become directly the macrospore mother cells. The placental-ovule complex reaches
its extreme reduction in species of the genus Balanophora, which are widespread in
tropical, less often subtropical regions, and characterized by a very strong simplifi-
cation of all organs. Archesporial cells differentiate directly into ovary tissue [9, 140,
141, 145]. In general, evolution of numerous parasitic and symbiotic organisms is
known to entail simplification rather than complexification [149].

Considering the patterns of evolutionary transformations of the reproductive
structures of semi-parasitic and parasitic angiosperms, Terekhin [148] emphasizes
the fact that the transition to a new way of nutrition and life during the vegetation
period is carried out under conservation of the old way of sexual reproduction.
This leads to an obvious complication of ontogenesis: the transition to development
with metamorphosis and the development of the protosomal system. Two main
directions of structural reduction were distinguished — general (reduction of the
structure size, the ratio between the individual parts of the reducible structure does
not change) and differential (differentiated loss of parts of the reducible structure,
the ratio of parts changes). In the course of evolution, both directions of reduction
are conjugated. The reduction of the embryogenesis in heterotrophic plants is car-
ried out by means of terminal abbreviation, that is quite natural, since the reduc-
tion of embryogenesis, being a sharply expressed, special case of specialization,
does not lead to general progressive changes in the organization of one or another
structure.

6. Concluding remarks

In the last three decades, a new approach to understanding the evolution
and development of organismic structure diversity has grown into a striking
discipline called “evolutionary developmental biology” (EvoDevo) widely using
advancements and ideas of molecular biology and genetics, including genomics,
transcriptomics, and proteomics, as well as bioinformatics [18, 150-154]. At the
same time, comparative plant morphology is quite rightly emphasized should be
a valuable sub-discipline of EvoDevo [18, 153]. In the broad sense, EvoDevo com-
prises form and structure at all organizational levels, i.e. “the form and structure
of whole plants, organs, tissues, cells, cell organelles, molecules, etc. and it
continues to play a major role in evolutionary biology” [155]. The most strik-
ing example of using the traits of of the micromorphology of the androecium
and gynoecium, seeds and fruits, as well as the types of microsporangia, pollen
grains, ovules, male and female gametophytes, endosperm, etc. is a new version
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of the Takhtajan’s phylogenetic system of magnoliophyta [11]. In his opinion,
evolutionary taxonomy should be based not only on cladistics analysis, but also
on the rates and modes of evolution of individual groups, the degree of their
divergence and the level of specialization.

Evolutionary transformations of embryological structures in the general direc-
tions and modes of progressive evolution and specialization reveal also the nature
of new correlative connections as a result of the indirect influence of the external
environment and their changes in the process of evolution. In the evolution of
embryological structures there are, on the one hand, complicated correlative con-
nections, on the other hand, more clearly general cellular patterns, i.e. mechanisms
of mitosis, cytokinesis, polarity. Such a statement associates primarily with the
function of these structures, providing direct plant seed reproduction, and their
position as internal structures of generative organs and, consequently, their greatest
conservatism in comparison with plant vegetative organs.

It seems expedient to study the mutational and phenotypic variation of the
internal structures of angiosperms and the specificity of natural selection of muta-
tions in these structures, which ensure the species reproduction, in particular the
stabilizing role of selection. Many mutational changes in embryological structures
cannot become the basis for the emergence of stable types if they negatively affect
fertility. The limitations imposed by the selection of only those mutations that do
not reduce fertility are one of the reasons for the widespread parallelism in the evo-
lution of embryological structures. The specialization of embryological structures
at the tissue and cellular levels in the direction of optimizing the implementation of
their functions leads to convergent similarity, which manifests itself at these levels
in the form of tissue specificity.

It is quite clear that the use of the achievements of molecular biology and genet-
ics should be very fruitful in solving the problems facing evolutionary embryol-
ogy — the knowledge of the laws of the emergence and historic development of the
internal structures of generative organs. Cognition of the gene families and gene
regulatory networks underlying development of male and female gametophytes
and double fertilization in extant plants will be new insights into understanding
pathways of their reproductive evolution. Although the final solution to these issues
is still far away, the establishment of new concrete truths at various structural levels
of the organization of plant organisms, expanding the boundaries of knowledge
and confirming the achieved or refuting it, inevitably raises new debatable ques-
tions in such a complex, but extremely interesting and inexhaustible problem as the
problem of the history and evolution of plant forms.
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Abstract

Survival and reproduction of several wild plants and crops is mostly by insects
pollinator, their recognition and importance have been increased in this climatic
changing scenario, which affects the various aspects of their life cycle. According to
an estimate, approximately 30,000 species of bees are known in entomology, and
about 190 species of bees have been reported to be associated with pollination. There
can be an established link between seed production and pollinator diversity, for
the plants with a generalist pollination system. The increasing of human habitation
affects insect pollinators in various ways, i.e. of habitat destruction, results in low
availability of food sources, nesting, oviposition, resting, and mating sites. Pollinator
availability restraints the geographical distribution of plant species, i.e. to develop
an ecological niche of certain plant species. Failure of pollinator- plant interaction
mutualism results in lower seed production and sometimes extirpation of plant
population has been recorded. The declining pollinators’ population strengthens
existing plant-pollinator interaction or allows new pant pollinator interaction to
form. Maintaining the commercial and wild pollinator populations and preventing
future shortages of pollination services, therefore, is extremely significant.

Keywords: agro-ecosystem, ecology, plant-pollinator interaction, pollinator,
pollination, sustainable

1. Introduction

Plant and pollinator interaction results in the pollination of various plants that
are self-incompatible. These pollinating agents are important for the existence and
reproduction of about 87.5 percent of wild species of plants [1, 2]. Pollinators are
important to increase agriculture production and in ecosystem functions to increase
plant genetic diversity [3, 4]. The total annual economic value of crop pollina-
tion around the world has been estimated at about €153 billion [5]. Klein et al.

[4], surveyed that more than 87 of the world’s leading food crops, representing 35

percent of global food production, depends upon animal pollinators, pollination by
insect directly contributed about $20 billion and that of honey bee contribution was
$14.6 billion in 2000 in the U.S [6]. The total economic value of insect pollination of
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Chinese fruits and vegetables recorded about52.2 billion US dollars in 2008, which
represented 25.5% of the total production value of the 44 crops produced in China
[7]. The area among the pollinator-dependent crops has increased up to 300%
during the last 50 years, both in temperate and tropical crops [8, 9]. Pollination is an
essential prerequisite to seed and fruit development; it is a pivotal, keystone process
and insects provide an important function in both natural and managed ecosys-
tems [10, 11]. The mutual relationship has been found between insect pollinators
and flowering plants, that in return nectar and pollen are major food rewards for
pollinators.

Robbins et al. [12] reported that most accepted estimates indicate honeybees’
account for at least 80% of all insect pollination. For decades the consequences of
insect pollination have been documented in treaties by Free [13], McGregor [14],
and Pesson and Louveaux [15]. In apiculture the most important species, Apis
mellifera L. has been reported as the single most important pollinator [13, 14].

The pollinating potential of a single honeybee colony becomes evident when it is
recognized that its bees make up to 4 million trips per year and that during each trip
an average of 100 flowers are visited [16].

2. Pollinators diversity in agro-ecosystem

An enormous number of the world’s insect diversity visits flowers for nutri-
tion, but all are not efficient pollinators. Among crop foods, fibers, edible oils,
medicines, and other valuable products, a significant production occurs due to the
vital role of insects and other animal pollinators. In all types of ecosystems, bees
are recognized as the most valuable pollinators, but their precise roles in pollina-
tion are not well documented. According to estimation, approximately 30,000
species of bees are known in entomology, and about 190 species of bees have been
reported to be associated with pollination in North America. Some of the other
noteworthy contributors in pollination are; alkali bee (Nomia melanderi Cockerell)
found as solitary bees to pollinator in alfalfa and alfalfa leaf cutting bee (Megachile
rotundata Fabr.) also play its role in the pollination of this crop [17-20]. Through
artificial mud nesting tunnels, orchard bees (Osmia spp.) can be managed in the
field for pollination, as orchard bees are far much better for apple pollination than
honeybees [21]. Another, bumblebees (Bombus spp.) are pollinators of red clover
(Trifolium pratense L.) and cranberries (Vaccinium macrocarpon Ait.), but difficult
to manage in field conditions [22]. Carpenter bees (Xylocopa spp.) are the outstand-
ing pollinators of vine crops, especially of passion fruit (Passifloraedulis Sims), giant
granadilla (P quadrangularis L.), kiwi-fruit (Actinidia deliciosa (A.Chev.) C.F. Liang
& A.E. Ferguson), various gourds, and winged beans (Psophocarpus tetragonolobus
(L.)) but there is not much available data on these pollinators.

The interdependency of plants and pollinators vary in their degree, some
plants species depend primarily on a single species of pollinator, which in turn has
restricted sources of pollen or nectar. One example of a closely dependent associa-
tion is the interaction between plant Yucca (Agavaceae) and its pollinators, yucca
moth (Tegeticula spp.), having a mutualism estimated to be more than 40 million
years old [23]. Squash crops i.e. pumpkins and gourds are pollinated by special-
ized squash bees, Peponapis spp. and Xenoglossa spp., and are more manageable,
they nest in underground burrows and become active at dawn, visiting cucurbit
flowers until about midday when unisexual flowers close [24, 25]. There are many
other pollinator native bees, which include sunflower bees (Eumegachile pugnata
(Say) [26], blueberry bees (Habropoda laboriosa (Fabr.)) [27], and Osmia ribiflloris
Michener (Table 1) [28-30]. Oil palm weevil, Elaeidobius kamerunicus as the most
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valuable in terms of the economic importance of this crop at the world trade level

[31]. Non-biting midges, Forcipomyia spp., a specialty pollinator among the cocoa

(Theobromacacao L.) crop, which breeds in rotting vegetation in its plantation [32]
are a few of specific examples of pollination to produce the economic plants/crops
that are in need of human beings.

Among the herbivorous insects, the interaction of butterflies and moths is
found during both its larval and adult stages and the latter is involved in pollination
(Table 2). Some of these are Heliconius butterfly [41, 42]; yucca moth [43], obliga-
tory mutualisms are exceptional in order Lepidoptera of pollinators. Moths from
the families Geometridae, Noctuidae, and Sphingidae are among the most studied
moths to be known as pollinators, their pollinating activity takes place at night in
many plants such as cacti, orchids, trees [44-47]. Many had also identified and
reported thrips on flowers and they noticed that thrips feed on pollen so that they

Common name Scientific name Example of crop plants
pollinated

Alkali bee Nomia melanderi Alfalfa, clover, mint

Blueberry bee Habropoda laboriosa Blueberry

Carpenter bee Xylocopa spp. Passion flower, eggplant,
pepper

Digger bee Andpyena, Colletes, and Melissods spp. Cotton, fruit trees

Alfalfa leafcutting bee Megachile votundata Alfalfa

Blue orchard bee Osmia lignaria Almond, apple, sweet

(mason bee) cherry

Squash and gourd bee Peponapis pruninosa other Peponapis and Squash, pumpkin, gourds

Xenoglossa spp.
Sunflower bee Eumegachile pugnata Sunflower
Table 1.

Bees and specific plant fauna they visit and pollinate.

Plant Pollinator insect References

Beetles

Asimina Euphoria sepulchralis [33,34]
Trichius spp.

Trichotinius lunulatus

Calycanthus Calopterus truncates [35]
Calochortus Acanthoscelides spp. [36]
Linanthus Trichochvous sp. [37]
Butterflies

Wild carnation, Dianthus Butterfly species [38]
carthusianorum

Native plants of North America Checkerspot butterfly, Euphydryas editha [39]

bayensis
Milkweed and other Monarch butterfly, Danaus plexippus [40]
Table 2.

Beetles, butterflies, and moths with specific plant fauna they visit and pollinate.

43



Plant Reproductive Ecology - Recent Advances

can be effective pollinators or minor or secondary pollinators of a wide variety of
plants in agro-ecosystem or nature [48-52].

3. Pollinators and plant interaction

In an ecosystem, the interaction between the organisms favors co-evolution and
it gradually helps to evolve together for some betterment or for existence in nature.
Those plants having a generalist pollination system, have a link between pollina-
tor diversity and seed production can also be established [53]. Pollination biology
(Figure 1) draws attention to both evolutionary and ecological approaches i.e. the
link between pollinator behavior and plant mating patterns, generalization, and
specialization in a pollination system [24, 54, 55].

There are many reasons for which pollinators visit flowers, including feeding, pol-
len collection, warmth in some cases, oils and resins, as well as for shelter and mating
rendezvous sites [56]. These plant and pollinator interactions as mutualisms sustain
not only plant diversity, but also the diversity of an estimated 350,000 animal species,
including insects, birds, and mammals [57-59]. Ratto et al. [60] reported an average
63% loss of fruit or seed production when vertebrate pollinators are excluded from the
flowering plants’ ecology they visit. These results often reported experimentally that
selective exclusion of a single group of an effective pollinators from plant-pollinator
interaction can result in the failure of plants to produce fruits or seeds.

Diversity of pollinators in habitat can compete for floral resources [61], the declining
pollinators population strengthens existing plant-pollinator interaction or allow new
plant-pollinator interaction to form [62, 63]. The diverse pollen feeding behavior by bee
species is due to digestibility and nutritional content requirement fulfillment [64]. There
are specialized flower plant-pollinator relationships like certain solitary bees species [65],
reduction of these flower plants from habitat often results in the elimination of their
specialist plant-pollinator populations. Viana et al. [66] evaluated more than 250 studies
that showed the impact of landscape and pollinators interactions. The forage bees’ ability
to assess the nutritional value of pollen sources before establishing plant-pollinator
interaction is valuable [67, 68]. A recent study by Armbruster [69] on pollination ecology
mainly emphasizes three aspects, first ecological (pollination involving one or few kinds
of plant and animals), second phenotypic (having specialized flowers or morphologies)
and third is evolutionary (showing transitions towards increased specialization).

Fitness
and female variation
fertility
Inbreeding
Complexity
and variety of
Evolutionary interaction
response
Networks
Phylogeny
ECOLOGY

Figure 1.
Conceptual vepresentation of the interplay between ecology and evolution in the study of plant-pollinator
interactions.
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4. Declining pollinator, a potential threat

It is difficult to determine as less surveys are organized to record whether
pollinator species are declining around the world. If we study the literature many
explanations have been invoked to account for declines in pollinator population
around the globe [70-74]. There are a few of these reasons such as exposure to
pathogens, parasites, and pesticides; habitat fragmentation and loss; climate
change; market forces; intra and inter specific competition with native and invasive
species; and genetic alterations. Reduction in pollinator diversity or abundance may
influence the amount and source of pollen deposited on the reproductive part of
flower or stigma [75].

The western honeybee, Apis mellifera, colony losses are elucidated in many
literatures with attack of different honey pests i.e. parasites, pathogens [76], mostly
predominately identified parasitic mites Varroa destructor and Acarapis woodi, the
pathogen Paenibacillus larvae (American foulbrood) and the invasive Africanized
honey bee [77-82].

The application of pesticides, especially insecticides in crops, vegetable, and
orchards to control pests, kills or weakens thousands of honey bee colonies and
affect their foraging and nesting behaviors that prevent plant pollination [83-86].
The basic behind pesticides to kill or weaken the colony is the result of accidents,
careless application, or failure to adhere to label recommendations and warnings.
Some of the advance studies showed that transgenic crops developed to reduce the
unintended effects of pesticides have shown that there are direct effects on non-
target species, including some pollinators [87-89]. Transgenic crops that express
transgene with varied expression levels have not been yet reported effects on
honeybee [90].

There are degradations reported around the globe in habitat i.e. alternations,
fragmentation, and loss cause major problems for populations of many organ-
isms, and pollinator populations are also one of them [1, 91]. Insect pollinator’s i.e.
bees and others require nesting sites (suitable soil, dead wood, abandoned mouse
nests, and burrows) and floral resources (nectar and pollen) to exist. These habitat
resources are at extinction through the disruption caused by row crop agriculture,
grazing, and fragmentation of habitat into patches, which are small enough for the
survival of diverse communities of pollinators [92]. Some other reported causes of
decline in pollinators’ population are monoculture, the lower density of weed flora,
declining pastures, loss of flower-rich grasslands, and overgrazing can disrupt the
nesting of bees [93-96].

Industrial development around the global, regional and local climate changes
can alter or disrupt plant-pollinator relationships. Many studies and reports show
the climate change forecast is shifted in temperature [97] and precipitation, con-
centrations of carbon dioxide [98] and ozone, and ultraviolet levels [99, 100] effects
pollinators in many ways. There is evidence that the latitudinal and altitudinal
ranges of some plants and pollinators have changed in the past 30 years, presumably
in response to global warming [101-103].

5. Management and restoration of pollinators

Information on the status of most of the pollinators is incomplete around the
world, and it is in a natal stage in developing countries [90]. Much can be done to
maintain commercial and wild pollinator populations and to prevent future short-
ages of pollination services. Indigenous communities have an important role in the
conservation of habitats through customary laws/rules, these areas are important
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S.no. Pollinator group Resource function Resource

1. Honey bees, bumble Nesting, roosting Cavities (underground, hollow trees)
bees sites, or substrates

2. Nonsocial bees, Nesting sites or Bare ground, vertical cliffs or ditch bank,
wasps substrates adobe walls

3. Bumble bees Nesting sites Rodent, mouse nests

4, Flies Adult food Pollen, nectare

5. Leafcutter bees, Building materials Leaves cut into pieces or masticated
mason bees

6. Orchid bees Pheromones Essential oils, such as monoterpenoids

collected by males

7. Ants Adult, larval food Nectar, honeydew, insect prey

Table 3.
Pollinators and resources requirements.

biodiversity refuges providing valuable ecosystem services including pollination,
which improved crop pollination in adjacent farming landscape [104-107]. An agri-
environment scheme, on farmlands, has been proactively practiced in European
Union countries through incentives to support biodiversity [108]. The US Farm bill
(2008) had made specific economic provisions for pollinator conservation when it
was further ratified in the 2014 Farm bill. The potential of conserving non-cropped
land as a model in agro-ecosystem can be proved vital, through these agri- envi-
ronment scheme models of conservation pollinators in the agriculture landscape
can go a long way to inoculate pollinators naturally [109]. Mostly, pollinators are
transported over long distances for the purpose of pollination [110]. They are also
transported outside of their natural distribution range (e.g. African honey bees into
Brazil, European bumble bees into Australia, Asia, and South America) [111].

Best management practices (BMP), similar to Good Agricultural Practice
(GAP) should be promoted by the FAO in apiaries that need to be developed
that respect local differences in beekeeping and hive management at the country
level. There should be non-compulsive suggestions have been put forward overall
lacking international harmonization [112]. In this perspective resistant stock of
bees against parasitic mites is to be developed, identify the locally adapted stock of
bees, instrumental insemination in bees, selection and managing miticide resis-
tance in bees, etc.

Through collective approaches either for native and introduced bee species,
whether solitary or social, requires the correct balance of water, flora hosts that
offer sufficient pollen and nectar of the correct types [113], nest building materials
(leaves, resin, sap, gums, floral oils, essential oils, bark, plant trichomes, old mouse
nests, snail shells, mud, sand, pebbles), and nesting substrates [114] to survive as
adults and rear their larval broods (Table 3) [115].

6. Limitations that restrict the pollinator-plant interaction

Deforestation and habitat changes have shown an adverse effect on insect
pollinators, seed predators, decomposers, and parasitoids, which are highly
susceptible to these changes. The success of plant reproduction may be sensitive
to the loss of pollinators [74, 116, 117]. Some the evidence suggests that pollinator
populations are declining worldwide [74]. These changes result in the destruction
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of food sources, nesting, oviposition, resting, and mating sites [95]. The increase
in population pressure and urbanization of wild and agricultural lands has
disrupted the habitat of wild pollinators viz., moths [118], butterflies [119], and
bees [70, 71, 120, 121] and managed pollinators experienced sudden colony losses
[122]. With the increased demand for food crops and higher productivity by use
of either plant production or plant protection chemicals has killed the pollina-
tors directly, and eradicated alternative pollen sources from their natural forage
species [123, 124]. The pollination host range of honeybees is wide, but they do
not pollinate all types of the crop with equal efficiency, are not active under all
climatic conditions [125]. Whereas, some of the bees have the ability to pollinate
some crops at a higher level of efficiency, with their lower population densities,
and with greater independence of climatic conditions [21, 126].

Database of wild pollinator populations and communities is one of severe lack of
long term planning and evaluation of their valuation in much of the world, espe-
cially for invertebrate pollinators [127-129]. Such as European red List of bees, 57%
of the European bee species were categorized as “data deficient”; butterflies and
moths from parts of Africa that are described at threatened status also reported in
the literature [130-132].

Emerging risks such as diseases, invasive alien species, pathogens, etc., threaten
the pollinators, there should be phytosanitary and preventive measures that could
be accompanied for the effective response to these emerging risks. Few regions in
the world (parts of Australia, Seychelles), that are not affected by the ectoparasitic
mite, Varroa destructor, the most detrimental honey bee pest [82, 133, 134]. These
mites also act as a vector for a number of bee viruses, which might spill over to wild
bee species [135].

7. Conclusion and future prospect of pollinators

Sustainable agriculture requires reliable pollinators, but a shortage of pollinators
could not be strongly evidenced for food crisis or pollination crisis. Long-term data
deficient on the pollinators’ population should be noted and there is no evidence
of their decline over time, neither there is a framed definition to label pollinator
crisis universally on that frame. The honeybee is a valuable pollinator to perform
an important pollination function in the ecosystem. The decline in a number of
managed pollinators in the system is due to some of the reasons such as introduced
parasites and pathogens. There is a need for time to be compatible with and com-
prehensive management strategy of crop pollination for sustainable agriculture.
Pollinators require to be managed through augmentation or conservation as needed
to study their biology and ecology. Several studies that show the declining bee
population poses a threat to global food security. Nesting habitat must be provided
whether as a soil bed of a more or less special nature, or as stumps of trees and logs,
or as rodent burrows for bumbles. Conservation of native pollinator habitat can
be enhanced by changes in land use management strategies viz., non-cultivated
patches of ground, setting up parks or protected areas for wildlife, flora, and fauna
both at public and private areas. There should be a policy for arable, non-arable,
and along with the roadside land that could facilitate the planting of wild plant flora
which encourages pollinator populations. There should be judicious and timely use
of pesticides that should ensure the protection of pollinators. There should be a
crop pollination plan for all pollinator-dependent crops that must be included in the
national or state crop production strategies. Farmer’s awareness camps should be
organized in the rural areas about crop pollination and the role of pollinators should
be described, so that there may be a change in plant protection chemicals patterns.
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Chapter 4

Threat to Citrus in a Global
Pollinator Decline Scenario:
Current Understanding of Its
Pollination Requirements and
Future Directions

Subhankar Gurung and Arun Chettri

Abstract

Pollinators are vital for world biodiversity and their contribution to
agricultural productivity is immense. Pollinators are globally declining with
reports such as colony collapse being documented. Citrus exhibits a varying
degree of pollination requirements due to its vast cultivars being developed all the
time. The article intends to understand the breeding system of a few commercially
important Citrus groups and discern its dependency on pollination services. The
threat related to pollinator decline to the Citrus industry is measured not only by
its reliance on pollinators but also the requirement of the consumers and manu-
facturers who mostly seek seedless varieties. Therefore, the threat can be tackled
by developing high-quality seedless varieties where pollination requirement
is absent. Although the importance of pollinators on several self-incompatible
varieties cannot be negated, the impact of pollinator decline on its production will
entirely depend upon the demand of the market.

Keywords: breeding system, pollinators, pollination, Citrus, fruit set

1. Introduction

Pollinators are insects or vectors that transfer the pollen from the male part of
the flower, i.e., anther to the female part of the flower i.e., stigma enabling fertiliza-
tion and seed production [1, 2]. Pollination is an ecosystem service that enhances
crop production and helps in sustaining human life [1, 3]. Furthermore, many wild
plants that provide calories and micronutrients to human diets require pollination
as well [4]. Approximately, 90% of wild flowering plant species worldwide rely
on insect vectors for pollen transmission. These plants are essential for ecosystems
to function properly because they supply food, habitat, and other resources to a
variety of different species [5]. One-third of the agricultural plants, including the
cultivars, are dependent on animal pollinators for their reproduction and increased
fruit set [6]. Bees play a pivotal role among pollinators by visiting more than 9% of
the leading global crop plants [3]. Unfortunately, agricultural intensification has
led to a loss of habitat of many insect pollinators and monoculture plantings have
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threatened insect biodiversity [7, 8]. A palpable concern for the global decline in
pollinators can be sensed [9] which may affect fruit set or seed set [10] influencing
itsyield [11, 12]. The decline in pollinators would also result in a parallel decline

in its associated plant species [9]. Insect pollination is therefore also known as an
endangered ecosystem service [13-16]. The pollinator crisis threatens global and
local food security and can destabilize human life [17]. Therefore, studies in crop
pollination are upfront because of the perceived danger that it invites [16-18].
However, a detailed preview of pollination studies is incomplete or redundant [19].
Therefore, understanding the pollination needs of different cultivated plantsisa
prerequisite to understanding their dependency on animal pollinators [19].

In this regard, the pollination requirement of Citrus has been arising much
curiosity. Domestication of Citrus sp. along with grafting has resulted in variation
in the existing species in comparison to its wild progenitors [20, 21]. As such, the
present cultivars exhibit tremendous variation in pollination requirements. Citrus
was considered as a crop with little or no requirement for insect pollination [22].
Webber and Batchelor [23] emphasized, however, that no variety is ever static,
and the possibility that its pollination requirements have changed cannot be ruled
out. Further research over the period has proven Webber and Batchelor [23] to be
correct. However, it has been found the pollination requirements of Citrus have been
confusing and misleading. It has been reported that Citrus have complete or perfect
flowers and generally pollinate themselves to produce fruit [24]. Citrus has been
reported to exhibit varying breeding systems within species and cultivars of the
same species [22, 25]. Pollinator reliance and breeding systems differ between and
within Citrus species, and even between cultivars of the same species [25].

Several Citrus hybrid cultivars also exhibit sexual incompatibility which affects
their yield [26]. Further, Citrus exhibit parthenocarpy and is an important trait that
results in a seedless variety [27, 28]. Therefore, it would not be wrong to say that the
pollination requirements for Citrus are quite diverse [22, 29]. The reason for such
avarying breeding system can be attributed to its numerous varieties and the fact
that more are being developed all the time. Moreover, each variety has its charac-
teristics that determine the pollination mechanism in them [29]. For instance, some
studies state that cross-pollination is not necessary for fruit sets [25, 30], whereas
others showed that insect pollinators increased fruit production [31]. Most seeds are
produced by asexual means in some cultivars. However, the benefits drawn from
insect variation cannot be negated [22].

Given the complex breeding system of Citrus, it is difficult to predict the mag-
nitude of the threat the dwindling pollinator number poses to the productivity of
Citrus. As a step towards understanding the repercussion, we review the pollination
requirements of some of the commercially important Citrus cultivars and highlight
the danger that the global pollinator decline poses on such Citrus varieties.

2. Pollinators and its global decline

Honeybee (Apis mellifera) is the primary pollinating agent of Citrus. They have
shown to be effective pollinators of an array of cultivated crops, oilseeds, forage
crops, fiber crops, and cereal crops [32]. Evidence suggests that 59% of the domestic
honeybee colonies were lost between 1947 and 2005 [33] and 25% were lost in Europe
between 1985 and 2005 [34]. Considerable fear has been sensed about the future
availability of honeybee pollination. Further, it was observed that specialists (diet/
habitat) and sedentary bees and hoverflies tended to decline while mobile generalists
tended to thrive [9]. Globally, A. mellifera is the predominantly managed pollina-
tor to augment agricultural productivity [34] and ranks as the most frequent single
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species of pollinator for crops worldwide [35]. There has been increased mortality

of managed A. mellifera colonies in some regions of the world [36, 37], which could
spread to its wild population [38]. Considering the importance of A. mellifera in crop
productivity, threats to its population could prove to be a disaster for crop reproduc-
tion and its productivity [1]. Further, reports suggest that the floral visits by A.
mellifera were double that of all bumblebee species combined [38]. A. mellifera has
also been observed to compete and displace native pollinators [39, 40] or compromise
plant reproductive success [41]. Therefore, it is the competition between native and
non-native pollinators along with various other factors such as pesticides, pathogens,
parasites, and climate change that have been triggering the decline of pollinators
worldwide [38].

3. Inflorescence of Citrus and its sexual process

A Citrus flower usually comprises both male and female sex organs in the same
flower [26]. Each flower has radial symmetry and consists of 5-6 sepals and 5 petals
(Figure 1B). The inflorescence is a cyme or raceme, rarely of solitary flowers. The
flowers are usually bisexual and actinomorphic, hypogynous, rarely epigynous. It
consists of 4-5 (2-3) sepals or lobes. The corolla is apopetalous or sympetalous with
4-5 (0, 2-3) imbricate or valvate petals or lobes. The stamens are 8-10—c0 usually
diplostemonous in 2 (1-4) whorls.

The stigma and ovary are connected by a white style that forms a knob [42]. The
pistil is in the center of each flower and is surrounded by a whorl of stamens which
consists of long filaments with anthers at the top (Figure 1A). The anthers are
longitudinal indehiscence and consist of yellow pollen that gets shed on the sticky

Figure 1.

Flowers of mandarin (Citrus reticulata): (A and B) single flower, (C) fertilized ovary, (D) female sex
organ (pistil); An—anther, Fi—filament, Pe—petals, Ov—oary, Ne—nectar, Sti—stigma, Sty—style.
©Subhankar Gurung.
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surface of the stigma [26]. Citrus pollen is heavy and sticky [26], and is not adapted
for wind pollination [43]. Citrus flowers are either self-pollinated, cross-pollinated
[43], or can produce fruit by parthenocarpy or nucellar embryony [44]. At the bot-
tom of the ovary, there is a nectary gland. Citrus produces nectar copiously [22] and
is secreted continuously for at least 48 hours after the flower opening [45].

3.1 Breeding system of mandarin and mandarin hybrid-complex

Several mandarin hybrids of fine quality have been evolved that have become
commercially important varieties. For instance, crosses between clementine and
tangelo (Citrus reticulata x [Citrus paradisi x C. reticulata]) have produced hybrids
such as Robinson, Lee, Osceola, Page, and Nova [46]. King mandarin Citrus nobilis
proved to be an exceptional parent when crossed with other mandarin types in
producing well-flavored hybrids [47]. Tangelo is a cross between tangerine, or
mandarin orange (C. reticulata) with either grapefruit (Citrus paradisi) or pum-
melo (Citrus grandis) [24]. Clementine (Citrus clementina) is a hybrid between
Mediterranean Citrus deliciosa and sweet orange [48]. While the hybrids were being
released, issues in its pollination were recognized where the fruit set in Clementine
mandarin was fewer in flowers enclosed in self-pollination without bees than those
flowers enclosed with bees [49]. Clementine mandarin was identified to be self-
incompatible but showed improved fruit characteristics when cross-pollinated with
March grapefruit and Balady orange [48]. Besides, it has also been reported that
Clementine mandarin develops a seedless fruit if cross-pollination does not occur
[50]. Clementine mandarin cultivars (Citrus clementina) exhibit facultative parthe-
nocarpy and is pollination independent [50]. However, “Clemenules” exhibits weak
parthenocarpic ability than ‘Marisol’ indicating a difference in the parthenocarpic
ability of Clementine cultivars. Further, studies on “Lee”, “Page”, “Nova” and
“Robinson” identified them to be self-incompatible [51]. ‘Afourer’ mandarin was
also found to be self-incompatible and produced relatively high fruit set by faculta-
tive and autonomous parthenocarpy [52]. On the contrary, studies demonstrated
that “Osceola” was not completely self-incompatible [53]. Further studies showed
that “Hyuganatsu” mandarin was self-sterile but cross-fertile [54]. Several experi-
ments demonstrated that “Satsuma” mandarin benefitted 6.3% [55] and 7-11%

[56, 57] by bees. They also present obligate parthenocarpy [58], and thus the sexual
process is not always required for successful fruit development. There was no
significant difference in the final fruit set between parthenocarpic and fertilized
Satsuma mandarin [50]. Several mandarin cultivars also benefit tremendously from
compatible pollinizers for successful fruit development. For instance: grapefruit
pollen is an efficient pollinizer in fertilizing “Clementine” mandarins. Further, field
experiments demonstrated that pollens derived from “Lee” enhanced the fruit size
of “Page” cultivars [59]. Minneola tangelo increased its yield when cross-pollinated
with “Seminole” or “Lake” pollen which indicated that the Minneola fruit set can be
enhanced by planting a suitable pollinizer [60].

Some of the accessions of mandarin such as “Kunenbo” are self-incompatible
because of incompatible alleles originating from pummelo [61] while mandarins
that originated in China and India are self-compatible [62].

3.2 Breeding system of sweet orange
Breeding system of oranges is complex because of the variation in its cultivars.
Citrus sinensis var. Pera-Rio benefitted from the visitation of bees resulting in

heavier, less acidic fruit with fewer seed sets [63]. Further, the fruit production was
35.30% greater in uncovered flowers, fruit weight was higher (180.2 g) than covered
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ones (168.5 g) [64]. However, bees did not affect the production of C. sinensis var.
“Valencia” sweet oranges [65, 66]. Sanford [66] also mentions that ‘Valencia’ does
not benefit much from pollination by bees. “Valencia” experienced lower pol-

len grain germination resulting in a lower seed set [50]. Defective ovule mutants
encourage flawed pollen tube guidance [50], and therefore attributed low seed set
in “Valencia” sweet orange to defects during female gametogenesis [67]. However,
unlike the previous report, fertilization remains an important factor in its improved
fruit set [50]. Similarly, ambiguity regarding the pollination of “washington navel”
remained when studies demonstrated that cross-pollination might influence fruit
set [68]. However, later studies reinstated that cross-pollination does not affect the
yield of “washington navels” [69]. Atkins [70] stated that there is a possibility that
cross-pollination by bees may cause them to retain more fruit [70]. There was a 31%
increase in the fruit set, a 21% increase in fruit weight, 33% more juice, and 36%
more seeds from fruits on trees visited by bees [71]. Further “washington navel” is
male sterile and is incapable of sexual reproduction when used as a pollen parent
[72]. Therefore, the likeliness of it requiring a pollinizer is high for a successful fruit
set. In this context, it was observed that “washington navel” produced the most
fruits when crossed with “Grusinian” orange [57]. However, the embryo sac of
“washington navel” may also degenerate before pollen tubes penetrate through it.

3.3 Breeding system of pummelo

Most of the pummelo varieties are self-incompatible because pollen tubes
cannot grow properly because of the genetic barrier to inbreeding [73]. Further,
most pummelo trees are self-incompatible and should be inter-planted with other
cultivars [74]. Shaddock (Citrus maxima L.) or (Citrus grandis L.) increased its
fruit set %, fruit retention, fruit weight, fruit size when cross-pollinated with
Balady orange pollen grains [48]. Further, Aala [74] suggested that bees are
important for proper pollination and fruit set irrespective of a cultivar being self-
fertile or self-sterile. Citrus maxima (burm) Merr cv. nambangan is also reported
to be self-incompatible and is dependent on insect pollinators for fruit sets [42].
However, Hoang et al. [75] reported that pollen tube growth of Citrus grandis cv.
“Phuc Trach”, “Dien” and “Red Pummelo” were arrested in the style inhibiting
fertilization. “Da Xanh” and “Nam Roi” pummelos did not require pollination and
produced large-sized seedless fruit by vegetative parthenocarpy [75]. Therefore, it
is an established fact that few cultivars of pummelo are highly parthenocarpic [27]
and pollination is unnecessary for commercial fruit production.

3.4 Breeding system of grapefruit

The pollination requirements and breeding system of grapefruit are poorly
understood [76]. Some studies suggest that cross-pollination is not a prerequisite
for fruit set [25, 77], whereas others demonstrate that the transfer of cross-pollen
mediated by insects increases fruit production [31]. For example, there are spe-
cies such as “Red Blush” grapefruit cultivar that is highly parthenocarpic while
“Marsh” grapefruit set four times as many fruits in open-pollinated flowers than
selfed flowers [78]. “Star Ruby” grapefruit (C. paradisi Macf.) consists of non-
functional pollen, non-functional ovules and produces more fruits when cross-
pollinated [31]. Further, studies suggest that pollen transfer by insects and pollen
tube development are important factors for fruit production in grapefruit [76, 79].
Chacoff and Aizen [76] also demonstrated that more cross-pollen tubes reached
the ovary than self-pollen, indicating the importance of pollinators in successful
fruit development.
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3.5 Breeding system of lemons and limes

Lemons (Citrus aurantiifolia (Christm.) Swingle) is self-compatible and shows
both autogamous and allogamous types of pollination [80]. On the contrary,
“Tahiti” lime is strongly parthenocarpic and its dependency on pollination is
feeble for increased fruit set [69]. Parthenocarpy in “Tahiti” lime is followed by
chromosomal irregularity during meiosis, reflecting the triploid origin of the lines
[81]. Likewise, parthenocarpy is high on thornless Rodan lime resulting in a fewer
number of seeds [82]. However, the fruit set of Citrus limettoides was better in
open-pollinated flowers than emasculated or hand-pollinated flowers [83]. Further,
the flower-fruit ratio and fruit-seed ratio of lemons declined in the absence of
pollinators than in open-pollinated conditions [80]. The yield is further enhanced
in lemon with the planting of a suitable pollinizer. For instance, the yield of ‘Kagzi
Kalan’ lemon is supposedly enhanced with the plantation of 10% pummelo along
with it [84].

Studies have reported that Citrus limon L. was self-incompatible and fruit and
seed sets were greater in cross-pollination than self-pollination [85]. Further, it has
been observed that pollination by bees is not required for the production of fruits
[86]. Further, lemons were reported to be self-compatible that produce fruit by
self-pollination without the influence of pollinators [22]. Emasculated unpollinated
flowers of C. limon produced seedless fruits, indicating its parthenocarpic ability
[87]. Although cross-pollination helped C. limon produce fruits with germinable
seeds, it was self-pollination that produced seedless fruits [87]. However, studies
also demonstrated that lemon trees caged without bees produced 42.5% less than
open-pollinated trees while trees caged with bees produced 10% less fruit indicating
that bees contribute to geitonogamous self-pollination [88].

3.6 Breeding system of citrons

Citron is reported to be receptive to the pollen of the same species [89].
Citrons are presumably self-compatible and hence citrons as maternal parents
are not common [89, 90]. Citrons have the lowest heterozygosity which results
in their high rate of selfing [91]. It has been observed that the male and female
organs of Corsican citrons mature simultaneously before the opening of the
petals which indicates its self-fertilization mechanism [92]. As a result, citron
propagation by seed in Israeli home gardens seldom results in hybrid seedlings
[93]. Further, it has also been reported that no pollination problems have been
observed on citron [22].

4. Conclusion and future direction
4.1 Status of pollination study and its relevance in Citrus

There is enough evidence to show that the global pollinator population is
declining which is harming the agricultural productivity of the crop. Citrus is
an important cash crop and has a varying degree of pollination requirements.
Although, several studies have been conducted to ascertain the pollination require-
ment of Citrus, we found uncertainty in the importance of pollination in Citrus
as far as market demands are concerned. There are several varieties of Citrus [23]
that are poorly known from the pollinators and pollination requirement [76].
While McGregor [22] stated that few studies have been conducted in other groups
of Citrus, we are in a much better position now than we have been in the past to
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understand the pollination requirements of the plants. Nonetheless, considering
that new cultivars are developed every time, the study will always be in its infancy
requiring constant monitoring to understand their breeding system. However,

we suggest (i) recognizing the market need for Citrus varieties of superior eating
and processing quality (ii) determining the relevance of pollinators based on prior
demand of the market. For instance, consumers’ favor seedless fruits because of
their appealing appearance and ease of consumption, while producers prefer them
due to their ease of processing. Given its relevance, efforts are being done to develop
high-quality seedless fruits [58].

4.2 The way forward

In this review, we have explored commercially important Citrus species and tried
to ascertain their adaptation to pollination requirements. We have also ascertained
the breeding system of some of the commercially important Citrus varieties around
the globe. However, growing evidence suggests that the pollination requirements of
Citrus may be arguable, the biggest question that arises is the importance of pollina-
tion in the Citrus industry.

Further, we found a disparity in studies conducted between Citrus varieties
probably because of the commercial popularity of some varieties over others. We
still need studies to be conducted to document important pollinators and under-
stand the breeding system of more varieties. The ever-increasing development
of new cultivars poses challenges in understanding the breeding process of such
cultivars and a constant effort to study such cultivars is the major challenge that
needs to be addressed. It is also evident that there are substantial losses of pol-
linators in many regions of the globe, therefore segregating Citrus varieties and
cultivars based on its breeding adaptation, pollination requirements, and most
importantly based on the demand of the market would greatly determine the
effect of the loss of pollinators in the productivity of Citrus. However, if the lack
of pollinators does affect productivity and disrupts its market supply, targeting on
development of seedless varieties can be a good alternative. Also, genetically self-
incompatible cultivars that are dependent on pollinators need to be consistently
investigated and their pollinators identified. Identifying suitable pollinizers can
be another way in enhancing the productivity of Citrus. However, such a process
also requires pollinators, and therefore, given the importance of pollination,
efforts should be made in mitigating pollinator loss to sustainable pollination
service. This can be achieved by acknowledging their intrinsic value, consider-
ing the core importance of pollinators for the productivity of Citrus, focusing on
agri-environment schemes, protected area networks, and managing alternative
pollinators.
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Chapter 5

Invasive Exotic Plant-Pollinator
Interactions

B.C. Anu and Ramanuj Vishwakarma

Abstract

Pollination is an imperative biological process, and the exotic plant species
have a significant effect on the interaction of plant with pollinators. The exotic
plant communities have the ability to cause both direct and indirect impacts on
pollinators. The impact of non-native exotic plants on native pollinators can occur
at a varying range of scales: starting from the flower visitors who visit flowers
individually, to populations and community-level interactions (insect-flower
interaction networks). As it is impractical to study every invasive plant in every
ecological context, understanding appropriate individual-level trait predicting
direct interactions between invasive exotic plants and native pollinators is needed.

Keywords: community-level interactions, ecological context, exotic plant,
flower visitors, invasive, non-native

1. Introduction

Pollination that is dependent on an insect is essential in many plants for seed
and fruit production, and flowers offer the nectar and pollen that are required for
the development of many insects. A lot of attention is gained from ecologists on
plant-pollinator interactions, which been perceived as robust architectural property
networks [1]. The networks between plant and pollinators are highly enclosed, and
they consist of generalist species that interact with both generalist and specialist
species; there is a connection between this generalist and specialist species struc-
ture [2]. It has been claimed that this kind of structure is often environmentally
stable along with low sensitivity to sampling effort [3]. The proof of stability in the
plant-pollinator network is fright in front of global change as it is mostly based on
the species removal models [4] and destruction of habitats [5]. There is a frail and
unsymmetrical interaction between plants and pollinators, that is, it is the pollinator
species on which plant species depend and that pollinator species weakly depend on
reciprocal plants and vice versa [6].

Biological invasions can definitely serve as natural community experiments [7].
We can test whether there are disrupting effects of a new species to a community
upon insertion on the network of plant and pollinator by comparing communities
that are invaded naturally and communities that are uninvaded or by investigating
the invasion activities. It has been suggested that there is an efficient use of pollinators
that are native, upon the establishment of many invader plants that are generalist and
entomophilous [8]. Moreover, the main harmful impact of non-native plant species
on native plant pollinators can be demonstrated through plant-pollinator interaction
analysis [9].
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There may be a negative effect of invasive alien plant species on plant-
pollinator networks such as shading because globally the shrubs compose 23%
of invasive plant species [10]. There may be an adverse effect of exotic invasive
plants on the ecosystems that they invade, leading to a loss in biodiversity and
changes in the functioning of the ecosystem [11]. But, so far this theory has
not been supported universally by the studies; the results are dependent on the
surroundings and vary on the basis of the traits of the invaded community and
the invaders [12].

Study has shown the negative impact on the reproduction of native species by the
invasive species, especially when the latter is more abundant [13]. The direct effect
of non-native invader plants on native pollinators and their role in the invasion of
plants has been focused on in some studies. These direct interactions may affect the
fitness of both pollinators and the invasive plant species. Keeping in view the above
facts, we have tried to wrap information on the impacts of exotic plant species on
native pollinators.

2. Role of pollinators in promoting non-native plant invasion

We know very little about the pollination activities of invasive pollinators in
their native range that are present worldwide; whether the pollinator species or
the similar groups same as pollinators exist in new areas; in the new areas, flowers
are visited by which pollinator species; whether there are limited pollinators; how
much the pollinator service quality is important; or whether through other means
of reproduction they are successful. There has been a study of a few species in the
ecology of the pollination in both exotic invasive and native ranges; for example,
in Spain, Hedysarum covonarium is native on the mainland and to Balearic islands
where it has been introduced [14]; Rhododendron ponticum is native to Spain, and
itis introduced in Ireland where it is highly invasive [15]; and Nicotiana glauca is
native to South America, and it is globally introduced [16]. In all the cases of the
invasive non-native plant species, the native pollinators that are resident and belong
to the same functional group as the non-native plants in their native ranges do the
successful pollination. The pollination of H. coronarium in native, as well as nonna-
tive areas, is done by the same species (Hymenoptera and Coleoptera), particularly,
the honeybee Apis mellifera [14]; in Spain, large bees Xylocopa violacea and Bombus
spp. pollinate Rhododendron ponticum and in Ireland, R. ponticum is pollinated by
Bombus spp. [15]; and hummingbirds pollinate N. glauca in the native range; and in
the invasive range, specialized sunbirds pollinate N. glauca [16].

Nonetheless, knowledge of the ecology of pollination in most species is far more
complete in non-native and native regions, as well as for those receiving a great
amount of scientific and public attention. For example, in the northern temper-
ate regions, pollination in a notorious invader Impatiens glandulifera is done by
a variety of bee species in its non-native invasive range [17], but in native India,
Pakistan, and Nepal, little is known about its pollinators except for food it is visited
by Bombus spp. [4]. The role of pollinators in promoting invasion in non-native
ranges is poorly studied. Theoretically, the establishment and spread of invasive
plants are dependent on the replacement of lost mutualists (including pollinators)
from a plant’s native range with new mutualist partners in the non-native range [8].
It follows that the self-compatible invasive plant species that can reproduce through
asexual propagation and self-pollination plants would be better invaders, as they are
less likely to experience a limitation in pollination (i.e., reduction in quantity and
quality of pollination service in the new habitat) [18].
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Although, through the studies on the invasive plant, characters have revealed
that many invasive species are pollinated by biotic agents [19]; but in the case of
certain species, self-pollination in high levels can enhance successful reproduction
as well as invasion, in a similar way visit by generalist pollinators can also boost
the success in reproduction as well as invasion [20]. The pollination service quality
is not guaranteed even if appropriate pollinators are present. Pollinators may lack
the required phenology or behavior to provide high-quality pollination, result-
ing in heterospecific or low-quality pollen transfer. In order to become successful
invaders, non-native plants, which are pollinated by insects, have several options
available. Their pollinators can be introduced alongside them, either simultaneously
or later. For example, Ficus spp. became invasive in both Florida and New Zealand
after the introduction of fig wasps that are host-specific, and viable seed produc-
tion began [8]. In other cases, pollination may get easier by introducing generalist
pollinators. There can be reasons for it, such as either due to the nonexistence of
suitable species of pollinator that are native or may be due to the presence of a
preexisting adaptation promoting the interaction between plant and pollinator. For
example, the introduction of European honeybee (A. mellifera) and bumblebee
(Bombus spp.) to New Zealand introduced European plants as they are frequent
pollinators of European plants, for example, Trifolium pratense and Echium vulgare
[21]. Similarly, in North America, introduced A. mellifera is a major pollinator of
invasive European/Eurasian species Lythrum salicaria, Cirsium vulgare, and Rosa
multiflora [22], and in India, A. mellifera was primarily introduced as major honey-
producing species that becomes later a major pollinator of a number of oilseed crops
viz., Brassica spp. [23] and Helianthus annuus [24], a second important pollinator of
Mangifera indica [25] and also observed as least visitors of Capsicum annuum in the
absence of other important floras [26]. Given the broad range of agricultural areas
in which A. mellifera and Bombus spp. are introduced for crop pollination world-
wide, they have the ability to promote invasion by a wide range of plant species with
which they have coevolved. Pollinators already present in the new habitat can form
novel interactions with non-native plants, co-opting them into pollination roles
[19]. In many cases, pollinators are frequently native generalists of the same func-
tional group or species as same as the pollinators in the native range of plants, such
as H. coronarium, Rhododendron ponticum, and N. glauca.

In other instances, the non-native pollinators that are generalists have coevolved
with the close relatives of the non-native plants rather than the non-native plant
itself. Again, some good examples of this are the generalist bees that are introduced
for crop pollination, such as Apis and Bombus spp. In Australia, introduced bees (A.
mellifera and Bombus tervestris) pollinate Lupinus aboreus [27], and it does not occur
in the native range of the species but to the species that are functionally similar to
the native pollinators of L. arboreus and in Europe, they pollinate native Lupinus
species. There are also cases where pollination by resident species is done for the
relatively specialized pollination system of the plants; for example, in South Africa,
Lilium formosanum, a non-native invasive species, are pollinated by a widespread
hawk moth pollinator [28].

Some of the plant species that are pollinated biotically have become invasive
without the need to reproduce sexually and have spread by vegetative means across
their invasive range. For example, in parts of its European range, the invasive
Fallopia japonica entirely relies on the clonal spread, while it reproduces sexually in
North America [29]. This phenomenon has been caused by a lack of sexual partners
(male individuals that are fertile) rather than a lack of pollinators in this case. Oxalis
pescaprae is another invasive species that spreads via clonal bulb development in
parts of its Mediterranean Basin range (Figure 1) [30].
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Figure 1.
Interaction of non-native invasive plants with native plants and pollinators [15].

3. Impact of invasive plants on flower visitors

Although interactions with native pollinators may benefit invasive plants, the
effect of invasive plants on native flower visitors is thought to be the opposite [31].
This may be because non-native invasive plants take up space that would otherwise
be used by native plants, which are thought to be more likely to provide a suitable
resource. Invasive plants can also alter the behavior of pollinators that are highly
competitive, resulting in indirect effects that can be added on some taxa of pollinators
or flower visitors. Despite the fact that quantifying the effects of invasive plants on
native arthropods is more complicated than quantifying the effects of native plants
[32], due to their mobility, size, and sometimes taxonomic limitations and on the
effects of invasive non-native plants on non-pollinating taxa on which several studies
have been conducted [31].

There is a lack of knowledge about how arthropod habitat and dietary require-
ments are affected by invasive plants in general, not just for insects that visit flowers
[31]. Most studies on the impacts of an invasive plant on native flower visitors have
focused on the species diversity, abundance, and community composition of taxa
in non-native plant invaded sites; very little has been explored on the impacts at the
individual level or population level. Conflicting conclusions can be seen from the
studies that looked into the impact of invasive plants on pollinator abundance. For
example, in the case of non-native plants, some authors have found that the invasive
plants increase the abundance of certain species, such as generalist butterflies [33]
and bees [34], while others have found that invasive plants reduce the abundance of
butterflies [35], bees [36], and entire populations of pollinator [37].

Some research by Moron et al. (2009) and Bartomeus et al. (2010), on the other
hand, has found no effect on pollinator abundance. Despite the fact that the impact
of invasive plants on pollinator species richness and diversity seems to be more
consistently negative [37], several studies have found little improvement in spe-
cies richness after invasion [38]. Invasive plants have been found to influence not
only the number of species but also the composition of populations in terms of the
taxa present and the presence of a relative abundance of individuals in each taxon,
according to several studies. Vincetoxicum rossicum, an invasive vine, in general,
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supported a low number of arthropods, with some feeding guilds completely absent
and with the presence of very few pollinators [32]. Given the potential of invasive
plants to affect the relative abundance of different taxa, and thus the composition
and diversity of pollinator species, several recent studies have attempted to charac-
terize these changes by analyzing whether invasive plants cause functional changes
in ecosystems.

Examining the flower-visitor interaction network structure in invaded envi-
ronments has become the most common method of characterizing changes in the
interactions between plant and pollinator. Though non-native plants have become
well integrated into interaction networks [39, 40], network structure metrics are
sometimes unaffected [41]. Invasive species, on the other hand, can dramatically
alter the structure of interaction networks, either by changing the evenness of
the interaction and density of linkage (the number of weighted links per species)
[42] or within the network by forming larger, more linked modules [43]. The
extent of effects on the network structure is likely to be influenced by the relative
abundance of invasive species in the network [44]. Given the extent of effects
on network structure, the ambiguity surrounding the functional consequences
of network structural properties, as well as the ability to rewire networks in the
presence of invaders [45]. For native animals, invasive plants may provide an
alternative food source, but only if native animals can get access (i.e., depending
on the visitors and flowers of the invasive species trait complementarity) [22] and
only if the food is valuable that too nutritionally and does not harm the health and
fitness of those who eat it.

4. Methods to quantify impacts on native pollinators

The effects of invasive plants on native flower visitors have been studied using
avariety of methods. To simulate invasion and examine ecological consequences,
cut branches or potted plants have been used in some cases [18]. The majority of
studies have been “natural experiments, comparing the effects of invasive plants
with varying degrees of separation between areas where they are established and
growing naturally to areas where they are not with varying degrees of separation
between areas [46, 47]. Both methods have advantages and disadvantages: In the
first, the effects of a sudden introduction of a new invasive flowering plant, as
well as flower visitor response, can be tracked. Effects on the visitors of the flower,
on the other hand, are more likely to be behavioral responses to the invader than
responses at the community level.

There have been many approaches to design “natural experiments” in the second
case. Within a single location, the preference of flower visitors can be determined
by comparing visits to invasive and native flowers that are both present on the same
site. Within a site, visitation to both non-native invasive and native flowers could
be recorded, and this could be done by comparing the visitation to native flow-
ers by the pollinators in the absence of the invader. The most common use of this
method is to investigate the effects on interaction networks through invasion [46].
The majority of studies have compared the abundance/richness of taxa at invaded
vs. control sites, or invasive vs. noninvasive (control) plants [7]. Another strategy
is to exclude the invader from a site and investigate the impact on the flower visitor
population associated with the remaining native plants in that site, or compare it to
populations in invaded or uninvaded sites [40].

An alternative method of determining whether flower visitors are affected by
an invasive plant because of its invasive status is to compare the role of the plant in
invasive ecosystems versus native ecosystems. This method has not been used often,
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but it may be useful in assessing impacts because an attractive plant species that
dominates interaction networks in its native habitat may have similar effects when it
is not native.

Thus, investigating invasive species through biogeographical studies that look
at both their native and introduced ranges may provide valuable information about
invasion ecology. However, since many of the effects on flower visitors of invasive
plants may be due to the abundance of flowers they grow on and thus are highly
rewarding, a different approach would be to compare the effects of invasive plants
with the effects of highly rewarding native plants. Then, rather than just the effects
of a highly rewarding species in a system, we may be able to separate the effects of
non-native invasive plants on flower visitors as a whole.

5. Conclusions

Interaction is often formed between invasive plants and native flower visitors,
and their invasion is often reliant on these interactions. Despite the widespread
belief that invasive plants have a detrimental effect on native flower tourists,
there is no evidence to back this up [48]. In view of the challenges of studying so
many flower-visiting taxa, it is not surprising that the direct effects on the diet of
individual flower visitors, their health, and fitness by the invasive plants are poorly
understood. Given the complexity of performing experiments to assess the effects
and the wide variety of responses that can be measured, we are only likely to be able
to evaluate impacts for a small percentage of the potentially affected species (most
likely insect species that are commercially accessible and/or can be manipulated
in alaboratory setting). Moreover, since the effects of invasive plants are likely to
be specific to plant species and ecological background-specific, our knowledge is
likely to be restricted to globally distributed, problematic plant species. However,
better predictions of impacts can be made by designing suitable studies [49] and
integrating more knowledge of plant and insect species traits (including plant the
breeding system, pollination syndrome, nectar chemistry, insect body size, and diet
breadth). As a result, more research into invasive plants and the ecology of flower
visitors is needed before broad conclusions regarding direct impacts can be drawn.
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Chapter 6

Reproductive Ecology of Forage
Alfalfa (Medicago sativa L.): Recent
Advances

Hana’a Burezq

Abstract

Plants display an assorted collection of reproductive tactics that eventually play
a crucial role in perpetuation of species. Plant reproductive ecology is principally
concerned with the adaptive implications of the plant in their vicinity, disparity in
qualities allied with pollination, seed dispersal, and seedling establishment. The
success in reproduction in most flowering plants depends on ecological interactions
with pollinators and seed dispersal agents. Modern tactics in reproductive ecology
can integrate proper surveys, advanced pollination studies, interaction between
flower and pollinators and clear assessments of population genetic structure, which
can provide new opportunities for plant reproductive biology. Alfalfa is an impor-
tant forage legume and known as “Queen of forages” due to its worldwide adapt-
ability, high yield potential and quality. Alfalfa produces seeds which are primarily
used for forage production. It is a gift to livestock industry including dairy, beef,
horses, and sheep for grazing, silage, hay etc. Alfalfa is also a medicinal herb with
antioxidant, antidiabetic, anti-inflammatory, neuroprotective and cardioprotec-
tive properties, utilized for treatment of arthritis, kidney problems. The seeds are
exploited in alfalfa sprout industry. The current chapter highlights the reproductive
biology of alfalfa from flower development to seed production and its advances.

Keywords: alfalfa, reproductive ecology, forage, seeds

1. Introduction

Reproduction is the critical phase in the life time of any organism, which
ensures its perpetuation as a discrete species. The accomplishment of the phe-
nomenon is greatly influenced by two components viz., intrinsic reproductive
biology of the organism and the interactive niche in which they survive. The
environment in which the plants grow has a major impact as it is decisive in every
step of reproduction in plants, due to the fact that the plants are immobile [1].
Therefore, the reproductive success of plant can be constrained by any attributes
in the ecosystem where they grow. Alfalfa (Medicago sativa L.), commonly called
as Lucerne in many other countries is the most important forage crop accounting
for the major load of hay produced globally; recognized as the back bone for many
forage systems. In Gulf region, alfalfa is widely cultivated and is recognized as
the first cultivated forage crop occupying around 30% of the cultivated area [2].
Alfalfa produces nutrient dense foliage with great palatability and digestibility to
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the cattle. Alfalfa yields better than most forages under less ideal environmental
conditions due to its deep root system. Besides, it has long been used medicinally
for treatment of arthritis, kidney problems and has antioxidant, antidiabetic,
anti-inflammatory, neuroprotective and cardioprotective properties. The factors
that impede with the reproductive ecology of alfalfa from reproduction through
pollination, seed production and dispersal and the recent advances are highlighted
in the current review.

1.1 Plant reproductive biology

Reproductive awareness of any plant is vital for understanding its seed produc-
tion and dispersal for the continuation of the generation [3]. Plants that do not
reproduce vegetatively, depend on seeds to produce offsprings. To be established
into a new generation, plants must be pollinated to form fruits, ovules must be
fertilized to form viable seeds and the seeds must be dispersed to suitable substrates
for germination and growth [4]. Any weak link or break in the chain of events
restricts a plant’s ability to reproduce and over constant time, contribute to depriva-
tion and impedes the continuation of generation, thereby conservation [5]. Plant
reproductive biology may encompass the pollination mechanisms, seed set and
seed dispersal between and within populations. Consequently, a comprehensive
acquaintance in reproductive knowledge of any plant is mandatory to develop
strategies for its conservation [6]. Reproductive biology is a science dealing with the
study of the relations between plants and pollinators as well as seed or fruit dis-
persers. Pollination is an indispensable event in the sexual life of flowering plants,
signifying a biotic mutualism between flora and fauna [7]. It is the decisive phase
for successive reproduction and suitability of flowering plants for maintenance
of seed set and genetic diversity. Pollinators play a key role in reproduction of all
flowering plants in the globe, especially agricultural crops depend on pollinators for
successful crop production [8]. More than 87% of flowering plants are pollinated
by pollinators and insects constitute the major group among pollinators. Plants
and pollinators have coevolved to progress mutualistic adaptations, with large
ecological changes that dissociate the coincidence in flowering and breeding cycles
of pollinators. These coevolutionary relationships are now being severely affected
due to global decline in pollinators caused by environmental and anthropogenic
disturbances [9]. The human induced interferences such as habitat loss due to frag-
mentation, deforestation, irrational agricultural practices, extensive use of harmful
chemical pesticides, etc. tend to unfasten the advantages of mutual adaptableness
of plants and pollinators. The ecological impacts such as pollution and climate
change also cause severe threat. Limited pollen or nectar production in plants or
ineffective pollinator services due to environmental changes are the chief reasons
for the fewness of several important medicinal plants, tree crops etc. [10]. Decline
in pollination leads to reduced fruit and seed set, thereby curbing regeneration and
limit fitness of plants. Fruit or seed dispersals is vital event for a plant to extend its
generation to diverse localities including wild habitats. Thus, the ecoservices by
pollinators and dispersal agents errand a crucial part in success of reproduction in
a plant.

Observations and experimentation on assorted areas of pollination biology and
seed dispersal ecology are a must to comprehend the countless intricacies dominant
in plant-pollinator as well as seed dispersal systems [11]. The awareness in this area
is a prerequisite for the conservation and management of plant and their associated
animal species. Research in reproductive biology of plants will aid to develop new
strategies to preserve the genetic potential of the plant species, which are crucial for
restoration and reintroduction.
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1.2 Plant reproductive ecology

Plant reproductive ecology has arisen as the most adaptable and important fields
of plant sciences. It contracts with the reproduction of plants to sustain their genera-
tion and the ecological strategies that aid to overcome reproductive catastrophe [12].
For reproductive success of plants owing to its tremendous diversity and ecological
niches, substantial amount of disparity is anticipated in the ecological processes
[13]. The data base of reproductive biology includes the facts of flowering phenol-
ogy, floral biology, pollination mechanism, pollen-pistil mechanism, breeding
system and natural recruitment.

Lately, the advancement in the particular subject has been stimulated by
intensifying interdisciplinarity to address the chief global concerns of warranting
food security and biodiversity conservation in the light of several hindrances in
plant-pollinator-dispersal agent mutualisms [14]. In this view, the current review
describes the reproductive biology of the chief forage plant, alfalfa, from flowering
to seed dispersal to enhance the baseline data on its biology and identify deficien-
cies in its capacity to reproduce and the latest advances to overcome it [15]. The
main focus is to synthesize and utilize the database for greater understanding and
clarification of the ecological processes governing reproduction.

2. Alfafa: M. sativa L.

Alfalfa (M. sativa L.) is recognized as the oldest forage grown worldwide, due
to its high feeding value and wide adaptability [16]. It is a forage crop with several
benefits by strengthening soil structure, contribute nitrogen to soil as well as pest
management impacts. Alfalfa is cultivated in more than 80 countries around the
globe in an area of 32-million-hectare [17], with a forage yield of 5.75 metric tonnes
per hectare per year, hay yield of 8.3 million metric tonnes per year and seed yield of
186-280 kg ha™ annually [18], in addition to the contribution of 83-594 kg N ha™
with the aid of Nitrogen fixing bacteria, Sinorhizobium meliloti in the root nodules
[19]. Alfalfa is a highly nutritious animal feed and preferred to other forages by
the feeding ruminants [20]. The potentiality of alfalfa as a cattle feed arises due to
the high content of crude protein with excellent digestibility and its rapid passage
through the gastro intestinal track, providing quality proteins for gut microorgan-
isms to resynthesize proteins and vitamins, and stimulate cellulose digestion [21].
The appropriate predicted time of harvest is 10% blooming stage for higher biomass
as well as forage yield [22]. As flowering is onset, several physiological functions
occur in alfalfa plant. A chief reorganization of photosynthetic possessions from
foliage to reproductive parts [23], an increase in lignification of tissues occurs [24],
the quality of stem tissues declines and leaf tissues improves [25]. As flowering
onsets, a loss in foliage quality up to 45% in relation to feed value is documented.
Moreover, a per cent loss in foliage quality leads to 3% loss of cattle daily weight gain
[26]. Therefore, a delay in flowering leads to high forage quality for longer period.

2.1 Propagation of alfalfa

Seed is the base for any plant to propagate. Alfalfa is one of the chief forage plants
cultivated in dry region through seeds [27]. Seeds are produced in alfalfa for propaga-
tion as well as for sprout production for human consumption. Alfalfa can be propa-
gated sexually by seeding alfalfa seeds in a well prepared and well drained seed bed
@8-10 kg per acre as pure crop; for mixed strands with grasses, a seed rate of 6-8 kg
per acre is required. Asexually alfalfa can be propagated by semi rigid stem cuttings.
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2.1.1 Vegetative growing stages of Alfalfa
This interactive diagram demonstrates the different growing stages of alfalfa.
2.1.1.1 Germination and seeding emergence

Seeds should be planted half an inch deeper in the soil in a well-prepared soil,
supplied with sufficient nutrients. The alfalfa seeds will absorb water about 24-48 h
after planting, provided adequate water is present in the soil. As the seed imbibe
water, a radicle root emerges forming the taproot that anchors the seed to the soil
surface. The hypocotyl which is the initial seedling develops by pulling the seed coat
up through the soil [28]. Germination takes place at optimum temperature range of
65-72°C (Figure1).

2.1.1.2 Seedling growth and establishment

The first visible structure above the ground is cotyledon. A unifoliate leaf
emerges as a true leaf, then the trifoliate, which is the second leaf with three leaflets
will be produced. As the growth progress the plant produces alternatively arranged
trifoliate leaves. Photosynthesis meets all energy requirements by the alfalfa seed-
ling [29]. The first buds develop in the axils of all leaves, at the point of secondary
stem emergence.

2.1.1.3 Contractile growth and crown development

The contractile growth occurs in a process where hypocotyl shortens and has
a thicker growth due to carbohydrate storage within plant. This stage pulls the

Vegetative Flower Bud Development
|

|
¥ ¥ i %
(1] 1 2 3 4
Early Vegetative Mid-Vegetative Late Vegetative Early Bud Late Bud
Flowering Seed Production

Early Flower Late Flower Early Seedpod Late Seedpod Ripe Seedpod

Figure 1.
Growing stages of alfalfa (source: https://nutrien-ekonomics.com/latest-fertilizer-research/alfalfa-
development-and-growth-staging)/.
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cotyledonary and the unifoliate node underneath and crown develops. At this point
of growth, critical crown buds develop. This stage commences from first or second
week of emergence and lasts for 2 weeks.

2.1.2 Flowering in alfalfa

The inflorescence of alfalfa is a dense raceme, which is compact around 2 inches
long holding up to 50 short-stalked flowers emerging from the leaf axils [30].
The florets commence to open from the base to the tip of the raceme, which takes
around a week. A floret may open any hour of the day and remain open for a week if
not pollinated, but withers within few hours of pollination (Figure 2) [31]. Flowers
have five petals, with a larger standard petal upright to curved backward with deep
colored veins. The corolla consists of a standard petal, which is the landing platform
for pollinators, two smaller wing petals, called lateral petals that project forward
and two fused petals called keel. The keel encloses the reproductive parts, two
groups of stamen and a style from the green ovary, enclosing anthers and stigma
[32]. The color of corolla varies from purple or violet through shades of blue, green,
yellow, cream or white [33]. The calyx is short, green with five long pointed lobes
with or without fine hair. Each flower has a small pointed bract (Figure 3). The
sexual organs are non-functional unless released from keel; once released (tripped),
fertilization happens if successful pollination occurs. The ovules in the ovary begin
to develop, resulting in curly spiral pods twisting in 2 or 3 spirals, the number
depends on the number of ovules that progress as complete seed. The number of
seeds in a pod depends on degree of pollen compatibility. The pod matures and is
equipped for harvest after a month of pollination [34]. A characteristic pod has fine
hairs that turns black as matures and release kidney shaped seeds.

2.1.2.1 Tripping

The release of reproductive parts is a phenomenon that is mandatory in alfalfa
fertilization and profitable seed production [35, 36]. Tripping is defined as the
release of sexual column which includes style, stigma, part of ovary and 10 sta-
mens, by an explosive force as a string under tension is released. Pollinator inserts it
proboscis into the flower throat and exerts pressure among the keel petals to access
pollen and nectar [37]. When a flower visitor trips the flower, the pistil and stamens
hit the pollinators head, where the pollen get deposited and is dislodged by future
tripping’s of other flowers [38]. Tripping also breaks a membrane on the stigma,
which would prevent fertilization of ovule [39]. Natural tripping agents are pollina-
tors such as honey bees and other types of bees and wind [40]. Alfalfa is partially
incompatible at fluctuating degrees. If cross-pollinated pollen is not deposited when
the flower is tripped, alfalfa may still fertilize by self-pollen (Figure 4).

2.1.2.2 Pollination: honey yield, nectar secretion and pollen production

A typical alfalfa plant produces racemes of small pale to dark purple flowers,
which require insect visitation for pollination. When a bee visits for pollination, it
opens the keel petals and the stamens and pistil move forward, striking the bee with
a force. The usual visitors grasp a technique to avoid this mechanism by approaching
the flower from the side and inserting their proboscis in between the petals from
the base of flower to reach the nectar. Alfalfa secretes a large quantity of nectar,
that lures a variety of bee species, of which honey bees produce excellent crop of
high-quality honey. The estimated yield of nectar is 416-1933 pounds of nectar per
acre [41]. Several terpenoid compounds are identified in alfalfa crops that attracts

87



Plant Reproductive Ecology - Recent Advances

Figure 2.
Alfalfa flowers.
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Figure 3.
Inflorescence of alfalfa.

the pollinators towards alfalfa, of which, the aromatic compound ocimene has great
role [42, 43]. Alfalfa excretes tremendous quantity of nectar, which lures variety

of bees, and from which honey bees produce excellent crops of high-quality honey
[41]. Approximately 400-1900 pounds of nectar is secreted by alfalfa [42]. Honey
bees are reluctant pollinator of alfalfa as they have to make effort to struck force-
fully in the head for the flower to be tripped to enter into forage for nectar. The leaf
cutter bee is efficient in pollinating alfalfa than honey bees [44]. High densities
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Honey bee in the process of tripping A tripped flower

Figure 4.
Tripping.

of bees can lead to adequate pollination to produce desirable honey quantity. A
number of 12-15 colonies per acre are recommended for efficient pollination and
better honey production. A strong honey bee colony per acre of seed alfalfa could
produce 50-100 pounds of honey. Several wild bees also extend their pollination
services in alfalfa [45]. Breeding alfalfa cultivars more friendly to honey bees with
traits such as plants with stamen protruding beyond keel, plants that could be more
easily tripped, plants with high nectar production etc. will aid in greater pollina-
tion services, thereby more seed set [46]. Bee colonies in alfalfa crop, yields honey
potentially as they are the chief alfalfa pollinators. If the crop is cut for hay before
flowering, the bee keeper will get very little quantity of honey [47]. If the crop is for
seed production, a better yield of honey can be harvested, which depends on the
plant density, competition from other pollinators and other environmental as well
as agronomic factors. Alfalfa is a poor source of pollen for honey bees, but relished
by other pollinators such as Bombus, Megachile, Halictus and Nomia [48].

2.1.2.3 Seed set

A miniature portion of the total ovules develop into seed. A flower should be
visited at least once by a pollinator, to get tripped before fertilization. Once tripped,
the racemes hold the developing seed pods on the lower part, few open florets in the
middle and unopen buds at the top [49]. The cross-pollinated pods produce com-
paratively more seeds than self-pollinated plants. Moreover, the plants regenerated
from self-pollinated plants are less competitive with low survival rates. It is esti-
mated that 2 billion flowers per acre of alfalfa were produced, of which 200 million
flowers have the ability to set pods. In a probability of 5 seeds per pod, 2,200,000
seeds per pound, a potential seed production of 50,000 pounds of seed per acre is
estimated [50].

2.1.2.4 Seed dispersal
Alfalfa seeds are stood in coiled leguminous pod and it is nonshattered. The local
mode of dispersal is natural and non-mechanized. Wind dispersal of seeds is very

rare as the seeds are very dense and smooth. Seed dispersal by animals is a possible
mode, in situations where animals forage on them [51].
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2.1.2.5 Seed quality

Seed quality is the critical aspect in agriculture for offspring generation as well
as their conservation, which is measured by germination percentage. The factors
influencing seed quality includes proper irrigation and nutrient supply, climatic
conditions during seed formation, maturation, harvesting, and drying techniques.
Seeding in suitable field condition at proper timing, smearing good crop manage-
ment aspects, adopting suitable harvesting and drying techniques, minimizing
mechanical injuries and ensuring minimum deterioration in storage will favor in
obtaining alfalfa seeds of prior quality [52].

2.2 Taxonomy and genetics

Medicago sativa L. belongs to the order Fabales, family Fabaceae, tribe Trifolieae,
genus Medicago. The genus Medicago, is wide, comprises more than 50 species;
mostly annuals and few species are perennials [53]. M. sativa is a perennial herba-
ceous legume, that is a tetraploid (2n = 4x = 16) [54]. The allogamy and autotetra-
ploid nature of this species contribute to genetic variations within the population.
The commercially cultivated species for forage is M. sativa belongs to a M. sativa
complex, a group of closely related sub species sharing similar karyotypes, the
collection of chromosomes and interfertile, capable of interbreeding. The diverse
subspecies in the complex comprises subsp. glutinosa, subsp. coerulea etc. [55].

The most commonly cultivated alfalfa in the globe is M. sativa and M. falcata is
cultivated to some extend around the globe. M. sativa is a tetraploid, characterized
by purple flowers and coiled pods, whereas M. falcata occurs both as tetraploid and
diploid and characterized as yellow flowers and sickle shaped. Two other closely
related species M. prostrata and M. glomerata is utilized in natural hybridization
with alfalfa [56]. All other members of M. sativa species readily cross pollinate with
the cultivated species. Several alfalfa species exhibit genetic self-incompatibility or
self-sterility and will not successfully self-pollinate [57]. Alfalfa is severely affected
by inbreeding depression i.e. reduced forage and seed yield due to self-fertilization
attributed to accumulation of recessive alleles due to self-pollination or pollination
among close relatives. Alfalfa plays a great role in any genetic engineering context
in their improvement as it is an allogamous tetraploid, highly sensitive to inbreed-
ing depression, inability to survive and perpetuate its genetic material [58], highly
variable among cultivars and most are synthetic cultivars produced by recurrent
phenotypic selection [59]. Therefore, advancement in alfalfa readily lies in other
species or sub species of economic importance.

2.3 Ecology of alfalfa

Alfalfa is well adapted to most environments as demonstrated by its wide global
distribution. The perennial growth habit of alfalfa, ability to survive extreme
temperature, nitrogen fixing symbiosis through their roots and their hard seed coat
facilitate their survival in extended ecological regions [60]. High summer tempera-
ture, drought, competition from other grasses, water logging and root and crown
diseases leads to stand loss [61].

Hard seed: Hard seed is a post-harvest dormancy attributed by alfalfa seeds. A
hard water impervious seed coat temporarily prevents water uptake, thereby delays
germination. Majority of alfalfa seeds imbibe water and germinate readily and not
exhibiting true physiological dormancy [62]. Auto toxicity: Alfalfa plants and plant
residues produce compounds that provoke an autotoxic reaction that hinder seed
germination [63].
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2.4 Reproductive ecology of alfalfa

Reproductive success in alfalfa occurs through interaction between development
and organization of flower, pollination, fertilization, seed formation, dispersal and
other ecological factors. Flowering onset is an intricate progressive evolution that
could be activated by various pathways [64]. Diverse ecological and plant internal
factors like day length, temperature, light quality and age of plant mediate this
transition [65-67]; temperature and photoperiod are important signals in alfalfa
flower induction [68, 69]. Alfalfa is a long day plant, requiring 12-14 h of minimal
brightness to induce flowering [70]. Alfalfa is solely an insect pollinated crop, which
is pollinated only by a small group of insects, especially bees. Each alfalfa bloom is
pollinated by a single insect in a single time. The pollinator species, the genotype
of alfalfa and the nectar content can affect the pollination process of alfalfa. The
predominant pollinators of alfalfa are honey bees (Apis mellifera), leaf cutter
bees (Megachile rotunda) and alkali bees (Noma melanderi). Alfalfa seed requires
4-6 weeks to develop into a viable seed [71]. The environmental factors such as
rainfall and low temperature during maturing process will decrease the viability
of the seeds, ultimately producing seeds of poor quality. The seedling vigor will be
reduced and the germination quality will be minimized due to fungal infection or
premature seed sprouting [72]. Genetic differences between varieties also affect
seed maturity.

3. Advances in improving reproductive ecology of alfalfa

Alfalfa, well known for its extensive ecological adaptability, with development
of modern breeding and genetic engineering techniques has advanced in repro-
ductive ecological aspects. Genetic engineering approaches in alfalfa breeding is
utilized to manipulate the expression of genes involved in metabolic pathways to
improve the reproductive traits, pollination and seed quality traits.

3.1 Breeding and seed production

Any alfalfa cultivar has around 10-200 parents, crossed in isolation to produce
breeder seeds. A group of plants distinct for a specific trait, preserved through
2-3 generations from other alfalfa cultivars and cultivars produced by this kind
of breeding is called synthetic cultivars. Most commercial alfalfa cultivars are
synthetics produced from advanced progenies of clones of superior traits [73]. The
out-crossing nature of the alfalfa plant and its polyploid genome create complex-
ity in genetic improvement for higher forage and seed production. The prevalence
of severe inbreeding depression prevents researchers from capturing heterosis in
alfalfa cultivars through hybrid development. Consequently, it has led to a modi-
fication in breeding strategy for higher yield, by intercrossing selected parents to
produce synthetic cultivars [74]. This strategy is currently more feasible than the
development of a hybrid cultivar. The intercrossing approach between plants with a
broad genetic base increase heterozygosity, which increases the intra-locus interac-
tion, and ultimately yield.

3.1.1 Alfalfa, a potential plant for genetic research
The genus Medicago is scattered worldwide and comprises 83 species [75]. The

cultivated alfalfa for fodder purpose is autotetraploid, cross-pollinated and seed
propagated [76]. A rich source of natural variation and genetic resources is held
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by three species M. sativa, M. falcata and M. media, with breeding potential for
development of new cultivars. Genetic diversity studies of any species are indis-
pensable for successful breeding into new cultivars. Variations of a population,
genetically and phenotypically give insights in evolutionary history [77]. A study
with 25 accessions of the three Medicago species collected in Leh Region, Kashmir,
India, analyzed using simple sequence Repeats (ISSRs) and random amplified
polymorphic DNA revealed a high genetic variation. A genetic diversity of 30.23%
within populations with a mean coefficient of differentiation (Gst) was noticed.
The overall value of mean estimated number of gene flow (Nm = 8.0682) revealed
large gene exchanges among populations. Analysis of molecular variance (AMOVA)
states the genetic diversity being 49% among populations and 51% between popula-
tions. The distinct genetic variation in Medicago species is an ideal plant for genetic
research for breeding for improved forage varieties.

3.1.2 Breeding to overcome inbreeding expression

Several breeding programs are structured to avoid or overlook the negative
impacts of inbreeding expression in alfalfa [72]. Inbreeding expression occurs due
to continuous selfing. The vigor of natural tetraploid alfalfa is reduced by inbreed-
ing depression, but maximizing heterozygosity offers a better solution [92]. The
intra-locus interaction and additive variation maximizes heterogeneity in alfalfa,
to enhance its performance [78]. The forage yield of alfalfa is experienced due to
increased frequency of favorable alleles and utilization of non-genetic effectsina
study for long years (1898-1985). The study also revealed the enhanced genetic load
in recent alfalfa cultivars due to several crossings, which hinders the lethal alleles at
their heterozygous loci, providing better germplasm source of alfalfa [79].

3.2 Advances in floral biology
3.2.1 Effect of anatomical structure of the alfalfa flower in tripping mechanism

Alfalfa possess a highly unique papilionaceous flower with an exclusive tripping
mechanism, which permits only certain insects to enter in to effect tripping [94].
M. sativa was studied at the blossom stage to correlate the part of flower tripped
by pollinators in relation to the blossom characters. The comprehensive study on
the anatomical structure of flowers of 11 selections displayed two chief services
involved in tripping mechanisms viz., a cohesive force between the two keel petals
and the pressure exerted by the sexual column from cells under tension at the point
of fused filaments and the keel. The initial force was resulted due to the interlocking
of the projections on the pressed surfaces of keel petals, which is adequate to pre-
vent spontaneous tripping of alfalfa flowers. The firmness of the preventive force
and the relative pressure exerted by the sexual column against the appressed keel
petals differs in flowers from various selections which is attributed to differences
in anatomical structure and development of blossoms. The results revealed that the
preventive force of the adhered keel petals is closely related to the proportion of
insect tripped flowers than the force with which the sexual column is released by
tripping [80].

3.2.2 Mutants of varied inflovescence patterns in alfalfa
Alfalfa is a typical leguminous plant with a typical raceme inflorescence. The

multi-inbreeding process in this cross-pollinated species, develop several mutant
forms with long, panicle-like racemes, with fertile and sterile flowers, complex
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branched racemes, fascinated racemes etc. The transitional form of some mutants
is isolated by means of pair hybridization and new mutant forms were developed.
New mutants with diverse inflorescence pattern provide room for more pollinator’s
activity leading to improved seed set. Medicago trunculata shared highly conserved
nucleotide sequence and exhibit perfect synchrony between genomes. M. trunculata
mutant mtpim has a complicated inflorescence resembling panicle, controlled by
spatiotemporal expression of MtTFL1, MtFULC, MtAP1 and SG1 through recipro-
cal repression. Some of them resemble M. sativa phenotypes. The mutant developed
by retrotransposon insertion mutagenesis sgl1l-1 has a cauliflower type phenotype
resembling a mutant of alfalfa [81]. The data generated on genes regulating inflo-
rescence developed in Medicago species helps to understand the phenomenon of
inflorescence mutations in alfalfa, which is helpful for modification in inflorescence
structure for enhanced pollination.

3.2.3 Ovule sterility and seed set in alfalfa

The seed potential of alfalfa is very low; an estimated seed to ovule ratio is about
0.08 [82]. This deficit is due to the low number of seeds produced per pod; of 10
ovules present in a floret, only an average of 5 develops into seed. Eliminating at
least few causes that limit seed potential will be beneficial in improving seed yield
of alfalfa. An ovule sterility trait allied with limiting integument formation con-
trolled by a single recessive gene has been developed in alfalfa. In alfalfa cultivar,
Blazer XL, an ovule sterility trait B17, with 81% ovules displaying heavy callose
deposition at the time of anthesis with low female fertility was reported [83]. These
plants were female sterile when hand crossed with unrelated male fertile plant.

In high percentage of ovule sterile plants, under sized pistils develop at anthesis,
that will not emerge from staminal column. A mapping study of chromosome
region revealed and explains a major share of variation for ovule sterility and the
cytological analyses showed that no embryo sac develops in sterile ovules and the
callose deposition begins after meiotic division [84], affecting the integumentary
tapetum and nuclear cell walls, which usually expands to fill the space occupied by
the embryo sac [85]. The pistil growth often ceases at bud stage and a short-aborted
pistil is found within the staminal column at anthesis, in a plant with 100% sterile
ovules [86]. Nine populations analyzed for ovule sterility showed 4-26% sterile
ovules with significant negative correlation between percentage of sterile ovules
and seeds per pod in most populations [87]. A quick stain clearing technique based
on callose fluorescence is effective to trace ovule sterility in breeding programs.

In addition, checking ovule fertility in parental genotypes aid breeders to develop
good seed yielding cultivars.

3.2.4 Effect of floval nectaries and flower aroma of alfalfa

Alfalfa secrets nectar at a uniform daily rate for 4-5 days after flower opening.
The volume of the nectar produced differs per floret, which are found to be heri-
table. Two plants each from a high, intermediate and low nectar producing alfalfa
cultivars were subjected to light and scanning electron microscopy, and the images
designated nectary located on the staminal column of the receptacle [88]. It com-
prises of several cell layers subtended by vascular bundles containing both xylem
and phloem, but not extend into nectariferous tissue. The epidermal layer com-
prises permanently open stomata, which functions in nectar secretion. The number
of stomata per nectary among the six clones ranged from 24.7 + 1.9 to 6.8 + 0.5. The
nectar-reservoir diameters ranged from 1.07 + 0.09 mm to 0.70 + 0.01 mm. The
cultivars with the largest nectar reservoir witnessed high number of stomata [89].
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Flower aroma of alfalfa has a specific role in pollinator attraction. Seven clonal lines
of alfalfa with difference in flower aroma were consecutively recorded for honey
bee visits at different locality and volatiles were also extracted from the flowers.

A gas chromatographic study suggests a difference in volatile components [90].
Therefore, the compounds present in the volatiles of nectar has a major role in pol-
linator attraction for enhanced seed set.

3.2.5 Features of alfalfa flower that effect seed production

The characters and properties of alfalfa flowers investigated to determine their
role in seed setting revealed that the affluence to trip the flower is allied with the age
of floret. The age of floret does not have an effect in self-fertilization, but declines
for 3 days in cross fertilization. Pollen from untripped florets showed decline in
germination, but remained viable when stored in honey bee colony. The honey bees
that collect pollen clean themselves with pollen in 2 days. There was no steadfast
increase in seed production due to repeated visits of honey bees. Dusting of foreign
pollen before tripping has not increased cross fertilization, but 50% increase in
self-fertilization. Ovules of florets with exposed stigmas remained functional up to
6 h and then declined rapidly for next 2 days. Self and cross-fertilized seeds were
amalgamated in the pods but self-fertilized seeds did not occur beyond the fourth
position from the proximal end. Studies suggested that the honey bee pollination
can be improved by providing an alfalfa flower with an exposed stigma [91].

3.3 Influence of pollinators in alfalfa pollination and potential for gene flow

Diverse pollinators have diverse roles in pollinating specific crops. Though
managed pollinators, are utilized for pollination of alfalfa for seed production,
several wild pollinators also visit them [92-95]. Diverse pollinators display assorted
efficiency in depositing and detaching pollen from individual flowers [96, 97].

The rate of tripping and the quantity of pollen deposited varies between pollinator
species visiting the racemes [98], which depends on whether the pollinator forages
for pollen or for nectar [99] and influence on seed set. Apart from influencing
pollination, the pollinators differentially affect gene flow [100]. The bumble bees
carry pollen for short distances, but not the hawkmoths. In addition to pollinators,
various features of field that grow alfalfa also plays a major role. Increased density
of plants has displayed reduced gene flow as pollinators respond to locally avail-
able floral resources and shorten the flight distance [101-103]. The load of pollen
carried by the pollinators from donor to recipient is expected to turn over quickly as
pollinator visits greater number of plants per unit distance traveled, which declines
the gene flow.

Though transgenic alfalfa plants are developed, the impact of pollinators on gene
flow is yet to be studied as various wild insect pollinators contribute to pollination
and movement of genes [104]. A model to predict gene flow between transgenic
and conventional field [105], predicted the number of visits by the pollinator in a
foraging session, estimates the extent to which the transgenic pollen is diluted by
conventional pollen. Essentially, the amount of transgenic pollen on conventional
field flower is inversely proportional to the total amount of pollen delivered by each
bee during a foraging session in conventional alfalfa. Accordingly, the greater num-
ber of flowers the specific pollinator visits, the minimal amount of transmission of
transgenic pollen and its fruit set [106]. A study to investigate the involvement of
managed honey bees (A. mellifera) and leafcutter bees (Megachile rotundata), three
bumble bee species (Bombus impatiens, Bombus griseocollis, Bombus auricomus) and
two solitary bee species to pollination (Halictus rubicundus and Andrena asteris) and
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their contribution in gene flow revealed the potential role of two wild solitary bees
and a wild bumble bee in tripping, while the managed pollinators, A. mellifera and
M. rotundata recorded the least. Honey bees, recorded the best potential in gene
flow and reduced transgene transmission in relation to other pollinators. The denser
plant stand of alfalfa does not show any impact in gene flow and reduced transgene
transmission, while the three bumble bee species portrayed an increased gene flow
and reduced transgene escape in high density alfalfa plantations [107].

3.3.1 Gene flow in commercial seed production

Alfalfa being an outcrossing and insect pollinated crop, the potential for gene
flow has been widely recognized. Gene flow is the exchange of genes from one
population to another. It is a natural mechanism that changes the genetic frequency
of population over time to enrich the wealth of biological diversity. The formation
of cross-pollinated genes and their establishment mediates occurrence of real gene
flow [108]. Though pollinator species carry pollen to long distances, true gene flow
can occur if the pollen can produce viable seeds and thus offspring. Pollen mediated
gene flow is greatly dependent on physical isolation distance between two popula-
tions, the degree of synchronous flowering, availability of pollinator gene frequency
etc. [109]. Maintaining adequate isolation distances between any alfalfa and seed
production trials help to minimize the bee-mediated gene movements. A minimum
of 50 m between the alfalfa crops for certified seed production and 200 m for plots
exceeding 5 acres and 300 m for plots of 5 acres or less for foundation seed produc-
tion is recommended [110, 111]. In seed alfalfa production for commercial purpose,
bees are purposely stocked in the field. Gene flow, rate of outcrossing, pollinator
type and behavior are very important for proper management of commercial alfalfa
seed production. Advanced genetic technologies offer better tools to understand the
dynamics of pollinator-mediated gene flow. A study to measure the gene flow using
honey bee pollination under commercial alfalfa seed production reported a signifi-
cant decrease in gene flow with increase in isolation distance. A 900 ft. colonies of
honey-bee (A. mellifera) mediated gene flow was 1.49% and it decreased linearly
to 0.20% near 5000 ft. Gene flow continue to decline with increase in isolation
distance [112]. The same was reported for alfalfa leaf cutter bee (M. rotundata)
[113]. Another research with Roundup Ready Trait as a marker gene flow examined
the movement of the gene epsps from the Roundup Ready plots to conventional
alfalfa plots isolated by 152, 274, 610 and 825 m distance. With leaf cutter bee as the
pollinator, the pooled data from 2000 to 2002 revealed that the upper bound (99.9%
confidence) of gene flow at 274 m was 0.3%, at 152 m was 1.7% and gene flow was
not detected at 610 and 825 m at years 2000 and 2002. The results confirmed the
role of isolation distance as an effective means to maintain purity of both Roundup
Ready and conventional alfalfa plots [114].

3.3.2 Gene flow in forage alfalfa production

Pollen flow or dispersal is a form where genes can move between plants.
However, the total pollen dispersed will not cause gene flow, which is the success-
ful transfer of genetic material. As pollen-mediated gene flow occurs between
sexually compatible plants and deposited on stigma of a plant, it fertilizes the
ovule, resulting in production of viable seed. Flowering in alfalfa reduces the
forage and nutritive value and it has significant consideration in gene flow of
alfalfa. Alfalfa managed for forage production is cut several times a year from two
to ten, depending upon the climatic factors of the region and the stage of alfalfa
development which is early to 10% blooming stage. Periodical harvesting removes
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the entire plant canopy with flowers or seeds. For high quality forage, first cutting
occurs in mid to late bud stage [115]. The cutting interval is 28-35 days, an interval
well adequate to initiate full bloom and matured seed. Harvest of alfalfa as dairy
feed eliminated the entire plant canopy terminating bloom and seed formation.
Regrowth of canopy reinitiated from vegetative crown buds and elongation of
lower stem axillary buds. Therefore, alfalfa managed for forage production will
have minimal contribution to gene flow, as flower blooming happens in a very

less percent and thus pollen transfer. Gene flow from Roundup trait alfalfa to
conventional alfalfa for forage production is predicted to be far less as compared to
seed production alfalfa [116]. Accordingly, the gene flow from genetic engineered
alfalfa grown for forage to conventional forage field is lower than alfalfa grown

for seed.

4. Climate change

Alfalfa, extends its timely service in climate regulation by drawing carbon
from atmosphere and dumping deep in soil. But climate change effected by
global warming and enhanced nitrogen deposition directly or indirectly affect
the reproductive characters of alfalfa. The shift in phenology and foraging crop
distribution of plants and pollinators leads to temporal decoupling and spatial
mismatch between them [117]. Climate change may affect the floral traits such as
floral display, corolla structure, formation and position of ovule and stamen, sub-
sequently affecting the quality and quantity of forage of pollinators, ultimately
the reproductive success in plants. Insect pollinators are valuable resources but are
limited. Although around 20,000-30,000 bee species are present worldwide, only
10-11 species are managed [118], and A. mellifera is far being the most dominant
species managed globally. Biotic stress convoyed with climate change causes
severe decline in pollinator population. The genus Apis is in risk due to climate
change and the mismatch in foraging plants and pollinator regimes, thus there
is a want for alternate pollinators. Well-known pollinator, A. mellifera is being
replaced by leaf cutter bee (M. rotundata) and alkali bees (Nomia melanderi) in
alfalfa ecosystem [119].

5. Future scientific challenges and perspectives

Alfalfa cultivars are usually synthetic populations that originated by a heteroge-
nous blend of heterozygous genotypes, that thwarts the genomic results in breeding
process. The application and implementation of genomic techniques for genetically
improved alfalfa may be quite promising and challenging, as most matters could be
solved at technical and commercial level. Even though, plant genetic engineering
encounters the chances for improvement of alfalfa cultivars to some extent, but
there are still challenges [120]. Gene transfer techniques involve appropriate use
of promoters, transit peptides, choice of selectable or reporter markers etc. The
promotors specific to alfalfa are inadequate and fully characterized expressing
genes in high level. Consequently, a convention of constitutive, specific promoters
effective to alfalfa are mandatory for augmented expression of transgenic research.
Therefore, a set of constitutive, tissue or temporal-specific promoters effective in
alfalfa is obligatory for the optimized expression of transgenic research [121]. As
alfalfa is tetraploid, the transgene integration and gene stacking techniques utilized
for other crops are not suitable for alfalfa. Innovative breeding approaches would be
needed to adopt and address these challenges in alfalfa.
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6. Conclusion

Reproduction is a crucial phase in the life period of any organisms, which
ensures their endurance as a distinct species and governing the adaptability of
plants to multivariate ecosystem. The precise design of resource distribution for
reproduction depends on the reproductive parts and their union, factors influenc-
ing the fertilization, genetic variation and resource availability. Plants choose
diverse reproductive modes based on the resource and pollination deficiency.
Self-pollination and clonal reproduction are conducive to reproductive assurance
in stands with pollinator scarcity, while sexual reproduction and cross-pollination
improves seed quality and genetic diversity of progenies, which would benefit
population survival. Consequently, the amalgamations of assorted reproductive
modes and generalized pollinator networks may be good choices to adapt success-
ful reproduction. Awareness on the key processes can be useful in addressing the
current challenges, that impact the ecosystem directly or indirectly. The evolution
of floral traits might be obsessed by selective pressure of local pollinators, exotic
pollinators, nectar robbers and abiotic environments such as temperature, precipi-
tation and ultraviolet radiation on several traits related to flower. The applications
of new technologies and methods such as breeding to overcome inbreeding depres-
sion could advance the awareness on alfalfa reproductive ecology. Advanced floral
mechanisms such as altered anatomical structure of the alfalfa flower in tripping
mechanism, mutants of varied inflorescence patterns, ovule sterility and seed set,
floral nectaries, floral aroma and flower features of alfalfa has major influence on
altering its reproductive ecology. Outstandingly, the progress in high-throughput
sequencing of alfalfa cultivars genetically, has brought an outlet for the various
genetic shortcomings in alfalfa mass production accomplished by breeding and
biotechnological means. The fundamental mechanisms on diverse topics of plant
reproductive ecology could be discovered more effortlessly, especially in relation to
floral traits and pollinators for better alfalfa production in future researches.
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Chapter7

Seed Priming: An Interlinking
Technology between Seeds,
Seed Germination and Seedling
Establishment

Sananda Mondal and Bandana Bose

Abstract

Biologically seed is a small embryonic plant along with either endosperm or
cotyledons, enclosed with in an outer protecting covering called seed coat. During
the time of seed development large metabolic conversions take place, including
proper partitioning of photo-assimilates and the formation of complex polymeric
forms of carbohydrate, protein and fats for storing as seed reserves. In developing
phase of seeds, every detail information stored in the embryonic plant are geneti-
cally and sometimes epigenetically also predetermined and influenced by various
environmental/external factors already faced by the mother plant. In the growth
cycle of plants, seed germination and seedling establishment are the two critical
phases where survivability of the seedlings in natural habitats is a matter of ques-
tion until the onset of photosynthesis by the established seedling. The various
sequence of complex processes known to occur in both the phasesi.e., an array of
metabolic activities are initiating which eventually leads to the renewal of embryo
growth of the dormant seeds and ultimately seedlings are established. Efficient
seed germination is an important factor for agricultural sciences and successful
establishment of germinated seedling requires a rapid and uniform emergence and
root growth. With these aspects of seed physiology kept in mind the present chapter
will be designed in such a way where, a gap filling, inter linking, eco- and farmers'
friendly technology i.e., ‘seed priming’ (a pre-sowing partial hydration of seeds)
will be considered to improve the rate and uniformity of germination and seedling
establishment. Under optimal and adverse environmental conditions, the primed
seeds of diversified species lead to an enhanced germination performance with
increased vigor index has been reported by various scientists which indicates a good
establishment of seedlings in the field and thereafter enhance the performance of
crops as a whole.

Keywords: seed, seed development, seed germination, seedling establishment,
seed priming

“It’s not dead, it’s resting”
—Monty Python.
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1. Introduction
1.1 Seed and its botany

The seed is a carrier of genetic informations gathered from the past as memory
molecules and pass it on future generation of the plants. The natural packaging
of all the genetic wisdom within a embryo of any seed is itself a wonder for long
periods of time during germplasm collections. In the language of biology, seed is an
embryonic plant surrounded by outer protective covering. Embryo is an immature
diploid sporophyte developed from a single cell zygote which is covered by nutri-
tive tissue i.e., endosperm in monocots, cotyledon in dicots and in few exceptional
cases perisperm which is enveloped by seed coat (testa and tegmen). If we consider
the parts of embryo then it consists of an embryonic root called radicle, embryonic
shoot known as plumule, contains immature shoot apical meristem, one or more
young seed leaves i.e., cotyledons and epicotyl. In a miniature form it also consists a
hypocotyl which is a transition region between stem and root [1, 2].

A ‘seed’ can be defined as any parts of plant if sown in the field should have the
potential to regenerate into a new plant [3]. The first critical step of crop production is
successful establishment of seedling, and be a determinant factor of the success or fail-
ure of the harvested crop. Due to changing climatic conditions, the uncertainty of crop
failure is increasing day by day, in this situation to produce quality seeds and maintain
the food security of any nation is an issue. For the production of any crop, seed quality
is an essential parameter from resource-poor farming to industrial-scale farming. A
detailed study is required in terms of sustainability and profitability of crop production
with a widely accepted and critically important agronomic trait i.e., seed quality. Most
of the crop seeds are tolerant to desiccate condition for examples, orthodox seed are
those seeds, can tolerate desiccation and are storable in a dry state for variable periods of
time, according to the species. The world-champion orthodox seed is the 2000-year-old
Judaean date palm (Phoenix dactylifera) seed that was successfully germinated in 2005
[4, 5]. It is an easy process for transportation of seeds in this ‘dry’ state with a minimal
loss in germination potential. The embryo of a seed is a vital pocket where all the genetic
information of any crop is stored and act as a delivery system for agricultural biotech-
nology and crop improvement. For the protection of their investment in crop improve-
ment, seed companies require high quality of seeds to get the maximum benefit while
sown in the field. In addition with the purpose of seed companies, the requirement of
the farmers to ensure the reliability and successful seedling establishment in their field
and get a good return. The readily measureable characteristics of seed quality includes
seed viability, purity of the seed lot, health, and mechanical damage, but another
essential component is more enigmatic trait of seed vigor as reported by Perry [6].

The present chapter has been prepared on the basis of seed germination and
seedling establishment where, an alternative interlinking, gap filling, cost effective,
environment- and farmers’ friendly technology i.e., ‘seed priming’ (a pre-sowing
partial hydration of seeds) will be considered which has an immense role to improve
the speed and uniformity of seed germination and seedling establishment with a
good vigor of crop plants.

2. Development of seeds

Development of seeds is an unique attribute for plants reproductive phase, gives
them privilege to perpetuate the genetic as well as acquired epigenetic informa-
tion, generation after generation. Acquiring the knowledge from their mother

plant the miniature embryonic plant behaves accordingly and protect themselves

108



Seed Priming: An Interlinking Technology between Seeds, Seed Germination and Seedling...
DOI: http://dx.doi.org/10.5772/intechopen.100804

against various environmental atrocities, in their whole life span. Physiologically,
the development process of a seed is a combined effect of two complex processes
i.e., the development of embryo and endosperm is known as embryogenesis.
According to Taiz et al. [5] the term embryogenesis narrates a process in which

a single cell is transformed into a multicellular entity with a characteristic, but
typically rudimentary, organization. Within this framework, groups of cells become
functionally specialized for the formation of epidermal, cortical, and vascular
tissues. Embryogenesis is a linking point between the two phases i.e., gametophytic
phase and the differentiation of the sporophytic phase by forming shoot and root
meristems. At the initial phase of embryo development, the unicellular zygote
elongates and makes a polar structure before dividing and establish a body plan of
an embryonic plant along with all acquired information to survive in normal and
adverse climatic condition in future and remain as a conserved, arrested phase
within the seed for many years. In dicot seed development, majority of the seed
volume is occupied by embryo as cotyledons at the time of maturity where the
endosperm part is consumed by the embryo during this period of seed develop-
ment. While studying the monocot seed’s structure, it was observed that monocot
seeds containing different structural form in comparison to a dicot seed, having

a starchy endosperm, occupied most of the spaces inside the seed coat along with

an embryo which is positioned at the ventral side of a seed. Moreover, the seed

is fully covered with an envelope or seed coat. In addition, seed is an important
storage unit and serves nutrition during the time of germination and up to seedling
establishment phase as well as supply nutrition to animals and humans in the form
of healthy diet [5, 7]. Seed maturation is a key period in a plant’s lifecycle allowing
for distribution of offspring in space and time. Events occurring during maturation
include storage reserve deposition, desiccation, dormancy induction, seed coat
formation, and protective compound synthesis. The spatial and temporal regulation
of these processes involves the concerted action of a signaling network consisting of
hormonal, transcriptional, and metabolic components, which will help in germina-
tion process and to concur a good vigorous growth [8].

The seed development process can be divided into four phases where it begins
with the fertilization of ovule and ends up with physiological maturity of seeds. In
first two phases of seed development viz. Phases I, only cell division and expansion
occur (Morphogenesis phase). Accumulation of reserves takes place in Phase II as
the dry mass of seeds increases (Maturation phase). In addition, the end phase of
seed development is the desiccation phase where seed moisture loss is intensified
(Phase Il i.e., desiccation phase) [5]. In the reproductive phase of plants, after the
fertilization process is over, there is a period to form the structure of seed and as
aresult cell division, cell expansion and differentiation (histo-differentiation) is
observed in which primordia are formed and parts of the embryo can be visualized
in future. During this phase, the embryonic cells receive assimilates from the parent
plant and as a result there is a significant increase in seed size along with this the
moisture content of seed remains constant and high in this phase. At the end of
the maturation phase, there is a significant decrease in seed moisture content was
observed when cell membrane structure organization is changed and increases in
enzyme synthesis was taking place and the seed become metabolically inactive by
the changes of plant growth regulator takes places within the cell and they enter
dormancy, for successful germination in the next season [2]. Between the embryo-
genesis and seed germination there is typically a period of seed maturation which is
followed by quiescence, where seed dissemination occurs. Germination is delayed
until the favorable conditions i.e., water, oxygen, and temperature will arise prop-
erly, required for seedling growth. Some special seeds are there where an additional
treatment, like light or physical abrasion is a requirement, before their germination.
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Whereas, germination comprises all the events which take place between the start
of imbibition of the dry seed and the emergence of the embryo, basically the radicle
by rupturing the seed coat [5].

3. Seed germination and seedling establishment

Seed germination is a critical phase of plant life cycle as this process initiate a
new life [9-11]. This phase of plant’s life of any species is a determining factor that
germinating new seedling will survive or not in natural habitat. After completion of
maturity phase of seed development, seed undergoes in dormancy phase, consists
of an embryonic plant and a nutritive storage tissue which can be utilized during
the time of germination and seedling establishment till the onset of photosynthesis
by the seedling. ‘Germination’ is a complex process and it is a combination of both
physical and biological processes which starts with the imbibition and ends up with
the protrusion of radicle where an array of metabolic activities are initiated that
leads to the reactivation of the growth of dormant embryo and finally establishes
the seedling. During the onset of germination, several sequential events are going
on continuously that are triggered by some endogenous factors like the information
acquired from mother plant during the time of seed-development process as well as
depends on some external environmental factors like water, air, temperature, soil
condition etc. For example, Stellaria species growing in dry grasslands and in shady
deciduous forests are able to germinate some seeds, while those growing in open
forest show complete dormancy during maturity in early summer [12]. Similarly,
in Nothofagus species increasing the altitudinal gradient the seeds that produce may
vary considerably in their germination [13]. Study demonstrates no significant
result in terms of phylogenetic signal for the germination of Caragana species.
Seeds of species from arid and semiarid habitats lacked dormancy, seeds of species
from semi-humid habitats had physiological dormancy or physical (seed coat) and
physiological dormancy, while seeds of species from humid habitats had physical
and physiological dormancy. Climate change will definitely affect the germination
of seeds, and subsequently recruitment of plants and population dynamics [14].

Germination of seed is an important process for successful seedling establish-
ment, as it is a junction point from where reverse back is not possible. Once the ger-
mination has commenced, consumption of accumulated storage reserves was begins
which is essential for the seedlings to produce energy and ensure the heterotrophic
growth [15-17]. The reserve mobilization phase takes place prior to greening of
the cotyledons and as a results depletion of storage reserves, which shift the newly
germinating seedling from heterotrophic to autotrophic metabolism, required for
successful establishment of seedling [18-19]. Instead of high impact of seedlings
performance on crop establishment and seed yield, relatively very little information
is available about the molecular processes necessary for the transition phase from
seed to seedling, and/or shifting from heterotrophic to (photo) autotrophic growth
of seedling. This is a decision-making transition phase for any plants to enter into a
natural or agricultural ecosystem which is important for crop production. To reach
the phototrophic state, the seed-to-seedling transition stage is regulated by various
temporally and spatially employed regulatory factors. These regulatory factors are
the controlling unit able to modulate the genes and proteins, may be responsible for
seedling establishment. The two distinctive developmental states of germination
physiology, i.e., germination and seedling development’s gene expression network
depicted the global transcriptional interactions. Moreover, this transition stage is
characterized with an agronomic trait of seedling establishment and vigor, one of
the major aspects in agriculture as revealed by Silva et al. [20].
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1.In seed germination, uptake of water by seeds is a triphasic process: phase I
is characterized with a rapid initial uptake of water i.e., the physical process
imbibition. Moreover, Fait et al. [15] revealed that in Phase I there is no visible
morphological changes was observed, and it is specified as preparation phase
for the protrusion of radicle so various kinds of metabolic activities are going
on within the seed. Phase I is followed by plateau phase (phase II) where water
content is remaining constant but the metabolic activity increases. Protrusion
of radicle by rupturing the seed coat, is an embryo-protecting structure acts
as a morphological marker to define the end of phase II, and further a sharp
increase in water uptake (phase III) was observed as the embryonic axis elon-
gates and the embryo established itself as a young seedling [21].

4. Seed priming as connecting link between seed germination and
seedling establishment

Seed priming is an innovative, delicate and complex alternative option for the
overall improvement of germination physiology as well as many traits during the
period of plants life cycle [22, 23]. Seed priming, pre-activate the physiological
metabolic processes of a seed that triggers the germination process by imbibing
the seed up to a certain level. In priming, the imbibition should be halted precisely
at a right time; this time depends on the species, genotype, and the types of seed
and has to be dried carefully under the fan/forced air retaining the original weight.
Different kinds of seed priming techniques are applied now a days in various crop
plants where various priming agents like osmoregulators, salts, plant growth regu-
lators, biopriming agents, magnetic waves, nanoparticle, macro and micronutrients
including water are extensively used according to the specific problem associated
with the crop’s genetic makeover as well as to survive in the multifarious environ-
mental conditions. With special reference to seed germination, if a graph is plotted
between seed water content (imbibition/osmosis) and time among the non-primed
and primed seeds in three subsequent phases in a stepwise manner it was observed
that the first phase of germination represented by the entry of water in the seed
via imbibition; is same for both the cases. Second phase (phase II) represents the
hydration process in case of nonprimed seeds. Whereas in case of primed seed, this
hydration treatment permits restricted imbibition and induce the pre-germinative
metabolism (“activation”), but emergence of radicle is prevented. The last phase
(phase IIT) represents the germination and post-germination processes which
resembles each other i.e., in both primed and non-primed seeds [24]. In context to
this, Ruttanaruangboworn et al. [25] reported that the pattern of rice seed imbibi-
tion was affected by KNO; concentration. Higher the concentrations of KNOs;,
delayed the time of imbibition of rice seed which took a longer time to reach the end
of phases I and IT as compared to lower concentration. While using distilled water to
see the imbibition pattern, it was quite similar in both rice cultivars. Seeds, primed
with 1% KNO; during imbibition time of early phase II, improve the seed germina-
tion and increased both the speed and uniformity of seed germination.

Seed priming is of different type based on the priming agents used for this
purpose, namely hydropriming, osmopriming, halopriming, hormonal priming,
nutri-priming, bio-priming, matrix priming, nano-priming, magneto-priming
and many other. It can be depicted like hydro-priming (continuous or successive
addition of a limited amount of water to the seeds), osmo-conditioning or osmo-
priming (exposing seeds to relatively low external water potential), haloprim-
ing (pre-sowing soaking of seeds in salt solution), hormonal priming (priming
solutions containing limited amount of plant growth regulators or hormones),
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nutri-priming (seeds are soaked in solutions containing the plant growth-limiting
nutrients instead of being soaked just in water), bio-priming (coating of seeds with
biocontrol agents), redox priming (it represents the redox state of cell and regulates
the key processes in growth and development as well as stress tolerance in response
to any external stimuli; plants modify their redox state, and the extent of change is
dependent on the nature of the stimulus itself, the dose and the time to which the
tissue is exposed), solid matrix priming (mixing seeds with a solid or semisolid
material and measured amount of water), and pre-sowing soaking (soaking of
seeds either in water or in any solution of low water potential before sowing) [26].
For instance, Bose and Tandon [27] depicted that priming can induce the seed ger-
mination by improving the speed and synchronization of germination; it can also
increase the seed vigor which requires a very short span or no activation time during
germination. A wide range of temperature for germination was experienced by
Anaytullah and Bose [28] in wheat, which can help to break the dormancy, or may
shorten the emergence time with improved seedling vigor in rice [29] and this leads
to a better crop establishment with higher yields in rice [30]. The phase I of prim-
ing represented the activation of priming memory molecules, repairing of DNA
and mitochondria, increase the respiration, and energy metabolism process, ROS
signaling and antioxidant mechanism, transcription and translation of different
genes, initiate the cell cycle, and induction of stress response gene like LEA, DHY,
AQP, and hormone signaling [31]. In seed priming case, Phase II of germination
involved in second rehydration and protein synthesis by using newly synthesized
mRNA in phase I. Phase III is denoted as postgermination phase; the events taking
place in this phase are stored reserve mobilization, elongation of radicle cells, and
ultimately at the end of this phase, radicle is emerging out by rupturing the seed
coat [31]. However, Dahal et al. [32] observed that if the seeds were pre-treated
with different priming agents, it facilitates the absorption process of ionic mol-
ecules actively with greater availability of ATP and repairing of deteriorated seed
parts was also noted by reducing the leakage of metabolites which leads to faster
growth of embryo. Greater cellular membrane integrity along with counteraction
of free radical and lipid peroxidation reactions [33], was also reported as a positive
effect of seed priming; in addition to this, reactive oxygen species (ROS) chain
reaction are mostly found to be directly correlated for the maintenance of viability
and reduce the moisture uptake by hydrated-dehydrated seed [34], antipathogenic
effects [35], repair of biochemical lesions by the cellular enzymatic repair system
[36] and metabolic removal of toxic substances [37], biochemical changes such

as activation of enzymes [38], and rate of germination of old seeds was increased
[39, 40]. Several scientists depicted that seed priming promotes early replications
of DNA, increased the synthesis of RNA and protein and enhanced the growth of
embryo [31, 41]. Seed priming is an important viable technology for enhancing
uniform and rapid emergence of seedlings and high seedling vigor with a better
seed yield in some of the field crops like rice, wheat, maize, chickpea etc. was also
reported [42-45].

5. Seed priming and seedling establishment

Successful establishment of seedling is a paramount contributing facet for many
developing countries due to low crop yield/production [46]. In most of the develop-
ing countries the irrigation facility are not available properly and the crop produc-
tion is mostly based on rain fed cultivation; as a result water scarcity is there during
the time of seed germination and seedling establishment. According to Fischer and
Turner [47] high speed and uniform germination of seed under water deficiency
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is a determinant factor which affect the crop establishment. However, if the effect
of stress can be omitted during the time of germination phase, there will be high
chances to attain a good crop establishment [48]. Seed priming is an alternative,
eco- and farmers’ friendly pre-sowing technology promotes the seedling develop-
ment by modulating and regulating the pre-germination metabolic activity prior to
emergence of the radicle and ultimately increases the germination rate and seed-
lings performance [29].

In continuation with this, Avabidopsis is taken as a model plant to study the
functional genes involved in seed germination extensively. In this study, Arabidopsis
mutant was taken into consideration [49-52]. Some of the mutations slow down
the germination of seed but do not significantly arrest it. These phenomena may
take place due to the mobilization of storage reserves of seeds accumulated during
the time of seed maturation and as a result of, a significant reduction in oil reserve
content [50, 53, 54]. Whereas, another experiment with a Arabidopsis mutant
depicted that it was deficient in plastidic pyruvate kinase (pkpl) activity as a result
the germination of seeds was delayed and, consequently, it can be said that seedling
establishment is not only affected by mobilization of reserves accumulated during
seed development, but reduced pyruvate kinase activity was also a determinant fac-
tor during germination [55]. In addition, an integration of metabolite and transcript
status is required during the time of phase transitions i.e., from seed to seedling.
Moreover, Borisjuk et al. [56, 57] stated that elevated levels of glucose or sucrose are
associated with seedling establishment. For instance, the other metabolic processes
of a cell are also working in a high carbohydrate contents state, which may play an
important role in seedling establishment [58]. In addition, sugar pathways are also
linked with nitrogen pathway via cross-talking mechanism and playing a vital role
in seedling establishment [59].

The major transportable form of nitrogen in plants is amino acids [60, 61] and
the plant’s growth is also dependent on the supply of nitrogen, assimilation and its
utilization [62]. According to Zheng, [63] the gene responsible for the synthesis of
carbohydrate and proteins are modulated by the balance between C/N and itisa
decision-making factor. Likewise, during heterotrophic to autotrophic transition
the metabolic regulations extend beyond the primary metabolism. Moreover, the
identification of primary metabolites involved in gene expression is possible, by
studying their expression pattern of specific genes [64].

For the priming of seeds, mainly in case of halo- and osmo-priming different
low water potential chemical solutions are used where PEG, NaCl and various
salts can be taken as priming agents. From these solution seeds can uptake various
nutrients along with the water during the time of imbibition. These nutrients are
required for metabolic activities at the time of germination and seedling estab-
lishment in the field and thereafter enhance the performance of crops as a whole
[65-67]. These nutrients while going inside the seed may act as a secondary signal-
ing element and enhance the metabolic activity during germination and make it
faster as compared to non-primed seeds. Various scientists when compared the non-
primed seeds and primed seeds of rice, wheat and mustard, then they observed that
seed priming have the capacity to enhance the seedling establishment and seedling
vigor, i.e., density of plants, fertile tillers number, test weight, number of grains per
panicle, etc. in the field condition [65, 68].

Ghassemi-Golezani et al. [69] while studying the early emergence and stand
establishment of lentil (Lens culinaris Medik) noted that these parameters are
playing a vital yield-contributing factors in rainfed areas. To mitigate the problem
of rainfed cultivation a seed invigoration technique can be used for lentil seeds;

i.e., lentil seed are primed with water (hydropriming) and NaCl (osmo-priming)
and resulted in higher seedling emergence and field establishment, as compared
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to non-primed seeds and primed with PEG and KNO;. The rate of seedling emer-
gence was also improved in primed seeds with water, NaCl and KNOs. Therefore,

they concluded that hydropriming is a very simple, low cost and environmentally
friendly technique for the betterment of seed and seedling vigor of lentil.

Germination and subsequent seedling growth of many springs sown legume
varieties, can be inhibited by different genetic and environmental factors depend-
ing upon the species and varieties. Under drought condition, priming may be a
beneficial technology to reduce the risk of poor stand establishment and it allows
more uniform growth under irregular rainfall. Furthermore, pre-hydration of the
seeds and enhancing the metabolic activity, hydropriming is a simplistic approach
which minimizes the use of chemicals. In this case, the beneficial effects of
hydropriming under water stress conditions in lentil were clearly observed [70]. In
addition, hydroprimed seeds were germinated and grew more rapidly as compared
to non-primed control seeds, and the lentil germinated seeds are benefited by
successful seedling establishment and improved seedling growth under water stress
condition [70].

Eskandari and Kazemi, [71] did an experiment with cowpea (Vigna unguiculata)
and considered the parameter early emergence, stand establishment and vigor of
seedlings in rainfed areas by priming the seeds with water (hydropriming), 1.5%
KNO; and 0.8% NaCl (halopriming). It was analyzed that hydroprimed seeds
showed significantly improvement in germination rate, seed vigor index, and
seedling dry weights followed by NaCl priming. Likewise, it was again proved that
in pulses like lentil, cowpea and in many other hydropriming is a better option to
avoid chemicals for the improvement seed and seedling vigor which is a simple, cost
effective and eco-friendly technology.

For instance, Peraza-Villarreal et al. [72] evaluated the effects of seed priming
and soil retainers on seed germination and performance of early seedling of use-
ful species in a tropical semideciduous forest of Veracruz, Mexico. They tried to
determine the mass, water and lipid content in the seeds of Albizia saman, Cedrela
odorata, Entevolobium cyclocarpum, and Swietenia macrophylla. The seeds were
hydroprimed with water and natural primed by seed burial inside the soil and let
them germinate at 25°C and 25/35°C. The seedlings produced were grown in a shade
house and planted in a plain terrain land and/or in hillside (slope 75%). After assess-
ing the above said parameters, it was observed that S. macrophylla and E. cyclocar-
pum seeds had the lowest and highest water content, whereas, S. macrophylla and
C. odorata had oils in seeds. In addition to this, A. saman and E. cyclocarpum seeds
exhibit physical dormancy. Natural priming improved the rate of germination in
A. saman, C. odorata, and S. macrophylla, while hydropriming at 25/35°C enhanced
the rate of germination in E. cyclocarpum. So natural priming can be recom-
mended for A. saman, C. odorata, and S. macrophylla, and for E. cyclocarpum seeds
hydropriming was a better option for seed germination and seedling establishment
in plain terrain and hillside land. From this study it can be concluded that seed
pre-treatments were an inexpensive and easy tool and can be potentially applicable
in restoration and conservation programs.

Various works related to seed priming in different crops and in various aspect
such as in normal and stressful environmental condition was reported by differ-
ent scientists. Anaytullah & Bose, [28], Mondal et al. [29], Sharma & Bose, [73],
Bose et al. [74] & Anaytullah et al. [75] were working in the field of seed priming
with different nitrate salts where the seeds of various fields crops like rice, wheat,
mustard were imbibed in nitrate salt for restricted period of time i.e., before the
protrusion of radicle & dried back to its original weight under forced air at normal
room temperature before sowing. These scientists stated that nitrate seed priming
technology have the potentiality to improve the germination physiology, vegetative
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growth & increase the productivity of these crops as reported by Bose and Mondal,
[76]. They named these seed priming process as nitrate seed hardening technology.
Boseet al. [77] did an experiment in maize (Zea mays L.) by soaking the seeds in
Ca (NO;); and GA; and found a sharp increase in fresh and dry weights of shoot
and root during the later period of seedling growth; whereas seed primed with GA;
showed better performance during early seedling emergence. Likewise, Krishnotar
et al., [78] revealed that seed invigoration with Mg(NO;), and distilled water in
maize significantly improved the seedling emergence and stand establishment in
field condition, vegetative growth, relative water content of shoots and roots, and
yield attributes; that means it has an immense crucial role in seedling emergence
and stand establishment. In addition, Pant and Bose, [79] reported that seed
priming with salts like NaHCO;, KH,PO, and K,SO, in different concentrations,
improved the germination percentage, dry weight and vigor index of rice seeds and
seedlings respectively. Priming also increased the a-amylase activity and soluble
sugar content in the rice endosperm during the time of germination which signifies
the importance of seed priming in seed germination to seedling establishment.
Moreover, Kumar et al. [80] designed an experiment on late sown sesame crop. The
sesame seeds were primed with KNO; which promotes the germination percentage,
shoot and root length, fresh and dry weights of seedling, increase the activity of
catalase and peroxidase, proline content as well as different yield attributes. It can
be said that seed priming under late sown condition also improves the germination
to seedling establishments and as a result yield was increased. For instance, Jangde
et al. [81] experience low temperature in wheat crop by primed them with CaCl,,
Ca(NO;),, EGTA during the time of germination and seedling emergence. Among
the priming treatments it was noted that CaCl, was more efficient for the improve-
ment of germination percentage, relative and absolute water content, increased the
activity of a-amylase and as a result better shoot and root length of seedlings under
low temperature condition. Whereas, Kumar ez al. [82] depicted the beneficial role
of seed priming with water (as hydropriming), Mg(NO;), and Ca(NO;), (as halo-
priming) for the improvement of seed germination and early seedling establish-
ment of wheat under heavy metal stress (by applying HgCl,) in wheat.

6. Conclusion

To understand the transition between seed to seedling establishment, mag-
nificent number of successful and contributory research works are still going on.
Introduction of gene expression and related regulatory networking system provides
a template for the identification of different transcriptional regulators beside their
cross-linking effects and interacting path ways; it further unveils a no. of signaling
mechanisms between germination to seedling formation of a seed. This involves
the extensive study and understanding of the physiology of germination. However,
agriculturally important but a complex trait which comes after the establishment of
seedling i.e., seed vigor, very much responsible, contributory and deciding factor
for the productivity of any crop in the farmer’s field. From the physiological point
of view if we engross ourselves to understand germination basically incepts from
the beginning of radicle protrusion and ends to seedling establishment, in that seed
vigor has a crucial role, can be practically enriched by using an alternative, inter-
linking, gap-filling eco- and farmers friendly technology i.e., seed priming. Rapidly
growing population with erratic changes in climatic conditions, people are standing
in endangered situations; in this point of view the significance of seedling stand
establishment and vigor of any crop is increasing with time. The present chapter
highlights mainly that how seed priming, a technology, can be handled by general
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crop growers without much effort is being helpful in reducing the risk of poor seed-
ling establishment in field even in erratic ambient or the broad spectrum of climatic
conditions via improving seed vigor. In seed priming, various range of priming
agents including water are used to pre-fabricate the seeds. The time duration for
priming depends on the genotype makeover of any crop and during this period seed
absorb different ions based on the external solution which may act as a signaling
element within the seed for the pre-activation of metabolic activities during the
process of germination. In nutshell, seed priming interlinks the processes as whole
like pre-activation of metabolic events which reduce the time gap from seed sowing
to seed germination and speed up the different phases in later one; along with this it
also helps a continued supply of mobilized reserve nutrients, required for successful
establishment of seedlings.
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