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The great diversity of land plants (especially angiosperms) is mainly reflected in the diversity 
of various reproductive organs of plants. However, despite long time intensive investigations, 
there are still uncertainties and sometimes misunderstandings over the nature and evolution 
of reproductive organs in land plants. With the new advances made in various fields of bot-
any (especially at molecular level), there is increasing light shed on some aspects of flowers  

A dissected gynoecium of a basal angiosperm showing ovules attached to the floral axis. 
Image: Xin Zhang (makexyz@163.com).
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(reproductive organs of angiosperms). In this ebook, we collect 15 papers reporting new under-
standing on plant reproductive organs. These works range from morphology and anatomy to 
molecular regulatory networks underlying traditional observations. We understand this single 
book cannot reach our goal, but we do hope that this book can contribute to or initiate some 
efforts leading to the final solution of some problems concerning the homology and evolution 
of reproductive organs in plants. 
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Editorial on the Research Topic

Evolution of Reproductive Organs in Land Plants

The evolution of plant life has left its footprints in various ways, either as fossils, as morphology
and/or anatomy, or as genes embodied in cells of living organisms. Extant plants are the
consequence of over-400-million-years of evolution that are reflected in the innovations of
reproductive organs throughout their evolutionary history, such as the occurrence of seeds, ovaries,
flowers, inflorescences, and their functions. Thus, understanding different plant reproductive
organs and their innovations is essential for the correct interpretation of plant evolution and their
phylogenetic relationships. This eBook aims to shed light on the evolution of reproductive organs
through papers documenting variations of reproductive organs at different levels, ranging from
molecular to morphological, in hopes of triggering further investigations in this field. Below, we
highlight the progresses covered in this thematic special volume.

Scientific observation is an active process in which an observer recognizes objects that fall within
pre-existing concepts. Considering this framework, it is assumed that (1) perspective decides the
outcome of observations and that (2) a new perspective could create the foundation for a new
observation. In light of new concepts of sexual reproduction and “Plant Morphogenesis 123,” Bai
organized the major morphological traits into five categories, and viewed a plant as a colony of
integrated plant developmental units that are each produced via one life cycle. This function-based
perspective allows us to view plants in a new way.

Embryogenesis and seed formation are key events in the history of plants. Three papers in this
eBook address these issues from different perspectives. To elucidate the seed maturation program,
Han et al. surveyed the evolution of the LAFL [L: LEAFY COTYLEDON1 (LEC1) and LEC1-LIKE
(L1L), belonging to NF-YB gene family; A: ABSCISIC ACID INSENSITIVE3 (ABI3); F: FUSCA3
(FUS3); L: LEC2 (LEAFY COTYLEDON2). The latter three genes belong to B3-AFL gene family
related to embryo development] gene network, which is thought to orchestrate the accumulation of
storage compounds and acquisition of desiccation tolerance in seed maturation, among various
major plant lineages. Their result indicates that the origin of the embryo-development-related
AFL gene family dates back to a common ancestor of the bryophytes and vascular plants. LAFL
genes are likely related to spore and seed maturation, and the varying expression patterns of
LAFL genes across the major vascular plant lineages may shed new light on the diversifying
history of seed plants. Meanwhile, Li et al. and Fang et al. performed related studies using
Adiantum capillus-veneris from different perspectives. Li et al. characterized the expression patterns
of six embryogenesis-associated genes during the somatic embryogenesis of A. capillus-veneris.
Some of these gene families diversified rapidly in embryophytes, suggesting a rapid evolution
of embryogenesis-associated genes in the tracheophyte development. Fang et al. examined the

6
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expression pattern of AcLEC1 in A. capillus-veneris, and linked
sugar treatments with induction of AcLEC1 expression and
accumulation of storage products (two characteristic features of
seed maturation). Thus, inductive expression of LEC1 homologs
during embryogenesis appears to be a key innovation for the
origin of seeds.

For long time, the nature and origin of the placenta and
carpel (especially in the Centrosperms) has been perplexing, so
a rational interpretation is badly needed. Guo et al. conducted
a detailed anatomical observation of the vascular bundles
within the pistils of Dianthus chinensis, and propose a novel
interpretation for the nature and origin of these carpels. The
vascular bundles are amphicribral in the placenta and collateral
in the ovary wall. In light of the discoveries of modern molecular
biology, in which development of the placenta and ovary wall
have been found to be controlled by separate gene combinations,
Guo et al. favors the composite nature of carpels suggested by the
Unifying Theory.

The fantastic movement of petals during floral expansion
attracts much attention from the general public. Liu et al. studied
thermogenic Magnolia denudata to explore the biological roles
of petal movements. They found that the floral chamber formed
by petal movements could facilitate development of the male
gametophyte and seed set, and that pollination could accelerate
the closure of the inner petals. These findings elucidate the
biological roles of petal movements.

Differentiation of flowers within the same inflorescence is an
interesting evo-devo phenomenon. Sterile and fertile flowers play
important roles in pollinator attraction and sexual reproduction.
Lu et al. investigated this regulatory mechanism using Viburnum
macrocephalum f. keteleeri. They developed a de novo-assembled
floral reference transcriptome, and compared the expression
patterns of fertile and sterile flowers at different developmental
stages. Combined with morphological and cytological differences
between fertile and sterile flowers, they identified many genes
and transcription factors potentially involved in regulating the
differentiation and development of fertile and sterile flowers
within the same inflorescence. This research sheds new light on
genes regulating the differentiation of flowers of angiosperms.

Tapetum development is important for the successful
reproduction of plants. Previous studies indicated that a “CTCC”
sequence within DYT1 (a core regulatory gene of anther
development) promoter was indispensable for correct DYT1
expression. Zhou et al. employed site mutation assays to identify
the function roles of these nucleotides. They found that the
“T” and final “C” of “CTCC” were essential for the temporal
and spatial specificity of DYT1 expression. The substitution of
two flanking nucleotides of “CTCC” hardly affected the normal
promoter function, suggesting that the “CTCC” sequence is a
canonical cis-element.

Hybridization accompanied by polyploidization and apomixis
is a driving force of evolution and speciation in many plants.
Cotoneaster (Rosaceae), which includes about 150 species, is a
good example to study the evolutionary process of hybridization
associated with polyploidy and apomixis. Li et al. investigated
all the Cotoneaster taxa distributed in a small region of Malipo,
Yunnan, China. Their study provided convincing evidence

for natural hybridization between Cotoneaster dielsianus and
Cotoneaster glaucophyllus. They revealed that all the hybrid
individuals were derivatives of one initial F1 via apomixis,
and C. glaucophyllus served as maternal parent at the initial
hybridizing event. Anthropological disturbance appears to
have facilitated the hybridization between C. dielsianus and
C. glaucophyllus.

Both compatible and incompatible pollen-stigma interactions
are of interest in botany. Zhang et al. applied RNA-seq
technology in a comprehensive time-course experiment to
explore gene expression during compatible/incompatible pollen-
stigma interactions in Brassica napus. In contrast to the
moderate changes in gene expression both in compatible
pollination (PC) and incompatible pollination (PI) within
10min, drastic changes showed up by 30min (especially in
PI). Stage specific DEGs (Differentially Expressed Genes) were
identified. The most highly expressed genes were identified
and annotated, and the top 10 highly expressed genes
and 37 activated metabolic pathways were revealed. The
incompatible response hadmore complicated signal transduction
networks. Niu et al. identified two orchid species displaying
gametophytic self-incompatibility (GSI) and investigated their
molecular mechanisms by comparative genomics approaches.
They analyzed the female determinants of RNase-based GSI
in both monocots and eudicots, and identified a novel SI
mechanism in orchids.

MADS-box genes are important for floral organ
morphogenesis. Two papers in this eBook studied these
genes to address the evolution of flowers. Chen et al. analyzed
the genomes and large-scale transcriptomes in all the orders
of gymnosperms and basal angiosperms. They identified
gymnosperm orthologs of 11 genes and characterized a novel
subfamily, GMADS, within gymnosperms. ABCE prototype
genes have relatively conserved gene number in gymnosperms,
but expanded in angiosperms, whereas SVP, SOC1, and GMADS
had demonstrated a reversed pattern, namely, expanded in
gymnosperms but conserved in angiosperms. The evolutionary
history of all MIKCc gene clades apparently reflects the history
of seed plants (including gymnosperms and angiosperms). The
duplication and expression transition of ABCE model MIKCc

genes in the ancestor of angiosperms may have triggered the
occurrence of the first flower, providing new insights on the
origin of the flowers. Cheng et al. performed a whole-genome
survey and identified 34 MADS-box genes in the bamboo species
Phyllostachys edulis. Their detailed analysis of gene structure
and motifs, phylogenetic classification, comparison of gene
divergence, and duplication indicated that the ABCDE model
is quite conservative throughout monocots and eudicots, and
that PheMADS15 might be a regulator of flowering transition in
P. edulis.

The interaction between the stigma and its insect pollinators
is important for successful pollination. Jin et al. studied Mazus
miquelii (Phrymaceae) with a bilobed stigma to characterize this
interaction. They found that larger pollinators transferred more
pollen grains to the stigma, causing a rapid stigmatic response
and a higher percentage of permanent closures. The permanent
closure of a stigma was determined by the size of stigmatic pollen
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load. The stigma behavior inM. miquelii is likely a mechanism of
pollinator selection to maximize pollination success.

The Diptera (true flies) are among the most important flower-
visiting insects, and they were abundant in the Mesozoic. Zhang
andWang reviewed the fossil record and early evolution of some
Mesozoic lower brachyceran flies together with new records in
Burmese amber. The fossil records revealed that some flower-
visiting groups diversified in the mid-Cretaceous. The evolution
of brachyceran groups appears coupled with that of angiosperms.

It is apparent that the limited number of papers in this
eBook cannot tell all the stories of evolution of reproductive
organs in plants. We are sure future research will enhance our
understanding of this topic.
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Reconsideration of Plant
Morphological Traits: From a
Structure-Based Perspective to a
Function-Based Evolutionary
Perspective
Shu-Nong Bai*

State Key Laboratory of Protein and Plant Gene Research, College of Life Science, Quantitative Biology Center, Peking
University, Beijing, China

This opinion article proposes a novel alignment of traits in plant morphogenesis from
a function-based evolutionary perspective. As a member species of the ecosystem on
Earth, we human beings view our neighbor organisms from our own sensing system.
We tend to distinguish forms and structures (i.e., “morphological traits”) mainly through
vision. Traditionally, a plant was considered to be consisted of three parts, i.e., the shoot,
the leaves, and the root. Based on such a “structure-based perspective,” evolutionary
analyses or comparisons across species were made on particular parts or their derived
structures. So far no conceptual framework has been established to incorporate the
morphological traits of all three land plant phyta, i.e., bryophyta, pteridophyta and
spermatophyta, for evolutionary developmental analysis. Using the tenets of the recently
proposed concept of sexual reproduction cycle, the major morphological traits of
land plants can be aligned into five categories from a function-based evolutionary
perspective. From this perspective, and the resulting alignment, a new conceptual
framework emerges, called “Plant Morphogenesis 123.” This framework views a plant
as a colony of integrated plant developmental units that are each produced via one
life cycle. This view provided an alternative perspective for evolutionary developmental
investigation in plants.

Keywords: morphological traits, function-based evolutionary perspective, sexual reproduction cycle, plant
developmental unit, plant morphogenesis 123

INTRODUCTION

According to the Oxford Dictionary, a “trait” is defined as “a distinguishing quality or
characteristic, typically one belonging to a person” and more specifically, a “genetically determined
characteristic.” Biologists know that characteristics ranging from a single base pair of nucleic acid
to the overall shape of an organism can be determined genetically. Therefore, traits are meaningful
only when considered in a specific context. Here, I will discuss traits in terms of morphology and
consider morphological traits from a function-based evolutionary perspective.

Where and how present-day organisms were originated in the biological world are long-
lasting, fundamental questions. While Darwin’s theory of evolution established a conceptual
framework, the survival of fittest under natural selection, for answering such questions, the detailed
mechanisms remain elusive. For many years, the ancestral relationships or family lineages among
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species, i.e., phylogeny, were mainly determined based on the
similarity of morphological traits. During the past decades, one
of the most impressive advances in biology was the discovery,
based on mutant analyses, that many complicated morphological
traits are determined by a single or a few proteins encoded by
genes inherited in a Mendelian manner and that some such
genes are conserved across species. This discovery prompted
scientists to explore whether innovations in morphological traits
during evolution were associated with a gain or loss of the
genes determining these traits. Such analyses launched the field
of “evolutionary developmental biology,” abbreviated as “Evo-
Devo” (Gilbert et al., 1996; Goodman and Coughlin, 2000; Raff,
2000; Gilbert, 2003).

Evo-Devo studies initially focused on comparisons of
animal genes. It has long been known that most animal
individuals develop from a single cell (zygote) and that
their morphological traits emerge or form primarily through
embryogenesis. This common morphogenetic pattern, centering
mainly on embryogenesis, establishes a framework for comparing
morphological traits among different species.

Investigations of plants, like those of animals, began with
observations of their appearance, or “surface” according to
Gifford and Foster (1989). Traditionally, a plant was considered
to be consisted of three parts, i.e., the shoot, the leaves, and
the root (Strasburger et al., 1976). Based on such a “structure-
based perspective,” evolutionary analyses or comparisons across
species were made on particular parts or their derived
structures. However, morphogenetic patterns in plants are
fundamentally different from those of animals. One of the
most prominent differences is that no visible process equivalent
to animal embryogenesis has been observed in the plant
kingdom (Waddington, 1966). Some authors have defined plant
embryogenesis as encompassing the period from zygote to seed
formation (Goldberg et al., 1994). If this definition is valid,
mosses and ferns do not undergo “embryogenesis,” since these
plants do not produce seeds. The concept of “alternation of
generations” was proposed by Hofmeister in the 1850s (Kaplan
and Cooke, 1996). This concept, i.e., that all the land plants
have both sporophyte (diploid) and gametophyte (haploid), has
been used as a framework for comparing morphological traits
among diverse species. In recent years, much effort has been
devoted to explore evolutionary innovations focusing on the
particular parts or their derived structures across phyla (reviewed
by Harrison, 2017). However, most of these studies have involved
comparing closely related angiosperm species (Irish and Benfey,
2004; Preston et al., 2011; Della Pina et al., 2014). This situation
aroused an enthusiastic discussion at a recent NPH symposium
about whether there are unique themes that define plant Evo-
Devo (Liao et al., 2016).

It is perfectly legitimate to choose any morphological
trait, such as the number or color of spots on a petal or
the formation of root hairs, as a target for exploring the
underlying regulatory mechanism and its origin in closely related
species (Martins et al., 2016) or even across phyla (Menand
et al., 2007). These efforts underscore the well-established
principle that new traits emerge from interactions between
genetic variation and environmental selection, with some details

differing among studies. However, core questions in evolutionary
theory related to plants remain, such as how photoautotrophic
organisms diverged from a common ancestor, and what key
evolutionary innovations resulted in the divergence of the major
lineages.

Advances in DNA sequencing technology make it no longer
difficult to obtain genome information for a species of interest,
nor to find differences among genomes used for comparison. The
problem is how to determine what these sequence differences
truly mean. Two questions need to be answered: whether the
differences in DNA sequences are responsible for particular
traits, and whether the traits in the species being compared are
evolutionarily related. It is relatively easy to determine the causal
relationship between a single DNA sequence and the targeted trait
through modern genetic analysis. However, similarity of DNA
sequences may not necessarily indicate evolutionary relationships
of traits of interest, as protein complexes, metabolic processes,
and regulatory networks (in short, cellular functions) are highly
complex and approximately 10 times more proteins than
genes have been annotated. From this perspective, elaborating
evolutionary innovations or relationships between traits is
beyond the scope of DNA sequence analysis.

Traditionally, morphology deals with the study of the form
and structure of an organism. Recent Evo-Devo studies have
explored the relationships between morphological traits and the
(possibly) corresponding genes from an evolutionary perspective.
However, a fundamental element has largely been neglected
in plant Evo-Devo studies, the role of photoautotrophism. If
we are asked to identify the most basic difference between
plants and animals, the best answer is likely their manner of
energy acquisition: plants are photoautotrophic and animals
are heterotrophic. Considering the essential roles of the
efficiency of energy acquisition and environmental adaptation
in the evolutionary selection of morphological traits, if we
analyze morphological traits from a function-based evolutionary
perspective rather than structure-based perspective, derived from
the tradition of morphology, could we uncover a new scenario?

UNDERLYING PRINCIPLES FOR
INVESTIGATIONS BASED ON A
FUNCTION-BASED EVOLUTIONARY
PERSPECTIVE

Based on the current literature, morphological traits can be
grouped in roughly three classes: one includes morphological
traits investigated due to personal interest, such as sepal color
or spots on petals; another comprises those with application
significance, such as crop productivity and quality; and the
third includes those with evolutionary importance, such as
vascular tissues, seeds and flowers, associated with particular
taxonomic groups. These ways of grouping and comparisons
of morphological traits are all derived from the traditional
structure-based perspective. To align morphological traits from
a function-based evolutionary perspective, some background
information is needed.
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FIGURE 1 | Different levels of elaboration around the core processes in the life cycles of the three plant phyla. The sexual reproduction cycle (Bai, 2015a)
from one zygote to the next generation’s zygotes through meiosis and fertilization is the backbone of the lifecycle for all three land plant groups, Bryophyta,
Pteridophyta, and Spermatophyta. Green arrows show the differentiation of various organ types in diploid phase, and light green for organs in haploid phase. Dark
red arrowheads indicate unlimited tip growth activity. cot., cotyledons; j. leaf, juvenile leaf (e.g., rosette leaves in Arabidopsis); a. leaf, adult leaf (e.g., cauline leaves in
Arabidopsis). This figure was revised from Figure 1.9 in Bai and Xu (2013).

The current mainstream concept of plant developmental
programs (the underlying mechanism for morphogenesis) states
that plants have an indeterminate developmental program
(Goldberg, 1988). However, when all land plants are considered,
their life cycles include clear starting and ending points, i.e.,
zygotes and gametes, respectively. Between these two points,
another unique cell turns from diploid to haploid, i.e., the meiotic
cell (which arises from the diploid germ cell, DGC), leading to
meiosis and spore formation (Bai, 1999, 2015a; Bai and Xu, 2013;
Zhao et al., 2017; Figure 1).

The core process of the eukaryotes life cycle comprises
three unique or core cells (zygotes, meiotic cells, and gametes),
which serve as reference points, and three events that
occur at the unicellular level, i.e., meiosis, fertilization, and
heterogametogenesis (Bai, 1999). Such a core process was recently
described as an ancestral process originating from unicellular
eukaryotes, and designated as the sexual reproduction cycle
(SRC) (Bai and Xu, 2013; Bai, 2015a). The SRC represents a
modified cell cycle that functions as the ultimate mechanism that
helps eukaryotes adapt to unpredictable environmental changes
and serves as a backbone upon which multicellular organisms are
derived via the interpolation of multicellular structures into the

two (diploid and haploid) intervals of the life cycle (Bai, 2015a;
Figure 1).

Possibly owing to their different manners of energy
acquisition, i.e., photoautotrophism for plants and
heterotrophism for animals and fungi, three different patterns of
interpolation of multicellular structures have evolved in animals,
fungi, and plants (Figure 2). The formation of multicellular
structures in the animal and fungal kingdoms is interpolated
once into the first (diploid) and second (haploid) intervals of
the SRC respectively. By contrast, the formation of multicellular
structures in the plant kingdom is interpolated twice: into both
intervals of the SRC. The different patterns of interpolation
in multicellular structure formation in animals versus plants
results in two different developmental programs (Bai, 2015b,
2016; Figure 3). Animals develop via the “dichotomous mode,”
meaning that cells derived from the zygote soon diverge into two
lineages: one that differentiates into the germline, functioning as
a carrier of the SRC, and one that differentiates into the soma,
functioning in energy acquisition and environmental responses.
The early stages of soma differentiation, together with germline
development, can be considered to represent embryogenesis. By
contrast, plants develop via the “double-ring mode,” meaning
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FIGURE 2 | Comparison of morphogenetic strategies of animals, fungi, and plants within the framework of the SRC. Yellow background indicates the
diploid phase and blue background indicates the haploid phase. In the intervals between zygote and diploid germ cells, the interpolation of multicellular structures
occurs in animals (red) and plants (green), whereas none are present in fungi (pink). In the intervals between meiotically produced cells and gametogenic cells, the
interpolation of multicellular structures occurs in fungi and plants but not in animals. Reprinted from Bai (2015a).

FIGURE 3 | Comparison of SRC-derived developmental modes in animals and plants. (A) Represents a cell cycle, i.e., one diploid cell becomes two cells
through mitosis; (B) Represents the SRC (sexual reproduction cycle, Bai, 2015a). Two arrows (orange and gray) between M (meiosis) and F (fertilization) represent
heterogametogenesis. (C) Represents the “dichotomous mode” for animal development. Orange and gray lines represent female and male soma and germlines,
respectively, and orange and gray Gs represent female and male gametogenesis, respectively. (D) Represents the “double-ring mode” of plant development. On the
SRC backbone, the green dashed ring on the left represents diploid multicellular structures composed of various types of organs; the light green ring on the right
represents haploid multicellular structures composed of various types of organs. This figure was modified from Figure 16 in Bai (2016).
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FIGURE 4 | Comparison of developmental units in plants and animals required for life-cycle completion. While plant growth tip generated from a zygote
(pink circle) can produce numerous lateral organs and branches, only seven organ types in Arabidopsis are present in a complete the life cycle (A). The half circles
along the dashed orange arrow represent organ primordia. By comparison, the basic structure required for Drosophila to complete its life cycle is the embryo,
elaborated from a zygote to larva. Embryogenesis is represented by an orange-lined yellow triangle (B). Unlike animal individuals, which contain limited types and
numbers of organs in a determined pattern, the functionally equivalent structure in plants is the imaginal unit shown in (A), referred to as a “developmental unit,”
rather than the whole plant. According to this perspective, the structural equivalent of an animal embryo would be the process represented as the yellow area in (A).
Orange dashed lines in the yellow region indicate that the process is relatively open but ultimately limited. (B) Was modified from Figures 2–6 in Wolpert et al. (2007)
edited Principles of Development. This figure was modified from Figure 6 in Bai (1999).

that all cells derived from the zygote differentiate into somatic
structures required for photoautotrophy. In response to external
and internal stress, along with increased photosynthetic tissue
area, some cells are induced to differentiate into DGCs to help
the plant prepare to adapt to these stresses through autonomous
genetic variations generated via meiosis. This process represents
the first ring, from zygote to DGCs via the formation of
sporophytes with sequentially formed organ types (e.g., in
Arabidopsis: cotyledons, rosette and cauline leaves, sepals, petals,
stamens, and carpels). After meiosis, multicellular structure
formation is interpolated into the second interval of the SRC,
from spores into haploid germ cells (HGCs, which differentiate
into gametes), and the second ring (gametophyte) is formed.

Based on the above view, if embryogenesis (consisting
of soma and germline development, i.e., dichotomous
development) is the core process shared by all animal species
during morphogenesis, then double ring development can
be considered the core process shared by all plant species
during their morphogenesis. Taking Arabidopsis as an example,
the multicellular structures carrying out the core process in
the first (diploid) ring can be thought of as a combination
of limited types (not numbers) of organs derived from the
growth tip (Figure 4). Such a combination has been designated

as a “plant developmental unit (PDU)” (Bai, 1999; Bai and
Xu, 2013). The early development of these organs (i.e., the
primordia) is therefore functionally equivalent to animal
embryogenesis, and was designated as a “virtual embryo” by
Da-Ming Zhang (Institute of Botany, Chinese Academy of
Sciences), in contrast to the physical animal embryo (a “visual
embryo”; Bai, 2016).

From this perspective, it becomes clears that we can use
the “SRC-derived double ring” as a frame of reference to align
morphological traits for Evo-Devo analysis. As morphological
traits are regarded as evolutionary consequences of adaptation
to improve energy acquisition (photosynthesis), environmental
responses (particularly for SRC completion), and growth in
extreme environments, I refer to this view of trait description and
classification as a “function-based evolutionary perspective.”

ALIGNMENT OF TRAITS FROM A
FUNCTION-BASED EVOLUTIONARY
PERSPECTIVE

Traditionally, plant morphology refers to investigations of
“hidden aspects of form, structure, and reproduction that
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constitute the bases for the interpretation of similarities and
differences among plants” (Gifford and Foster, 1989). Although
more sophisticated tools, including microscopy, genetics, and
molecular biological tools, have progressively been developed
and applied to these types of investigations, all of the
targeted phenomena, i.e., morphological traits, are initially
described based on forms or “surface perspectives” observed
by the human eye and interpreted through the faculty of
reasoning. It is therefore understandable that observers after
the 18th century treated plants as individuals (like animal
individuals) comprising three major parts: the shoot, the
leaves, and the root (Strasburger et al., 1976). Morphological
traits were compared among the structures of “individuals”
of various species, primarily following the principles of
homology and analogy, referred here as a structure-based
perspective. However, the founding fathers of modern botany,
such as Grew and Malpighi in the 17th century, treated
a plant as a colony, in which each bud is treated as an
individual that completes a life cycle (review in Arber, 1950).
Although this insightful concept has been marginalized by
the mainstream community of modern plant morphologists,
it was utilized by a few scholars such as Waddington
(1966), who wrote that “a branch... gives rise to a whole
new cycle of growth and development.” The concept of a
SRC-derived double ring mode of plant development (as
described above, with branches representing partial units, as
they generally produce organ types that had not yet formed
from where the buds had initiated) echoes and is reviving
this classic concept (Bai, 1999, 2015a,b, 2016; Bai and Xu,
2013). In the remainder of this article, I will attempt to
align morphological traits from a function-based evolutionary
perspective.

First, morphological traits must be classified into unicellular
and multicellular traits. As mentioned above, SRC first evolved
in unicellular eukaryotes. All differentiation processes and
interactions completed and exhibited at the unicellular
level could be classified as morphological traits at the
unicellular level. Included in this class are cell shape, size,
and structure; cell division and fusion; and modified cell
cycle, i.e., the SRC (consisting of three core cell types
and the three core events mentioned above). However,
due to space constraints, these traits will not be discussed
here.

The other class of morphological traits includes those
exhibited at the multicellular level. These traits can be
further classified into five categories: (1) those associated
with the formation of multicellular structures facilitating
photosynthesis and therefore representing outgrowth of a
larger structure from the unicellular SRC; (2) those exhibiting
diversified differentiation of multicellular structures upon
exposure to internal and external stresses, such that structures
become smaller and finally return to the unicellularity of
the SRC; (3) those derived to ensure heterogametogenesis
(sex differentiation); (4) those facilitating the completion of
the SRC and the life cycle (sex behavior); and (5) those
derived for adaptation to extreme or particular environmental
stresses.

Morphological Traits Facilitating
Photosynthesis
Table 1 shows an alignment of morphological traits that
facilitate photosynthesis from the function-based evolutionary
perspective. In this category, the key function is facilitating
photosynthesis. The multicellular structures required for this
function can form in both diploid (sporophytes) and haploid
(gametophytes) in all three land-plant phyla, i.e., bryophytes
(mainly gametophytes), pteridophytes (both sporophytes and
gametophytes), and spermatophytes (mainly sporophytes). The
differentiation of multicellular structures can be further grouped
into three subcategories: (1) basic structures for maximizing
photosynthetic surface area (facilitating energy acquisition), e.g.,
linear or columnar structures (filaments/twigs/stems), foliage
structures (leaves), and branches; (2) multicellularized growth
tips; and (3) structures for optimizing photosynthesis, such as
stomata.

From this perspective, it is clear that the morphological traits
considered in traditional morphology, such as shoots, leaves,
and roots, are derived from combinations of the elements listed
in Table 1. It also elucidates why the Lindenmayer’s L-system,
elaborated by Prusinkiewicz, which treats plant morphogenesis
as an “axil tree” following “rewriting” rules, is so powerful
for simulating plant morphology and morphogenetic processes
(Prusinkiewicz and Lindenmayer, 19901). Such astonishing
success implies that there must be simple principles underlying
plant morphogenesis, in contrast to the traditional belief that the
rules for plant morphogenesis are species-specific and difficult
to define. Furthermore, from this perspective, it is clear that, as
suggested by the L-system, plant morphogenesis is carried out by
the repeated use of similar principles or rules to generate similar
structures with modifications, resulting in endless branching.
This concept explains the insight the founding fathers proposed:
that each bud as an individual to complete its life cycle. The next
challenge is to identify the molecular mechanisms underlying
these “simple principles.”

Morphological Traits Associated with
Decrease of Multicellularity upon
Exposure to Stress
As mentioned above, SRC was proposed to represent the
ultimate mechanism that allows plants adapt to unpredictable
environmental changes (Bai, 2015a). This mechanism
facilitates adaptation by autonomously increasing genetic
variations through meiosis and transmitting the best
adaptations to the next generation through fertilization.
Since plants are photoautotrophic organisms, they acquire
energy through photosynthesis: the larger the surface area
available for photosynthesis, the better. However, the larger
the photosynthetic surface, the larger its interface with
the environment, increasing the requirement for the plant
to cope with unpredicted environmental changes and for
internal mechanical support for this large surface. This
internal mechanical support, as far as we know, comes from

1http://algorithmicbotany.org
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the cell wall. In turn, cell walls generate internal mechanic
stress. This factor, along with the increase in photosynthetic
surface area, increases internal/external stresses and affect
the morphogenetic process to (in time) bring about new
morphological traits.

Table 2 shows an alignment of morphological traits associated
with the decrease of multicellularity back toward unicellularity
in the SRC upon stress, from a function-based evolutionary
perspective. The first type of change in this category is a
reduction in photosynthetic surface area. Such changes are
induced by the increased stress that occurs along with the
increased photosynthetic surface area. Regardless of whether the
direct causes of this stress are internal, external, or a combination
of these, the resulting changes should be sequential and gradual.
Using Arabidopsis as an example, sequential changes in organ
type are observed, from rosette leaves to cauline leaves to sepals,
petals, stamens, and carpels (Figure 4). Even among rosette
leaves, there are obvious sequential changes in leaf shape and
size (Poethig, 1997). In addition, at higher latitudes, day-length
and temperature exhibit seasonal changes, imposing additional
environmental stress on plants. Traditionally, these changes were
separately investigated as phase changes for sequential changes in
rosette leaf shape and size (Poethig, 1990), flowering for changes
from rosettes to bolting (Bernier et al., 1981; Koornneef et al.,
1991), and floral organ identity determination for sequential
changes in the four floral organ types (Coen and Meyerowitz,
1991). Such a separation was pragmatically sound in the last
century. Therefore, these changes have received tremendous
amounts of attention, and great progress has been made in
understanding the underlying genetic mechanisms. However, a
continuity of organ-type changes has been also noted (Bernier
et al., 1981; Lord et al., 1994). Such continuity has been
supported at the molecular level, as miR156 play roles in both
heterophylly and flowering (reviewed by Poethig, 2013). From
the perspective of the SRC, the continuity viewpoint might
represent a better description of this process than the traditional
ones described above, and it is possible to integrate all of the
data generated separately into this new paradigm (Bai, 2016;
Figures 1, 3, 4).

The second type of morphological traits in the decrease of
multicellularity category involves the transition from somatic
cells to germ cells. These changes essentially occur at the
unicellular level and will not be discussed here in detail. However,
since all of these changes occur in cell clusters in either diploid
or haploid multicellular structures, they are considered here to
represent a single subcategory.

The third type of morphological trait in this category
involves those I collectively refer to as “-ium” formations: the
sporangium, antheridium, and archegonium (for convenience,
not exactly taken from their Latin or Greek suffixes). In
unicellular eukaryotes, somatic cells are directly induced
to undergo meiosis or heterogametogenesis. In multicellular
eukaryotes, such transitions/differentiation occur in specific
multicellular structures and receive support in nutritional supply
and protection against environmental stresses. Therefore, the
structures utilized to support and protect cells committed to
undergoing meiosis and heterogametogenesis, i.e., the protective

“-ium” structures, understandably exhibit new morphological
traits consistent with their functions.

The induction of germ cells and reproductive organs after
a period vegetative growth is a widely accepted concept in
plant biology. However, how such a sequential process evolved
is a matter of controversy. A recent finding triggered the
idea of the SRC-derived double ring mode to describe plant
development: in rice stamens during development, the MADS
protein OsMADS58 (annotated as a C-class protein required for
stamen and carpel identity determination) binds photosynthetic
genes, inhibits their expression, and participates in establishing
the hypoxia niche (Chen et al., 2015). This finding, together
with the finding that hypoxia triggers meiotic fate determination
in maize (Kelliher and Walbot, 2012), suggests that in the first
interval of the SRC (from zygote to meiotic cell formation),
photosynthesis and DGC induction are mutually exclusive.
Sequential changes in organ types may ultimately be determined
by the balance of two opposing driving forces: photosynthesis and
stress responses.

Morphological Traits Associated with
Sex Differentiation
Sexual reproduction cycle, a mechanism that eukaryotes
ultimately use to adapt to environmental changes, comprises
three core events: meiosis, fertilization, and heterogametogenesis
(Bai and Xu, 2013; Bai, 2015a). The key functions of
heterogametogenesis can be thought of as harnessing genetic
variations and simultaneously enhancing heterogeneity by
labeling meiotically produced haploid cells (Bai, 2015a). From
this point of view, so-called “sex differentiation” refers not to the
germ line/cells themselves (as they are already progenitor cells for
heterogametogenesis) but rather to mechanisms occurring in the
soma of multicellular eukaryotes to ensure heterogametogenesis.
Such mechanisms fulfill two basic functions: (1) setting
divergence points, which determine the differentiation of somatic
organs into male or female organs (e.g., antheridia and
archegonia in plants and testis and ovaries in animals) and (2)
niche establishment, which helps support and protect germ cell
differentiation.

In animals, only one set of multicellular structures is
interpolated into the first interval (diploid) of the SRC. In
the dichotomous mode strategy (Figures 2, 3), cell lineages
for germ cells and soma diverge during early embryogenesis.
Heterogametogenesis is carried out by the germline after it
migrates into the gonads and is determined by the sexual identity
of the gonad. Therefore, sex differentiation can be viewed as
a mechanism occurring in diploid soma that centers on gonad
differentiation.

In plants, by contrast, multicellular structures are interpolated
into both intervals of the SRC (Figure 2). Therefore, two
transitions from somatic cells to germ cells (DGC and
HGC) occur in two multicellular structures, sporophytes and
gametophytes respectively. The first transition, which occurs in
sporophytes, results in the production of meiotic cells, whereas
the second transition, which occurs in gametophytes, results in
gamete cell production. If we accept the above definition of sex
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differentiation as mechanisms occurring in the soma to ensure
heterogametogenesis, only the differentiation of antheridia and
archegonia in gametophytes of bryophytes and pteridophytes, the
second interval of the SRC, satisfy both functions that ensure
heterogametogenesis (Table 3).

Stamens and ovules in angiosperms are essentially elaborated
heterosporangia. The differentiation of these organs occurs
during the first interval of the SRC, between zygote and
DGC formation, which ensures the successful transition from
somatic cells to DGC for meiosis, not heterogametogenesis.
Using our definition, such a differentiation process should not
be referred to as sex differentiation, as it does not directly
lead to heterogametogenesis. However, as the gametophytes
of spermatophytes, especially in angiosperms, have a severely
reduced cell number, there are no enough cells for antheridia and
archegonia differentiation, one of the two functions involved in
sex differentiation, i.e., divergence point setting was canalized to
be carried out by heterosporogenesis in spermatophytes. Since
heterosporogenesis does not directly lead to heterogametogenesis
but did fulfil one of the two functions in sex differentiation, it
is reasonable to refer to it as “pseudo-sex-differentiation.” By
contrast, the differentiation of antheridia and archegonia can be
considered “real sex differentiation.”

In additional to the presence of two germ cells in plants,
DGC and HGC, the relationship between germ line/cells and
the somatic tissues/organs supporting and protecting the germ
line/cells also differ between animals and plants. In animals,
as described above, germline and somatic organ formation
initiate separately from a spatiotemporal perspective. By contrast,
initiation of germ cells and the somatic cells/tissues surrounding
them for support and protection during both the diploid and
haploid phases in plants are concurrent spatiotemporally. These
differences complicate comparisons of sex differentiation in
animals versus plants, even though both types of organisms are
derived from the SRC. This is an interesting issue that should be
further explored.

Morphological Traits Associated with
Sexual Behaviors
In unicellular eukaryotes, gametes are mobilized in water to
facilitate their meeting. In multicellular eukaryotes, gametes

differentiate in various protective structures, especially female
gametes, i.e., eggs. On the other hand, the key advantage of
the SRC is that it autonomously increases genetic variation
to help the organism adapt to unpredictable environmental
changes. Thus, maintaining proper heterogeneity through
heterogametogenesis is an essential property of the SRC
(Bai, 2015a). To satisfy both the needs for gametes to meet
and to maintain heterogeneity, multicellular eukaryotes must
evolve mechanisms to facilitate outcrossing, ensuring proper
functioning of the SRC.

Most animal individuals are dioecious and have evolved
mechanisms that force individuals to actively search for
mating partners to complete their SRC. Such mechanisms are
generally referred to as “sexual behavior,” including courtship for
intersexual individuals and mating competition for intrasexual
individuals. By contrast, plants are sessile and cannot move
like animals to help complete the SRC. However, specific
multicellular structures have evolved to help fulfill these
functions. Morphological traits associated with these functions
can therefore be referred to as “sexual behavior” in comparison
with that of animals.

Table 4 lists major morphological traits associated with these
process. To facilitate the meeting of gametes, two functions
are required: spore dispersal and gamete delivery. Endothecia
in sporangia have evolved to facilitate the dispersal of spores,
including homospores in bryophytes and pteridophytes and
microspores in spermatophytes. For gamete delivery, while sperm
cells are mainly delivered simply via water during gametophyte
development in bryophytes and pteridophytes, very complicated
multicellular structures have evolved for sperm delivery in
spermatophytes. For example, the pollen tube has evolved as
a carrier of sperm, with astonishingly complicated behaviors.
Other prominent morphological traits include the structures
in angiosperm sporophytes, including the stigmas of carpels
for pollen collection and petals and associated structures to
attract pollinators. The latter exhibit tremendous, fascinating
variations that have evolved during interactions with pollinators.
Three mechanisms are used to maintain heterogeneity or to
promote outcrossing, i.e., self-incompatibility, the production of
morphological differences in reproduction organs, and unisexual
flower production. While self-incompatibility mainly results

TABLE 3 | Alignment of morphological traits associated with sex differentiation from a function-based evolutionary perspective.

Subcategories Underlying factors Morphology observed Reference

Sex
differentiation

Real Heterogametogenesis An event in SRC and differentiation at the
unicellular level

Bai, 2015a

Structures ensure HG in gametophytes Hermaphroditic gametophytes: antheridium
and archegonium differentiate in the same
gametophyte

This paper

Precocious divergence of An/Ar differentiation
prior to initiation of An/Ar during gametophyte
development

Dioecious gametophytes: antheridia and
archegonia differentiate in separate
gametophytes

Pseudo Heterosporangia, as a sporophyte structures,
function in setting divergence point for
heterogametogenesis

Micro- and mega-sporangia in Lycophytes This paper

Microsporophyll/stamens and ovules in
spermatophytes

Gifford and
Foster, 1989
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from invisible genetic mechanisms, the other two mechanisms
are mainly associated with the specification of morphological
characteristics.

Morphological Traits Associated with
Particular Stress Responses
Some traits have evolved to help plants cope with particular
environmental stresses. These traits include those for adaptation
to life on land, such as cutin formation (to prevent rapid water
evaporation) and archegonia or embryo sacs plus ovules (to
protect eggs and zygotes, an important seed trait). Since plants
are sessile organisms, one unique way that plants ensure effective
energy usage is to maximize the utilization of synthesized
materials while minimizing exposure to environmental stress.
Some traits appear to be associated with the latter functions, such
as senescence, programmed cell death, and abscission of dead
organs. The third subcategory is morphological changes to help
the plant adapt to specific or extreme environmental conditions,
such as the development of enlarged shoot tips or roots for
assimilate storage. The morphological traits associated with these
functions are listed in Table 5.

Some morphological changes that occur in plants upon
exposure to biotic stress are not discussed here for two
reasons: (1) biotic stress responses are highly complicated and
are difficult to summarize concisely, and (2) morphological
responses induced by pathogen infection appear to result from
a combination of regulatory mechanisms that were originally
utilized for abiotic environmental stress or internal stress
responses (Zhu et al., 2005; Chen et al., 2007; Wang et al.,
2007; Campos et al., 2016; Jin et al., 2016; also see reviews of

Huot et al., 2014; Chaiwanon et al., 2016), although particular
signaling systems have evolved for pathogen recognition, and a
huge variety of secondary metabolic pathways have evolved for
plant–pathogen interactions.

FUNCTION-BASED MORPHOLOGY:
PLANT MORPHOGENESIS 123

Almost all morphological traits mentioned in botanical textbooks
and the literature are listed in Tables 1–5 but have been aligned in
an unconventional manner. It might take some time to become
accustomed to the logic and principles underlying such a new
alignment. However, based on the “function-based evolutionary
perspective,” it is clear that the morphological traits described
to date, regardless of species, can be aligned to the “double-
ring” process derived from the SRC. As mentioned above,
such an alignment of morphological traits demonstrates that
the double-ring process can indeed be treated as a frame of
reference equivalent to animal embryogenesis, as it functions
as a core process shared by all plant species. To further
integrate the concepts of the SRC, the double-ring mode, and
morphological traits, I propose a new conceptual framework
to better understand the process of plant morphogenesis: Plant
Morphogenesis 123. This conceptual framework describes plant
morphogenesis on three levels:

Level one is ONE starting point: the SRC. All plants are
multicellular eukaryotes, with morphogenesis derived from the
SRC, a modified cell cycle representing the ultimate mechanism
for environmental adaptation. This concept explains why all
plants possess core cells (zygote, meiotic cells, and gametes) and

TABLE 5 | Alignment of morphological traits associated with particular stress responses from a function-based evolutionary perspective.

Subcategories Underlying
factors

Morphology observed Reference

Adaptation to
environmental
stresses

Land habitat Efficient water
usage

Cutin Scagel, 1984

Trichome and
fibers

Smith et al., 2010

Protection of SRC
core cells

Zygote and embryo Archegonia in non-seed plants and ovules (seeds)
in seed plants

Spore Spore walls and pollenin

Egg and embryo
sac

Endosperm (derived from double fertilization in
angiosperms)

Energy saving Senescence Color change, structural degradation, abscission,
etc.

Cell death

Abscission

Extreme conditions Storage organs Tubers

Tuberous roots

Storage stems

Other abnormal
organs

Thorns

Tendrils

Abnormal leaves to capture insects
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undergo core unicellular events (meiosis, heterogametogenesis,
and fertilization). This concept also explains the relationship
between multicellular structures and the unicellular SRC:
interpolation of multicellular structures into the two intervals
between the three core cells (Figures 1, 2).

Level two consists of TWO themes. One theme is the method
of building of multicellular structures. Since the L-system is a
successful way to describe plant morphogenesis (Prusinkiewicz
and Lindenmayer, 1990; Prusinkiewicz and Runions, 2012),
there must be corresponding molecular mechanisms underlying
this process. The other theme is the regulation or driving
forces of changes in morphological structure. As discussed
above, most morphological changes (represented by the
morphology of lateral organs that initiate from growth tips)
are ultimately driven by two forces: photoautotrophy and stress
responses.

Level three is the most complicated, representing THREE
sequential steps in morphogenesis during the completion of
the plant life cycle. The first step is photoautotrophism driving
an increase in surface area for photosynthesis and away from
the unicellularity of the SRC. The second step is the increased
external and internal stress that accompanies the increase
in the surface area available for photosynthesis. The third
step involves this increase in stress driving a reduction in
the surface area available for photosynthesis and compelling
the morphogenesis back toward the unicellularity of the
SRC.

Through Plant Morphogenesis 123, the life cycle is completed,
a PDU forms, and numerous PDUs are integrated into the colony
that we refer to as a plant.

Using Plant Morphogenesis 123 as a frame of reference,
it becomes obvious that some fundamental issues in plant
morphogenesis have not yet been properly addressed. One issue
is that little is known about the generally applied molecular
mechanisms underlying so-called “axial growth” proposed by
Prusinkiewicz and Lindenmayer (1990) (Table 1), although such
a model has been successfully used for computer simulation of
plant morphogenesis and is supported by some molecular data
(Prusinkiewicz et al., 2007, 2009; Bayer et al., 2009; Bilsborough
et al., 2011; O’Connor et al., 2014; Yoshida et al., 2014; Zadnikova
et al., 2016). Since this mechanism is so fundamental for the
formation of multicellular structures, many more investigations
of this topic are expected.

Another issue is the multicellularization of growth tips.
Much effort has been devoted to genetic analysis of the
organization of the shoot apical meristem in angiosperms
(Barton, 2010; Pautler et al., 2013; Tanaka et al., 2013;
Tameshige et al., 2015). However, single or double cells
function quite well as growth tips to generate lateral organs
in both bryophytes and pteridophytes. How do the growth
tips become multicellularized in spermatophytes? While
multicellularization is clearly an important evolutionary
innovation, little is known about this process, although some
efforts have been made to this end (review see Plackett et al.,
2015).

Finally, from a more traditional viewpoint, morphogenesis
in angiosperms can be divided into two phases, vegetative

and reproductive, with flowering representing a transition
point. However, according to Plant Morphogenesis 123, all
organ types interpolated into the interval between zygotes and
meiotic cells, such as in angiosperms, are sequentially generated,
with modifications driven by two forces: photoautotrophism
and stress responses. Flowering involves only part of this
series; photoperiodic responses and vernalization are the main
additional mechanisms used by plants growing at higher
latitudes to adapt to seasonal changes in the environment.
Using this new conceptual framework, I am optimistic that
the ultimate regulatory mechanisms underlying morphological
changes during the entire (not partial) process will be
discovered.

CONCLUSION

There is a common saying that “seeing is believing.” This
is true in some circumstances. However, our human-centered
viewpoint has brought about an inappropriate frame of
reference for interpreting plant morphogenesis, i.e., viewing
a plant as an individual equivalent to an individual animal.
Although tremendous progress has been made in describing
and interpreting plant morphogenesis and in deciphering its
underlying molecular mechanisms, some fundamental questions
remain. Among these are whether a determinate program
underlies plant development, whether there is a common
process equivalent to animal embryogenesis shared by diverse
plant species following the divergence of photoautotrophic
organisms from a common ancestor, and what are the key
evolutionary innovations underlying the divergence of the major
lineages.

Looking back through the history of the study of plant
morphology, it is clear that such questions have originated
from human-centered observations and interpretations of this
process. Therefore, without changing the historical perspective
of plant morphology, the puzzle cannot be solved. By echoing
and reviving the classic way of observing and interpreting
plant morphology proposed by the founding fathers of modern
botany, i.e., to view a plant as a colony of developmental
units (Waddington, 1966; Bai, 1999), I developed Plant
Morphogenesis 123 as a new conceptual framework for plant
morphogenesis. Using this framework, morphological traits are
aligned following the SRC-derived double ring mode. From
this function-based evolutionary perspective, we can better
identify the evolutionary significance of any morphological
trait in plants. In turn, it becomes easier to identify which
morphological traits are important for understanding key
evolutionary innovations.

This conceptual framework is undoubtedly unfamiliar to
most readers as it, and indeed the concept of the SRC,
is so new. According to Gifford and Foster (1989), plant
morphology studies have gone from the “casual inspection on
surface aspects of plants” to “systematic inspection of hidden
aspects of form, structure, and reproduction that constitute
the basis for the interpretation of similarities and differences
among plants.” From this perspective, the exploration of
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nature is similar to assembling a jigsaw puzzle: one can carefully
examine the picture on the box, diligently collect and examine
the pieces, and properly assemble the pieces together according
to the picture. In exploring nature, data must be collected
diligently and assembled carefully and properly as well. The
only difference is that there is no one fixed “picture” used as a
reference for data assembly. Therefore, it is not surprising that
when a conceptual framework no longer provides a solid basis for
assembling or integrating new data, a change in the conceptual
framework or paradigm shift should be considered. Using a
new conceptual framework, available data can be realigned to
obtain a better “picture.” More importantly, if the paradigm
shift is appropriate, new opportunities for exploration will
emerge.
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Mini chromosome maintenance 1, agamous, deficiens, and serum response factor
(MADS)-box genes are transcription factors which play fundamental roles in flower
development and regulation of floral organ identity. However, till date, identification and
functions of MADS-box genes remain largely unclear in Phyllostachys edulis. In view
of this, we performed a whole-genome survey and identified 34 MADS-box genes in
P. edulis, and based on phylogeny, they were classified as MIKCC, MIKC∗, Mα, and
Mβ. The detailed analysis about gene structure and motifs, phylogenetic classification,
comparison of gene divergence and duplication are provided. Interestingly, expression
patterns for most genes were found similar to those of Arabidopsis and rice, indicating
that the well-established ABCDE model can be applied to P. edulis. Moreover, we
overexpressed PheMADS15, an AP1-like gene, in Arabidopsis, and found that the
transgenic plants have early flowering phenotype, suggesting that PheMADS15 might
be a regulator of flowering transition in P. edulis. Taken together, this study provides not
only insightful comprehension but also useful information for understanding the functions
of MADS-box genes in P. edulis.

Keywords: Phyllostachys edulis, MADS-box, floral organ, ABCDE model, PheMADS15

INTRODUCTION

Phyllostachys edulis is one of the most important non-timber forest products in the world. They
flower at the end of very long vegetative growth phases, often followed by the death of large areas
of P. edulis. They show a cyclic recurrence of flowering, the intervals of which are basically definite
varying from a few years to 120 years or longer. In this case, studying the mechanism of P. edulis
flowering time is very challenging, and it is quite difficult to determine the key regulatory genes
involved in floral formation and transition in P. edulis.

The mini chromosome maintenance 1, agamous, deficiens, and serum response factor (MADS)-
box family members, identified originally as floral homeotic genes, are important transcription
factors for plant development (Purugganan, 1997; Theissen et al., 2000; Jack, 2001; Nam et al.,
2003; Pařenicová et al., 2003). In plants, the type I comprises M-type genes and type II group
includes most well-known MIKC-type genes (Arora et al., 2007), named after the four basic
components of the MADS (M) domain: the Intervening (I) domain, the Keratin (K) domain, and
the C-terminal (C) domain (Kramer et al., 1998). MIKC-type genes have been further divided into
two subgroups, MIKCC- and MIKC∗-types, due to different exon/intron structures (Henschel et al.,
2002; Kofuji et al., 2003). Type I MADS-box genes have been categorized into Mα, Mβ, Mγ, and Mδ
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clades based on the phylogenetic relationships of conserved
MADS-box domain (Pařenicová et al., 2003). In most plants, type
I genes experience a higher number of births and deaths than type
II genes, due to more frequent segmental gene duplications and
weaker purifying selection (Nam et al., 2004).

The genetic ABCDE model of floral organ development can
be applied to dicot plants, mainly in Arabidopsis, snapdragon and
petunia (Coen and Meyerowitz, 1991; Angenent and Colombo,
1996; Theißen and Saedler, 2001). Generally, A and B class
genes together are required for petal development, B and C
class genes cooperate to control stamen development. A and
C class genes are, respectively, involved in sepal and carpel
development. D class genes function in ovule development,
while E class proteins are expressed in all four whorls of floral
organs by forming MADS-box protein complexes with proteins
of other classes (Pelaz et al., 2000; Favaro et al., 2003; Pinyopich
et al., 2003). In Arabidopsis, APETALA1 (AP1) and APETALA2
(AP2) belong to the A-function genes; B-function genes include
APETALA3 (AP3), PISTILLATA (PI); the C-function gene is
AGAMOUS (AG); SEPALLATA1, 2, 3 and 4 (SEP1, 2, 3, 4/AGL2,
4, 9, 3) form the E-function genes (Yanofsky et al., 1990; Jack et al.,
1992; Mandel et al., 1992; Goto and Meyerowitz, 1994; Jofuku
et al., 1994; Huang et al., 1995; Savidge et al., 1995; Mandel and
Yanofsky, 1998; Pelaz et al., 2000; Ditta et al., 2004).

Poaceae family is generally known for monocot crops such
as rice (Oryza sativa), maize (Zea mays), wheat (Triticum spp.)
and barley (Hordeum vulgare) (Grass Phylogeny Working Group
et al., 2001). However, Bambusoideae is quite distinct from
other members of Poaceae and is known for its unique floral
organization and morphology (Grass Phylogeny Working Group
et al., 2001; Rudall et al., 2005; Whipple et al., 2007). In rice
and bamboo, each grass spikelet is the structural unit of grass
flowers, which consists of a number of florets. In addition, the
floret contains four whorls, such as lemma and palea (whorl 1),
two lodicules (whorl 2), six stamens (whorl 3), and gynoecium
(whorl 4) (Nagasawa et al., 2003). Like eudicots, MADS-box
genes in rice and maize are divided into ABCDE gene classes.
(Ambrose et al., 2000; Nagasawa et al., 2003; Kater et al., 2006;
Yamaguchi et al., 2006; Preston and Kellogg, 2007; Yao et al.,
2008; Cui et al., 2010; Li et al., 2011). Few of the MADS-box
genes are functionally characterized in different plants. For
instance, three AP1/FUL-like genes (OsMADS14, OsMADS15,
and OsMADS18) coordinately act in the shoot apical meristem
in rice (Kobayashi et al., 2012). Maize Silky1 and rice SPW1 or
OsMADS16, orthologs of the Arabidopsis AP3, cause homeotic
transformations of stamens to carpels and lodicules to lemma- or
palea-like structures (Ambrose et al., 2000; Nagasawa et al., 2003;
Whipple et al., 2004). Rice OsMADS3, belonging to the AG
homolog gene, is, respectively, involved in stamen, ovule and
late anther development (Kramer et al., 2004; Yamaguchi et al.,
2006; Hu et al., 2011; Li et al., 2011). In rice, OsMADS13 and
OsMADS21, two D class genes, are involved in ovule identity
specification and floral meristem termination (Dreni et al.,
2007; Li et al., 2011). Simultaneous four rice SEP-like genes,
LHS1, OsMADS5, OsMADS7, and OsMADS8, play a key role in
all floral organs development (Cui et al., 2010). However, for
bamboo, especially P. edulis, fewer genes were reported to play

roles in specifying flower development, their genetic interactions
remained to be answered (Tian et al., 2005, 2006; Li et al., 2009;
Shih et al., 2014). Therefore, it is necessary to systematically study
MADS-box genes related to flower development in bamboo.

In Arabidopsis, class A genes are represented by AP1 (Mandel
et al., 1992) and AP2 (Jofuku et al., 1994). AP1 and LEAFY
(LFY) are floral meristem-identity genes that confer identity
on developing floral primordia (Weigel et al., 1992). The LFY,
AP1, CAULFLOWER (CAL) and AP2 genes appear to mutually
reinforce each other, leading to a sharp transition from vegetative
to reproductive development (Ferrándiz et al., 2000). In addition,
AP1, AGAMOUS LIKE24 (AGL24) and SHORT VEGETATIVE
PHASE (SVP) act redundantly to control the identity of the floral
meristem and to repress expression of class B, C, and E genes
in Arabidopsis (Gregis et al., 2009). Genetic evidence suggests
that SUPPRESSOR OF CONSTANS 1 (SOC1) and FLOWERING
LOCUS T (FT) function are closely associated with the activation
of AP1 (Teper-Bamnolker and Samach, 2005; Lee and Lee, 2010).
Some results strongly show that not only SOC1, but also AP1
can activate LFY (Liljegren et al., 1999; Lee and Lee, 2010).
TERMINAL FLOWER 1 (TFL1) is involved in the maintenance
of the inflorescence meristem by preventing the expression of
floral meristem identity genes such as AP1 and LFY in the
shoot apical meristem, which in turn is negatively regulated by
LFY (Irish and Sussex, 1990; Schultz and Haughn, 1991; Weigel
et al., 1992; Bowman et al., 1993). Moreover, TFL1 function
is compromised by constitutive AP1 activity (Liljegren et al.,
1999).

Extensive duplications in Poaceae resulted in the expansion
and diversification of gene families. Duplications of MADS-box
genes have contributed to understanding of the origin and
evolution of developmental mechanisms in plant (Alvarez-Buylla
et al., 2000a; Shan et al., 2009). Variance in gene family sizes
occurred in a number of families in bamboo. P. edulis underwent
a whole-genome duplication (WGD) event, which resulted in
5,370 gene losses (28% of the total genes in the collinear regions)
in comparison to rice (Peng et al., 2013). In addition, some genes
displayed expression subfunctionalization; for example, the genes
in flowering promotion pathways (the photoperiod, gibberellin,
ambient-temperature pathways) and floral pathway integrator
(FPI) genes (Ehrenreich et al., 2009; Fornara et al., 2010) were
not highly expressed in bamboo floral tissues. Low expression of
FPI genes, which are involved in floral meristem identity, could
signify that the flowering promotion pathways in bamboo may be
different.

In this study, we performed a comprehensive identification
and phylogenetic analysis of the MADS-box gene family in
P. edulis. A total of 34 MADS-box genes were identified and
subjected to phylogenetic, gene structure, and domain analyses.
We also studied the expression patterns of P. edulis MADS-box
genes under normal and abiotic stress conditions. Furthermore,
expression profiles and anatomical expression were generated
to screen candidate genes involved in flower development
and the floral transition. The function of one of these genes,
PheMADS15, an AP1-like gene, was also characterized in
transgenic Arabidopsis. This work provides useful information
on the function of this important family of transcription
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factors in P. edulis, and with both a genome sequence and a
transcriptome, future systematic studies can evaluate structure-
function relationships.

MATERIALS AND METHODS

Database Searches for the Identification
of MADS-Box Family Members in
P. edulis
MADS-box protein sequences of Arabidopsis and O. sativa
have been obtained from TAIR (The Arabidopsis Information
Resource1) and Rice Genome Annotation Project2, respectively.
P. edulis MADS-box protein sequences were collected from
Bamboo Genome Database3 and the accession numbers are
shown in Supplementary Table S1.

The MADS-box domains were predicted through Hidden
Markov Model (HMM) and redundant sequences were
removed using the protein alignments with ClustalX 1.83
(Thompson et al., 1997). Information of ID accession
numbers, ORF length, amino acids number, molecular
weight, and isoelectric point of each protein is provided in
Supplementary Table S1. For all MADS-box genes, ExPASY4

was employed to find the molecular weight and PI of each
protein, as they were not available in the Bamboo Genome
Database.

Phylogenetic Analysis
Multiple sequence alignments of MADS-box full-length proteins
were performed using ClustalX 1.835 (Thompson et al., 1997).
The un-rooted neighbor-joining method (Saitou and Nei, 1987)
was used to construct the phylogenetic tree in MEGA 6.06

(Tamura et al., 2013) software with 1000 bootstrap replicates.

Conserved Motif and Gene Structure
Analysis
Multiple EM for Motif Elicitation (MEME) version 4.9.17 (Bailey
and Elkan, 1995) was used to identify conserved motifs in
candidate sequences with following parameters: number of
repetitions = any, maximum number of motifs = 20, minimum
width ≥ 6, and maximum width ≤ 200.

The MADS-box full-length cDNA sequences and the
corresponding genomic DNA were collected from Bamboo
Genome Database8. The Gene Structure Display Server (GSDS9)
(Guo et al., 2007) was employed to identify information on
intron/exon structure of the MADS-box genes.

1http://www.arabidopsis.org/
2http://rice.plantbiology.msu.edu/
3http://202.127.18.221/bamboo/down.php
4http://web.expasy.org/compute_pi/
5http://www.clustal.org/
6http://www.megasoftware.net/mega.html
7http://alternate.meme-suite.org/tools/meme
8http://www.bamboogdb.com/
9http://gsds.cbi.pku.edu.cn/

Calculation of Ka/Ks Values and
Divergence Times Estimation
Alignment of nucleotide sequences of P. edulis MADS-box gene
pairs were aligned with ClustalX 1.83, respectively. The DNAsp5
software was used to calculate the synonymous substitution (Ks)
and non-synonymous substitution (Ka) rates. Ka/Ks values were
used to estimate the two types of substitutions events. The Ks
value was calculated for each of the MADS-box gene pairs and
then used to calculate the divergence time of the duplication
event (T = Ks/2λ) using the formula: T = Ks/2λ (Lynch and
Conery, 2000), with the divergence rate λ = 6.5 × 10−9 (Peng
et al., 2013).

Plant Material
Arabidopsis plants were grown under long daylight exposure
(16 h light/8 h dark) in light growth incubator maintained at 23◦C
with 40 to 50% humidity, and an irradiance of approximately
118 µmol m−2 s−1.

The flower buds and flower of P. edulis at different flowering
developmental stages were collected in Dajing County, Guilin
(E 110◦17′-110◦47′; N 25◦04′-25◦48′) in Guangxi Zhuang
Autonomous Region from April to August, 2012. Flower
development was distinguished by four phases: the floral bud
formation stage, the inflorescence growing stage, the bloom stage,
the embryo formation stage (Gao et al., 2014).

Expression Profile Analysis
Reads per kilobase of exon model per million mapped reads
(RPKM) values of flowering tissues at floral organ development
and shoot growth were imported into Cluster 3.0 (de Hoon
et al., 2004) for windows and Java TreeView (Saldanha, 2004)
to generate the heat maps. RPKM values were shown in
Supplementary Table S4.

Quantitative Real-Time PCR (QPCR)
Total RNA was extracted using the Trizol reagent (Invitrogen,
USA). The quality and purified RNA was initially assessed on an
agarose gel and NanoDrop 8000 spectrophotometer (NanoDrop,
Thermo Scientific, Germany), and then the integrity of RNA
samples was further evaluated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). For qPCR, Primer 3 Input (version
4.0) was used to design the specific primers according to the
MADS-box gene sequences. Detailed descriptions were provided
in Supplementary Table S5. Data acquisition and analyses were
performed by the Roche Light Cycler software.

Subcellular Localization and
Transcriptional Activation
The subcellular localization of PheMADS15 was performed
by transfecting GFP-tagged PheMADS15 into rice stem and
sheath protoplasts (Zhang et al., 2011). The full-length cDNA of
PheMADS15 was fused in frame with the GFP cDNA and ligated
between the CaMV 35S promoter and the nopaline synthase
terminator. The fluorescence signals in transfected protoplasts
were examined using a confocal laser scanning microscope (Leica
Microsystems).
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FIGURE 1 | Phylogenetic analysis of MADS-box proteins in Phyllostachys edulis, rice and Arabidopsis. A total of 34 MADS-box proteins in P. edulis, 75 in
rice and 98 in Arabidopsis were used to construct the NJ tree. The MADS-box proteins in P. edulis were marked by red dots. Branches with less than 50% bootstrap
support were collapsed.

The transcriptional activation activity of PheMADS15 was
tested by transforming the pGBKT7 construct containing a fusion
of PheMADS15 and the GAL4 DNA-binding domain into the
yeast strain PJ69-4a. The yeast strain contains the His-3 and
LacZ reporter genes. The transformed yeast cells were grown
on synthetic defined plates with or without His and assayed for
β-galactosidase activity.

In Situ Hybridization
RNA hybridization and immunological detection of the
hybridized probes were performed based on the protocol
described previously (de Almeida Engler et al., 2001). The
specific probes of PheMADS15, PheMADS4-1, PheMADS3,
PheMADS21, and PheMADS5 were designed and synthesized
by GENEWIZ (Supplementary Table S6). Images were obtained
using the Olympus Nikon E600 microscope.

Overexpression
The 35S:PheMADS15 sequence was amplified using specific
primers (forward, 5′-GGTACCATGGGGCGCGGGAAG
GTG-3′; reverse, 5′-CCCAAGCTTTCATGAAGGACGAGGA

AGAGTCTG-3′) by RT-PCR with 2 µl cDNA from
leaves of P. edulis. The product was initially cloned
into pGEM-T Easy vector and then 35S:pCAMBIA2300
vector. The 35S:PheMADS15 construct was introduced
into wild-type Arabidopsis plants (Columbia-0) through
Agrobacterium-mediated transformation (Feldmann and Marks,
1987).

RESULTS

Identification and Phylogenetic Analysis
of P. edulis MADS-Box Genes
A total of 34 non-redundant MADS-box genes were identified in
the P. edulis genome using rice MADS-box domain sequences
as queries. To determine the evolutionary relationship of these
genes in P. edulis and other species, we constructed a Neighbor-
Joining phylogenetic tree of MADS-box proteins from P. edulis,
rice and Arabidopsis. According to the previously reports in rice
and Arabidopsis, the proteins can be classified into five functional
groups (Pařenicová et al., 2003; Arora et al., 2007).
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FIGURE 2 | Phylogenetic relationship and gene structure analysis of MADS-box genes in P. edulis. Un-rooted neighbor-joining tree was constructed from
the alignment of full-length amino acid sequences using the MEGA5 package. Branches with less than 50% bootstrap values were collapsed. Lengths of exons and
introns of each MADS-box gene were displayed proportionally. The green solid boxes represent exons; black lines represent introns.

Of the 34 identified P. edulis MADS-box genes, 31 grouped
into the type II clade subdividing into 25 MIKCC-type genes
and six MIKC∗-type genes (Figure 1). MIKCC-type genes were
further divided into nine classic clades: SOC1-like (four genes),
E (three genes), SVP-like (three genes), Bs (two genes), C/D
(two genes), B (four genes), A (six genes), and OsMADS32-like
(one gene). In this study, genes belonging to FLC-clade were
absent in P. edulis and rice, which may be specific to Arabidopsis.
Interestingly, PheMADS64 was grouped with OsMADS32-like

which is a novel monocot MADS-box gene (Sang et al., 2012).
However, in contrast to previous research, the OsMADS64 was
found to cluster with OsMADS32 to form a OsMADS32-like
group instead of the MIKC∗ group (Arora et al., 2007). In the
case of type I genes, including Mα and Mβ, PheMADS90 and
PheMADS91 were identified as Mβ and PheMADS72 grouped
with Mα, but nothing grouped with the Mγ clade. Mγ, FLC-like
and ANR1-like MADS-box genes were absent from P. edulis,
indicating that these genes might have been lost after the
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FIGURE 3 | Distribution of conserved motifs in P. edulis MADS-box proteins identified using MEME search tool. Schematic representation of motifs
identified in P. edulis MADS-box proteins using MEME motif search tool for each group given separately. Each motif is represented by a number in colored box.
Length of box does not correspond to length of motif. Order of the motifs corresponds to position of motifs in individual protein sequence. For detail of motifs refer to
Supplementary Material.

divergence of monocots and dicots. In addition, a phylogenetic
tree with bootstrap values was constructed to identify putative
orthologs in Arabidopsis, rice and P. edulis using the complete
protein sequences (Supplementary Table S1).

Gene Structure and Conserved Motif
Distribution Analysis
To better understand the structural diversity of P. edulis
MADS-box genes, intron/exon arrangements and conserved
motifs were compared with phylogenetics. The MEME motif
search tool and GSDS were employed to identify conserved
motifs and gene structures in MADS-box genes. Intron/exon
arrangements in P. edulis MADS-box genes were different among

MIKCC and MIKC∗ genes (Figure 2), similar to reports in
Arabidopsis and rice. Nearly half of MIKCC genes lacked introns,
but only one MIKC∗ gene lacked an intron (PheMADS50-2). The
number of introns in remaining MADS-box genes ranged from
1 to 8. The length of MADS-box proteins varied from 62 to 376
amino acids (Supplementary Table S1).

The MEME program was used to analyze conserved motifs in
MADS-box proteins followed by SMART annotation, resulting
in the identification of 20 conserved motifs (Figure 3 and
Supplementary Table S3). In all 34 P. edulis MADS-box proteins,
excluding Mγ, most of MIKCC and MIKC∗ groups had motif
1-type MADS domain. Motifs 2, 8, 9, and 10 were localized in
the K domain. Motif 4 was also conserved across many of the
MADS-box proteins, excluding Mβ, which was found in the I
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FIGURE 4 | Expression Analysis of MADS-box genes in P. edulis. Hierarchical cluster display of expression profile for 34 MADS-box genes showing different
expression levels in during floral organ development (CK, F1, F2, F3, and F4). Color bar at the base represents RPKM expression values, thereby green color
representing low level expression, black shows medium level expression and red signifies high level expression.

domain. Most of the unconserved motifs (3, 5–7, 11–20) were
located in C-terminus, which is typically the most diverse region
in MADS-box proteins (Kramer et al., 1998). The sequences and
lengths of all the motifs were given in Supplementary Table S3.

The Analysis of Expression Patterns of
PheMADS-Box Genes during Floral
Organ Development
MADS-box gene expression was tested at five broad categories
in flowers described by Gao et al. (2014). The expression
profiles were expanded by including transcriptomes from
the Transcriptome Sequencing Bamboo Genome Database,

including: leaves from non-flowering (CK) and four flowering
developmental stages (F) of P. edulis (Supplementary Table S4).
MADS-box genes were classified into 11 groups based on
phylogenetic analysis during flowering developmental stages
(Figure 4). The expression levels of the A and B class
PheMADS genes were high in F1 and F2 and decreased
through floral maturity. In contrast, the expressions of C, D,
and E class PheMADS genes were reduced at the floral bud
formation stage, increased at the third flowering developmental
stage and embryo formation stage. Besides, PheMADS26
(Bs-class), PheMADS68 (MIKC∗-type) and PheMADS72
(Mβ-class) were expressed predominantly at the floral formation
stage.
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FIGURE 5 | In situ analysis of PheMADS15, PheMADS4-1, PheMADS3, PheMADS21, and PheMADS5. F1: The floral bud formation stage. F2: The
inflorescence growing stage. F3: The flowers with both pistils and stamens emerging from glumes at bloom stage. A-S: In situ localization of PheMADS15 (A,G,M),
PheMADS4-1 (B,H,N), PheMADS3 (C,I,O), PheMADS21 (D,J,P) and PheMADS5 (E,K,Q) transcripts from F1 to F3; floral diagrams of F1 (F), F2 (L), and F3 (R). fm,
floral meristem; br, bract; gl, glume; le, lemma; pa, palea; st, stamen; ca, capel; ov, ovule. Bars = 100 µm.

From the outer to the inner whorl within the floral organ, the
P. edulis flower consisted of four concentric whorls comprising
lemma (whorl 1), palea (whorl 1), three lodicules (whorl 2),
three stamens (whorl 3) and in the center, pistil (whorl 4) in
which the ovule develops (Figures 5F,L,R and Supplementary
Figure S3). These organs together formed a floret. Our results
indicated that A-class genes, PheMADS14, PheMADS15, and
PheMADS18-1 were expressed throughout, and higher at the
floral bud formation stage, while PheMADS29 and PheMADS30
were preferentially expressed from F2 to F4 (Figure 4). Based
on in situ hybridization analysis, PheMADS15 was expressed
in the early spikelet meristem, the primordia of flower organs,
and the reproductive organs (Figures 5A,G,M). Based on the
phylogenetic tree analysis, the C and D class contain PheMADS3
and PheMADS21 (Figure 1). PheMADS3 and PheMADS21
were mainly expressed in stamen and pistils formation stage
(Figure 4). In addition, the in situ hybridization data showed that
PheMADS3 and PheMADS21mRNA were highly expressed in the
stamen and developing embryo (Figures 5C,D,I,J,O,P). These
data were consistent with those of PheMADS3 and PheMADS21
from RNA-seq. The E class genes in the SEP lineage in P. edulis
were PheMADS1, PheMADS5, and PheMADS34. PheMADS1
and PheMADS5 were highly expressed in the third flowering
developmental stage and embryo formation stage (Figure 4).
The spatial and temporal expression patterns PheMADS5 were
detected from the early floral bud to the maturely floral organ
by in situ hybridization in P. edulis (Figures 5E,K,Q). However,
PheMADS34 was expressed predominantly at the floral bud

formation stage and declined during floral development. In
addition, the functionally characterized MADS-box genes of rice
and Arabidopsis are listed in Supplementary Table S2 which
provided support toward ABCDE model. Sense controls for five
MADS-box genes are in Figure 6.

On the contrary, the expression of the remaining genes of
PheMADSs was lower than that of ABCDE PheMADS genes in
P. edulis floral development. However, PheMADS26 (Bs-class),
PheMADS68 (MIKC∗-type) and PheMADS72 (Mβ-class) were
expressed predominantly at the floral formation stage (Figure 4).
Perhaps these genes might be also involved in the development of
flower organs.

To confirm that PheMADS genes from RNA-seq are expressed,
eight genes were selected for validation by qPCR (Figure 7). The
expression of two PheMADS genes (PheMADS3 and 15) were up-
regulated in floral tissues 10-fold more than non-flowering leaves.
However, the expression of PheMADS56-1 decreased significantly
during flower development. According to the qPCR results, the
expression patterns for all eight genes from qPCR were similar to
that obtained from the Illumina analysis, thus strengthening the
reliability of the RNA-seq data.

Duplication and Functional Divergence
of MADS-Box Gene Pairs in P. edulis
A significant role for gene duplication in the proliferation and
evolution of biological complexity of MADS-box genes has been
postulated in many divergent plant species (Alvarez-Buylla et al.,
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FIGURE 6 | Sense controls of PheMADS15, PheMADS4-1, PheMADS3, PheMADS21, and PheMADS5. F1: The floral bud formation stage. F2: The
inflorescence growing stage. F3: The flowers with both pistils and stamens emerging from glumes at bloom stage. (A–O) Sense controls for PheMADS15 (A,F,K),
PheMADS4-1 (B,G,L), PheMADS3 (C,H,M), PheMADS21 (D,I,N), and PheMADS5 (E,J,O) transcripts from F1 to F3. Bars = 100 µm.

2000b; Shan et al., 2009). Most duplicated genes diverge to
compartmentalize function (sub-functionalization) or gain novel
function (neo-functionalization), and can increase biological
complexity (Lynch and Conery, 2000; Ohno, 2013). A rate of
6.5× 10−9 substitution per synonymous site per year was used to
calculate the divergence time between 13 pairs of closely related
MADS-box genes in a phylogenetic tree (Gaut et al., 1996). The
divergence for most PheMADS-box gene pairs is around 10 to
30 MYA (Million Years Ago) (Table 1), which is a similar time
fram as the P. edulis WGD event (Peng et al., 2013), which
occurred later than Brachypodium at∼70 MYA (Wei et al., 2014).
In contrast, six gene pairs (PheMADS50-1/50-2, 1/5, 14/15, 64/65,
90/91, and 26/33) diverged 31 to 119 MYA, which does not
correlate with the P. edulis WGD.

A Ka/Ks ratio less than 1 is indicative of purifying
selection and a ratio greater than 1 is indicative of diversifying
selection. With pairwise comparisons we found that for
all 13 PheMADS-box gene pairs evolved under purifying
selection (Table 1). Interestingly, further analyses indicated
that some closely related gene pairs had different expression
patterns and subtle functional divergence. Most notably, for
MIKC∗-type, PheMADS37-1 expressed predominantly during
floral development, whereas PheMADS37-2 expression was

detectable in leaves from non-flowering plants. These results
indicated that PheMADS-box genes diverged in function whilst
also undergoing strong purifying selection.

Identification and Sequence Analysis of
the PheMADS15 Gene
To elucidate the role of PheMADS15 in flower formation in
P. edulis, we identified the PheMADS15 cDNA encoding a
highly conserved MADS domain. PheMADS15 appeared to be a
full-length cDNA of 630 bp encoding a protein of 209 amino acids
residues (Supplementary Figure S2).

While green fluorescent protein (GFP) alone exhibited a
dispersed cytoplasmic distribution, GFP tagged PheMADS15 was
indeed located in the nucleus, in accordance with its function
as a transcription factor (Figure 8A). In addition, we fused
PheMADS15 with the GAL4 DNA-binding domain (GAL4DB)
and tested its ability in a yeast reporter construct. PheMADS15
was able to activate the expression of the His-3 and β-Gal reporter
gene (Figure 8B). PheMADS15 was highly expressed in early
blooming stages (Figure 5A), closely followed by later blooming
stages, but just above detection in leaf samples. These results
indicated that PheMADS15 might play an important role in
flower formation at an early stage, as a transcription factor.
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FIGURE 7 | The expression profiles of eight selected genes from flowering tissues in different flower developmental stages and leaves of
non-flowering plants (CK). The transcript levels were normalized to that of TIP41 (Fan et al., 2013), and the level of each gene in the control was set at 1.0. Error
bars represented the SD for three independent experiments.
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TABLE 1 | Estimated divergence period of MADS-box gene pairs in
Phyllostachys edulis.

Gene pairs Ks Ka Ka/Ks MYA

PheMADS37-1 vs. PheMADS37-2 0.1375 0.0499 0.3629 10.58

PheMADS4-1 vs. PheMADS4-2 0.143 0.0176 0.1230 11

PheMADS56-3 vs. PheMADS56-4 0.2129 0.1504 0.7064 16.38

PheMADS3 vs. PheMADS21 0.2468 0.192 0.7779 18.98

PheMADS18-1 vs. PheMADS18-2 0.2528 0.0839 0.3319 19.45

PheMADS56-1 vs. PheMADS56-2 0.2794 0.2123 0.7598 21.49

PheMADS22 vs. PheMADS55 0.3963 0.2558 0.6455 30.48

PheMADS50-1 vs. PheMADS50-2 0.4059 0.1858 0.4578 31.22

PheMADS1 vs. PheMADS5 0.4651 0.0442 0.0950 35.78

PheMADS14 vs. PheMADS15 0.4727 0.2265 0.4792 36.36

PheMADS64 vs. PheMADS65 0.5772 0.3373 0.5844 44.4

PheMADS90 vs. PheMADS91 1.1226 0.9097 0.8104 86.35

PheMADS26 vs. PheMADS33 1.5552 0.4713 0.3030 119.63

Ks, synonymous substitution rate; Ka, non-synonymous substitution rate; MYA,
million years ago.

Overexpression of PheMADS15 in
Arabidopsis Plants (Wild-Type) Promotes
Flowering Time
To further investigate the role of PheMADS15 in the
transcriptional regulation of flowering time, PheMADS15 was
overexpressed in Arabidopsis (WT). At least 54 transgenic plants
expressing PheMADS15 were generated and examined for their
morphology in the T1 generation (Supplementary Figure S1).
The overexpressed plants showed an early flowering phenotype
(Figures 9A,B). We further investigated the expression of SOC1,
LFY, and TFL1 in the T3 generation to ascertain the downstream
effects of this construct (Figure 9C). SOC1 and LFY had a
dramatic expression increases, while TFL1 expression was rather
low in compared to wild type (Figure 9C), which was a similar
phenomenon exhibited by overexpression of Arabidopsis AP1
(Liljegren et al., 1999).

DISCUSSION

The Slow Birth and Death Rate for
MADS-Box Genes of P. edulis
The MADS-box gene family in plants has expanded though gene
duplication events owing to multiple whole genome duplication
events in many plants (Gaut, 2002; Paterson et al., 2004; Yu et al.,
2005). Most of the Type II MADS-box genes that mainly control
flower development were generally associated with some whole
genome duplication events (Causier et al., 2005). On the contrary,
the duplications inducing more Type I MADS-box genes can be
attributed to smaller scale local duplication events (Nam et al.,
2004). We found that P. edulis had a comparable number of
MADS-box genes in type II group, but significantly fewer of Mα

and Mβ genes than rice and Arabidopsis, indicating that P. edulis
genome experienced tandem duplications (Vogel et al., 1992; Guo
et al., 2004). Six pairs (PheMADS37-1/37-2, PheMADS4-1/4-2,
PheMADS56-3/56-4, PheMADS3/21, PheMADS18-1/18-2, and

PheMADS56-1/56-2) in P. edulis had very consistent divergence
times, suggesting that these gene pairs followed the WGD
event of P. edulis. However, for Mβ, PheMADS90/91 divergence
was estimated at about 86 MYA and represented a anciently
duplicated gene pair, indicating a smaller scale local duplication
event. Thus, for P. edulis, fewer duplication events led to a slower
birth and death rate after bamboo diverged from other grasses
(Peng et al., 2013).

ABCDE Genes Have Important
Functional Conservation and
Diversification among P. edulis, Rice and
Arabidopsis
MADS-box genes have been found to evolve through
neofunctionalization or subfunctionalization after gene
duplication events (Irish and Litt, 2005). Moreover, we found that
homologous MADS-box genes had different expression profiles,
which offered some evidence about functional divergence
occurring after the divergence of P. edulis, rice and Arabidopsis
(Vogel et al., 1992).

In Arabidopsis, AP1 played an important role in the
determination of the identity of sepals and petals and
furthermore specifies floral meristem identity (Kater et al.,
2006). The AP1 homolog OsMADS14 was highly expressed in
inflorescence and caryopses through transcript analysis (Pelucchi
et al., 2002). Besides, OsMADS15 and OsMADS18 were activated
in the meristem at phase transition in rice (Kobayashi et al.,
2012). In Bambusa edulis, as the A class gene, BeMADS14
was expressed throughout, but higher in the lemma and pistil,
BeMADS15 was detected in the lemma and palea (Shih et al.,
2014). Based on RNA-seq analysis, PheMADS14 showed a similar
expression pattern, but very low expression in floral organs
differentiation stage (Figure 4). Meanwhile PheMADS15 mRNA
obviously accumulated in the meristem at phase transition by
in situ hybridization. These data showed that PheMADS15 was
involved in flower bud differentiation. The expression pattern
of PheMADS18-1 and PheMADS18-2 which were detected in
flower bud formation, was different from OsMADS18 with
high expression in leaves following germination (Fornara et al.,
2004). In P. edulis, PheMADS29 and PheMADS31 were mainly
expressed in mature organs and developing caryopses. These
data were consistent with that of OsMADS29, which was
expressed in seed development of rice (Yang et al., 2012).
Our results showed that five AP1-like genes were uniformly
expressed in P. edulis floral organs. This similar expression
pattern in floral organs was also shown for AP1-like genes
in Arabidopsis (Mandel et al., 1992) and rice (Arora et al.,
2007).

In Arabidopsis, AP3 and PI, two class B floral organ identity
genes, belonged to the DEF-like and GLO-like gene groups,
respectively (Jack et al., 1992; Goto and Meyerowitz, 1994).
Rice in situ hybridization data showed that two PI homologs,
OsMADS2 and OsMADS4 played important roles in lodicule and
stamen development (Yao et al., 2008). Whether of PI or AP3
lineage, the mRNA of B class genes (PheMADS2, PheMADS4-1
and PheMADS4-2) showed a similar expression pattern: mainly
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in stamen development (F3) (Figure 4). Rice OsMADS16/SPW1
and maize SILKY1 (SL) mRNA were detected mainly in the
lodicules and stamen primordia during floral development, but
not in developing carpels (Ambrose et al., 2000; Nagasawa
et al., 2003). In wheat, the expression of TaAP3 was obviously
accumulated in mature female organs, but the function of TaAP3
was unknown (Paollacci et al., 2007). To further explore the
spatial and temporal expression pattern of B class genes, a
stronger expression of PheMADS4-1 was observed in stamen by
in situ hybridization (Figures 5B,H,N). For B. edulis, BeMADS2,
the PI/GLO-like gene, also displayed similar expression patterns
with PheMADS4-1, was highly expressed in anthers (Shih
et al., 2014). This result correlated with that of PI and AP3.
However, only PheMADS20was strongly expressed in the spikelet
primordia before lemma and palea initiation (F1) (Figure 4).

In Arabidopsis, AG was a typical class C gene (Yanofsky
et al., 1990). As proposed by the ABC model, the AG gene
was essential to specify stamen and carpel identity and floral
determinacy. In rice, analysis of osmads3 osmads58 double
mutant revealed the fact that OsMADS3 and OsMADS58 were
involved in reproductive organ identity and accumulation of
lodicules in the whorl 3 and whorl 4 (Dreni et al., 2011). Besides,
in wheat, TaAG-1 and TaAG-2 transcripts were highly expressed
in the stamens and pistils (Paollacci et al., 2007). PheMADS3,
was also detected in stamens, carpels and ovule primordial by
in situ hybridization (Figure 5O). PheMADS21 was also part
of the AG-lineage and mainly expressed in anthers and pistils,
with especially high levels in anthers by in situ hybridization
(Figure 5P). InArabidopsis, the class D gene, STK, was exclusively
expressed in ovules (Pinyopich et al., 2003). In rice, two class D

FIGURE 8 | Subcellular localization and transcriptional activation analysis of PheMADS15. (A) (a–c), rice protoplasts expressing 35S-GFP, (d–f), rice
protoplasts expressing PheMADS15-GFP. Bar = 10 µm. (B) Transcriptional activation analysis of full-length PheMADS15 fused with the GAL4 DNA binding domain
in yeast showing its ability to activate the expression of the His-3 and β-Gal reporter genes.
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FIGURE 9 | Analysis of an early flowering phenotype by overexpression of PheMADS15 in Arabidopsis. (A) The flowering phenotype of wild-type (WT),
OEPheMADS15-L1 and OEPheMADS15-L2 grown for 4 weeks at 23◦C under long-day conditions. (B) Flowering time scored as the number of rosette leaves at
flowering of wild-type and transgenic plants at 23◦C under long-day conditions. (C) Transcript levels of SOC1, LFY, and TFL1 in wild-type and transgenic plants (L1
and L2) were evaluated by qPCR. Arabidopsis β-tubulin expression was used as a control. Total RNA from 5-week-old whole- Arabidopsis tissues, including leaves
and shoot apex, were used for PheMADS15, SOC1, LFY, and TFL1 examination. Error bars indicate standard deviations. Asterisks indicate a statistically significant
difference between wild-type and transgenic plants (P < 0.05 by student’s t-test).

genes have been identified, namely OsMADS13 (Lopez-Dee et al.,
1999) and OsMADS21 (Lee et al., 2003) based on phylogenetic
reconstruction. The expression pattern of OsMADS13 which was
specifically expressed in the ovule was very similar to maize ZAG2
and Arabidopsis STK (Schmidt et al., 1993; Lopez-Dee et al.,
1999; Dreni et al., 2007). Moreover, the expression region of
OsMADS21 which was highly expressed in the inner cell layers
of the ovary and in the ovule integuments, overlapped with that

of OsMADS13 (Dreni et al., 2007). The expression pattern of
PheMADS21 was slightly different from the Arabidopsis ortholog
STK and the rice ortholog OsMADS21. Thus, much deeper
investigations are needed to further substantiate the classification
and functioning of PheMADS3 and PheMADS21.

In Arabidopsis, the E class genes, such as Arabidopsis SEP
genes were involved in the specification of sepal, petal, stamen,
carpel, and ovule identity and interact with the class A, B,
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C, and D genes to form higher order MADS-box protein
complexes (Honma and Goto, 2001; Pelaz et al., 2001; Favaro
et al., 2003). In P. edulis, three E class genes, such as
PheMADS1, PheMADS5, and PheMADS34 belonged to the SEP
lineage. On in situ hybridization analysis, PheMADS5 was highly
expressed throughout the floral meristem and subsequently
detected in palea, lemma, and anthers in the mature flower
(Figures 5E,K,Q). In rice, OsMADS5, a SEP-like gene, caused
homeotic transformation of all floral organs except the lemma
into leaf-like organs (Cui et al., 2010). The expression of
PheMADS34 which was high in flower bud formation, was
similar to OsMADS34. However, OsMADS34 played a key role
in lemma/palea, lodicules, stamens, and carpel (Gao et al., 2010).
These findings show many significant differences can be observed
between rice and moso bamboo. Future functional studies will
have to explore biological function of these PheMADS genes.

Overexpression of PheMADS15
Promotes Flowering Time
In rice, OsMADS14 and OsMADS15 were previously identified
as flowering regulators (Kim et al., 2007; Lu et al., 2012). Here,
we report the identification and characterization of a MADS-box
gene from P. edulis, PheMADS15, which through ectopic
overexpression triggered earlier flowering time in Arabidopsis.
PheMADS15, an AP1-like gene, is highly expressed during flower
bud morphological differentiation (Figure 5A) and it is located
in the nucleus (Figure 8B). LFY and AP1 which were expressed
in the converted floral meristems primarily control Arabidopsis
flower meristems (Shannon and Meeks-Wagner, 1991; Weigel
et al., 1992; Ferrándiz et al., 2000). In this study, early
flowering time was also observed in 35S: PheMADS15 transgenic
Arabidopsis. Meanwhile, the expression level of LFY and SOC1
was up-regulated in 35S:PheMADS15 transgenic Arabidopsis
compared with wild type Arabidopsis. SOC1 promoted floral
transitions and is considered as one of the core regulators of
flowering in Arabidopsis (Moon et al., 2003; Liu et al., 2008;
Lee and Lee, 2010; Dorca-Fornell et al., 2011). AP1 is another
positive regulator of LFY and is highly expressed in converted
floral meristems (Liljegren et al., 1999). In addition, OsMADS14,
OsMADS15, and OsMADS18, three AP1/FUL-like genes, were

involved in the regulation of flowering time (Kobayashi et al.,
2012). This leads us to suspect that PheMADS15 promotes
flowering time by regulating LFY and SOC1 directly or indirectly.
This is consistent with the previous reports about some AP1-like
genes (Weigel et al., 1992), suggesting that PheMADS15 is a
functional ortholog of Arabidopsis AP1. Further research on the
transcriptional regulatory network mediated by PheMADSs will
increase knowledge surrounding the transcriptional regulation of
flowering time in P. edulis.
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MIKCc-type MADS-box genes encode transcription factors that control floral organ
morphogenesis and flowering time in flowering plants. Here, in order to determine when
the subfamilies of MIKCc originated and their early evolutionary trajectory, we sampled
and analyzed the genomes and large-scale transcriptomes representing all the orders
of gymnosperms and basal angiosperms. Through phylogenetic inference, the MIKCc-
type MADS-box genes were subdivided into 14 monophyletic clades. Among them,
the gymnosperm orthologs of AGL6, SEP, AP1, GMADS, SOC1, AGL32, AP3/PI, SVP,
AGL15, ANR1, and AG were identified. We identified and characterized the origin of
a novel subfamily GMADS within gymnosperms but lost orthologs in monocots and
Brassicaceae. ABCE model prototype genes were relatively conserved in terms of gene
number in gymnosperms, but expanded in angiosperms, whereas SVP, SOC1, and
GMADS had dramatic expansions in gymnosperms but conserved in angiosperms.
Our results provided the most detailed evolutionary history of all MIKCc gene clades in
gymnosperms and angiosperms. We proposed that although the near complete set of
MIKCc genes had evolved in gymnosperms, the duplication and expressional transition
of ABCE model MIKCc genes in the ancestor of angiosperms triggered the first flower.

Keywords: MADS-box genes, ABCE model, gymnosperms, basal angiosperms, molecular evolution, flowering

INTRODUCTION

MADS-box genes encode a family of transcription factors (TFs) that have fundamental roles
in controlling the development in plants, animals, and fungi (Becker et al., 2000). Phylogenetic
analysis of eukaryotic MADS-box genes identified the following two super clades: type I and type
II genes. Type I TFs only contain one MADS domain, whereas type II TFs harbor an additional
K-box at the C-terminal. MIKCc and MIKC∗ together constitute the type II MADS-box genes
in plants (Becker and Theißen, 2003). The split of MIKCc and MIKC∗ genes happened in the
ancestor of all land plants (Gramzow and Theissen, 2010). MIKCc genes are concisely studied in
expression patterns or mutant phenotypes and best known for their functions (Becker and Theißen,
2003), especially in flowering plants that work as floral organ identity genes. These floral organ
identity MIKCc-type MADS-box genes have been subdivided into the following four classes: A, B,
C, and E genes that provide five different homeotic functions, with A specifying sepals, A+B+E for
petals, B+C+E for stamens, C+E for carpels, and D (sister of C genes) for ovules (Angenent and
Colombo, 1991; Weigel and Meyerowitz, 1994).

A phylogenomic study of 17 plants, including eudicots, monocots, spike moss (Selaginella
moellendorffii), and Physcomitrella patens identified 1,295 MADS-box genes, and classified MIKCc
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genes into the following 14 clades: StMADS11, AGL17, AGL12,
TM3, FLC, AGL6, AGL2, SQUA, AG, TM8, OsMADS32,
DEF/GLO, GGM13, AGL15 (Gramzow and Theißen, 2013). An
early study covering gymnosperms, Gnetum sp., and Cycas
sp., revealed that AG, AGL6, AGL12, DEF+GLO, GGM13,
STMADS11, and TM3-like genes very likely existed in the
ancestor of angiosperms and gymnosperms (Becker and Theißen,
2003). A comprehensive analysis of three conifer genomes
suggests 11–14 type II MADS genes in the most recent common
ancestor of seed plants (Gramzow et al., 2014). Another study
covering 27 flowering plants traced back to 11 seed plant specific
MIKCc clades (Gramzow and Theißen, 2015). However, the
confidence and resolution on the early evolution of MIKCc genes
will be largely restricted and lead to conflict results without a
comprehensive analysis of all orders of gymnosperms and basal
angiosperms.

The gymnosperms, including conifers, cycads, ginkgo, and
gnetophytes, belong to the seed bearing plants that do not
produce flowers. Gymnosperm seeds are borne on the scales
of cones such as with pine and spruce trees, rather than
angiosperm seeds, which are encased in a fruit. Decoding
the molecular genetics and evolution of reproductive organ
formation is essential, however, gymnosperms usually have very
large genomes, thereby hindered the deciphering gymnosperm
genomes. Up to date (November 30, 2016), only the genomes of
Picea abies (Nystedt et al., 2013) and Ginkgo biloba (Guan et al.,
2016) have been reported in gymnosperms. In P. abies, among
278 putative MADS-box genes, only 41 genes were expressed
(Nystedt et al., 2013).

Flowering plants are involved in our daily lives including
energy, material, food, and culture. In taxonomy, which plant,
the amborella or water lily is the most basal angiosperm remains
as a great abominable mystery. Thereby the sampling without
a water lily genome would probably lead to wrong result when
studying the MIKCc genes in these basal angiosperms and even
in implicating the number of clades in the ancestor of seed
plants. Actually, basal angiosperms constitute about 175 species
from the following three orders: Amborellales, Nymphaeales,
and Austrobaileyales (Zeng et al., 2014), in which only the
genome sequence of Amborella trichopoda was released. Thirty-
six Amborella MIKCc MADS-box genes were identified and
classified into main clades such as AP1, AGL6, AGL2, AGL9,
AP3, PI, AG, STK (Project, 2013), underscoring the importance
of Amborella for understanding the evolution of MADS-box
genes.

In this study, we relied on the recently released genomes
and large-scale of transcriptomes of both gymnosperms and
angiosperms (sampling from all orders of gymnosperms
and basal angiosperms) to characterize and analyze the
MIKCc MADS-box genes. We identified the complete set
of MIKCc MADS-box genes from gymnosperms and basal
angiosperms. The expression of ginkgo MIKCc MADS-box
genes in reproductive organs was also studied. We report the
MIKCc MADS-box genes from samples of each order of seed
plants, laying the foundation for functional analysis of the early
evolution of flower formation and gymnosperm reproductive
organ formation.

MATERIALS AND METHODS

Data Retrieval
The genome and transcriptome data of G. biloba were
downloaded from the ginkgo genome sequencing project
(gigadb.org/dataset/100209). The available genome of
Pinus taeda (Neale et al., 2014) was downloaded from
congenie.org. Pinus sylvestris’s genome was downloaded
from dendrome.ucdavis.edu/treegenes. We also performed
blast search against the 6,337 proteins from Cycadales species
and 1,924 proteins from Gnetales species from NCBI’s protein
database1. The water lily Nymphaea colorata genome was
recently sequenced by our own sequenced genome project
and could be found from our database www.angiosperms.org
(unpublished). The genome of Amborella was downloaded
from www.amborella.org. All the other MADS-box genes from
transcriptome sequences were downloaded from OneKP project
(Matasci et al., 2014). All four orders of gymnosperms (Pinales,
Ginkgoales, Cycadales, Gnetales) and all three orders of basal
angiosperms Nymphaeales, Amborellales, Austrobaileyales were
covered in this study. The sampled species with abbreviations
were listed in Table 1.

Identification of MADS-Box Genes
For those genome sequences, MADS-box genes were predicted
using HMMER software (Finn et al., 2011) with the seeds
built based on an alignment of reliable MADS genes from
all groups of MADS-domain proteins from the representative
species Arabidopsis thaliana, Oryza sativa, and P. abies. For
the transcriptome sequences in OneKP database2, redundant
sequences were already removed. MADS-box genes were
predicted using BLASTP tool (Altschul et al., 1990) using the
functional annotated Arabidopsis orthologs as the seeds against
the OneKP database.

Sequence Alignment and Phylogenetic
Analysis
Multiple sequences were aligned using the accurate alignment
software MAFFT (Katoh and Standley, 2013) with default
parameters. For the large alignment, the fast and accurate near
maximum-likelihood phylogenetic trees were constructed using
FastTree software using the JTT+CAT model (Price et al.,
2009). In the phylogenetic tree, supporting values below 50 were
generally regarded unreliable and hided.

RESULTS

Major Clades of MIKCc MADS-Box
Genes in Gymnosperms
Based on the survey of three gymnosperm (P. taeda, P. sylvestris,
G. biloba) and eight angiosperm (Vitis vinifera, A. thaliana,
Populus trichocarpa, Ananas comosus, O. sativa, Sorghum

1https://www.ncbi.nlm.nih.gov
2http://db.cngb.org/blast4onekp/blast
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TABLE 1 | Samples used in this study and the number of MIKCc genes found in each plant.

Clade Order Family Species Gene symbol MIKCc

Amborellales Amborellaceae Amborella trichopoda URDJ 7

Amborellales Amborellaceae Amborella trichopoda∗ scaffold 15

Nymphaeales Nymphaeaceae Nymphaea colorata∗ Nym 13

Nymphaeales Nymphaeaceae Nymphaea sp. PZRT 3

Nymphaeales Nymphaeaceae Nuphar advena WTKZ 2

Austrobaileyales Austrobaileyaceae Austrobaileya scandens FZJL 10

Austrobaileyales Schisanclraceae Kadsura heterodita NWMY 3

Angiosperms Austrobaileyales Schisanclraceae Illicium parviflorum ROAP 5

Austrobaileyales Schisanclraceae Illicium floridanum VZCI 9

Ceratophyllales Ceratophyllaceae Ceratophyllum demersum NPND 4

Vitales Vitaceae Vitis vinifera∗ VIT 31

Brassicales Brassicaceae Arabidopsis thaliana∗ At 37

Malpighiales Salicaceae Populus trichocarpa∗ Potri 56

Poales Bromeliaceae Ananas comosus∗ Aco 25

Poales Poaceae Oryza sativa∗ Loc OS 32

Poales Poaceae Sorghum bicolor∗ Sorbic 30

Cycadales Zamiaceae Encephalartos barteri GNQG 3

Cycadales Stangeriaceae Stangeria eriopus KAWQ 4

Cycadales Zamiaceae Dioon edule WLIC 2

Cycadales Cycadaceae Cycas micholitzii XZUY 4

Ginkgoales Ginkgoaceae Ginkgo biloba SGTW 10

Gnetales Gnetaceae Gnetum montanum GTHK 6

Gnetales Welwitschiaceae Welwitschia mirabilis TOXE 3

Gnetales Ephedraceae Ephedra sinica VDAO 2

Pinales Pinaceae Pines taeda∗ PITA 12

Pinales Pinaceae Pines sylvestris∗ MA 5

Ginkgoales Ginkgoaceae Ginkgo biloba∗ Gb 11

Pinales Podocarpaceae Falcatifolinm taxoides ROWR 11

Pinales Cupressaceae Chamaecyparis lawsoniana AIGO 11

Pinales Pinaceae Pseudolarix amabilis AQFM 11

Pinales Pinaceae Nothotsuga longibracteata AREG 7

Pinales Cupressaceae Widdringtonia cedarbergensis AUDE 8

Pinales Pinaceae Picea engelmannii AWQB 9

Pinales Podocarpaceae Microstrobos fitzgeraldii BBDD 2

Pinales Taxaceae Austrotaxus spicata BTTS 6

Pinales Cupressaceae Platycladus orientalis BUWV 9

Pinales Podocarpaceae Manoao colensoi CDFR 7

Pinales Cupressaceae Tetraclinis sp. CGDN 6

Pinales Pinaceae Pinus radiata DZQM 9

Pinales Taxaceae Torreya taxifolia EFMS 10

Pinales Podocarpaceae Prumnopitys andina EGLZ 10

Pinales Cupressaceae Pilgerodendron uviferum ETCJ 10

Pinales Cupressaceae Taxodium distichum FHST 12

Pinales Podocarpaceae Dacrycarpus compactus FMWZ 8

Pinales Cupressaceae Calocedrus decurrens FRPM 10

Pinales Pinaceae Tsuga heterophylla GAMH 8

Pinales Pinaceae Cedrus libani GGEA 11

Pinales Cupressaceae Diselma archeri GKCZ 10

Pinales Taxaceae Torreya nucifera HQOM 11

Pinales Cephalotaxaceae Amentotaxns argotaenia IAJW 4

Pinales Cupressaceae Callitris gracilis IFLI 4

Pinales Pinaceae Pinus parviflora IIOL 19

(Continued)
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TABLE 1 | Continued

Clade Order Family Species Gene symbol MIKCc

Gymnosperms Pinales Pinaceae Pseudotsuga wilsoniana IOVS 11

Pinales Podocarpaceae Dacrydium balansae IZGN 10

Pinales Pinaceae Pinus ponderosa JBND 9

Pinales Cupressaceae Neocallitropsis pancheri JDQB 7

Pinales Podocarpaceae Phyllocladus hypophyllus JRNA 10

Pinales Pinaceae Keteleeria evelyniana JUWL 12

Pinales Podocarpaceae Parasitaxus usla JZVE 9

Pinales Podocarpaceae Sundacarpus amarus KLGF 8

Pinales Pinaceae Pines jeffreyi MFTM 9

Pinales Podocarpaceae Microcachrys tetragona MHGD 8

Pinales Araucariaceae Agathis robusla MIXZ 4

Pinales Pinaceae Cathaya argyrophylla NPRL 13

Pinales Cupressaceae Metasequoia glyptostroboides NRXL 16

Pinales Cupressaceae Cunninghamia lanceolata OUOI 11

Pinales Cupressaceae Papuacedrus papuana OVIJ 9

Pinales Podocarpaceae Halocarpus bidwillii OWFC 12

Pinales Podocarpaceae Falcatifolium taxoides PLYX 5

Pinales Podocarpaceae Saxegothaea conspicua QCGM 6

Pinales Cupressaceae Sequoiadendron giganteum QFAE 4

Pinales Podocarpaceae Falcatifolium taxoides QHBI 3

Pinales Cupressaceae Cupressus dupreziana QNGJ 8

Pinales Cupressaceae Taiwania cryptomerioides QSNJ 9

Pinales Cupressaceae Callitris macleayana RMMV 6

Pinales Araucariaceae Wollemia nobilis RSCE 8

Pinales Podocarpaceae Podocarpus coriaceus SCEB 8

Pinales Cupressaceae Fokienia hodginsii UEVI 10

Pinales Podocarpaceae Nageia nagi UUJS 5

Pinales Podocarpaceae Retrophyllum minus VGSX 10

Pinales Pinaceae Abies lasiocarpa VSRH 8

Pinales Pinaceae Larix speciosa WVWN 9

Pinales Taxaceae Taxus baccata WWSS 4

Pinales Cupressaceae Athrotaxis cupressoides XIRK 8

Pinales Podocarpaceae Podocarpus rubens XLGK 7

Pinales Cupressaceae Juniperus scopulorum XMGP 5

Pinales Cupressaceae Microbiota decussata XQSG 15

Pinales Sciaclopityaceae Sciadopitys verticillata YFZK 4

Pinales Taxaceae Pseudotaxus chienii YLPM 10

Pinales Cupressaceae Austrocedrus chilensis YYPE 13

∗ Indicates this species has the available genome sequence.

bicolor, A. trichopoda, N. colorata) genomes, the following 14
major clades of MIKCc MADS-box genes were characterized:
SEP, AGL6, AP1, FLC, GMADS, SOC1, AGL32, AP3/PI, SVP,
AGL15, ANR1, AG, AGL12, MADS32 (Figure 1). However,
gymnosperm genes were distributed into the following six
clades: AGL6, GMADS, AGL32, SVP, AGL15, AG. This is
partly because only 12, 5, 11 MIKCc MADS-box genes found
in P. taeda, P. sylvestris, G. biloba, respectively (Table 1).
These 28 MIKCc MADS-box gymnosperm genes might be
useful in studying the early evolution of MIKCc MADS-
box genes, however, their limited number may not have
a full coverage, and may lead to incomplete evolutionary
reconstruction.

Refinement of Clade Classification Using
Large-Scale Transcriptome Data
Due to the limited genomic sequences of gymnosperms and basal
angiosperms, the transcriptome data of often-neglected species
covering gymnosperms and basal angiosperms was employed
(Table 1) to reveal the evolutionary details. These include 8
basal angiosperms covering all three orders and 71 gymnosperms
from all the orders of gymnosperms. We identified 623 MIKCc

MADS-box genes from the basal angiosperm and gymnosperm
transcriptomes. In the gymnosperm transcriptomes alone 580
MIKCc MADS-box genes were identified, which was 20-fold
more than those from three gymnosperm genomes.
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FIGURE 1 | Genome-wide analysis of MIKCc MADS-box genes using gymnosperm, basal angiosperm, and crown angiosperm genomes. Sequences from
gymnosperms were labeled = with the following colors: red for ginkgo, green for Pinus taeda, and blue for Picea abies.

Relying on more gymnosperm and angiosperm sequences,
the details of the characterized clades were revealed. The 13rd
clade MADS32 with sequences from both basal angiosperm
Amborella and three monocots was also detected. No Arabidopsis
genes were found in the monophyly (Figure 2). Due to
the limited information, we proposed to name this clade

of genes as MADS32 based on the name of a rice ortholog
OsMADS32. So taken together, the following 14 MIKCc

clades were characterized from basal angiosperms and
gymnosperms: SVP, MADS32, AP3/PI, AGL32, AGL15, AG,
ANR1, AGL12, SOC1, GMADS, FLC, AP1/FUL, AGL6, and SEP
(Figure 2).
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FIGURE 2 | Large-scale transcriptomes revealed the early evolution of MIKCc MADS-box genes in gymnosperms and basal angiosperms. Branches colored in red
indicate gymnosperm sequences.

Since different researchers preferred their own nomenclature
standards in classifying the MIKCc MADS-box genes, which
often leads to confusion for the public or beginners. We listed
the current representative classifications in Table 2. Currently,
we have identified all the reported clades and refined several
clades based on more representative sequences from all orders of
gymnosperms and angiosperms.

Evolution of A-, B-, C-, E-Function Genes
A-function AP1/FUL genes were only found in angiosperms.
In the basal angiosperm stage, AP1/FUL genes retained a
single copy in both sequenced Amborella and Nymphaea
genomes showing the conserved evolution trajectory
(Figure 3). However in monocots, two groups were found
in the near-basal monocot pineapple (Ananas comosus) and
they diverged into three groups in the crown monocots
rice and sorghum. In the eudicots, three groups were

clearly identified from basal plant grape to crown plant
Arabidopsis, leading to the origin of divergence of AP1 and FUL
genes.

SEP and AGL6 formed a very close sister group (Figure 3).
SEP clade consisted only angiosperm genes, whereas AGL6 was
made-up of one group of angiosperm genes, and two groups
of gymnosperm genes and suggests SEP and AGL6 diverged
within the ancestor of seed plants. Moreover, because basal
gymnosperm (ginkgo) genes were found in both groups of AGL6,
which suggests a duplication event occurred in the ancestor
of gymnosperm and contributed the two groups. In the AGL6
clade, only one group of angiosperm genes was found, whereas
three groups of angiosperm genes were found in the SEP clade
because of the sampling from basal angiosperms to crown
angiosperms. Two groups of SEP genes contained genes from
basal angiosperms, monocots and eudicots, but the third group
of SEP only contained monocot genes.

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 895 | 46

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00895 May 26, 2017 Time: 15:43 # 7

Chen et al. MADS-Box Genes in Seed Plants

TABLE 2 | Classifications of MIKCc from several reports.

Shan et al., 2009; Xue et al., 2010 Gramzow et al., 2014 Heijmans et al., 2012 Our report

AP1 AP1

SEP SQUA, SEP SEP

AGL6 AGL6 AGL6

FLC AGL2/AGL6/SQUA/FLC FLC FLC

AGL12 AGL12 AGL12 AGL12

AG AGAMOUS AG, FBP11 AG

S0C1 TM3 TM3 SOC1

SVP StMADS11 STMADS11 SVP

ANR1 AGL17 AGL17 ANR1

AGL15 AGL15, GpMADS4 AGL15 AGL15

AP3/PI AP3/PI

AGL32 DEF/GLO/OsMADS32/GGI\GGM13, GLO, DEF, TM6 AGL32, MADS32

TM8 TM8 GMADS

Sum = 12 clades Sum = 10 clades Sum = 16 clades Sum = 14 clades

The representative reports (Shan et al., 2009; Xue et al., 2010; Heijmans et al., 2012; Gramzow et al., 2014) on the classifications and our proposed classification were
also shown.

AP3 encodes a MADS-box protein that specifies petal and
stamen identities, and PI encodes a MADS-box required for the
specification of petal and stamen identities. The two groups,
AP3 and PI, each consisted of genes from both basal and crown
angiosperms (Figure 3), suggesting that they diverged in the
ancestor of angiosperms, which were most likely yielded by the
angiosperm specific whole genome duplication (WGD).

AGL32 consisted of genes from both gymnosperms and
angiosperms (Figure 3), suggesting it originated in the ancestor
of seed plants. In gymnosperms, it radiated into three groups,
which was not revealed analyzing the three genomes. In
angiosperms, AGL32 had two groups in the rosids.

C-function genes were the sister groups of AG in the
angiosperms, but they had close orthologs in the gymnosperms
(Figure 3). Although this C clade in basal gymnosperm
preserved a single copy of the genes, they were duplicated in
crown gymnosperms. For example, in species classified in the
Pinales three copies were found in Papuacedrus papuana (with
gene identity: OVIJ), two copies were identified in Microbiota
decussata (XQSG) and Platycladus orientalis (BUWV).

Expansion of SVP, SOC1, and GMADS
Genes in Gymnosperms
SVP, SOC1, and GMADS are generally not regarded as core genes
involved in the floral organ formation, and only very limited
information of these clades are available. However, the genes are
essential for other aspects for flowering, such as the agents for
flowering time control [SVP (Li et al., 2015); SOC1 (Liu et al.,
2016); (Gao et al., 2016)]. Therefore, we set-out to characterize
their evolutionary trajectory.

SVP
SVP encodes a MADS-box TF acting as a central regulator
of flowering time, and were found in both gymnosperms and
angiosperms (Figure 2). In angiosperms, only one monophyletic
group was evolved. Full coverage of data showed that SVP

retained a single copy in basal angiosperms, however, they
duplicated in tree groups of the Poaceae and three groups in
rosid. In gymnosperms, two monophylic groups of SVPs were
clustered. SVPs were subdivided into two groups in group I, and
further divided into seven groups in group II. SVP expanded
into more copies in gymnosperms than that in angiosperms. SVP
genes were expressed in young shoot, young shoot, leaf, young
leaf both in basal angiosperms and gymnosperms as detected in
transcriptome sequencing.

SOC1
Although SOC1 was not found in the three genomes of
gymnosperms (Figure 1), 141 gymnosperm SOC1 genes were
recognized. Phylogenetic analysis showed that 10 groups were
identified in the crown Pinales species. Unlike the dramatic
expansion of SOC1 in gymnosperms, basal-most angiosperms,
Amborella, had only a single copy (Figure 2). However,
basal angiosperms Austrobaileya scandens (FZJL) and Illicium
floridanum (VZCI), Illicium parviflorum (ROAP) all had
duplicated into two subgroups, which nested together, and had
a complicated evolutionary history. In crown angiosperms, three
subgroups of SOC1 were found in eudicots and two subgroups
identified in monocots.

GMADS
We found a highly supported monopyly with supporting values
99. In this monophyly, no Arabidopsis ortholog was detected,
which possibly led to its neglect of characterization (Figure 1).
This monophyly covers orthologs from gymnosperms, basal
angiosperms, and eudicots, showing the consistency of its
evolutionary history. Transcriptome data was then employed,
which covered gymnosperms and basal angiosperms (Table 1), to
reveal the evolutionary details. MIKCc genes were found among
the transcriptomes of 8 basal angiosperms and 71 gymnosperms
(Table 1). We identified 188 members from the novel subfamily,
making it the largest subfamily among all MADS-box gene
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FIGURE 3 | Phylogeny of the ABCE model genes in gymnosperms and angiosperms. Branches colored in blue, purple, red, magenta, and coffee-color indicate
basal angiosperm, ginkgo, Gnetales, Pinales, and Cycadales sequences, respectively. Arabidopsis sequences were colored in green. The star indicates the gene
duplication event.

family (Figure 2). Besides, 10 subgroups were characterized in
the crown gymnosperms. Because determining the phylogenetic
relationship of this novel clade with other MADS-box genes was
difficult and its lack of name, we proposed to name this clade of
genes as GMADS for its significant expansion in gymnosperms.

Evolution Atlas of All MIKCc Clades in
Seed Plants
Among all the 14 clades, we found 8 clades AGL6, GMADS,
SOC1, ANR1, AG, AGL15, AGL32, SVP cover multiple sequences

from both gymnosperms and angiosperms (Figure 4), suggesting
they originated at least in the most recent common ancestor of
seed plants. The following seven clades SEP, FLC, AGL32, AP1,
AGL12, AP3/PI, MADS32 were identified only in angiosperms.
No clade was specific to gymnosperms (Figure 4).

Expressional Profiling of Ginkgo
MIKCc-Type MADS-Box Genes
The gingko genome encoded 11 MIKCc-type MADS-box genes,
which was distributed into the following five clades: AGL6,
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FIGURE 4 | Evolution of MIKCc clades plotted on a phylogenetic tree of seed plants. Two whole genome duplication (WGD) events ζ and ε have been marked in blue
dots. Three clades expanded significantly in gymnosperms were also presented. The ABCE genes were colored in green.

GMADS, AP3/PI, SVP, AG, and covered three major functional
clades A/E, B, C. Because the genome has been recently
sequenced (Guan et al., 2016), G. biloba serves as a good
model for functional and comparative studies. The expression
of these 11 genes was quantified using three transcriptomes
covering reproductive (male and female) and vegetative (stem
and leaf) organs, and all the 11 genes were well-quantified
in the transcriptomes. AG (Gb_16301), AGL6 (Gb_41549),
AP3/PI (Gb_28587), GMADS (Gb_01884 and Gb_30604) genes
were specifically expressed in the reproductive organs with
no expression detected in the vegetative organs stem and
leaf (Table 3). The four GMADS genes were expressed
significantly higher in reproductive organs than in vegetative
organs. The two ginkgo SVP orthologs had divergent expression
patterns. Gb_05128 was expressed strongly in reproductive
organs, whereas Gb_34103 had strong expression in both

reproductive and vegetative organs, which suggested their
divergent functions.

DISCUSSION

The Gymnosperm and Angiosperm
MIKCc-Type MADS-Box Genes
Although the MIKCc genes were detected in the crown
gymnosperm P. abies and other three Pinales species
(Gramzow et al., 2014), genes from a single gymnosperm
order could not represent the ancestral state of gymnosperms
made up of four orders. High resolution and systematic
analysis of basal angiosperm and gymnosperm MIKCc

MADS-box genes is lacking due to the lack of omics
data in previous studies. In this study, all the orders of

TABLE 3 | Expressional profile of 11 ginkgo MIKCc genes.

MADS-box clade Gene Id Female reproductive organ Male reproductive organ Leaves and stems of seedlings

AG Gb 16301 80.83 290.18 0

AGL6 Gb 41549 23 37.79 0

AGL6 Gb 36364 28.77 115.6 0.92

AP3/PI Gb 28587 0 0.18 0

AP3/PI Gb 15398 32.13 4.25 16.83

GMADS Gb 01884 25.53 87.12 0

GMADS Gb 39109 1.29 5.02 4

GMADS Gb 19178 1.62 1.31 0.94

GMADS Gb 30604 15.34 79.43 0

SVP Gb 05128 19.41 46.73 0.99

SVP Gb 34103 0.63 49.01 51.48
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gymnosperms and basal angiosperms were sampled, to
show the high resolution of early evolution of MIKCc-
type MADS-box genes. Our preliminary study using three
gymnosperm genomes identified the presence of gymnosperm
orthologs in clades AGL6, GMADS, AGL32, AP3/PI,
SVP, AGL15, AG. In addition, large-scale transcriptome
data revealed gymnosperm orthologs from SEP-AGL6-
AP1 group, SOC1, ANR1, AGL12. OsMADS32 clade was
reported to be monocot specific (Sang et al., 2012), however,
our transcriptome analysis revealed an ortholog from
Amborella, which was not found in Amborella genome,
supporting the high resolution of our transcriptome
sampling. The GpMADS4-like gene clade was thought to
be gymnosperm specific (Gramzow et al., 2014), however,
it is part of AGL15 in our classification with supporting
value 98 in the tree, suggesting the accuracy of our
phylogeny.

Gymnosperms often have very large genomes, however
polyploidy, usually leading to rapid increase in genome
size, is rare among in this group (Gramzow et al., 2014).
Only 28 MIKCc MADS-box genes were found in genome
sequenced P. taeda, P. sylvestris, G. biloba, collectively. In
contrast, 38 genes were found in O. sativa (Arora et al.,
2007), 37 in A. thaliana (Becker and Theißen, 2003), and
38 in Vitis vinifera (Díaz-Riquelme et al., 2009), which
are significantly standing out compared to those very large
gymnosperm genomes. In basal angiosperms, 15 and 13 MIKCc

MADS-box genes were detected in Amborella and water lily
N. colorata, respectively. All these lines of evidences suggest
that WGD contribute greatly to its expansion in crown
angiosperms.

Specifically, SOC1, SVP, GMADS clades expanded greatly in
gymnosperms and no functional study has been reported in
gymnosperms. GMADS might control specific and unknown
roles in gymnosperm reproductive organ development based
on their expressional analysis in this study. Limited expression
in vegetative tissues such as leaf and stem of GMADS and
SVP genes were also reported in this study and previous
report (Gramzow et al., 2014). The SOC1 genes (or TM3-
like) were also reported to have expression in both vegetative
and reproductive organs (Gramzow et al., 2014). Considering
their vital roles in regulating flowering time in angiosperms,
we propose that among their diverse roles that triggering
the reproductive organ development by GMADS and SVP
genes in gymnosperms be included. In summary, the near
complete set of MIKCc type MADS-box genes in gymnosperms
suggests the genetic material was the progenitor of the first
flower.

The ABCE Model Prototype Genes in
Gymnosperms
After analyzing the ABC model genes in P. abies, A/G/E,
B, C/D gene ancestors were present (Project, 2013), although
only C-function gene was confirmed in the MRCA of seed
plants reported. In basal angiosperms, Eschscholzia californica,
SEP may have the same functions like AP1 of A-function

genes (Zahn et al., 2010). The A-class and E-class genes
had two groups of orthologs in gymnosperms. So, we
hypothesized that gymnosperm AGL6 orthologs may have
functions in reproductive organ formation. Our hypothesis
is supported by expressional analysis of a ginkgo AGL6
ortholog Gb_36364, which had very high expression in both
male and female reproductive organs. We also hypothesized
that the two diverged gymnosperm AGL6 groups will have
different functions, similar to the functional divergence of
A-function and E-function genes, which needs future functional
analysis.

For AP3/PI genes controlling the B-functions, and AG genes
controlling the C- and D-functions, gymnosperm ancestors were
traced back to as early as the emergence of ginkgo. No orthologs
were identified in the Cycadales, another gymnosperm early
branch. These genes were specifically expressed in reproductive
organs and not detected in the transcriptome. A high quality
genome from Cycadales species will be highly favored. In
angiosperms, the heterodimerization of AP3 and PI proteins is
necessary for B-function (Project, 2013). We have detected the
gene duplication of AGL32 orthologs in gymnosperms, and the
duplicates only form homodimers in Gnetum and Picea (Project,
2013) suggesting that the protein-protein interaction form is a
crucial step in the origin of B-function, but not gene duplication
for angiosperms.

CONCLUSION

In this report, we sampled and analyzed species from all the
orders of gymnosperms and the less-visited basal angiosperms
including both newly released genomes and high quality large-
scale transcriptomes. The major MIKCc-type MADS-box genes
were characterized and we identified a new clade GMADS. The
ABCE model prototype genes were relatively conserved in terms
of gene number in gymnosperms, but expanded in angiosperms.
In contrast, SVP, SOC1, and GMADS have dramatic expansion
in gymnosperms, but retained conserved in angiosperms. The
expression atlas of all MIKCc genes in various organs from
ginkgo was measured for the first time in this study. Our results
provided strong evidence for the early evolution of MIKCc

MADS-box genes and high resolution evolution trajectory, which
will largely enhance our understanding of this key transcription
family and shed light on decoding its functional correlation to
reproductive organ formation in gymnosperms and angiosperms.
This study also illustrated the near complete set of MIKCc

genes in gymnosperms and suggest that genome duplication,
together with expressional transition of MIKCc genes in the
ancestor of flowering plants are the major contribution to the first
flower.
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Seeds are one of the most significant innovations in the land plant lineage, critical to the
diversification and adaptation of plants to terrestrial environments. From perspective
of seed evo-devo, the most crucial developmental stage in this innovation is seed
maturation, which includes accumulation of storage reserves, acquisition of desiccation
tolerance, and induction of dormancy. Based on previous studies of seed development
in the model plant Arabidopsis thaliana, seed maturation is mainly controlled by the
LAFL regulatory network, which includes LEAFY COTYLEDON1 (LEC1) and LEC1-LIKE
(L1L) of the NF-YB gene family, and ABSCISIC ACID INSENSITIVE3 (ABI3), FUSCA3
(FUS3), and LEC2 (LEAFY COTYLEDON2) of the B3-AFL gene family. In the present
study, molecular evolution of these LAFL genes was analyzed, using representative
species from across the major plant lineages. Additionally, to elucidate the molecular
mechanisms of the seed maturation program, co-expression pattern analyses of LAFL
genes were conducted across vascular plants. The results show that the origin of AFL
gene family dates back to a common ancestor of bryophytes and vascular plants, while
LEC1-type genes are only found in vascular plants. LAFL genes of vascular plants likely
specify their co-expression in two different developmental phrases, spore and seed
maturation, respectively, and expression patterns vary slightly across the major vascular
plants lineages. All the information presented in this study will provide insights into the
origin and diversification of seed plants.

Keywords: seed maturation program, LAFL network, gene structure, expression analysis, phylogenetic analysis

INTRODUCTION

Seeds, as propagules and dispersal units, play very important roles in the adaptation of seed
plants to terrestrial environments (Kenrick and Crane, 1997; Becker and Marin, 2009; Radoeva
and Weijers, 2014). Seed development is an intricate process, which can be divided into two
conceptually distinct phases: embryo morphogenesis and seed maturation (Goldberg et al., 1994;
Harada, 1997; Gutierrez et al., 2007). Seed maturation, which includes all of the events occurring
after cell division has ceased within the embryo (following Harada, 1997), can be considered
as a developmental module that is added after embryogenesis. It is accomplished with the
accumulation of nutrient reserves, the acquisition of desiccation tolerance, the desiccation of seeds,
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the suppression of precocious germination, and the induction of
dormancy (Goldberg et al., 1994; Harada, 1997); these features
are each thought to be important in the adaptation of plants
to variable and harsh terrestrial environments. Overall, it was
considered that seed maturation is a more recently derived
adaptation program of land plants (Harada, 1997; Santos-
Mendoza et al., 2008).

According to previous studies, especially of Arabidopsis, the
seed maturation program involves complex regulatory networks
that regulates a large set of genes (Verdier et al., 2013; Righetti
et al., 2015). The LAFL network is one of those regulatory
networks, which includes LEAFY COTYLEDON1 (LEC1) and
LEC1-LIKE (L1L) of the NF-YB gene family, and ABSCISIC ACID
INSENSITIVE3 (ABI3), FUSCA3 (FUS3), and LEC2 (LEAFY
COTYLEDON2) of the B3-AFL gene family (Suzuki et al., 1997;
Luerßen et al., 1998; Santos-Mendoza et al., 2008; Suzuki and
McCarty, 2008; Swaminathan et al., 2008; Xie et al., 2008; Jia et al.,
2013; Kirkbride et al., 2013). On a basic level, this network was
thought to orchestrate the accumulation of storage compounds
and the acquisition of desiccation tolerance in seed maturation
(Harada, 1997; Santos-Mendoza et al., 2008; Jia et al., 2013;
Radoeva and Weijers, 2014). Meanwhile, the LAFL network also
represses the expression of genes required for the transition from
embryonic to vegetative developments, i.e., the suppression of
precocious germination (Giraudat et al., 1992; Nambara et al.,
1992; Stone et al., 2001).

Four conserved protein domains can be recognized in the
B3-AFL gene family regulatory factors of Arabidopsis thaliana,
designated A, B1, B2, and B3 (Giraudat et al., 1992; Suzuki et al.,
1997). The A-domain is a functional acidic activation domain
found at the N-terminal (McCarty et al., 1991). The B1-domain
consists of about 30 amino acids (AAs) involved in the physical
interaction with the bZIP transcription factor, such as ABI5
(ABSCISIC ACID INSENSITIVE5; Nakamura et al., 2001). The
B2-domain consists of about 15 AAs, which have been shown
to be responsible for the ABA-dependent activation of ABA-
regulated genes, through the ABA-response element (ABRE; Hill
et al., 1996; Bies-Etheve et al., 1999; Ezcurra et al., 2000). The B3-
domain, composed of about 100 AAs, has been shown to act as
the DNA binding domain (Suzuki et al., 1997; Nag et al., 2005).
For the AFL family genes, ABI3 has all the recognized domains
of this gene family (Giraudat et al., 1992; Suzuki et al., 1997).
FUS3 contains the A, B2, and B3 domains, but the A-domain
in the C-terminal (Lu et al., 2010). LEC2 has only the B2 and
B3 domains. In the monocots, there are different names for
AFL genes. For example, five AFL gene homologous were found
in Oryza sativa, e.g., OsVP1, OsLFL1, and OsIDEFs. OsVP1,
which contains A, B1, B2, and B3 domains, is homologous
with Arabidopsis AtABI3 (Hattori et al., 1994), and OsLFL1
is homologous with Arabidopsis AtFUS3 (Peng et al., 2008).
Another three OsIDEFs are considered to be AtLEC2 type genes,
but the relationship among them remains unclear (Kobayashi
et al., 2007; Sreenivasulu and Wobus, 2013).

In Arabidopsis, AFL genes are mainly expressed in embryo
development, but at different developmental stages. AtLEC2 is
expressed at early stages of embryogenesis, while AtABI3 and
AtFUS3 are highly expressed at late stages (Stone et al., 2001;

Kroj et al., 2003; Gazzarrini et al., 2004; Tsuchiya et al., 2004;
To et al., 2006; Santos-Mendoza et al., 2008; Fatihi et al., 2016).
According to studies in other plants, the AFL family genes are
generally expressed in reproductive organs. For instance, OsLFL1
is expressed exclusively in spikes and young embryos (Peng
et al., 2008). In Zea mays, ZmaAFL genes are preferentially
expressed in pollen and caryopses (Grimault et al., 2015), and in
Chamaecyparis nootkatensis, a gymnosperm species, its CnABI3
was detected in the megagametophytes and mature dormant
embryos (Zeng and Kermode, 2004).

LEC1-type (LEC1 and L1L) genes are of the intron-less type
of the NF-YB family, which are derived from the intron-rich
ones, and their earliest occurrence appears to be in a common
ancestor of vascular plants (Yang et al., 2005; Xie et al., 2008).
LEC1 and L1L genes are highly expressed in embryonic cells
and extra-embryonic tissues during seed development (Lotan
et al., 1998; Kwong et al., 2003). Expression and function
analyses of LEC1 homologs in other species indicate that LEC1
is essential for seed maturation (Stephenson et al., 2007; Cao
et al., 2011; Salvini et al., 2012; Tang et al., 2015). In seedless
vascular plants (lycophytes and ferns), the expression of LEC1 is
restricted to reproductive structures. In Selaginella moellendorffii
(a lycophyte), high expression of SmoLEC1 was found in strobili,
where megasporangia and microsporangia are located (Kirkbride
et al., 2013). Additionally, the maximal expression of AcaLEC1
was detected in mature sporangia of the fern Adiantum capillus-
veneris (Fang et al., unpublished data).

Complex interactions between the LAFL genes were found
in Arabidopsis. For instance, the expression of LEC1 can
activate ABI3, FUS3, and LEC2, whereas the ectopic expression
of LEC2 up-regulates LEC1 activity in vegetative tissues
(Kagaya et al., 2005b; Stone et al., 2007; Guo et al., 2013).
The function of LAFL genes involves many aspects of
seed maturation including seed storage protein (SSP), late-
embryogenesis- abundant (LEA) proteins, hormone metabolism,
and signaling pathways (Parcy et al., 1994; Nakamura et al., 2001;
Kagaya et al., 2005a,b; Alonso et al., 2009; Yamamoto et al.,
2009).

The LAFL network is crucial for seed maturation, and
great efforts have been made to investigate the functions of
this network genes in Arabidopsis, but little attention was
paid to the evolution of the network as a whole. With
the increased availability of genomic data and a refined
understanding of the distribution of LAFL genes, this work is
now feasible. To better understand the origin and evolution
of LAFL genes, we performed phylogenetic analyses on an
extensive dataset of NF-YB and AFL gene family sequences,
focusing particularly on previously underrepresented groups,
such as algae, bryophytes, monilophytes, and “early diverging”
angiosperms. In addition, we analyzed expression patterns of the
LAFL network using online databases and our newly generated
qRT-PCR data from S. moellendorffii and A. capillus-veneris
(representing lycophytes and monilophytes, respectively). With
these data, coupled with aforementioned phylogenetic analyses
and cis-element information, we elucidate the evolution of
LAFL genes and their association with the seed maturation
program.
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MATERIALS AND METHODS

Gene Family Datasets
LAFL genes belong to two gene families: the NF-YB gene family
and the AFL gene family, where the latter is a member of
the B3 superfamily. To build our dataset of AFL genes, we
first queried the Pfam database1 for B3 superfamily genes from
three chlorophytes (Volvox carteri, Chlamydomonas reinhardtii,
and Chlorella variabilis), one moss (Physcomitrella patens),
one lycophyte (S. moellendorffii), and six flowering plants
(Brachypodium sylvaticum, Oryza sativa, Zea mays, Populus
trichocarpa, Glycine max, and A. thaliana; Supplementary
Table S1); this search resulted in 730 sequences. Then, for a
better understanding of the evolution of the AFL gene family
specifically, we BLASTed the coding sequences of Arabidopsis
ABI3, FUS3 and LEC2 against four primary sources: Phytozome2,
ConGenIE3, the Klebsormidium flaccidum Genome Project4

(Hori et al., 2014), and the OneKP database5. These queries
yielded 253 sequences spanning 68 species representing all major
lineages of land plants. The retrieved sequences generally span
the complete coding region, but some lack a few AAs at either
end. The retrieved sequences range from 200 to 800 AAs in length
(Supplementary Table S2).

To obtain sequences of the NF-YB gene family, we BLASTed
Arabidopsis LEC1 and L1L coding sequences against five
primary sources: NCBI (National Center for Biotechnology
Information6), Phytozome2, ConGenIE3, the Klebsormidium
flaccidum Genome Project4, and the OneKP project5. In total, 263
sequences spanning 29 species were collected, ranging from 100
to 300 AAs in length (Supplementary Table S3).

Sequence Alignment
All alignments were performed at AA level. For the phylogenetic
analysis of the B3 superfamily, only the B3 domain was used
for alignment. For the NF-YB and AFL gene families, full-length
protein sequences were used. These sequences were aligned with
the MAFFT webserver (7Katoh and Standley, 2013). Based on
sequence characteristics, we selected an alignment strategy of
FFT-NS-i (NF-YB gene family), FFT-NS-1(B3 superfamily), and
E-INS-i (AFL gene family), respectively.

Phylogenetic Analysis
The final alignments were analyzed using Protest (Abascal et al.,
2005) to choose the best-fitting AA model; the JTT + I + G
substitution model was selected for all alignments according to
the AIC and BIC selection criteria. Maximum likelihood (ML)
phylogenetic analyses were performed with RaxML (Stamatakis
et al., 2008) and evaluated by the bootstrap method using 1000

1https://pfam.xfam.org/family/PF02362#tabview=tab0
2https://phytozome.jgi.doe.gov/pz/portal.html
3congenie.org
4www.plantmorphogenesis.bio.titech.ac.jp/ãlgae_genome_project/
klebsormidium/index.html
5https://db.cngb.org/blast4onekp/
6www.ncbi.nlm.nih.gov
7http://mafft.cbrc.jp/alignment/server/

replicates. Trees were observed and edited for presentation using
FigTree v1.4.2.8 Based on phylogenetic reconstruction of the B3
superfamily (Supplementary Figure S1), we re-built a dataset
with an ingroup sample of 253 AFL genes, and an outgroup
of 11 B3 genes from four algal species for further phylogenetic
analysis of AFL gene family (Figures 1A, 2A, Table 1, and
Supplementary Table S2). For bryophytes and vascular plants,
further phylogenetic analyses were carried out, respectively
(Figures 1B, 2B). In addition, phylogeny reconstruction of the
NF-YB family was performed using the data set containing
263 sequences of 29 species with whole genome sequences
(Supplementary Figure S3). To explore the relationship of LEC1-
type genes and NF-YB family genes in non-vascular plants,
65 sequences of 26 species were used for further phylogenetic
analysis (Table 1 and Figure 4).

Gene Structure and Cis-Elements
Analysis
For the AFL family genes, we characterized their AA composition
and the position of the B1, B2 and B3 domains, because these are
known as identification criteria for AFL genes (McCarty et al.,
1991; Giraudat et al., 1992; Suzuki et al., 1997; Nag et al., 2005;
Lu et al., 2010). The AA composition of B1, B2, and B3 domains
was analyzed by the WebLogo online (Figures 2D, 3D9). We
performed the intron-exon and position analyses of the NF-YB
family genes by using their full-length DNA sequences (Figure 4
and Supplementary Table S3).

To characterize cis-elements in the 5′ flanking region of LAFL
genes, the 1.5 kb fragment containing promoter and 5′ UTR
of six AFL genes and 40 LEC1-type genes were analyzed by
PLACE (10this database is temporarily terminated now) and
Matlnspector (Genomatix Software Suite11) online (Figures 3, 4
and Supplementary Table S5). Promoter sequences of A. capillus-
veneris LEC1 were cloned through genome walking (primers in
Supplementary Table S4).

Expression Analysis by qRT-PCR
To investigate the expression of LAFL genes in different vascular
plants, the publicly available expression data as well as the
expression data of LEC1 homologs in S. moellendorffii and
A. capillus-veneris (SmoLEC1 expression data in Kirkbride et al.,
2013, AcaLEC1 unpublished expression data) were used to
construct an expression heat map, where analyzed species include
one monocot (rice), two eudicots (Arabidopsis and soybean),
and one gymnosperm (Picea abies; Supplementary Figure S3).
In addition, we chose S. moellendorffii and A. capillus-veneris as
non-seed plant representatives using qRT-PCR to characterize
AFL genes expression patterns at different developmental
stages. With respect to sampling for these two species,
S. moellendorffii roots, shoots, microphylls, strobili, and bulbils
were collected in the field (Sichuan Province, voucher specimen
was deposited in Peking University Herbarium, PEY). For

8http://tree.bio.ed.ac.uk/software/figtree/
9weblogo.berkeley.edu
10sogo.dna.affrc.go.jp/
11https://www.genomatix.de/solutions/genomatix-software-suite.html
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FIGURE 1 | Phylogenetic relationships of plant AFL gene family and the details of bryophyte. (A) ML unrooted tree of the plant AFL gene family comprising
264 sequences from 72 taxa (Table 1; for species names see Supplementary Table S2). (B) ML rooted tree of bryophyte AFL using green algae B3 sequences as
outgroups (black). Numbers on the branches indicate bootstrap values calculated from 1,000 replicates. Only values higher than 50% are shown. (C) Domain
structure of each clade and type, two clades divided into 10 types in total. (D) Amino acids (AAs) characteristic of the B1 and B2 domain. The sequence logo was
generated using WebLogo (weblogo.berkeley.edu/).

FIGURE 2 | Phylogenetic relationships of plant AFL gene family and the details of the part of vascular plant. (A) ML phylogenetic relationships of plant
AFL gene family comprising 264 sequences from 72 taxa (Table 1 for species names see Supplementary Table S2). (B) ML rooted tree of vascular plant AFL using
PpaABI3 sequences as outgroups (black). Numbers at the branches indicate bootstrap values calculated from 1,000 replicates. Only values higher than 50% are
shown. (C) Domain structure of each clade and type, three clades divided into 10 types in total. (D) AAs characteristic of the B1 and B2 domain. The sequence logo
was generated using WebLogo (weblogo.berkeley.edu/). (E) Expression pattern analysis of several AFL genes; expression levels are calculated using the database
GENEVESTIGATOR, ConGenIE (Supplementary Figure S3), and data from previous studies (Zeng et al., 2003; Zhang and Xue, 2013).
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TABLE 1 | Sampling in LAFL genes phylogenies.

Classification AFL species (sequences) LEC1-type species (sequences)

Green algae Chlorophyta 3 (5) B3 2 (2) NF-YB

Charophyta 1 (6) B3 1 (1) NF-YB

Land plant (embryophytes) Non-seed plant Bryophyte Moss 9 (66) AFL 2 (10) NF-YB

Liverwort 4 (9) AFL 1 (2) NF-YB

Hornwort 5 (6) AFL 1 (1) NF-YB

Pteridophyte Lycophyte 3 (6) AFL 1 (5) NF-YB

Monilophyte 11 (30) AFL 1 (5) NF-YB

Seed plant Gymnosperm Conifer 1 (5) AFL 1 (2) LEC1-type

Angiosperm Basal 1 (5) AFL 2 (2) LEC1-type

Monocot 7 (35) AFL 5 (10) LEC1-type

Eudicot 27 (91) AFL 9 (25) LEC1-type

Total numbers 72 (264) 26 (65)

FIGURE 3 | AFL mRNA levels in various organs of non-seed plants examined by qRT-PCR. The CCAAT-box cis-elements of the promoter 1.5 kb region of
three SmoAFL genes are highlighted in yellow blocks with an arranged number. Selaginella moellendorffii (A–C), ro, roots; sh, shoots; mi, microphylls; st, strobili; bu,
bulbils. Adiantum capillus-veneris (D–F), ro, roots; sh, shoots; cle, curled leaves; yle, young leaves; dle, developed leaves; isp, immature sporangia; msp, mature
sporangia; yga, young gametophytes; rga, reproductive gametophytes; em, embryos. The detail of each gene domain structure see Supplementary Figure S4.

A. capillus-veneris, samples were collected from plants cultivated
in the greenhouse of Peking University (Voucher specimen
was deposited in PEY). We chose roots, shoots, curled leaves,
young leaves, fully developed leaves, immature sporangia, mature
sporangia, immature gametophytes, reproductive gametophytes,
and embryos as materials (Li et al., 2013). Total RNA of
plant materials was isolated with Plant RNA Extraction Reagent
(Invitrogen, USA) and purified with an RNeasy Mini kit
according to the manufacturer’s instructions (Qiagen, Germany).
The RNA was then converted to cDNA by reverse transcription
with FastQuant RT Kit (Tiangen, China). The qRT-PCR was
performed on an Applied Biosystems 7500 Real-Time PCR
System (ABI) using cDNA templates mixed with primers

(Supplementary Table S4) and SYBR R© Premix Ex Tax Mix
(Takara, Japan). SmoACTIN and AcaACTIN were selected as the
internal standard gene (primer sequences in Supplementary Table
S4). Relative expression was calculated via delta-delta threshold
method (2−1CT; Livak and Schmittgen, 2001). Results were
summarized as means± SE of three biological repeats.

RESULTS

Phylogenetic Analysis of LAFL Genes
The sequence retrieval and phylogenetic analysis of the B3
gene superfamily showed that no AFL sequences were found in
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FIGURE 4 | LEC1-type and non LEC1-type genes of NF-YB gene family. (A) ML tree of plant LEC1-type and non LEC1-type genes comprising 66 sequences
from 27 taxa (for species names see Supplementary Table S3). Numbers on the branches indicate bootstrap values calculated from 1,000 replicates. Only values
higher than 50% are shown. Non-seed plant intron-rich clade, non-seed plant intron-less clade, and LEC1-type clade are color-coded with gray, green, and red,
respectively. (B) The conserved cis-elements in the promoter 1.5 kb region of LEC1-type genes. Details are shown in Supplementary Table S5 with the number and
sequence of motifs. (C) Exon-intron changes at several LEC1-type and non LEC1-type genes. Details are shown in Supplementary Table S5. (D) Expression pattern
analysis of several LEC1-type genes; expression levels are calculated using the database GENEVESTIGATOR, ConGenIE (Supplementary Figure S3), and data from
experimental studies (Kirkbride et al., 2013; Fang et al., unpublished data).

Chlorophytes and Charophytes (Supplementary Figure S1 and
Table S1). The B3 domain of AFL genes is highly conserved in
seed plants (Supplementary Table S2). According to phylogenetic
analysis of AFL genes in land plants, the cluster of bryophytes and
vascular plants can be recognized although they were not strongly
supported in the tree (Figures 1A, 2A).

Phylogenetic analysis of bryophyte AFL genes showed them
to form two clades, clade I and clade II (Figure 1B). Clade I
is composed of sequences from liverworts and mosses, while
clade II has sequences from liverworts, mosses and hornworts.
Mosses have many more AFL gene homologs than do liverworts
or hornworts (Figure 1B and Table 1).

In the phylogenetic tree of vascular plant AFL genes,
three major clades, clade I (lycophyte AFL clade), clade II,
and clade III (ABI3 clade) can be recognized (Table 1 and
Figure 2B). Clade I is composed of all lycophyte AFL genes
including those of LEC2 type and ABI3 type (Figure 2B). All
monilophyte ABI3 genes cluster with seed-plant ABI3 genes
as a clade with strong support (clade III) (Figure 2B), while
monilophyte LEC2 type genes group with the remaining seed
plant LEC2 and FUS3 genes in clade II (Figure 2B). These
results indicated that lycophyte AFL clade represents an ancient

lineage of AFL gene family, and monilophyte AFL genes are
more closely with those of seed plants. In the clade II, we
can find five gene types with strong support, i.e., LEC2 type,
FUS3 type, LFL1 type, PabFL type, and IDEF type, respectively
(Figures 2B,C). In the genome of the gymnosperm P. abies, there
were five AFL sequences, and three of them (PabAFLA/B/C)
are associated with FUS3 and LFL1 types. In the “early
diverging” angiosperm Amborella trichopoda genome (Albert
et al., 2013), there were three AFL sequences, none of them
of FUS3 type. One ABI3 gene was clustered in the seed plant
ABI3 type clade strong support, one was clustered with the
LEC2 type sequences and the other was clustered in the IDEF
clade.

Phylogenetic analyses of the NF-YB family showed that
LEC1-type genes formed a clade and were only present in vascular
plants (Figure 4 and Supplementary Figure S3, Table S3), in
agreement with previous results (Xie et al., 2008). The number
of LEC1-type genes in lycophytes, monilophytes, conifers, “early
diverging” angiosperms, monocots, and eudicots averages 1.0,
1.0, 2.0, 1.0, 2.0, and 2.7 per species, respectively (Table 1).
AcaLEC1 of the fern A. capillus-veneris was cloned and identified
by this study for first time.
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Gene Structure Analysis of LAFL Genes
Domain structure analysis of bryophyte AFL genes showed that
clade I genes only have one B3 domain in the C-terminal. This
structure is similar to B3 genes in green algae. In clade II, ABI3
type genes were easily recognized by the A domain, B1 (about
30 AA), B2 (about 14 AA) and B3 (about 100 AA) domain,
while ABI3-like genes lack of the A domain. LEC2 type genes had
one unstable B2 domain in middle position and B3 domain in
C-terminal. Notably, liverworts only had the clade I and ABI3-
like AFL genes. We did not find FUS3 type genes in bryophytes
(Figures 1C,D), suggesting that FUS3 may not arise. Domain
structure analysis of vascular plant AFL genes showed that there
were nine structure types in three clades with specific B2 domain
AA characteristics (Figure 2D).

Our analyses of NF-YB gene sequences revealed that: (1)
the NF-YB sequences restricted to algae are of the intron-rich
type; (2) the liverwort Marchantia polymorpha contains both an
intron-rich and an intron-less NF-YB gene; (3) six sequences
occur in moss Physcomitrella patens including both intron-rich
and intron-less ones; (4) LEC1-type genes, belonging to intron-
less NF-YB genes, were only found in vascular plants. All those
findings suggest that the intron-less type of NF-YB genes was
derived from the intron-rich ones through gene duplication
and intron loss in early land plants (Figure 4C, Table 1, and
Supplementary Figure S3).

Cis-Element Prediction of LAFL Genes
According to comparative analysis of cis-elements in regulatory
region of AFL gene pairs between the seed plant Arabidopsis
and the non-seed plant S. moellendorffii, we found that there
was CCAAT-box in AthABI3, AthFUS3, AthLEC2, SmoAFLB,
and SmoAFLC (Figure 4 and Supplementary Table S5). By cis-
elements prediction in the promoter region of 40 LEC1-type
genes, we found that (1) LEC1 had more cis-elements than do
L1L genes in seed plants; (2) there is not a significant difference
in cis-element components in LEC1 genes from seed and non-
seed plants: almost all the cis-elements identified in Arabidopsis
can be found in the LEC1 promoter of S. moellendorffii and
A. capillus-veneris (Figure 4B and Supplementary Table S5).

Expression Pattern Analyses of LAFL
Genes
LAFL gene expression was restricted to seed development in
Arabidopsis but occurs both in maturing seeds and inflorescences
in other species, e.g., soybean, rice, and maize (Figure 4D
and Supplementary Figure S4). For LAFL genes of P. abies (a
gymnosperm), they were mainly expressed in leaves and cones.
SmoLEC1 and AcaLEC1 were each only expressed in strobili and
mature sporangia, and were not detected in tissues undergoing
embryogenesis (Figure 4D).

The qRT-PCR results showed that the mRNA levels of
SmoAFLA (lycophyte ABI3 type) were nearly identical across
organs (roots, shoots, microphylls, strobili, and bulbils) of
S. moellendorffii. The levels of mRNA of SmoAFLB and SmoAFLC
(lycophyte LEC2 type) were higher in strobili than other organs.
In A. capillus-veneris (a fern) the levels of mRNA of AcaAFLA

(one monilophyte ABI3 type) were higher in shoots and mature
sporangia than other organs. The mRNA of AcaAFLB (another
monilophyte ABI3 type) and AcaAFLC (monilophyte LEC2
type) were only detected in mature sporangia (Figure 3 and
Supplementary Figures S2, S4).

DISCUSSION

LAFL Network and Seed Maturation
Previous studies showed that many genes are involved in seed
maturation (Goldberg et al., 1994; Harada, 1997; Radoeva and
Weijers, 2014). Among them, the AFL family of B3 transcription
factors (TFs) and the LEC1-type of NF-YB TFs, which together
form LAFL regulatory network, are considered to play key
roles in seed maturation. Although there were studies on the
evolution of LEC1-type genes (Xie et al., 2008), AFL genes
(Li et al., 2010; Carbonero et al., 2016), this study presents
a comprehensive analysis of LAFL genes by integrating their
phylogeny, gene structure, cis-elements and expression patterns
together for a better understanding of the evolution of seed
maturation programs during plant evolution.

Evolution and Function Differentiation of
AFL Genes
According to our extensive phylogenic and gene structure
analyses, LEC2 type and ABI3 type genes evolved in a common
ancestor of bryophytes and vascular plants, and their gene
structure is very conservative. However, FUS3 type genes were
only found in seed plants (Figures 1, 2), suggesting that FUS3
genes originate relatively late in the AFL family.

In embryophytes, LEC2 type genes had one B2 domain in
a middle position and a B3 domain in the C-terminal. In the
seedless species S. moellendorffii (lycophyte) and A. capillus-
veneris (fern), the expression pattern of LEC2 type genes
(SmoAFLB, SmoAFLC, and AcaAFLC) was restricted to shoots
(S. moellendorffii) and maturing spores (both S. moellendorffii
and A. capillus-veneris; Figure 3). In the “early diverging”
angiosperm Amborella trichopoda, there were three AFL genes.
One of them is of ABI3 type, and the other two are LEC2 type
and IDEF type, respectively. Interestingly, IDEF type genes were
identified only from monocots, and have only B3 domain in
C-terminal (Kobayashi et al., 2007), which is different from LEC2
gene structure (Figure 2C). In rice, OsaIDEF transcripts are
constitutively present in roots, leaves, inflorescences, and seeds.
In eudicots, LEC2 plays central roles in seed embryogenesis and
morphogenesis (Figure 2 and Supplementary Figure S4). All
these data suggest that LEC2 and IDEF type genes diverged very
early, and LEC2 type genes may be lost in monocots.

During the review of this manuscript, Carbonero et al. (2016)
published their work on the AFL family. In agreement with our
results, they suggest that the origin of the AFL family traces
back to a common ancestor of bryophytes and vascular plants,
and that this family has expanded in the angiosperms. However,
due to different sampling regimes and sequence coverage, there
are some different results between these two studies, especially
relating to the evolution of LEC2 genes. According to Carbonero
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et al. (2016), seven LEC2 genes were described from three
monocots, Oryza sativa, Brachypodium distachyon and Hordeum
vulgare (all grasses), but the relationship of those seven genes
with other AFL homologs needs to be verified; differences in gene
structure, phylogenetic position, and expression pattern suggests
that these may not be LEC2 genes.

Considering ABI3 genes of land plants, there is a clear
evolutionary trajectory according to our study. Phylogenetically,
monilophyte ABI3 genes are more closely related to those of
seed plants, rather than to lycophyte ABI3 types. In P. abies
(gymnosperm) and Amborella trichopoda (“early diverging”
angiosperm), there was only one PabABI3 and AtrABI3 sequence,
respectively. This may be due to the lack of a lineage-specific
whole genome duplication (WGD) in these species (Albert et al.,
2013; Nystedt et al., 2013). Expression patterns of SmoAFLA
(S. moellendorffii, one lycophyte ABI3 type) are more similar to
those of bryophyte ABI3 type genes, which are only expressed
in vegetative tissues (Figure 3; Khandelwal et al., 2010). The
expression of AcaAFLA and AcaAFLB (A. capillus-veneris, two
monilophyte ABI3 type genes) are found in shoots and spore
maturation, which are consistent with that of PabABI3 (P. abies)
(Figures 2B,C,E, 3). This suggest the expression pattern of
ABI3 genes has slightly differentiated across major land plant
lineages.

FUS3 type genes appear to have originated relatively late
because they are restricted to the seed plant clade. Three PabAFL
sequences (PabAFLA, B, and C) from the gymnosperm P. abies
belong to Pab-FL (FUS3 and LFL) type clade, which is associated
with FUS3 type and LFL type. These finding, coupled with
expression patterns of PabAFLA/B/C genes suggest that the
Pab-FL type may represent ancestral FUS3/LFL gene function.
There is no FUS3 type member in Amborella trichopoda,
which suggests that FUS3 type genes likely originated in a
common ancestor of seed plants and were subsequently lost
in Amborella. In eudicots and monocots, FL genes are divided
to FUS3 type and LFL type, respectively. OsLFL1, involved in
the photoperiodic flowering of rice and expressed exclusively in
spikes and young embryos, is functionally similar to AthFUS3
in Arabidopsis (Peng et al., 2008; Tiedemann et al., 2008). The
FUS3 type (found only in eudicots) and the LFL type (restricted
to monocots) are clustered together with strong bootstrap
support, and they have similar domain structure and functions
(Figures 2B,C,E, 3).

Evolution of the LEC1-Type Genes
As members of the LAFL network, LEC1-type genes are CCAAT-
binding factors (CBFs), which are present in all eukaryotes
(Forsburg and Guarente, 1989; Mantovani, 1999; Matuoka and
Chen, 2002; Siefers et al., 2009; Dolfini et al., 2012). There
is no clear correlation between expression patterns and the
classification of NF-YB family genes with an exception of the
LEC1-type genes, which are considered seed-specific (Stephenson
et al., 2007; Salvini et al., 2012). Arabidopsis LEC1-type genes
(AthLEC1 and AthL1L) have significant functions at late stages
of embryogenesis (Lotan et al., 1998; Kwong et al., 2003). Our
phylogenetic analyses of the NF-YB gene family support some

findings of previous studies, e.g., only one intron-rich type of NF-
YB genes occurs in chlorophytes, the intron-less genes are derived
from the intron-rich ones, and LEC1-type genes are restricted to
vascular plants (Xie et al., 2008; Cagliari et al., 2014; Table 1 and
Figures 4A,C).

In addition, there are some new findings, e.g., only one copy
of the intron-rich type of NF-YB genes is found in the alga
Klebsormidium flaccidum, which is considered to be one of the
closest relatives of land plants (Hori et al., 2014). The liverwort
Marchantia polymorpha, one of the earliest diverged land plants
(Rövekamp et al., 2016), has two copies of NF-YB genes in its
genome, one of which is intron-rich and the other intron-less.
The six copies found in the moss Physcomitrella patens, have
been proven to originate from duplication events (Yang et al.,
2005; Rensing et al., 2008; Xie et al., 2008). In addition, our
analyses demonstrate that there is only one copy of LEC1-type
genes in the genome of S. moellendorffii (lycophyte), A. capillus-
veneris (fern), P. abies (gymnosperm), and Amborella trichopoda
(“early diverging” angiosperm). These data support that LEC1
and L1L genes result from the duplication of LEC1-type genes
likely occurring after the origin of extant angiosperms (Table 1
and Figures 4A,C).

The Cis-Element Prediction and
Co-expression of LAFL Genes
The LAFL network has been considered to play central roles
in seed maturation, and LAFL genes regulate different facets of
this developmental process by their interactions with up- and
down-stream genes (Harada, 1997; Santos-Mendoza et al., 2008;
Fatihi et al., 2016; González-Morales et al., 2016). The cis-element
prediction shows that LEC1 genes of seed plants and non-seed
plants have similar cis-elements, suggesting the LEC1-type genes
could be regulated by similar regulators (Figure 4). Among the
cis-elements of LEC1, RYREPART and ABRE are thought to be
very important for LEC1 activity. The RYREPEAT is considered
to be a RY-like element, and the binding site of the B3 domain
(Braybrook et al., 2006; Mönke et al., 2012; Wang and Perry,
2013; Tang et al., 2015). The ABRE is functionally important in
many ABA-regulated genes (Fan et al., 2015). Additionally, LEC1,
as a subunit of the CCAAT-box binding factor (CBF), activates
its downstream genes by the CCAAT-box element (Junker et al.,
2012). According to the CCAAT-box element prediction of AFL
genes in S. moellendorffii, there is a CCAAT-box element in the
regulatory region of its AFL genes, e.g., SmoAFLB and SmoAFLC
(Figure 3).

The findings presented in this study suggest that a partial
LAFL network, consisting of ABI3 and LEC2 genes, arose in
a common ancestor of land plants, and then became more
complex with the occurrence of FUS3 and LEC1 genes. With
evolution of vascular plants, LAFL network genes likely specify
their co-expression in two different developmental processes,
spore and seed maturation, respectively. The co-expression of
LAFL genes in these two processes alone or simultaneously,
which correspond to two reproductive structures, suggest that the
biological process involved in spore maturation is similar to those
of seed maturation.
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An efficient in vitro regeneration system via somatic embryogenesis (SE) was developed

for a fern species Adiantum capillus-veneris. Adventitious shoots, green globular bodies

(GGBs) and calli were obtained with the maximal induction rate on the Murashige

and Skoog (MS) medium of low concentrations of 6-benzyladenine (BA) (0–1.0 mg/L),

2.0mg/L BA without 2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg/L 2,4-D and

0.5–1.0 mg/L 6-BA, respectively. Cyto-morphological and histological changes in the

shoot development via calli and GGBs were examined. For a better understanding

of these developmental events, expression patterns of six genes, AcLBD16, AcAGL,

AcBBM, AcWUS, AcRKD, and AcLEC1, were characterized during SE. AcBBM and

AcLEC1 were ubiquitously expressed in direct SE (adventitious shoots and GGBs) the

maximal expression of AcBBM in mature GGBs, and the high expression of AcLEC1

in GGB initiation and adventitious shoots. During the indirect SE, AcLBD16, AcLEC1,

AcRKD, and AcWUS were highly expressed in mature calli. Additionally, phylogenetic

analyses showed that AcWUS, AcBBM, AcLBD, AcAGL, AcRKD, and their homologs

of other green plants formed monophyletic clades, respectively. Some of these gene

families, however, diversified rapidly with the occurrence of embryophytes, suggesting

that embryogenesis-associated genes could experience a rapid evolution with the

colonization of plants to terrestrial environments. Expression and phylogenetic analyses

of those embryogenesis-associated genes by the aid of in vitro regeneration system of

A. capillus-veneris provide new insights into the evolution of reproductive organs in land

plants.

Keywords: Adiantum capillus-veneris, somatic embryogenesis, embryogenesis-associated genes, gene

expression, phylogenetic analysis
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INTRODUCTION

The occurrence of embryos was presumably one of the most
significant innovations during plant evolution, which is crucial
for plant reproduction (Kenrick and Crane, 1997; Becker and
Marin, 2009; Pires and Dolan, 2012; Radoeva andWeijers, 2014).
Obviously, embryogenesis is a defining feature of land plants,
and establishes the basic body plan of sporophytes. In addition
to zygote-derived embryogenesis, other modes of embryogenesis
have been described, such as somatic embryogenesis (SE). SE
is the biological process through which a whole individual is
regenerated from somatic tissues via their dedifferentiation and
redifferentiation (Fehér, 2015; Loyola-Vargas and Ochoa-Alejo,
2016). Not only is SE one of the most powerful tools in plant
biotechnology, but it also becomes an efficient approach to
study the mechanisms of the embryo development (Radoeva
and Weijers, 2014; Fehér, 2015; Loyola-Vargas and Ochoa-Alejo,
2016).

SE can be divided into two types: one is the direct SE
where the embryos are formed from the organized tissue
without an intervening callus stage; another is the indirect
SE where the embryo formation experiences a callus phase
(Radoeva and Weijers, 2014). Genetic studies in the past decades
have identified and cloned the genes and loci required for
initiation and progression of zygotic embryogenesis (ZE) in
Arabidopsis (Tzafrir et al., 2004; Radoeva and Weijers, 2014;
Mikuła et al., 2015), but not in non-seed plants. According to
previous studies, the similarity in the regulatory mechanisms
that underlie SE and ZE has recently become evident at the
molecular level (Tzafrir et al., 2004; Radoeva and Weijers,
2014; Loyola-Vargas and Ochoa-Alejo, 2016). Thus, the
SE system can be used to investigate the progression and
morphogenetic events during embryogenesis of early land
plants, and also to examine the ZE regulatory mechanisms
by analyzing the expression pattern of embryogenesis-
associated genes during their SE. These data will provide
insights into the evolution of reproductive organs in land
plants.

Although the tissue culture of ferns has been studied for
decades (Beck and Caponetti, 1983; Fernández et al., 1997;
Bertrand et al., 1999; Fernández and Revilla, 2003; Liao and
Wu, 2011; Mallón et al., 2011), only a few species, such as
the tree fern Cyathea delgadii, was described concerning SE
(Mikuła et al., 2015). As ferns are the closest living relatives
of spermatophytes (Pryer et al., 2001), this group of plants
has been useful subjects for evolutionary, morphological and
developmental studies (Johnson and Renzaglia, 2009; Li et al.,
2013; Vasco et al., 2013). In terms of SE, ferns have been
apparently under-investigated compared to spermatophytes, and
the molecular mechanism underlying the control of SE is poorly
understood.

Recently, efforts have been made to describe SE at the
molecular level in seed plants, and several groups of genes
associated with this process have been revealed. PINs,
Aux/IAAs, AUXIN RESPONSE FACTORS (ARFs) as well
as LATERAL ORGAN BOUNDARIES DOMAIN (LBD)
family have been shown to be involved in auxin generating

somatic embryos (Jenik and Barton, 2005; Leyser, 2005).
In addition, a series of transcription regulator genes are
strongly implicated in this process. Among members of the
APETALA2/ethylene-responsive factor (AP2/ERF) family,
BABY BOOM (BBM) is a key transcription regulator that
has been detected to involve the induction of SE (Boutilier
et al., 2002). AGAMOUS like-15 (AGL15), a MADS-domain
transcription factor, is involved in meristem development and
also functions as a transcriptional activator during somatic
embryo formation (Harding et al., 2003). WUSCHEL (WUS)
and WUS-related homeobox domain (WOX), which are
homeodomain containing transcription factors, regulate stem
cell fate during embryo formation and have also been detected
during SE (Zuo et al., 2002; Iwase et al., 2011). The RKD
(RWP-RK domain-containing) proteins, such as RKD1, RKD2,
and RKD4, are another class of transcription factors involved in
early embryogenesis and female gametogenesis (Koszegi et al.,
2011).

As a leptosporangiate fern, Adiantum capillus-veneris
has become the subject of many cytological, developmental,
physiological, and phylogenetic studies (Pryer et al., 2001; Wada,
2007; Xie et al., 2008; Li et al., 2013). Although there are several
literatures on the direct SE of A. capillus-veneris, few of them
have presented sufficient histological evidence to describe this
process (Salomé et al., 1985; Amaki and Higuchi, 1991; Somer
et al., 2010). In addition, the genes required to regulate callus
and GGB induction and development are not well defined in A.
capillus-veneris. It is also believed that expression analyses of the
genes regulating SE can provide insights into this developmental
process (Chugh and Khurana, 2002; Stasolla et al., 2004).

In the present work, we established a regeneration system
via SE for A. capillus-veneris and three types of regeneration
structure, i.e., shoots, GGBs and calli, were obtained. The
main developmental events leading to the generation of shoots
from calli and GGBs of A. capillus-veneris were examined by
histological analyses. For a better understanding of the genes
and regulatory mechanisms behind the fern SE, six homologous
genes of Arabidopsis LBD16, WUS, LEC1, RKD4, AGL15, BBM
were identified and cloned from A. capillus-veneris. Meanwhile,
phylogenetic analyses of those genes of the main lineages of
land plants including bryophytes, monilophytes, gymnosperms
and angiosperms were conducted for their molecular evolution.
In addition, the expression patterns of those genes were
characterized during the crucial steps of the SE via GGBs and
calli. All of the above analyses will shed insights into the evolution
of reproductive organs in land plants.

MATERIALS AND METHODS

Plant Induction System
For the induction system, explants of circinate leaflets from the
sporophytes of A. capillus-veneris cultivated in the greenhouse
of Peking University (Beijing, China) were cultured on full
strength Murashige and Skoog medium (MS) or ½ MS
medium supplemented with different concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D) and 6-benzyladenine (BA)
as follows: 0/0, 0.5/0, 1.0/0, 1.5/0, 2.0/0; 0/0.5, 0.5/0.5, 1.0/0.5,
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1.5/0.5, 2.0/0.5; 0/1.0, 0.5/1.0, 1.0/1.0, 1.5/1.0, 2.0/1.0; 0/1.5,
0.5/1.5, 1.0/1.5, 1.5/1.5, 2.0/1.5; 0/2.0, 0.5/2.0, 1.0/2.0, 1.0/2.0,
1.5/2.0, and 2.0/2.0 mg/L. All cultures were maintained at 25 ±

1◦C under a 16/8 h (light/dark) cycle and then transferred into
induction medium ∼30 days later for further observation and
proliferation.

Somatic Embryogenesis Induction and
Statistical Analysis
The shoots and green global bodies (GGBs) were generated from
direct SE, whereas calli were produced by indirect SE according
to the aforementioned SE’s definition (Table S1). The GGBs
continuously increased in size in the selected medium. When
the size of GGBs was 8–10 mm in diameter, they were cut into
3–4 pieces (∼3mm in diameter) and then transplanted into the
same medium subculture. In parallel, primary calli from the best
induction medium (>80%) were cut into the same small size
(∼3mm in diameter) and then transplanted into their original
initiation medium.

GGBs were transferred to shoot inductionmedium containing
0.5mg/L BA under aseptic conditions. Shoots were observed at
∼20 days. When most of the shoots had several leaves, they
were transplanted into the PGR-free MS medium. For shoot
induction from calli, MS and ½ MS medium with 0, 0.5, 1.0,
1.5, or 2.0mg/L BA were chosen as the regeneration media.
Calli were excised to ∼3mm in diameter and subcultured in the
regeneration medium, which was renewed every 20 days. After 3
months of subculture, the total number of shoots per callus was
calculated.

To induce roots, multiple shoot clusters were cut into small
pieces (∼5mm in diameter) and then transferred to ½ MS
medium supplemented with 0.5mg/L naphthaleneacetic acid
(NAA). After incubation for a total of 40 days, the well-developed
plantlets were gently washed to remove agar and transferred
from the culture flask to plastic pots containing vermiculite and
nutrition soil [1:1 (v/v)].

The induction of shoots, GGBs and calli were repeated two
times, with each replicate comprising 6–15 explants in a single
Petri plate. The differentiation of shoots from calli involved 10
calli and three experimental replicates were conducted. All data
were analyzed using one-way ANOVA followed by Duncan’s
multiple range test with significance level of P< 0.05 (IBM_ SPSS
ver. 16).

Microscopic Preparation
For histological characterization, samples were fixed in formalin-
alcohol-acetic acid (50% ethanol: formaldehyde: acetic acid,
91:5:4) for >24 h. The samples were dehydrated in an ethanol
series and then an alcohol-acetone series (ethanol: acetone, 2:1,
1:1, 1:2, 0:1, and 0:1, changed every 30-min). For semithin
sections, the tissues were then subjected to an acetone-Spurr’s
resin series (acetone: resin, 2:1, 1:1, 1:2, 0:1, 0:1, and 0:1) changed
every 8 h. Finally, the samples were embedded in Spurr’s resin.
Sections (3 µm thick) were cut using a microtome (Leitz, 1512,
Germany) and stained with 2% basic fuchsin. Images were
observed and captured with a light microscope (Zeiss Axioskop
2 Plus, Germany) coupled with Axioplan software. For scanning

electronmicroscopy (SEM), the samples were critical-point dried
in CO2 (HCP-2; Hitachi, Tokyo, Japan) for 6 h. The dried samples
were mounted, sputter-coated with gold palladium (Hitachi
E-1010), and viewed under a Hitachi S-4800 SEM at 10.0 kV.

Gene Cloning and Sequencing
Arabidopsis LBD16 (AT2G42430), AGL15 (AT5G13790),
BBM (AT5G17430), WUSCHEL (AT2g17950), and RKD4
(AT5G53040) protein sequences were used as queries to find
the homologs in the RNA-Seq database of A. capillus-veneris
(Li et al., unpublished data). All the homologs, designated
AcLBD16, AcAGL, AcBBM, AcWUS, and AcRKD were verified
by sequencing coding DNA sequences using appropriate primers
(Table S2). All these genes and their sequence were submitted to
GenBank under accession number KP238200–KP238204.

Quantitative RT-PCR (qRT-PCR) Analysis
For qRT-PCR analysis, nine samples were used to identify the
genes’ expression patterns. Explant leaflets and eight different
tissues at adventitious shoot, GGB and callus developmental
stages were chosen: the initiation stage (14-day), mature
stage (40-day), callus-embryo transition stage and GGB-/callus-
derived shoots. Total RNA was isolated with Plant RNA
Extraction Reagent (Invitrogen, USA) and purified with an
RNeasy Mini kit according to the manufacturer’s instructions
(Qiagen, Germany). RNA was then converted to cDNA by
reverse transcription with a FastQuant RT Kit (Tiangen, China).
qRT-PCR was performed on an Applied Biosystems 7500 Real-
Time PCR System (ABI) with the reaction mixture containing
cDNA templates, primers (Table S3) and SYBR R© Premix Ex Tax
Mix (Takara, Japan). Transcript levels were normalized against
the A. capillus-veneris actin gene (AcACTIN) transcript levels
using appropriate primers (Table S3). Relative expression was
calculated via the delta-delta threshold method (2-11CT) (Livak
and Schmittgen, 2001). Results were expressed as means ± SE
(standard error) of two biological repeats.

Phylogenetic Analysis
To gain insight into the evolutionary relationships of AcLBD16,
AcAGL, AcBBM, AcWUS, and AcRKD with their counterparts
in other plants, we performed the exhaustive phylogenetic
analyses of LBD gene superfamily, and AP2, MADS-box, WOX,
and RKD gene family. The homologous amino acid sequences
of A. thaliana, Oryza sativa, Amborella trichopoda, Picea abies,
A. capillus-veneris, Selaginella moellendorffii, Physcomitrella
patens, Marchantia polymorpha, and algae were retrieved from
databases Phytozome (http://phytozome.jgi.doe.gov/pz/portal.
html), ConGenIE (http://congenie.org), and the Klebsormidium
flaccidum genome project (http://www.plantmorphogenesis.bio.
titech.ac.jp/~algae_genome_project/klebsormidium/index.html)
(Table S4). The sequences were aligned using the online version
of MAFFT (http://mafft.cbrc.jp/alignment/software/) (Katoh
and Standley, 2013). The final alignments were analyzed using
Protest (Abascal et al., 2005) to choose the best-fit models at
amino acid level for molecular evolution. Maximum likelihood
(ML) phylogenetic analyses were performed with RaxML and
statistically evaluated by the bootstrap method using 1000
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replicates (Stamatakis et al., 2008). Trees were edited using
FigTree v1.4.2. (http://tree.bio.ed.ac.uk/software/figtree/).

RESULTS

Somatic Embryogenesis Induction System
Three induction systems of SE were produced by adventitious
shoots, GGBs and calli when explants were cultured on the
basal medium supplemented with different concentrations of
2,4-D and BA (Figure 1, Table S1). After ∼2 weeks’ culture,
differentiated shoots were first observed on PGR-free media
(Figures 1A,E). When the concentration of BA was increased
to 1.5mg/L and 2.0 mg/L, few shoots but GGBs were produced
(Figures 1B,F). Under low concentrations of 2,4-D, a primary
callus was induced after 2 weeks of culture (Figures 1C,G),
while in higher concentrations of 2,4-D, e.g., from 1.5 to
2.0mg/L, fewer calli were induced and they had a soft texture,
dispersing cells on the medium (Figure 1D). When GGBs or
calli were moved to the medium free of 2,4-D and with a lower
concentration of BA, shoots readily formed within 5 months of
incubation (Figure 1I). Well-developed shoots were transferred

onto the rooting medium comprising ½ MS basal medium
supplemented with 0.5mg/L NAA to promote root formation
(Figure 1J). Subsequently, more than 10 roots were produced
after approximately 4 weeks of culture (Figure 1K). By this stage,
plantlets had developed from the explants. When transplanted
into soil, ∼90% of the plantlets survived and produced spores 2
months later (Figure 1L).

Cyto-Morphological Evidence for Direct
Somatic Embryogenesis
Adventitious shoots compacted with some trichomes had
obvious shoot apices, leaves and roots (Figures 1E,2A,B). The
globular dark-green GGBs appeared 2 weeks after the incubation
of explants (Figures 1B,F,2C). Multiple meristematic zones were
found inside the initial GGB tissue (Figure 2D). Thereafter,
many hair-like adventitious shoots formed on the surface
of GGBswhen they were moved to the 2, 4-D-free medium
with lower BA (Figures 2E–H). By the means of qRT-PCR
analysis, we examined the expression patterns of six selected
genes during A. capillus-veneris direct SE. As our results
showed, AcLEC1 is functionally pleiotropic, and it was highly

FIGURE 1 | Somatic embryogenesis induction system in Adiantum capillus-veneris. (A,E) Adventitious shoots formed on medium without PGR. (B,E) GGBs

cultured on medium with 2.0 mg/L 6-BA. (C,G) Callus formed on medium with 0.5 mg/L 2, 4-D and 0.5 mg/L 6-BA. (D) Dispersed cells cultured on medium with 2.0

mg/L 2,4-D and 0.5 mg/L 6-BA. (H) Adventitious shoots derived from callus; (I) Shoots of sexual reproduction from archegonium. (J) Well-developed shoots. (K) Root

formation of shoots on ½ MS medium with 0.5 mg/L NAA in flask; (L) Rooted plantlets transferred to pots for acclimatization. Ca, callus; sh, shoot; ro, root; le, leaf; sa,

shoot apex. Bars = 500 µm.
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FIGURE 2 | Cyto-morphological and gene expression of adventitious shoots and GGBs. (A) Shoots formed on medium without PGR. (B) Histological section

of initiated shoots (14-day). (C) Initiated GGBs (14-day). (D) Vertical section of initiated GGBs. (E) Mature GGBs (40-day). (F) Vertical section of mature GGBs

(40-day). (G) GGB-derived shoots cultured on medium without PGR. (H) Vertical section of GGB-derived shoots. (I–N) Expression of AcWUS, AcLEC1, AcBBM,

AcLBD16, AcAGL, AcRKD during shoots and GGBs-derived somatic embryogenesis. dcz, dividing cells zone; GGB, green globular body; lp, leaf primordium; mt,

meristematic tissue. Bars = 500 µm.

expressed in the initiation phase of embryos and GGBs, and
mature GGBs, respectively (Figure 2J). However, the expression
decreased in GGB-derived seedlings as the shoots continued
to regenerate (Figure 2J). AcWUS and AcBBM had similar
expression patterns with expression peak in the mature GGBs

and low point in embyro initiation (Figures 2I,K). AcRKD was
only highly expressed at GGB initiation stage during the direct
SE (Figure 2N). Comparing to the explant leaflets, expressions of
AcLBD16 and AcAGL were rarely detectable in shoot and GGB
development phases (Figures 2L,M).
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FIGURE 3 | Cyto-morphological and gene expression during callus-derived somatic embryogenesis. (a) The callus originated from the mesophyll cells. (b)

Primary callus lump of the leaf. (c) Initiated callus (14-day) formed on medium with 0.5 mg/L 2,4-D and 0.5 mg/L 6-BA. (d) Vertical section of initiated callus. (e) Mature

callus (40-day) on medium with 0.5 mg/L 2,4-D and 0.5 mg/L 6-BA. (i) Vertical section of mature callus. (f–h) Callus-embryo transition on medium with 0.5mg/L

(Continued)
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FIGURE 3 | Continued

BA. (j–k) Vertical section of callus showing meristemoids. (l) Vertical section showing shoot meristem. (m–r) Expression of AcWUS, AcLEC1, AcBBM, AcLBD16,

AcAGL, AcRKD during callus-derived somatic embryogenesis. dcz, dividing cells zone; ca, callus; mt, meristematic tissue; sa, shoot apical; sh, shoot; sm, shoot

meritem. Bars = 500 µm.

Callus Induction and Callus-Derived Shoot
Organogenesis
Histological analysis revealed that the callus originated from
the mesophyll cells, especially those closely connected to
marginal veins of the pinnately lobes of explant leaflets
(Figure 3a). The callus, an undifferentiated mass of friable light
green tissue, lacked embryo-like structures or apical meristems
(Figures 3b–d). The best production (>90%) of calli was found
on media with 0.5 mg/L 2,4-D and 0.5–1.0 mg/L BA, where there
was no significant difference in the callus productivity between
hormone combinations in the two basal media (Table S1). When
growing to∼1 cm in diameter, calli were cut into small pieces (∼3
mm in diameter) and then transplanted into the same medium
for subculture. Their cells divided actively and gave rise to fresh
light green calli with multiple meristemoid zones after∼1 month
inoculation (Figures 3e,i). Table S1 showed the effect of BA on
shoot regeneration from calli. Among various PGRs tested, the
highest frequency of shoot regeneration from calli (60–70%) and
number of shoots per callus (4–5) were observed on either MS or
½ MS medium containing 0.5mg/L BA (Table 1). After the first
40 days of culture, calli became compact and green (Figure 3f).
At this time, meristemoids were produced inside rather than on
the surface of the calli and shoot primordia formed (Figure 3j).
After 3 months’ culture, each callus produced several shoots
(Figures 3g–l). During this indirect SE, expressions of AcWUS,
AcLEC1, AcLBD16 and AcRKD were clearly detected in callus
development phases, with the maximum expression in mature
calli (40-day calli), and then decreased (Figures 3m,n,p,r).
AcAGL expressed during callus formation with higher expression
levels at callus initiation (14-day calli) and in mature calli (40-
day calli) (Figure 3q). Up-regulated expression of AcBBM was
detected in the entire callus development and reached apeakat
mature callus stage (Figure 3o). It was also highly expressed
during the callus-embryo transition (C-D transition), but showed
a low expression when shoots became visible (C-D shoots)
(Figure 3o).

Identification and Phylogenetic Analysis of
AcWUS, AcBBM, AcLBD16, AcAGL, and

AcRKD
Phylogenetic analyses were performed to analyze evolution of
AcWUS, AcBBM, AcLBD16, AcAGL, and AcRKD and their
homologs in other green plants (Figure 4). The gene trees showed
that these genes and their homologs of other green plants
formed monophyletic clades, respectively (Figure 4). However,
tree topologies were also found for these gene families, suggesting
that they could experience different evolutionary trajectories
during plant evolution.

The phylogenetic tree of WOX gene family showed that there
were three clades, and the AcWUS was grouped with the WUS

TABLE 1 | Callus-based shoot regeneration of A. capillus-veneris.

Treatment

BA (mg/L)

Percentage of callus producing

shoots (%)1
Average number of buds

per callus1

MS 1/2 MS MS 1/2 MS

0 23.33abc ± 8.89 26.67abc ± 4.44 0.63A ± 0.11 0.70A ± 0.13

0.5 63.33e ± 8.89 76.67f ± 4.44 4.20E ± 0.38 5.00F ± 0.20

1.0 36.67cd ± 4.44 46.67d ± 4.44 3.33D ± 0.22 4.10E ± 0.13

1.5 30.00bc ± 0 33.33bcd ± 0.04 1.93C ± 0.22 2.07C ± 0.04

2.0 13.33a ± 4.44 20.00ab ± 6.67 0.30A ± 0.07 1.27B ± 0.11

Data showmean± SE of three replicates, each comprising 9–10 explants. Different letters

in a column indicate significant differences at P < 0.05 according to Duncan’s multiple

range test.
1The diameter of the calli was 8–10 mm.

counterparts as a strong supported clade (Figure 4D). Within
the WUS clade, AcWUS showed high sequence similarity to
Arabidopsis AtWUS. The AcBBM was identified as a member of

the APETALA2 (AP2)/ETHYLEN-RESPONSE-FACTOR (ERF)
gene family. The phylogenetic tree of BBM genes showed
that pteridophyte BBMs, including AcBBMs, were grouped at
the base of the seed plant euANT lineage (Figure 4A). Also,
phylogenetic analysis of AcLBD and its counterparts of other
plants indicated that they all possess the signature motif of Class
IB. In addition, phylogenetic tree showed that AcLBD16 gene,
though scattering among seed plant clades, resided in the Class
1B clade with strong support (Figure 4C). Hence, AcLBD16 may
be a putative ortholog of Arabidopsis LBD16, LBD17, LBD18,
LBD29. A maximum-likelihood tree constructed from the whole
RKD protein sequences showed that all the plant RKDs were
clustered in a single clade which was well separated from the
outgroup RWP-RK proteins (Figure 4B). AcRKD had high
sequence similarity with Arabidopsis RKDs at the RWP-RK
and carboxy-terminal domains. In addition, the phylogenetic
position of AcAGL remains uncertain based on our analysis on
the MADS Type II sequences using RAxML (Figure 4E).
Seventeen branches (MIKC∗, AGL2/AGL6/FLC/SQUA,
DEF/GLO/OsMADS32/GGM13, AGAMOUS, AGL12, AGL15,
AGL17, GpMADS4, StMADS11, TM3, and TM8) can be defined
in the tree, but AcAGL had a close relationship withMpoMADS1
and TM8 rather than with AGL15 of Arabidopsis and Amborella
trichopoda (Figure 4E).

DISCUSSION

Shoot Regeneration via Somatic
Embryogenesis
An efficient in vitro regeneration system via SE was developed for
A. capillus-veneris. Direct SE via adventitious shoots and green
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FIGURE 4 | Phylogenetic analysis of AcWUS, AcBBM, AcLBD16, AcAGL, and AcRKD. Maximum-likelihood tree of five gene family proteins constructed using

sequences of A. capillu-veneris in this study and other sequences of representative plant species. See Table S4 for sequences and accession numbers. Numbers at

the branches indicate bootstrap values calculated from 1,000 replicates. Only values higher than 50 are shown. In each tree, the different clades are indicated by

colored boxes and named. Red stars refer homologous genes with high confidence. Red circles refer the genes from A. capillus-veneris. Green circles refer the genes

from A. thaliana. (A) AcBBM, (B) AcRKD, (C) AcLBD16, (D) AcWUS, and (E) AcAGL.

globular bodies (GGBs), and indirect SE via calli were obtained
with the maximal rate on the MS media. Shoot regeneration via
direct SE is usually initiated by plant growth regulators (PGRs)
although their usage is rare (Fernández et al., 1997; Bertrand
et al., 1999). In vitro adventitious shoot initiation was found
on the medium with very low PGR concentration or without

any PGRs (Beck and Caponetti, 1983; Table S1). GGBs became
dominant with the increase of BA concentration. Amaki and
Higuchi (1991) reported that the optimal medium for GGB
proliferation of Adiantum was ½ MS with 1.0mg/L BA, whereas
our data showed that MS or ½ MS medium with a higher
concentration of BA (2.0mg/L) obtained the best proliferation.
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Indirect SE, especially callus induction, has rarely been
successful in ferns. In the present study, we found that the
medium containing 0.5 mg/L 2,4-D and 0.5–1.0mg/L BA is the
most efficient one for the callus induction of A. capillus-veneris
(Table S1). This result is in agreement with Byrne and Caponetti
(1992), who reported that 2,4-D and sucrose were necessary to
produce calli in the Boston fern, Nephrolepis exaltata. Calli are
very sensitive to in vitro culture conditions and easily turn brown
(Ahloowalia, 1982; Northmore et al., 2012). It has been reported
to be difficult for generating intact sporophytes from a callus in
ferns (Kwa et al., 1997; Byrne and Caponetti, 1992). This is in
line with our results on the frequency of shoot organogenesis of
A. capillus-veneris (Table 1). The morphogenetic pathway could
be important for improving the regeneration rate (Fernández and
Revilla, 2003). The meristemoid tissue found in the indirect SE of
A. capillus-veneris is critical for organogenesis of a callus in vitro,
which has not previously been described in ferns (Attfield and
Evans, 1991; Bobák et al., 1993; Ovečka et al., 2000).

Phylogenetic Relationships of
Embryogenesis-Associated Genes in Land
Plants
Although only six embryogenesis-associated genes were studied
in the present study, phylogenetic analyses of AcBBM, AcWUS,
AcAGL, AcLBD16, and AcRKD of A. capillus-veneris showed
that all those gene homologs can be found in other land
plants, hardly in algae. The homologous genes were generally
clustered as a clade in their respective phylogenetic trees
(Figure 4), suggesting that the embryogenesis-associated genes
could originate and evolve with colonization of plants to
terrestrial environments. However, the mechanisms behind
these evolutionary events remain unresolved.WUSCHEL-related
homeobox (WOX) members contain a conserved homeodomain
essential for plant development by regulating cell division and
differentiation (Zuo et al., 2002; Li et al., 2013). So far, there has
been no data concerning evolution and function of fern WUS
homologs. Our phylogenetic analysis revealed that AcWUS is a
putative ortholog of ArabidopsisWUS with high bootstrap value.
In addition, the WUS clade was the latest derived lineage in
the phylogenetic tree of WOX family genes (Figure 4D), which
is consistent with previous findings in Arabidopsis as well as
other plants (Lian et al., 2014). The RKD family of plant RWP-
RK factors is expressed in reproductive cells of land plants,
and has a single origin (Koi et al., 2016). In the gene trees
(Figures 4B,C), AcRKD resided in the RKD clade corresponding
to the RKD subfamily designated by Chardin et al. (2014);
AcLBD is located in the Class IB LBD gene lineage, which was
reported to be involved in root development (Coudert et al., 2012;
Chanderbali et al., 2015). The BBM genes were described in A.
capillus-veneris for first time. Our analysis showed that AcBBM
shares high similarity with BBMs in other land plants, and is
imbedded in the clade euANT (Figure 4A). All of these suggested
that the embryogenesis-associated genes were highly conserved,
and they originated early, at least earlier than occurrence of
ferns.

Expression of Six
Embryogenesis-Associated Genes during
Shoot Regeneration
Embryogenesis-associated genes have been extensively
characterized in carrot and Arabidopsis by using SE (Ikeuchi
et al., 2013; Radoeva and Weijers, 2014), but less have been
evaluated in ferns. In this study, the putative orthologs of
Arabidopsis BBM, LEC1, WUS, AGL15, LBD16, and RKD4
were identified and cloned from A. capillus-veneris. The
developmental stage-specific expression patterns of all these six
genes during GGBs and calli-derived SE are shown in Figure 5.
We found the expression pattern of each gene is in agreement
with that of its counterparts in angiosperms. For instance,
expression of AcLBD16 in callus development is consistent
with the expression patterns of Arabidopsis LBD16–18 and
LBD29, and poplar PtaLBD1, which are sufficient to promote
callus formation under auxin conditions (Yordanov et al.,
2010; Fan et al., 2012). Our analyses showed that AcBBM
was expressed during PGR-induced embryogenesis or callus
formation (Figure 5), similar to the reports on orthologs of
Arabidopsis, Brassica napus and Glycine max (Boutilier et al.,
2002; El Ouakfaoui et al., 2010). It is well documented in many
species that WUS and WOX genes regulate the shoot meristem
cells, and their overexpression can induce callus formation
(Mayer et al., 1998; Loyola-Vargas and Ochoa-Alejo, 2016).
During the SE of A. capillus-veneris, AcWUS was detected with
high expression levels in GGB and callus developments. This
finding, together with the observation of somatic embryos in
Arabidopsis as well as WUS expression in several callus lines
suggests that theWUS genes may be involved in the regulation of
both meristematic and embryogenic cells (Zuo et al., 2002; Iwase
et al., 2011; Fehér, 2015). AcRKD was highly expressed in GGB
induction and callus development (Figure 5), a phenomenon
consistent with the result of ectopic overexpression of RKD1 and
RKD2 that induced callus development without PGRs, and the
expression of RKD4 in early embryos (Waki et al., 2011).

Key Regulatory Genes Involved in
Embryogenesis in Land Plants
SE, in response to exogenous and/or endogenous signals, has
been studied and applied in plants for more than 50 years
(Radoeva and Weijers, 2014; Fehér, 2015; Loyola-Vargas and
Ochoa-Alejo, 2016), but themolecularmechanisms initiating and
controlling this process remain unclear. As the ultimate product
of the SE is similar, it can be expected that the basic regulatory
mechanism involved in this process is very conserved during
plant evolution. Numerous molecular studies have identified
many regulatory genes and gain the entry into the regulatory
networks underling the SE processes of various plant species.
Based on previous and present studies (Radoeva and Weijers,
2014; Fehér, 2015; Ikeuchi et al., 2015; Guan et al., 2016;
Loyola-Vargas and Ochoa-Alejo, 2016), we summarized a basic
graphic illustration of the regulatory networks controlling SE
(Figure 5). Although promising progress in characterizing the
molecular mechanisms of SE has been made in seed plants, but
little is known about the regulatory genes and mechanisms of
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FIGURE 5 | Schematic diagram of the expression of AcWUS, AcLEC1, AcBBM, AcLBD16, AcAGL, and AcRKD during somatic embryogenesis in

Adiantum capillu-veneris. Four important developmental stages callus, dividing cells zone (dcz), meristematic tissue (MT), shoot meritem (SM) were chosen and the

width of the bars represents the results of those genes’ expression.

FIGURE 6 | A schematic model showing the regulation of somatic embryogenesis in Arabidopsis and Adiantum capillus-veneris. The WUS expression

subsequently induces expression of LEC1 and LEC2, which together with AGL15 and SERK modulate the endogenous levels of auxin to promote somatic

embryogenesis. Arrows with a solid line indicate direct transcriptional regulation by molecular evidence. Arrows with a dotted line indicate transcriptional regulation

that mechanisms are not clear.

this process in ferns. Compared with some model plants such
as Arabidopsis and carrot, it is more difficult to understand
the molecular mechanism of the fern SE due to a lack of

effective defective mutants, genome sequence data, and different
phylogenetic positions in the evolution of land plants. Even so,
the identification and expression analysis of key SE-associated
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genes in A. capillus-veneris can provide a global view of
transcriptional events important for GGB-/callus-derived SE in
this species, and will help us to understand the regulatory
networks of SE, even of ZE in ferns. These data, coupled with
the phylogenetic analyses of six regulatory genes, offer new
information for a better understanding of the fern SE and the
evolution of key regulatory genes associated with embryogenesis
in land plants (Figure 6).

Evolution of Reproductive Organs:
Embryos to Seeds
Reproduction in land plants can be viewed as a complex, partly
hierarchical, series of developmental processes, which together
with their underlying genetic regulators produce morphological
innovations, such as embryos, seeds and flowers. Adaptation of
land plants to terrestrial environments occurs as the variation in
genetic and developmental processes is winnowed by selection
(Crane and Kenrick, 1997; Pires and Dolan, 2012). Embryo
formation is the first innovation acquired by land plants during
evolution, and followed by the development of seeds (Becker
and Marin, 2009; Radoeva and Weijers, 2014). These two
developmental processes are closely connected, and the former
is a prerequisite for the latter. Although the two processes could
be controlled by different developmental pathways, they probably
share many regulatory genes. For example, in Arabidopsis, LEC1
is not only involved in the embryogenesis, but also regulates seed
maturation (Goldberg et al., 1994; Harada, 1997; Radoeva and
Weijers, 2014); the up-regulated expression of AcLEC1, a LEC1
homolog in A. capillus-veneris, can facilitate the formation of
seed-like traits, such as the accumulation of nutrient reserves and
delayed development of embryos in this fern species under some

laboratory conditions (Fang et al., unpublished data), which are
completely similar to the seed traits produced in Arabidopsis. All
the those suggests that the embryogenesis-associated genes could
be co-optioned to a new developmental program, which produces

morphological innovations, like formation of seed-like traits inA.
capillus-veneris. Thus, seed formation may have resulted from a
newly built regulatory network, which is established by cooption
and modification of existing genes or networks.
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As a core regulatory gene of the anther development, DYSFUNCTIONAL TAPETUM1

(DYT1) was expressed in tapetum preferentially. Previous study had confirmed that a

“CTCC” sequence withinDYT1 promoter was indispensable for correctDYT1 expression.

However, precise analysis on the function of each nucleotide of this sequence still lacks.

Here we employed site mutation assay to identify the function roles of the nucleotides.

As a result, the “T” and final “C” of “CTCC” were found essential for the temporal

and spatial specificity of DYT1 expression, whereas the other two “C” nucleotides

exhibited substitutable somewhat. The substitutes of two flanking nucleotides of “CTCC,”

however, hardly affected the normal promoter function, suggesting that the “CTCC”

sequence as a whole did meet the standard of a canonical cis-element by definition.

In addition, it was found that as short as 497 bp DYT1 promoter was sufficient for

tissue-specific expression, while longer 505 bp DYT1 promoter sequence was sufficient

for species-specific expression.

Keywords: Arabidopsis, DYT1, cis-element, tissue specificity, tapetum

Key message: Through site mutation assay it was found that the “T” and final “C” nucleotides of key cis-element

“CTCC” of Arabidopsis tapetum gene DYT1 promoter were irreplaceable for tissue specific gene expression.

INTRODUCTION

Anther development is crucial for successful pollen production in flowering plants. TheArabidopsis
anther during meiosis is a four-lobed structure comprised of concentric outer epidermis,
endothecium, middle fibrous layer, tapetum and pollen mother cell (PMC; Goldberg et al., 1993;
Yeung et al., 2011). The tapetum initially turns out as a single-cell layer surrounding PMC, and
is the main nutrient tissue of PMC and pollen subsequently in the anther (Koltunow et al.,
1990; Scott et al., 2004; Feng and Dickinson, 2007; Zhang et al., 2014; Li et al., 2015). A serial
of regulatory genes have been identified to be essential for the tapetum function in Arabidopsis
up to date, including DYSFUNCTIONAL TAPETUM1 (DYT1), DEFECTIVE IN TAPETAL
DEVELOPMENTANDFUNCTION1 (TDF1),MYB103/MYB80,ABORTEDMICROSPORE (AMS),
MALE STERILITY1 (MS1), etc. (Zhang et al., 2006, 2007; Yang et al., 2007; Zhu et al., 2008;
Phan et al., 2011; Wang et al., 2012; Fernández-Gómez and Wilson, 2014; Xu et al., 2014, 2015;
Shumin et al., 2015; Yi et al., 2016). Among them, DYT1 as one of the earliest tapetum-preferential
genes, initiates all aspects of tapetum function through regulating transcription of approximately
1,000 anther genes involved in callose synthesis and degradation, peptide and lipid transport,
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exine formation, etc. (Schiefthaler et al., 1999; Higginson et al.,
2003; Sorensen et al., 2003; Ito et al., 2007; Liu et al., 2009; Feng
et al., 2012; Phan et al., 2012; Li et al., 2013; Cui et al., 2016).

The expression profile of DYT1 is highly tissue-specific.
Weak expression of DYT1 can be detected in the secondary
parietal cell and sporogenous cell, the precursors of tapetum
and PMC respectively at as early as anther stage 4 (Zhang et al.,
2006; Shumin et al., 2015). Then DYT1 expression significantly
enhances and culminates with maturation of tapetum at the
anther stages 6, and exhibits as a tapetum-preferential pattern
(Zhang et al., 2006; Shumin et al., 2015). With the end of meiosis
of PMC, DYT1 expression declines rapidly, and disappears at
stage 8 (Zhang et al., 2006; Gu et al., 2014; Shumin et al., 2015).
The underlying mechanism(s) controlling DYT1 temporal and
spatial expression pattern remains as a puzzle since DYT1 was
firstly characterized one decade ago (Zhang et al., 2006). It has
been known that at least two signal pathways are involved in
initiation ofDYT1 expression. The first one seems to be governed
by transcription regulatory factors, including nuclear proteins
NZZ/SPL and LFR, and SBP-domain transcription factor
SPL8 (Yang et al., 1999; Xing et al., 2010; Wang et al., 2012).
The second pathway is mediated by protein phosphorylation
triggered by a series of receptor-like kinases, such as EXS/EMS1,
SERK1 and SERK2, BAM1 and BAM2 (Zhao et al., 2002, 2008;
Albrecht et al., 2005; Colcombet et al., 2005; Hord et al., 2006;
Li et al., 2017). Both signal pathways are essential for normal
DYT1 expression, though few details are known about how they
crosstalk and activate DYT1 expression together (Zhang et al.,
2006; Shumin et al., 2015).

In our previous study, it had been confirmed that as short
as 513 bp sequence in front of the transcription start site (TSS)
of DYT1 was essential and sufficient for proper temporal and
spatial specificity ofDYT1 expression. In addition, the deletion of
a “CTCC” sequence at the position of −468 bp (i.e., 468 bp from
the TSS) abolished DYT1 expression completely at the anther
stage 6, suggesting that the “CTCC” sequence was indispensable
for normal DYT1 expression (Shumin et al., 2015). Including
our previous study, there have been only a couple of related
reports about “CTCC” as a putative cis-element crucial for gene
expression regulation in plants (Kano-Murakami et al., 1991;
Ku et al., 2011). However, whether the “CTCC” sequence is a
canonical cis-element in which the nucleotides are irreplaceable,
remains to be addressed. In this study, we employed site mutation
assay to characterize the function roles of the nucleotides,
including the two flanking ones of the “CTCC” sequence to
answer the question whether the “CTCC” sequence met the
standard of a canonical cis-element or not. In addition, more
truncation analysis was performed through using both transgenic
Arabidopsis and tobacco bright yellow 2 (BY2) cell suspensions
to identify which regions of DYT1 promoter were essential for
tissue, and further species specificity of DYT1 expression.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Col-0 was used in all of the
transformation and promoter analysis in this study. The plants
were cultivated under 16 h light/8 h dark photoperiod with 300

FIGURE 1 | Promoter constructs used to drive GFP expression in

transgenic plant anthers and BY2 cells.

Es−1m−2 illumination intensity, at 22 ± 1◦C. The seeds were
stratified at 4◦C for 4 days prior to growth.

The tobacco (Nicotiana tabacum L. cv Bright Yellow 2, BY2)
was cultivated in a modified liquid Murashige and Skoog (MS)
medium (Zhou et al., 2014) at 28◦C with 120 rpm shaking
avoiding light and maintained by weekly dilution (V/V = 1/10)

of cell.

Transformation Constructs
The pre-existing 513 bp DYT1 promoter-driven GFP expression
construct, designated as DYT1513bp::GFP (Shumin et al.,
2015), was used as PCR template in this study. The primers
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TABLE 1 | PCR primers in this study.

Primer name Sequence (5′–3′)

pDYT1F-513 CCCAAAGCTTCTAACGTTGGACCTGTGGACT

pDYT1F-505 CCCAAAGCTTGGACCTGTGGACTCAGTTTAC

pDYT1F-497 CCCAAAGCTTTTTACAGAGCCGTGGTCGAGCCTC

pDYT1F-489 CCCAAAGCTTGGACTCAGTTTACAGAGCCGTGG

pDYT1F-481 CCCAAAGCTTGCCGTGGTCGAGCCTCCGC

p513F1cis CCCAAAGCTTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGCGCGAGGTG

p513FTCTCCT CTAACGTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGTCTCCTCGAGGTGTGGAG

p513FTTCC CTAACGTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGCTTCCGCGAGGTGTGGAG

p513FCGCC CTAACGTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGCCGCCGCGAGGTGTGGAG

p513FCTTC CTAACGTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGCCGCCGCGAGGTGTGGAG

p513FCTCT CTAACGTTGGACCTGTGGACTCAGTTTACAGAGCCGTGGTCGAGCCTCTGCGAGGTGTGGAG

pDYT1R-co CGGAGCTCTTATTTCTTCTTCTTTGATAATT

pGFP-RT-F ATGGTGAGCAAGGGCGAGGAG

pGFP-RT-R TTACTTGTACAGCTCGTCC

p513d1F CCCAAAGCTTACAGAGCCGTGGTCGAGCGCGAG

p513c1F CCCAAAGCTTACAGAGCCGTGGTCGAGCCTCC

p513i1F TTACAGAGCCGTGGTCGAGTCTCCT

p513i2F CAGTTTACAGAGCCGTGGTCGAGCT

p513i3F AGTTTACAGAGCCGTGGTCGAGCCG

p513i4F GTTTACAGAGCCGTGGTCGAGCCTT

p513i5F TTTACAGAGCCGTGGTCGAGCCTCT

P513R-co TTATTTCTTCTTCTTTGATAATT

to generate site mutations of the constructsDYT1TTCC::GFP,
DYT1CGCC::GFP, DYT1CTTC::GFP and DYT1CTCT ::GFP; CTCC
flanking site mutation constructDYT1TCTCCT ::GFP were
designed and synthesized respectively. Novel 5′ end primers
of truncation constructs DYT1489bp::GFP, DYT1497bp::GFP and
DYT1505bp::GFP were designed and synthesized, respectively
(Figure 1). The PCR products were obtained and cloned into
pCAMBIA1300 to make reporting constructs according to the
report of Zhou (Shumin et al., 2015).

Plant Transformation
Transgenic plants were generated via floral-dip transformation.
The positive transgenic seedlings were screened on MS medium
containing 25 mg/L hygromycin (Clough and Bent, 1998). At
least 10 independent transgenic T1 generation lines for each
construct were observed in this study.

BY2 Cell Suspension Transformation
The transformation of BY2 suspension was carried out according
to the report of Zhou (Zhou et al., 2014). BY2 cell suspension was
co-cultivated with the Agrobacterium GV3101 strain harboring
transgenic construct in liquid medium without antibiotics
avoiding light at 28◦C for 48 h, so that the final concentration
of cell suspension was approximately OD600 = 0.6. The resulted
BY2 cell suspension was enriched by centrifuge and plated onMS
solid medium containing 50µg/ml hygromycin and 100µg /ml
vancomycin, and incubated at 28◦C avoiding light. Two weeks
later, grown-up antibiotics-resistant callus were subjected to
amplified liquid cultivation, and the resulted BY2 cell suspension
was used for genotyping and fluorescence observation. At
least 10 independent original antibiotics-resistant callus were
observed for each construct. The pre-existing transgenic callus
of cauliflower mosaic leaf virus 35S promoter-driven GFP

expression 35S::GFP was used as a positive control (Zhou et al.,
2014).

Semi-Quantification PCR
Total RNAwas extracted from the transgenic BY2 cell suspension
and performed reverse transcription according to Zhou et al.
(2014). Then GFP cDNA fragment was PCR amplified with
GFP specific (GFP RT-F&R) primers with the sequence listed in
Table 1.

Observation of GFP Fluorescence
Anthers were stripped and collected from transgenic plants
flower bud just around male meiosis (anther stage 4–9) on a

microscopy slides. Added one drop of sterile water on the anthers
and covered a slide carefully without squeezing. Then the sample
was observed and photographed under Zeiss LSM-710 confocal
microscope (Zeiss, Germany) and Leica DM2500 fluorescence
microscope. As for semi-quantification of the fluorescence
intensity, randomly 10 sites on fluorescence images were selected
and the intensity was measured and normalized by the SMART
software. Statistics of at least 15 anthers per line, 10 independent
T1 generation transgenic lines were counted for each construct
transformation. As for BY2 cell suspension, at least 100 cells per
callus ancestor were observed, and 10 callus were counted for
each construct transformation.

RESULTS

Two Nucleotides of “CTCC” cis-Element
Were Essential for the Accurate Expression
Pattern of DYT1 Gene
Previous studies showed that the 513 bp length DYT1 promoter
could faithfully regenerate the temporal and spatial profile
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of native DYT1 expression (Shumin et al., 2015). The GFP
signal of transgenic DYT1513bp::GFP firstly appeared in the
secondary parietal cell and microsporocyte of stage 4 Arabidopsis
anther. Then the GFP expression increased significantly and
reached its peak preferentially in the tapetum of stage 5 and
6 anthers. Subsequently, the GFP signal rapidly weakened at
stage 7 and disappeared at stage 8 (Figures 2A,G). The “CTCC”

FIGURE 2 | Continued

cis-element locating at −468 bp from the TSS is particularly
important for the correct expression of the DYT1 gene. The
deletion of “CTCC” completely knocked out GFP expression
(Shumin et al., 2015). To investigate the function of each
nucleotide in the “CTCC” cis-element, a series of modifying
constructs based on DYT1513bp::GFP with site mutations in or
around the “CTCC” sequence were made, and transformed into
Arabidopsis, respectively (Figure 1). The transgenic plants were
identified by PCR using nucleotide specific primers (Table 1)
and restriction endonuclease digestion assay (Supplementary
Figure 1). The site mutations of the two flanking nucleotides

FIGURE 2 | GFP expression in “CTCC” site mutation transgenic plant

anthers. (A–F) Green fluorescence images of anthers at stage 4–8 in

DYT1513bp::GFP, DYT1TCTCCT ::GFP, DYT1TTCC::GFP, DYT1CGCC::GFP,

DYT1CTTC::GFP, and DYT1CTCT ::GFP in transgenic plants. (G,H)

Semi-quantification of the average fluorescence intensity in stage 4–8 anthers

and in different parts of stage 6 anthers of DYT1513bp::GFP,

DYT1TCTCCT ::GFP, DYT1TTCC::GFP, DYT1CGCC::GFP, DYT1CTTC::GFP, and

DYT1CTCT ::GFP transgenic plantsthrough SMART software assay (n ≥ 30,

±SD; p < 0.1, Student’s t-test), values were obtained from 3 independent

lines of transgenic plants. Bar = 10 µm.
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of the “CTCC” cis-element (5′ end from “C” to “T,” and 3′

end from “C” to “T,” respectively), and the first and third
nucleotide substitutes from “C” to “T” in the “CTCC” imposed
no effect on the expression pattern of GFP (Figures 2B,C,E,G).
On the contrast, however, “G” replacing “T” in the “CTCC”
resulted in weak expression of GFP in the connective and
epidermis tissues in addition to the tapetum and PMC (before
stage 6, then microspore at stage 7 and 8; Figures 2D,H).
Furthermore, “T” replacing the final “C” resulted in strong GFP
expression in all tissues of stage 4–8 anthers (Figures 2F,H).
Thus, the “T” and final “C” of the “CTCC” cis-element
were suggested to play predominant roles in controlling
the tissue specificity and appropriate intensity of the gene
expression.

As Short as 497 bp DYT1 Promoter Was
Sufficient for Tissue-Specific Expression
The previous study had elucidated that beside the core motif
“CTCC,” the −481 to −513 bp region of DYT1 promoter was
also indispensable for appropriate expression. To uncover finer
structure within this region, in addition to original 481 and 513
bp truncated DYT1 promoter-driven GFP reporter constructs,
489, 497, and 505 bp truncated DYT1 promoter-driven GFP
reporter constructs were made and transformed intoArabidopsis,

FIGURE 3 | Continued

respectively. As a result, both 505 and 497 bp DYT1 promoter
gave rise of the identical expression pattern as the 513 bp
DYT1 promoter (Figures 3A,B,E), suggesting as short as 497
bp DYT1 promoter was sufficient to recapitulate appropriate
DYT1 expression in Arabidopsis anther. On the other side,
in DYT489bp::GFP transgenic plants, GFP exhibited an ectopic
and weaker expression losing the tapetum-preferential pattern,
similar to that of the 481 bpDYT1 promoter. The detectable green
fluorescence was distributed not only in the tapetum and PMC
(before stage 6, then microspore at stage 7 and 8), but also in the
connective and epidermis tissues (Figures 3C,D,F), suggesting
that the sequence from −489 to −497 bp in DYT1 promoter
was essential for tapetum-preferential expressing pattern, and

FIGURE 3 | GFP expressing in DYT1513bp::GFP, DYT1489bp::GFP,

DYT1497bp::GFP and DYT1481bp::GFP transgenic Arabidopsis anthers.

(A) The green-fluorescence concentrates in the tapetal cells of transgenic

plant anthers; (B–D) Obvious green-fluorescence displays both in the anther

locules, tapetum and epidermis. The upper row are images of fluorescence,

and the under row are merged images of light and fluorescence. (E,F)

Semi-quantification of the average fluorescence intensity in stage4-8 anthers

and in different parts of stage 6 anthers of DYT1513bp::GFP, DYT1497bp::GFP,

DYT1489bp::GFP, and DYT1481bp::GFP transgenic plants through SMART

software assay (n ≥ 30, ±SD; p < 0.1, Student’s t-test), values were obtained

from 3 to 5 independent lines of transgenic plants. Bar = 10 µm.
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as short as 497 bp DYT1 promoter sequence was sufficient for
tissue-specific expression.

505 bp DYT1 Promoter Was Sufficient for
Species-Specific Expression
As mentioned before, the flanking −489 to −497 bp region
seemed to play as a restriction element to limit DYT1
expression with certain spaces so that DYT1 expression exhibited
as a specific spatial profile. Then one more question was
brought up whether there was other region in 513 bp DYT1
promoter imparting the species specificity. In order to test

such possibility, the series of truncated DYT1 promoter-
driven GFP reporting constructs were transformed into tobacco
BY2 cell suspension. In DYT1497bp::GFP, DYT1489bp::GFP and
DYT1481bp::GFP transgenic BY2 cell suspension, weaker GFP
expression comparing with that of 35S::GFP transgenic cells was
found (Figures 4A,D–F,M). However, in DYT1513bp::GFP and
DYT1505bp::GFP transformed cell lines, no GFP signal could
be detected (Figures 4B,C,M). Thus, 505 bp DYT1 promoter
sequence was sufficient for restricting the gene expression in A.
thaliana rather than in other species such as tobacco BY2 cell
suspension.

Furthermore, all site mutations within “CTCC” based on
DYT1513bp::GFP gave rise of ectopic GFP expression in BY2 cell

FIGURE 4 | Functional segments assay of DYT1 promoterin transgenic BY2 cells. GFP fluorescence was detected under Confocal microscope. (A–F) The

fluorescence and bright images of GFP driven by 35S promoter and different truncated DYT1 promoters. (G–L) The function assay of “CTCC” segment in DYT1

promoter driving GFP expression in BY2 cells. (M) RT-PCR analysis of GFP/ACTIN expression in different transgenic BY2 cells. Lane 1–12 represented 35S::GFP,

DYT1513bp::GFP,DYT1505bp::GFP, DYT1497bp::GFP, DYT1489bp::GFP, DYT1481bp::GFP, DYT1TCTCCT ::GFP, DYT1TTCC::GFP, DYT1CGCC::GFP, DYT1CTTC::GFP,

DYT1CTCT ::GFP, and DYT11cis::GFP transgenic cells. Bar = 20 µm.
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suspension, suggesting that the “CTCC” cis-element participated
in determining species specificity. However, the substitutes of
the “T” and final “C” generated stronger ectopic expression than
the other two nucleotides (Figures 4I,K), suggesting the “T”
and final “C” also contributed in determining species specificity
more than the other two “C” nucleotides (Figures 4H,J),
though not so exclusively as in determining tissue specificity in
Arabidopsis. Consistent to the results obtained from Arabidopsis
study (Figure 2), the mutations of “CTCC” flanking nucleotides
had no effect on the driven gene expression (Figure 4G),
further supporting “CTCC” itself was a four-nucleotides motif.
Unlike site mutations, the “CTCC” deletion DYT1513bp1cis:: GFP
generated little GFP fluorescence either in Arabidopsis anther
(Shumin et al., 2015), or in BY2 cell suspension (Figures 4L,M),
adding complexity to the function of intact “CTCC.” One
explanation is that in addition to controlling spatial expression
pattern of the driven gene, “CTCC” as a whole is also important
for gene expression activation.

DISCUSSION

The findings of this study that the substitutes of the “T” and final
“C” nucleotides in the “CTCC” sequence dramatically changed
the driven gene (GFP here) expression profile, whereas the
nucleotide replaces just out of “CTCC” imposed little effect on
either tissue or species specificity, confirmed that the “CTCC”
sequence did satisfy the definition of a canonical cis-element, and
play as the core role in determining DYT1 expression profile.
Furthermore, with more “CTCC” flanking sequences truncated
from DYT1 promoter, the extent of gene expression specificity
became weaker, reflected in the facts that the species specificity
was lost firstly, then the expression region extended from the
central locule to the connective tissue and epidermis in the
Arabidopsis anther, resulting in a constitutive pattern at last.
Thus it was suggested that DYT1 promoter was a functional
unit comprised of multiple parts whose absence would lead to
expression specificity attenuation, from both species and tissue-
specific to only tissue-specific, and finally to constitutive. In other
words, the core motif “CTCC” and its flanking sequences need
work together to restrict the driven gene expressed precisely in
specific tissues, and furthermore in specific species.

With the key cis-element identified, undoubtedly the main
task of next stage work is to identify the trans-factor(s) which
recognizes and binds to the “CTCC” cis-element, and finally
activates DYT1 expression. As mentioned before, among the
known DYT1 upstream regulatory factors which are involved
in transcription regulation, SPL8 participates in the small
RNA signaling in cell differentiation regulation in anther. As
a SBP domain factor, the DNA-binding motif of SPL8 is
zinc-binding motif rather than “CTCC” (Xing et al., 2010).
Furthermore, both SPL/NZZ and LFR lack functional DNA-
binding domain (Yang et al., 1999; Wang et al., 2012). Thus,
it is proposed that the regulatory factor recognizing and
binding to the “CTCC” cis-element of DYT1 promoter still
needs to be characterized in future work. This unknown
factor might be unable to activate DYT1 expression alone.
Conversely it would associate with SPL/NZZ and/or LFR
to form an active transcription complex to trigger DYT1
expression.
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Hybridization accompanied by polyploidization and apomixis has been demonstrated

as a driving force in the evolution and speciation of many plants. A good example

to study the evolutionary process of hybridization associated with polyploidy and

apomixis is the genus Cotoneaster (Rosaceae), which includes approximately 150

species, most of which are polyploid apomicts. In this study, we investigated all

Cotoneaster taxa distributed in a small region of Malipo, Yunnan, China. Based on

the morphological characteristics, four Cotoneaster taxa were identified and sampled:

C. dielsianus, C. glaucophyllus, C. franchetii, and a putative hybrid. Flow cytometry

analyses showed that C. glaucophyllus was diploid, while the other three taxa were

tetraploid. A total of five low-copy nuclear genes and six chloroplast regions were

sequenced to validate the status of the putative hybrid. Sequence analyses showed

that C. dielsianus and C. glaucophyllus are distantly related and they could be well

separated using totally 50 fixed nucleotide substitutions and four fixed indels at the 11

investigated genes. All individuals of the putative hybrid harbored identical sequences:

they showed chromatogram additivity for all fixed differences between C. dielsianus and

C. glaucophyllus at the five nuclear genes, and were identical with C. glaucophyllus at

the six chloroplast regions. Haplotype analysis revealed that C. dielsianus possessed

nine haplotypes for the 11 genes, while C. glaucophyllus had ten, and there were

no shared haplotypes between the two species. The putative hybrid harbored two

haplotypes for each nuclear gene: one shared with C. dielsianus and the other with

C. glaucophyllus. They possessed the same chloroplast haplotype withC. glaucophyllus.

Our study provided convincing evidence for natural hybridization between C. dielsianus

and C. glaucophyllus, and revealed that all hybrid individuals were derivatives of

one initial F1 via apomixes. C. glaucophyllus served as the maternal parent at the

initial hybridization event. We proposed that anthropological disturbance provided an

opportunity for hybridization betweenC. dielsianus andC. glaucophyllus, and a tetraploid

F1 successfully bred many identical progenies via apomixis. Under this situation, species

integrity could be maintained for these Cotoneaster species, but attentions should be

kept for this new-born hybrid.
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INTRODUCTION

Hybridization, previously viewed as a mere side branch or
noise of evolution, is now recognized as a major evolutionary
force and a significant portion of speciation (e.g., Arnold, 1997;
Rieseberg and Willis, 2007; Soltis and Soltis, 2009; Soltis et al.,
2014). The process of hybridization can help us understand
the origin of adaptations, the maintenance of plant diversity,
and the formation of new species. As early as 1917, Winge
first introduced a theory linking the formation of hybridization
and the development of polyploids, proposing that reproductive
isolation could be rapidly established between new polyploids
and their parental species, so that new polyploid hybrid species
could arise in just a few generations (Winge, 1917). Several
plant species have originated via hybridization and polyploidy
within the past 150 years, such as Spartina anglica (Ainouche
et al., 2003), Senecio cambrensis and S. eboracensis (Abbott and
Lowe, 2004), Cardamine schultzii (Urbanska et al., 1997), and
Tragopogon mirus and T. miscellus (Soltis et al., 2004). It was
also proposed that “allopolyploidy, perhaps more than any other
process, has played a major role in the origin of many species
and thus has driven and shaped the evolution of vascular plants”
(Feldman and Levy, 2005) and many angiosperms are ultimately
of ancient polyploid origin (Wagner and Wagner, 1980).

The production of viable progenies is a key for the
establishment of a hybrid lineage. Allopolyploids may frequently
produce pollen with meiotic irregularities, leading to partial or
complete sterility of the progenies (Comai et al., 2003; Comai,
2005). A potential evolutionary solution to this problem is

asexual reproduction, i.e., apomixis or agamospermy (Asker and
Jerling, 1992; Sochor et al., 2015). With usually uniparental
reproduction, lowered cost of sex, maintenance of adapted
genotypes and occasional seed reproduction (Hörandl, 2006),
many apomictic plants can achieve great ecological and
evolutionary success. Apomixis has been well documented in
numerous genera of Rosaceae, particularly Cotoneaster (Nybom
and Bartish, 2007), Crataegus (Lo et al., 2009), Rubus (Sochor
et al., 2015), Sorbus (Robertson et al., 2010; Ludwig et al., 2013),
and Potentilla sensu lato (Morgan et al., 1994).

Derived from hybridization and chromosome doubling,
allopolyploids always display intermediate morphologies
compared to their parents. Many allopolyploid apomicts
are facultative, and their backcrossing with sexual relatives
is hypothesized to lead to multiple evolutionary origins for
apomictic lineages; the morphological differences between
these species with apomixis can be very small (Van der Hulst
et al., 2000; Paun et al., 2006; Sochor et al., 2015). The interplay
of hybridization, polyploidy and apomixis generated a great
number of described species in Rosaceae, whose taxonomic
classification has been a challenging task for generations of
researchers. These species are not easily distinguishable and have
only relatively minor morphological differences.

As a typical example, the genus CotoneasterMedik. (Rosaceae,
subtribe Malinae) is fraught with hybridization accompanied by
polyploidy and apomixis. The genus occurs throughout Europe,
North Africa and temperate areas of Asia excluding Japan. The
Himalayas and neighboring mountains in Yunnan and Sichuan

of China are the most important species diversity center for this
genus. Furthermore, the majority (70%) of Cotoneaster taxa have
so far proven to be tetraploid (2n = 68), which are mostly in-
breeding apomictic taxa; only 10% are diploid (2n = 34) (Fryer
and Hylmö, 2009). Observations from seedling morphology and
embryo sac development also revealed that apomictic breeding
systems are very common in this genus (Bartish et al., 2001),
as further confirmed by Nybom and Bartish (2007) based on
RAPD analysis. The number of Cotoneaster species described is
progressively increasing (80 species, Rehder, 1927; 176 species,
Flinck and Hylmö, 1966; 261, Phipps et al., 1990), and the latest
monograph by Fryer and Hylmö (2009) has added c. 70 “new
species,” bringing the total number known to approximately 400.

Previous studies have proposed that many hybridization
events may have occurred in Cotoneaster (Fryer and Hylmö,
2009; Dickoré and Kasperek, 2010). Nonetheless, no sufficient
genetic evidence has been provided for the natural hybridization
occurring in this genus. Based on the phylogenetic tree
constructed from three combined chloroplast regions (Li et al.,
2014), 56 Cotoneaster species were divided into two main clades:
one clade consisting of most species with erect red or pink petals,
while the other clade comprised species with spreading white
petals. However, it is apparent that many Cotoneaster species in
that report exhibit intermediate morphological characters, and
there is discordance between chloroplast and nrITS trees for 14
species. Nevertheless, it is difficult to identify parental species
based on phylogenetic trees. First, it is difficult to collect all
Cotoneaster species, which in many cases are morphologically
undistinguished in the field. In the study by Li et al. (2014),
only a small portion of the hundreds of described species
in China were collected. Second, radical evolution, polyploidy
and apomixis also create comb structures in the phylogenetic
trees, making it even more difficult to identify their parental
species.

In this study, we focused our objectives on a limited area
(approximately 50 km2) ofMalipo county, Yunnan, China, where
a species with erect red petals (identified as C. dielsianus), a
species with erect pink petals (C. franchetii), a species with
spreading white petals (C. glaucophyllus), and an unidentified
taxon with intermediate characteristics between C. dielsianus and
C. glaucophyllus (the putative hybrid) can be found (Figure 1;
Table 1). To validate the hybridization between C. dielsianus and
C. glaucophyllus, we collected population samples for the three
Cotoneaster species and the putative hybrid. Flow cytometry
was applied to estimate their ploidy level, and then five low-
copy nuclear genes and six chloroplast DNA fragments were
sequenced for all samples. Through these efforts, we endeavored
to answer the following questions: (1) Are these Cotoneaster
species diploid or polyploid? (2) Are the morphologically
intermediate individuals really hybrids o C. dielsianus and C.
glaucophyllus? (3) If so, is the hybridization unidirectional? What
is the make-up of the hybrid zone with respect to classes (i.e., F1,
backcross and complex hybrid derivatives)? (4) Did the species C.
franchetii participate in the hybridization? Based on the results,
we further discussed factors contributing to the hybridization
events, consequences and possible mechanism of the formation
of hybrids between the parent species.
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FIGURE 1 | Morphological illustrations for three Cotoneaster taxa, C. dielsianus (a,b), putative hybrid (c,d), and C. glaucophyllus (e,f) investigated in this

study. Flowers and fruits of three taxa are shown in the six frames.

TABLE 1 | Comparison of morphological characteristics among putative hybrid, C. dielsianus and C. glaucophyllus.

Morphological characters C. dielsianus Putative hybrid C. glaucophyllus

Habit Deciduous shrub, 1–2m Semi-evergreen shrub, 1–2m Semi-evergreen shrub, 2–5 m

Lower surface of leaf Tomentose Pubescent Pubescent when young, soon glabrescent

Number of pyrenes 3–5 2 2

Flowers per cyme 3–7 4–10 10–50

Petal characters Erect Semi-spreading Spreading

Petal color Red Pinkish white White

Ploidy level 4 4 2

2C DNA (pg, mean ± SD) 2.05 ± 0.126 2.02 ± 0.023 1.09 ± 0.034

METHODS

Sampling
Based on the principal morphological characteristics of leaf blade
size, number of flowers per cyme, petal characters and petal
color (Figure 1; Table 1; Fryer and Hylmö, 2009), at least 18
individuals were collected for each of the three Cotoneaster taxa
and the putative hybrid from Malipo county, Yunnan, China

(Table 2). In addition, one congeneric species, C. frigidus, was
sampled in Tibet and used as a outgroup (Table 1). For each
individual, fresh leaves were collected and deposited in silica gel
in zip-lock plastic bags for DNA extraction. Voucher specimens
were stored in the Herbarium of Sun Yat-sen University (SYS).

DNA Extraction, Primer Design, PCR, and
Sequencing

Total genomic DNA was extracted from dried leaf tissue using
a modified CTAB method (Doyle and Doyle, 1987). According
to Duarte et al. (2010), a total of 959 single copy nuclear
genes were identified based on comparison of the genomes
of Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera and

Oryza sativa, and the sequences for these 959 genes inArabidopsis
were downloaded. Of these, 640 obtained BLASTN hits in the
cDNA library of Malus domestica (not shown) with a cut-off e-
value of 1e−10, and sequences for the top hits were extracted
and identified as putative single-copy genes in M. domestica.
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TABLE 2 | Sampling detail of putative hybrid groups, relative and outgroup species (C.frigidus) used in this study.

Taxon Collecting number

(DNA sample no.)

Geographical origin

(China)

Coordinates

(N, E)

Altitude (m)

Putative hybrid 13917 (01–30) Malipo County, Yunnan 23.13◦, 104.80◦ 1,900–2,159

C. dielsianus 13916 (31–48) Malipo County, Yunnan 23.13◦, 104.80◦ 2,159

C. franchetii 13915 (49–70) Malipo County, Yunnan 23.13◦, 104.80◦ 2,159

C. glaucophyllus 13949 (71–96) Malipo County, Yunnan 23.18◦, 104.82◦ 1,501–2,159

C. frigidus 14650 Jilong County, Tibet 28.43◦, 85.26◦ 2,972

Of these, 33 paired PCR primers for exon-primed, intron-
crossing (EPIC) amplifications were designed from randomly
selected sequences using Primer Premier 6.0 (PREMIER Biosoft
International, Palo Alto, CA, USA). Among these, five were
widely amplified in Cotoneaster with a single clear band and
obtained good sequencing results. Annotations using BLASTX
against the NCBI non-redundant protein database showed that
three (DUF, UPF, and WD) significant hits. Six chloroplast
regions were selected: ndhF, rpl16, rps16, trnC-ycf 6, trnG-trnS,
and trnH-rpl2 (Campbell et al., 2007; Lo and Donoghue, 2012).
Primers and annotation for all nuclear and chloroplast genes are
shown in Table 3.

PCR reactions were conducted in 20 µL total volumes
containing 25 ng of template DNA, 2µL of 10×Mg+2FreeBuffer,
1.0 mM MgCl2, 0.2mM each dNTP, 0.2 µM each primer, and 1
unit Taq DNA polymerase (Apex Bioresearch Products, Research
Triangle Park, NC, USA). The amplifications were performed
using the following conditions: initial denaturation at 94◦C for
4min, followed by 35 cycles of 94◦C for 30 s, an annealing
temperature of 55◦C for 30 s, 72◦C for 1min, and a final
extension of 72◦C for 10min. The PCR products were purified
by electrophoresis on a 1.2% agarose gel, followed by extraction
using a Pearl Gel Extraction Kit (Pearl Biotech, Guangzhou,
China). The purified PCR products were then sequenced on an
ABI 3730 DNA Analyzer with the BigDye Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosystems, Foster City,
CA). All sequences were deposited in GenBankwith the accession
numbers KY469293-KY470828.

Ploidy Determination
For the 96 individuals sampled, the ploidy of putative hybrid,
C. dielsianus and C. glaucophyllus, were obtained using four
randomly selected individuals in each taxon. The ploidy of silica-
dried leaf material was determined by flow cytometry analysis
(performed by the Flow Cytometry Lab in Benaroya Research
Institute at Virginia Mason, USA) using a modified version of
the hand-chopping method described by Roberts et al. (2009).
For each sample, approximately 4mg of dried leaf material
and one drop of chicken erythrocyte nuclei (2.5 pg/2C) as
the internal standard were finely chopped using a single-edged
razor blade in 1000 µL of cold lysis buffer [0.1M citric acid,
0.5% v/v Triton X-100, 1% w/v PVP-40 (polyvinylpyrrolidone,
average molecular weight 40,000)] (Yokoya et al., 2000; Hanson
et al., 2005) in a petri dish on a cold chopping surface. After
5 min of incubation on ice and intermittent gentle mixing by

pipetting up and down, each sample was filtered using a 5-mL
polystyrene round-bottomed tube with a cell-strainer cap (BD
Falcon; Becton Dickinson and Co., Franklin Lakes, NJ, USA). A
140-µL aliquot of filtrate was placed in a new 1.5-mL Eppendorf
tube with 1 µL of RNaseA (1mg mL−1) (Thermo Scientific
Molecular Biology, Fisher Scientific, Pittsburgh, PA, USA) and
incubated at room temperature for 30min. Next, 350 µL of
propidium iodide (PI) staining solution (0.4 M NaPO4, 10 mM
sodium citrate, 25mM sodium sulfate, 50 µg mL−1 PI) was
added to each tube of nuclei suspension. After 1 h at room
temperature, the stained nuclei suspensions were analyzed at 14
µL min−1 on an Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA) fitted with a 488-nm laser. Fluorescence
measurements were made using the FL2 (585/40 nm) optical
filter, capturing 10 000 events and utilizing the FL2-A values for
the 2C peak.

Sequence Analysis
The obtained sequences were edited and analyzed by Geneious
R8 software (Biomatters, Ltd., Auckland, New Zealand).
To determine possible copy numbers in the genome, a BLASTN
search against apple genome databases (http://www.rosaceae.
org/species/malus/malus_x_domestica/genome_v1.0) was
performed with a bit score threshold of >100 and a cut-off
E-value of 1e−6. No more than two hits were detected in
each of the five investigated genes (Table 3), indicating that
they were single-copy or low-copy regions in the genome.
Furthermore, an additional 2–3 pairs of primers were developed
to anchor different sites for each nuclear genes (data not shown).
We obtained identical sequences using fragments from PCR
products traced by these primers, confirming that they are very
likely orthologous in Cotoneaster.

Polymorphisms at variable sites were identified as
superimposed nucleotides (additive patterns) from
chromatograms of direct sequences (Whittall et al., 2000),
and indel polymorphisms were determined by reading the
sequence chromatogram in both directions. At the five nuclear
genes, we phased the haplotypes using DnaSPv5 (Librado and
Rozas, 2009), and used Network 5001 (www.fluxus-engineering.
com) to resolve the relationships of the haplotypes with the
median-joining method (Bandelt et al., 1999).

For each nuclear gene and combined chloroplast datasets,
we reconstructed the phylogeny of the haplotypes using
maximum parsimony (MP) and maximum likelihood (ML)
methods, as estimated by PAUP4.0b (Swofford, 2001). For
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TABLE 3 | Primers of five low-copy nuclear genes based on Malus domestica genome and six universal chloroplast fragments.

Locus Primer sequences (5′–3′) Length (bp) ID for apple coding sequence/reference Score (E-value)

DUF f:ACAAGTCCAATGCCAATGA 840 MDP0000336096 152(7e-36)

r:AATATGCCGTAGCCTCCTA

NA1 f:GCTGGATCACGACTGAGATAAG 568 MDP0000144617 and

MDP0000246780

285(3e-76) and

127(2e-28)

r:TTGTTGAAGCCTCATTCTCTGG

NA2 f:CCTTTCTCCACTGGGTTAA 461 MDP0000130385 258(8e-68)

r:GCACTTGAGGTAGCATAATAG

UPF f:CAGACTGCTGCCATAATAGA 645 MDP0000174677 and

MDP0000940113

127(1e-28) and

222(5e-57)

r:TAGAAGTAATCGCCACAGAG

WD f:GTTCCTCTATCATCACCAGTT 811 MDP0000283138 222(6e-57)

r:ACCAGTGCCAAGTCTATTC

ndhF 2f:ACTCATGCTTATTCGAAAGC 1036 Campbell et al., 2007

1.6r:CCTACTCCATTGGTAATTCCAT

rpl16 f71:GCTATGCTTAGTGTGTGACTCGTTG 891 Campbell et al., 2007

r1516:CCCTTCATTCTTCCTCTATGTTG

rps16 f:GTGGTAGAAAGCAACGTGCGACTT 662 Campbell et al., 2007

r2:TCGGGATCGAACATCAATTGCAAC

trnC-ycf6 f:GCTTGATTCTAAGTATCTGGG 648 Design base on NCBI data (Lo and Donoghue, 2012)

r:CAACACCGTTGATGAAACA

trnG-trnS f:CGTGTTGTATCAGAGAACC 415 Identical with trnC-ycf6

r:TTTCATCCGAGAGTGCTTT

trnH-rpl2 f:TCTTCGTCGCCGTAGTAA 316 Identical with trnC-ycf6

r:AAGGCAGTGGATTGTGAAT

parsimony analyses, a heuristic search with tree bisection-
reconnection branch swapping, the MulTrees option, accelerated
transformation optimization, and 100 random addition replicates
was implemented. We defined indels as the fifth state and each
indel with two or more nucleotides as a single mutational event.
One thousand bootstrap replicates were computed with maxtrees
being set to 500. For ML analysis, we selected an appropriate
nucleotide substitutionmodel for each gene based on the result of
Modeltest 3.7 (Posada and Buckley, 2004). Best-fit models based
on the Hierarchical Likelihood Ratio tests (hLRTs) in Modeltest
were calculated (Table S1); four of the six models were F81 and
the other was HKY+G. Similarly, ML analysis was performed
using a heuristic search with tree bisection-reconnection branch
swapping, holding one tree at each step. Node support was
estimated with 1000 bootstrap replicates and the maxtrees was
also set to 500.

RESULTS

The aligned sequences of the five nuclear genes and six
chloroplast regions obtained from all individuals of C. dielsianus,
C. glaucophyllus, C. franchetii and the putative hybrid are
shown in Table 3. The shortest aligned length among the 11
makers is 316 bp (trnH-rpl2), while the longest is 1036 bp
(ndhF). Considerable sequence variations and high divergence
were detected in these four taxa among the 11 fragments

(Table 4). Surprisingly, all individuals of the putative hybrid
shared identical sequences.

Sequence Analyses of the Five Nuclear
Genes
The aligned lengths and number of variable sites at the
five nuclear genes in the four taxa are shown in Tables 3,
4, respectively. There were a total of 36 fixed nucleotide
substitutions and one fixed 6-bp indel (insertion/deletion)
between C. dielsianus and C. glaucophyllus across the whole
nuclear gene data set. All individuals of the putative hybrid
showed chromatogram additivity at these fixed sites. C. franchetii
also showed chromatogram additivity at 29 fixed variations and
one fixed 6-bp indel between C. dielsianus and C. glaucophyllus.

In the haplotype analysis, each taxon exhibited a low level
of haplotype diversity, and no more than three haplotypes
were observed for each of the five genes (Figure 2, Table 4).
C. dielsianus possessed 1–2 haplotypes at each gene: 1 haplotype
observed at NA2 and WD and 2 haplotypes each at DUF, NA1
and UPF. C. glaucophyllus harbored 1–3 haplotypes at each gene:
3 haplotypes observed at NA1; 2 haplotypes at NA2; and 1
haplotype each at DUF, UPF andWD.Nevertheless, no haplotype
was shared between the two species. Each individual of the
putative hybrid had two haplotypes for each gene: one was shared
with C. dielsianus and the other was shared with C. glaucophyllys.
For the other species, C. franchetii, one haplotype at NA1 and
NA2 was shared with C. glaucophyllus, the other haplotype at
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NA1 and UPF was shared with C. dielsianus, and the other six
were unique.

MP and ML algorithms were used to construct phylogenetic
trees (Figure 3) using the haplotypes at each nuclear gene.
The number of parsimony-informative characteristics, steps and
values of CI, RI, and RC with the MP algorithm were shown in
Table S1 (see Supplementary Material). In the MP tree (bootstrap

values above branches), the two haplotypes of the putative hybrid,
identical to C. dielsianus and C. glaucophyllus, formed two well-
separated clades. The two haplotypes of C. franchetii were also
well-separated clades and tended to gather the two haplotypes of
putative hybrid. The topologies of these trees were the same as
those generated using the ML analysis (bootstrap values below
branches).

FIGURE 2 | Haplotype networks of five nuclear genes and six cpDNAs for putative hybrid, C. dielsianus, C. glaucophyllus, and C. franchetii. Mutation

steps are shown by the length of the connecting lines.

FIGURE 3 | Phylogenetic analyses of haplotype data for five nuclear genes (A–E) and six cpDNAs for the four taxa of Cotoneaster (F; C. sp represents putative

hybrid), rooted with outgroup C. frigidus. Numbers above and below branches indicate maximum parsimony and maximum likelihood bootstrap values (>50%).
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Sequence Analyses for the Combined
Chloroplast Regions
The aligned length of the six concatenated chloroplast fragments
in C. dielsianus, C. glaucophyllus, C. franchetii and the
putative hybrid was 3,968 bp (Table 3). A total of 14 fixed
nucleotide substitutions and three fixed indels were detected
between C. dielsianus and C. glaucophyllus. No within-species
polymorphism was detected in the putative hybrid, C. dielsianus
or C. franchetii (Figure 3). C. glaucophyllus had two closely
related haplotypes and in the tree, these two haplotypes
were gathered together and well separated from C. dielsianus
(Figure 3). All sequences of the putative hybrid were identical to
those of C. glaucophyllus. For C. franchetii, the single haplotype
was unique.

Ploidy of C. dielsianus, C. glaucophyllus,
and Their Putative Hybrid
The ploidy of the putative hybrid, C. dielsianus and
C. glaucophyllus, was obtained using four randomly selected
individuals in each taxon. The average 2C-values/genome
sizes are shown in Table 1. As Kroon (1975) reported, the
examined seed stocks and chromosome numbers of 28 species in
Cotoneaster were determined, including C. dielsianus, which has
a chromosome count of 2n = 68 (tetraploid). In addition, based
on a previous study by Folta and Gardiner (2009), 2C-values
and ploidies for C. melanocarpa were provided (2C-value =

2.24, tetraploid); these values are close to the 2C-values of
C. dielsianus and the putative hybrid in our results (2.05 ±

0.126; 2.02 ± 0.023). The consistency of these data indicate that
our results are credible and it was inferred that the putative
hybrid and C. dielsianus were tetraploid. As the 2C-value of
C. glaucophyllus was estimated to be 1.09± 0.034, it was inferred
that C. glaucophyllus was diploid.

DISCUSSION

Molecular Identification of Natural
Hybridization between C. dielsianus and
C. glaucophyllus
The application of low-copy nuclear genes in combination with
chloroplast regions has become an efficient way to validate
hybridization events. Many hybrids have been proposed and
validated, including Melastoma (Dai et al., 2012), Acrostichum
(Zhang et al., 2013), Eriobotrya (Fan et al., 2014), and
Ilex (Shi et al., 2016). In this study, we collected multiple
individuals for each Cotoneaster species observed in the small
confined area (southeastern Malipo, approximately 50 km2).
Five low-copy nuclear genes and six chloroplast regions were
sequenced to validate the hybridization between C. diesianus and
C. glaucophyllus.

Our molecular data support the hypothesis that C. dielsianus
and C. glaucophyllus are two distantly related species, between
which a total of 50 fixed nucleotide substitutions and four
fixed indels were identified across 11 investigated genes. The
putative hybrid was identified as chromatogram additivity
between C. dielsianus and C. glaucophyllus, as observed for all
the individuals of the putative hybrid. All hybrid individuals

likely arose from an initial F1 individual and its derivatives via
apomixis, since each individual harbored two haplotypes at each
of the five nuclear genes that were matched with C. dielsianus and
C. glaucophyllus. Further, based on the chloroplast sequence data,
C. glaucophyllus obviously served as the maternal species for all
investigated individuals of the hybrid.

C. franchetii did not participate in the formation of the hybrid,
as most of its haplotypes at the nuclear level are unique (Table 4).
Surprisingly, C. franchetii showed chromatogram additivity in
many differentially fixed sites between C. glaucophyllus and C.
dielsianus. Furthermore, it always possessed two haplotypes for
each nuclear gene, and the genotypes of all five nuclear genes
from all individuals were identical to each other. This evidence
indicated that C. franchetii might also be a hybrid taxon and
that all the individuals were F1s, yet neither C. dielsianus nor C.
glaucophyllus could serve as its parent species, as C. franchetii
harbored many unique haplotypes and one variable site that
was not shared by C. dielsianus or C. glaucophyllus. However,
its hybrid status and parentage are beyond the scope of this
study. Further studies are needed to confirm its hybrid origin and
parentage.

It is interesting that all the investigated individuals of the
hybrid are F1s, with the same genotypes for all the nuclear
genes, and that the hybrid samples detected are tetraploid. It
is possible that natural hybridization between C. glaucophyllus
and C. dielsianus could have produced many F1s, but that most
disappeared quickly and only one tetraploid F1 individuals was
successful and it produced many progeny through apomixis.
This phenomenon would be in accord with previous studies
showing that many apomictic taxa are of allopolyploid origin
(Robertson et al., 2010; Sochor et al., 2015). C. dielsianus was
mostly tetraploid, while C. glaucophyllus was mostly diploid, and
thus the formation of the tetraploid hybrid may arise from the
cross of a 2n gamete produced by through apomeiosis of C.
glaucophyllus and the other 2n gamete produced from normal
meiosis of C. dielsianus. This explains why the hybridization
was unidirectional, as all of the hybrid individuals are apomictic
progeny of a single individual, in which C. glaucophyllus serves as
maternal species.

In addition, the combined chloroplast haplotype of the
hybrid individuals was identical to the minor haplotype of
C. glaucophyllus (HA; only one individual has this haplotype).
One explanation for this phenomenon is that hybridization
between the two species is a very rare event. Another explanation
is that F1 hybrids containing the HA chloroplast haplotype
may have some advantages for survival in the disturbed
environment.

Factors Contributing to Natural
Hybridization between C. dielsianus and
C. glaucophyllus
C. dielsianus and C. glaucophyllus overlap significantly in
geographic distribution (Figure 4) and share the same flowering
periods from June to July, despite their distinct flower
morphologies. The two species differ in petal color and shape, and
may attract different pollinators: C. dielsianus displays red and
erect petals which are more attractive to butterflies and moths,
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FIGURE 4 | Distribution of three taxa of Cotoneaster investigated around China according to the Chinese Virtual Herbarium database (CVH1) and

location of the putative hybrid.

whereas C. glaucophyllus presents white, spreading petals that are
preferable to bees and flies (Lovell, 1902). These phenomena were
in agreement with our field observations. Furthermore, the two
species prefer different habitats: C. dielsianus mainly occurs in
sparse forests, while C. glaucophyllus is always found on cliffs and
steep slope (personal observations; Lu and Brach, 2003).

In the study area of southeastern Malipo, which is close to the
border with Vietnam, intensive agricultural development began
in the 1950s and has resulted in widespread fragmentation of
forests due to severe logging (Tang et al., 2011). The hybrid and
three other Cotoneaster species were found in a deserted grass
land where the primitive forest was destroyed approximately
50 years ago. However, in another location (Weixi county,
Yunnan, China; 27.56◦ N, 99.03◦ E), both C. dielsianus and C.
glaucophyllus were found on a rather steep slope with sparse
forests. No hybrids were found. It appears that anthropogenic
disturbances may be the major factor promoting hybridization
between C. dielsianus and C. glaucophyllus, leading to mixing
of previously distinct gene pools (Arnold, 1997). This provides
an opportunity for the two species to contact each other. More
importantly, it can create a new ecological niche in which the
hybrid can establish its populations.

Consequences of Hybridization between
C. dielsianus and C. glaucophyllus
In this study, all sampled hybrids could be produced through
hybridization and subsequent apomixis, and no sign of backcross

1CVH (2014). Chinese Virtual Herbarium. Available online: http://www.cvh.ac.cn/

(accessed on 10 May 2014).

and introgression was detected between the hybrid and its
parental species, based on the 11 investigated genes. It is very
likely that this tetraploid hybridmay not be able to produce viable
progeny through sexual reproduction in most cases. This also
matched the common observation that genome doubling reduces
or eliminates the possibility of new polyploid backcrossing
with its parents (Soltis and Soltis, 2009). Therefore, genetic
isolation can maintain the species integrity of C. dielsianus and
C. glaucophyllus despite hybridization.

The distribution range of the new-born hybrid C. dielsianus
× C. glaucophyllus is currently very limited. However, the
distribution for allopolyploidy could also be very widespread.
For example, for C. franchetii, we inferred another allopolyploidy
whose individuals are widely distributed in China and other
countries. Previous studies also showed that many invasive
species exhibited allopolyploidy, such as Spartina anglica,
Viola riviniana and Rhododendron ponticum (Ellstrand and
Schierenbeck, 2000). Attentions should be focused on the future
development of C. dielsianus × C. glaucophyllus, which may
eventually threaten other Cotonearster species.

Conservation Implications
Hybridization, in combination with polyploidy and apomixes,
has produced numerous novel phenotypes, leading to increasing
numbers of species in Rosaceae. A key element for understanding
these agamic complexes is the identification of diploid sexual
taxa. These are the foundations of the complex (Bayer and
Stebbins, 1987), and it is very important to pay attention to the
diploid species whose current species status could be threatened
by the increasing polyploidy number. However, the ploidy level

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 704 | 91

http://www.cvh.ac.cn/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Li et al. Molecular Evidence for Natural Hybridization in Cotoneaster

of many species is still unknown in most genera of Rosaceae
(Dickinson et al., 2007). In this study, dried leaves were used
to estimate the ploidy level of these Cotoneaster species via flow
cytometry, in which a large volume of cold lysis buffer was
added to reduce the viscosity of the chopped tissue suspension
before filtering (Talent and Dickinson, 2005). By comparison
with the conventional method of chromoson counting, this
technology appears to be more convenient and economical,
especially when fresh tissue is not available, and will serve as
a reference for the evaluation of the ploidy of other Roseaceae
species.

SUMMARY

In this study, the sequence and haplotype analyses of five low-
copy nuclear genes and six chloroplast regions, in combination
with ploidy level analysis, provided convincing evidence for the
hybridization of C. dielsianus (tetraploid) and C. glaucophyllus
(diploid), in which allC. dielsianus×C. glaucophyllus individuals
(allotetraploid) were identified as F1s and harbored identical
sequences, indicating that they were produced via apomixis
by a single F1 individual. We have shown that hybridization,
polyploidy and apomixis lead to astonishing complexities in
Roseaceae. Our study also provides a reliable way to screen and
validate hybridization events occurring in this family. The five

low-copy nuclear genes and the screening method may also be
useful in these studies.
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A seed is an intricate structure. Of the two development processes involved in
seed formation, seed maturation, or seed program includes accumulation of storage
products, acquisition of desiccation tolerance, and induction of dormancy. Little is
known about how these processes were originated and integrated into the life cycle of
seed plants. While previous investigation on seed origin was almost exclusively through
fossil comparison in paleobotany, a wealth of information about the key role of LEAFY
COTYLEDON1 (LEC1) in seed formation of spermatophyte inspired a new approach
to investigating the seed origin mystery. Here, we examined the expression pattern
of AcLEC1 during the entire life cycle of Adiantum capillus-veneris, a non-seed plant,
confirmed no AcLEC1 gene expression detectable in prothalli, demonstrated inductive
expressed by both sucrose and glucose in prothalli. As expected, we found that sugar
treatments delayed prothallus development, promoted differentiation of reproductive
organs, and triggered accumulation of storage products. These findings demonstrated
links between the sugar treatments and the induction of AcLEC1 expression, as well
as the sugar treatments and the events such as accumulation of storage products,
which is similar to those considered as seed maturation process in seed plants. These
links support a modified hypothesis that inductive expression of LEC1 homologs during
embryogenesis might be a key innovation for the origin of the seed program.

Keywords: Adiantum capillus-veneris, LEAFY COTYLEDON1, seed maturation process, sugar treatments,
prothallus development

INTRODUCTION

The seed habit represents the most successful innovation in land plant sexual reproduction
(Linkies et al., 2010). It not only contributes to the remarkable prosperity of spermatophytes,
but also serves as essential food for humans (Kenrick and Crane, 1997; Becker and Marin, 2009;
Radoeva and Weijers, 2014). The seed is an intricate structure comprising of an early embryo
derived from a zygote, the seed coat derived from integuments, and extraembryonic tissues.
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Two developmental processes are involved in the seed formation:
one is morphogenesis, through which, cells derived from zygote
division are organized as a particular structure called embryo
which will further elaborates into sporophyte (Goldberg et al.,
1994; Harada, 1997; Gutierrez et al., 2007). Another is called seed
maturation or seed program, of which, three physiological and
biochemical processes are included, i.e., accumulation of storage
products, acquisition of desiccation tolerance, and induction
of dormancy (Harada, 1997; Sreenivasulu and Wobus, 2013).
While all land plants are embryophyta, i.e., plants with embryos,
the seed maturation is unique for spermatophytes (Goldberg
et al., 1994; Harada, 1997; Vicente-Carbajosa and Carbonero,
2005). This process generally starts from heart stage embryo,
superposing over the embryogenesis, and ends as a mature seed in
which the morphogenesis of the embryo was repressed (Harada,
1997). When a favorable environment comes, the dormancy
is broken, the reserves are consumed and morphogenesis of
the embryo resumes. It is generally considered that the seed
maturation enables embryos of spermatophytes to better endure
harsh environments and get more chances of dispersal, and
therefore benefits the prosperity of seed-bearing plants on land
territory (Becker and Marin, 2009; Pires and Dolan, 2012).
However, little is known about how such a process is originated
and integrated into the life cycle of seed plants.

Previous studies on seed origin was almost exclusively
through fossil comparison in paleobotany (Taylor and Taylor,
1993; Niklas, 1997; Doyle, 2006). However, identification of
an Arabidopsis mutant leafy cotyledon 1 (lec1) opened up a
window to peer the secret of seed origin (Meinke, 1992). While
the function of LEAFY COTYLEDON1 (LEC1) gene was first
considered as taking responsible for homeotic transition from
cotyledons to true leaves (Meinke, 1992), later investigations
indicated it serving as a master regulator that coordinates many
facets of seed maturation (Meinke et al., 1994; West et al., 1994).

LEC1 gene encodes a LEC1-type HAP3 subunit of the CCAAT-
binding transcription factor. Overexpression of LEC1 leads to
suppression of shoot development regeneration and induction
of somatic embryos (Lotan et al., 1998; Casson and Lindsey,
2006; Junker et al., 2012). Moreover, LEC1 protein is required
for proper expression of genes involved in seed maturation
(Kwong et al., 2003; Lee et al., 2003; Braybrook and Harada,
2008). According to Harada (1997), the seed maturation is an
intrusive process into embryogenesis. If it was the case, the master
regulator LEC1 gene should be an ideal subject to test a hypothesis
that seed maturation process should be emerged along with the
origin of LEC1.

Yang et al. (2005) and Xie et al. (2008) have conducted
systematic analysis of LEC1 related HAP3 genes among a wide
range of species covering green algae, bryophytes, pteridophytes,
and spermatophytes. They found that these genes could be
classified into LEC1-type and non-LEC1-type. While LEC1-type
HAP3 gene exists in all spermatophytes but not in green algae
and bryophytes as anticipated, it was unexpected that such genes
were identified in pteridophytes, including lycophytes Selaginella
sinensis and Selaginella davidii, as well as fern Adiantum capillus-
veneris (Xie et al., 2008; Kirkbride et al., 2013). The LEC1-type
HAP3 SsLEC1, SdLEC1, and AcLEC1 can complement the lec1

mutant phenotype of Arabidopsis and expressed upon drought
and ABA stress (Xie et al., 2008). These findings suggest that
pteridophytes LEC1-type HAP3 genes are not pseudo- but
functional genes. Although no LEC1-type HAP3 gene found
in green algae and bryophytes supports the hypothesis that
seed maturation process is emerged along with the origin of
LEC1 gene, existence of functional LEC1-type HAP3 genes in
pteridophytes is contradict to the hypothesis.

Parallel to the above mentioned gene sequence and function
analysis, Li et al. (2013) have developed A. capillus-veneris as
an experimental system. They not only systematically described
the morphological process of this plant (Li et al., 2013), but
established a culture system for shoot regeneration (Li et al.,
2017). In the assay of gene expression during shoot regeneration
from sporophyte tissue, they found that expression of AcLEC1
was not only induced by stresses such as drought and ABA (Xie
et al., 2008), but also by cultural conditions (Li et al., 2017).
These observations sparked a modified hypothesis about the
relationship between the origin of the seed maturation process
and the LEC1 gene: LEC1-type HAP3 genes may origin for
other functions, as it was induced upon stresses. However, if this
gene expression was induced during embryogenesis, it may be
endowed a novel function to be a master regulator for a seed
maturation process.

The best way to test the hypothesis is to ectopically express
LEC1 gene during embryogenesis or archegonia development
in pteridophytes to examine if the LEC1 gene can trigger the
seed maturation process, i.e., accumulation of storage products,
acquisition of desiccation tolerance, and induction of dormancy
(Harada, 1997). Unfortunately, gene transformation system
of A. capillus-veneris has not yet been established. However,
the induction of AcLEC1 expression during tissue culture of
sporophyte (Li et al., 2017) suggests that other approach can be
used to test the hypothesis. While the prothalli cannot tolerant
drought or ABA treatment, sugar might be the best candidate as
an inducer of AcLEC1 expression. The rationale of using sugar
to induce AcLEC1 expression during archegonia development
underlies not only that the sugar is an important component
in tissue culture in the MS media, but also the reports that
sugar exerts its effect through induction of LEC1 gene expression
during drought response (Gupta and Kaur, 2005; Eveland and
Jackson, 2012; Poonam et al., 2016) and more specifically affects
genes involved in seed maturation including LEC1 (Tsukagoshi
et al., 2007).

Here, we firstly examined the expression pattern of AcLEC1
during the entire life cycle of A. capillus-veneris and confirmed
that no AcLEC1 gene expression was detectable in prothallus.
Afterward, we demonstrated that AcLEC1 expression can be
induced by both sucrose and glucose. Finally, as expected, we
found that sugar treatments delayed prothallus development,
promoted differentiation of reproduction organs, triggered
accumulation of storage products. These findings demonstrated
links between the sugar treatments and the induction of AcLEC1
expression, as well as the sugar treatments and the events such
as accumulation of storage products, which is similar to those
considered as seed maturation process in seed plants. These
links are supportive to the above mentioned modified hypothesis
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about the role of LEC1 gene in origin of seed maturation
process.

MATERIALS AND METHODS

Plant Growth and Cultivation Conditions
Adult A. capillus-veneris plants were cultivated in greenhouses
at Peking University (Beijing, China). Spores were collected
and cultivated into cordate prothalli in sugar-free Knop’s agar
medium as described (Li et al., 2013). For the sugar treatment,
cordate prothalli were picked up with sterile hypodermic needles
under anatomical lens and placed on Knop’s agar medium
containing various sugar concentrations. When both antheridia
and archegonia appeared, prothalli were sprinkled with sterile
water to create appropriate conditions for fertilization. All
prothallus cultivation experiments were conducted in a clean
bench.

Quantitative Reverse Transcription-PCR
Total RNA from all samples was extracted with the PureLinkTM

Plant RNA Reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The total RNA samples were then
treated with RQ1 RNase-Free DNase (Promega, Madison, WI,
USA) to remove DNA contaminants. Each sample was reverse-
transcribed into cDNA using the SuperScript First-Strand System
for RT-PCR (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s protocol. The quality of the RNA and cDNA was
assessed by agarose gel electrophoresis. The RNA concentration
was determined using a NanoDrop ND 1000 Spectrophotometer
(Nano-Drop, Wilmington, DE, USA). qRT-PCR was performed
with a 7500 Real-Time PCR System (Applied Biosystems, USA).
The amplification reaction was carried out in a total volume of
20 µL, with 0.5 µL of each primer (10 µM), 1 µL of cDNA,
10 µL of Power SYBR Green I Master Mix kit (Bio-Rad, Hercules,
CA, USA), and 8 µL RNase-free water. The PCR program was as
follows: denaturing at 95◦C for 10 min, followed by 40 two-step
cycles (95◦C for 15 s and 60◦C for 64 s) and a final extension
at 72◦C for 5 min. Relative quantification of each gene was
performed using the comparative threshold cycle method as
described by Livak and Schmittgen (2001). It is reported that
AcCRYPTOCHROME GENE 2 (AcCRY2) stayed at the same level
through the haploid and diploid phases (Imaizumi et al., 2000),
thus we used AcCRY2 as the internal control. Each sample was
quantified at least in triplicate. The primer sets for each gene are
listed in Supplementary Table 1.

In situ Hybridization
Prothalli and pinnae at various stages were fixed in 4%
paraformaldehyde (PFA) overnight at 4◦C. After fixation,
tissue samples were washed, dehydrated, and embedded in
wax for sectioning and in situ hybridization as described by
Zhang et al. (2013). AcLEC1-specific regions were amplified
with primer sets 5′-GAAGATAGCAGATGATGCCAAGG-3′
and 5′-ATGAATCCCCCCGATACTACTAA-3′ and transcribed
in vitro as probes using the Digoxigenin RNA labeling kit (Roche,
Mannhein, Germany).

Transient Sugar Treatment
Based on a report of sugar-dependent LEC1 expression in
A. thaliana (Tsukagoshi et al., 2007), A. capillus-veneris prothalli
were treated transiently with sucrose or glucose. Cordate prothalli
were immersed in buffer containing 30 g/L glucose for 30 min.
Sugar-free buffer served as control. After rinsing in water, the
treated cordate prothalli were transferred to a sugar-free medium.
Prothalli were harvested 30 min, 1, 2 h, 1, 2, and 6 days after
treatment followed by qRT-PCR to determine AcLEC1 expression
levels.

Persist Sugar Treatment
Under sterile conditions, cordate prothalli growing on sugar-
free medium were picked and transferred to medium containing
30 g/L glucose or 30 g/L sucrose. Sugar-free medium served as
the control treatment. Prothalli were harvested 5, 10, 15, 20, and
25 days after transfer (DAT) for examination of AcLEC1 gene
expression by qRT-PCR.

SEM Observation
The dissected samples were dehydrated, followed by submersion
in a series of gradient alcohol-isoamyl acetate solutions as
described previously (Li et al., 2013). Subsequently, the samples
were dried by critical-point drying in CO2 (Hitachi HCP-2) for
6 h, mounted, and sputter-coated with gold/palladium (Hitachi
E-1010). All samples were viewed under a Hitachi S-4800 SEM at
10.0 kV.

Density and Size of Antheridia and
Archegonia Analysis
Fertilized prothalli with apparently swollen archegonia were
selected as samples. This method ensured that every prothallus
sample was under similar developmental stage. For each
treatment group, five fertilized prothalli were selected as samples
and were observed under SEM. For each sample, three 25-mm2

area were randomly picked, in which the number of antheridia
and archegonia were counted and the density was calculated. The
diameter of mature archegonia or antheridia on the prothallus
was measured by taking plotting scale as reference.

Cytochemical Stain Assay
The control and sugar-treated prothalli were harvested 10, 20,
and 30 DAT, dehydrated in a series of ethanol solutions, followed
by exposure to a series of alcohol-acetone solutions as describe
(Li et al., 2013). Next, the tissue samples were exposed to a series
of acetone-Spurr’s resin solutions (acetone:resin ratio: 2:1, 1:1,
1:2, 0:1, 0:1, and 0:1), which were replaced every 8 h. Finally, the
samples were embedded in Spurr’s resin. Sections (3 µm thick)
were cut using a microtome (Leitz 1512, Germany) as described
previously (Hu and Xu, 1990; Li et al., 2013). The periodic acid-
Schiff (PAS) staining, Sudan black B staining, and Coomassie
brilliant blue staining were chosen to label polysaccharides, lipids,
and protein bodies, respectively, as described by Hu and Xu
(1990). Images were captured with a light microscope (Zeiss
Axioskop 2 Plus, Germany) using Axioplan software.
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A. capillus-veneris Storage Products
Accumulation Related Gene
Identification
In Arabidopsis, 184 seed-specific genes, excluding 30 genes that
encode transcription factors, are known to be involved in storage
products accumulation (Le et al., 2010). We screened the datasets
of seed-specific genes (Mu et al., 2008; Le et al., 2010) and
selected the genes involved in storage products accumulation
by gene annotation. After gaining the gene candidates, we
screened the A. capillus-veneris expressed sequence tags (ESTs)
database by BLAST to find out the high identities ESTs of
A. capillus-veneris. The genes with identities higher than 50%
were considered to be storage products accumulation related
genes in A. capillus-veneris. The three high identities genes were
listed in Supplementary Table 2.

RESULTS

Standardization of Developmental
Stages of A. capillus-veneris
Previously, Li et al. (2013) have described the entire life cycle
of A. capillus-veneris under cultivate conditions on the duration
and morphogenetic characteristics. To clarify the expression
pattern of AcLEC1 during the life cycle of A. capillus-veneris,
it is necessary to further divide the life cycle into development
stages with distinguishable morphological characteristics for
unambiguous sample collection. Based on the morphogenetic
features, we divided the life cycle of A. capillus-veneris into 11
stages (Figure 1).

It needs to be mentioned that the above dividing system for
developmental stages was mainly designed for the convenience of
clarifying the expression pattern of AcLEC1. In general, it is more
reasonable to set the zygote as a start point to describe a life cycle
(Bai, 1999, 2015a,b, 2016, 2017). However, for the convenience of
experimental operation, here we used spores as a start point. It
should be better to adjust the start point into zygote if it becomes
more accessible along with technology development. Another
pragmatic consideration is that the above dividing system did
not further divide prothallus into more stages although several
morphologically distinguishable stages can be easily identified,
such as club-shaped, early heart-shaped and so on (Li et al., 2013).
Such a simplification mainly because of the growth condition
for these stages are similar in terms of their effects on AcLEC1
expression.

AcLEC1 Is Expressed in the Aerial
Tissues of A. capillus-veneris
To test the hypothesis that the specific spatiotemporal pattern of
LEC1-type HAP3 gene expression is critical for proper execution
of the seed maturation process, we examined the expression
pattern of AcLEC1 in A. capillus-veneris. Samples of 10 stages
during the entire life cycle and stem were collected according
to Figure 1. Quantitative reverse transcription-PCR (qRT-PCR)
was employed to determine AcLEC1 expression levels. Figure 2A
shows that AcLEC1 mRNA was rarely detectable in the prothallus

samples and 1-leaf-sporophyte samples. In contrast, AcLEC1
mRNA was detected at various levels in the stem and pinna at
various stages. The highest expression level was detected in the
sample of phase 3 pinna where sporangia forms (Figures 1, 2A).
Such expression pattern is consistent to previous finding that
LEC1 genes are expressed in aerial tissues and at high level in
sporangia (Kirkbride et al., 2013).

To further examine the preference of AcLEC1 expression
in difference tissues, in situ hybridization was carried out.
Signal of AcLEC1 mRNA was detected from juvenile to phase 3
pinna (Figures 2B–F). Consistent to the highest expression level
detected with qRT-PCR, the in situ hybridization confirmed the
highest signals in phase 3 pinna (Figures 2E,F). It is interesting
that no AcLEC1 mRNA is detected after spore release in phase 4
pinna (Figures 2A,G).

AcLEC1 Expression Is Sugar-inducible
during Prothallus Development
The above data demonstrated that under normal growth
conditions, there is no AcLEC1 expression in prothallus
development (Figure 2A). Therefore, we can use prothalli to
examine whether sugar can induce AcLEC1 expression.

In our pilot experiments, we found 20 and 30 g/L sugar
can induce AcLEC1 expression but 50 g/L can inhibit prothalli
growth. So we used concentration of 30 g/L as a treatment.
Firstly, we examined whether the AcLEC1 expression can be
transiently induced. Figure 3A shows that AcLEC1 expression
can be induced upon 30 min treatment, higher than the control.
Such expression is dependent on existence of the sugar (Glucose
here), as the expression decrease upon withdraw of the sugar.

To observe the effects of sugar treatments on prothallus
development, we further examined the AcLEC1 expression
in prothallus development under continuous sugar-medium
culture. Considering the developmental process from spore
germination to cordate prothallus taking 20 days and from
cordate prothallus to fertilization taking about 25 days (Li
et al., 2013), here we examined AcLEC1 expression every 5 days
starting from the cordate prothallus culture. Figure 3B shows
that AcLEC1 gene expression was significantly induced after
10-days culture on the sugar media, both sucrose and glucose.
Interestingly the expression level on sucrose medium showed one
peak at 15-days, but that on glucose medium showed two peaks,
one at 10-days culture and another at 20-days culture.

To verify the AcLEC1 expression during prothallus
development, in situ hybridization was carried out. Strong
signals of AcLEC1 probe were detected in prothalli, especially in
archegonia and antheridia (Figures 3C–F).

Sugar Treatments Inhibit Prothallus
Development
To examine the effects of sugar treatments on prothallus
development, we analyzed the differentiation status of
prothallus development. As described in Li et al. (2013),
prothallus development goes through filament, clavate,
broadened and cordate stages after spore germination. Following
cordate stage, differentiation of prothallus mainly exhibits as
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FIGURE 1 | Development stages of Adiantum capillus-veneris. Schematic diagram in left part represents the 11 development stages during life cycle of
A. capillus-veneris. Major morphological features are described in the right green box.

initiation and differentiation of antheridia and archegonia (Li
et al., 2013). As the prothalli were cultured from young cordate
stage, we monitored the rate of initiation of antheridia and
archegonia under sugar treatments. Figures 4A–D show typical
differentiation status of prothalli, in which A shows the cordate
prothallus without antheridium or archegonium initiation; B
shows antheridium initiation (red arrowhead pointed); C shows
both antheridium (pointed by red arrowhead) and archegonium
initiation (pointed by black arrow); and D shows opened
archegonia with embryogenesis (magnified in the inset). For
convenience, each status from A to D framed with different
colors.

Using the above morphological criteria, percentage of
correspondent differentiation status in all the examined prothalli
were counted (Figure 4E). On control medium, majority of
cultured prothalli entered the stage B (antheridium initiation)
in 5 DAT. In 15 DAT, all prothalli entered the stage C. In
comparison, the differentiation process slowed down on 30 g/L
sucrose medium, indicated by larger proportions of 5 DAT
prothalli retaining at stage A and 10 DAT prothalli retaining
at stage B. The differentiation of prothalli was more severely
postponed on the 30 g/L glucose medium.

Sugar Treatments Promote Formation of
Reproductive Organs
While the differentiation rate was decreased upon the sugar
treatment, the densities of antheridia and archegonia were
increased. Based on SEM observation, we can count the
number of antheridia and archegonia for density calculation.
Figures 5A–C (five panels in each lane represent the
differentiation status of antheridia and archegonia at 10,
20, 30, 40, and 50 DAT) shows that comparing to the sugar-free

Knop’s culture, density of both antheridia and archegonia
increases. The quantitation of the densities at the fertilization
stage (40 DAT) were shown in Figure 5D.

In addition, although no distinguishable alteration in
architecture of antheridium nor archegonium were found, the
size of archegonia and antheridia were increased, significantly for
antheridia (Figures 5E,F respectively).

Sugar Treatments Trigger Accumulation
of Storage Products
Among the three physiological and biochemical processes
consisting the seed maturation process, the accumulation
of storage products is the most prominent characteristic.
To examine whether the sugar treatments can trigger
the accumulation of storage products, we analyzed the
accumulation of representative storage macromolecules,
e.g., polysaccharides, proteins, and lipids during prothalli
development by histochemical stain.

Figures 6A–C show the accumulation of polysaccharides with
PAS stain during prothalli development at three different stages
(10, 20, and 30 DAT), and on three different mediums, i.e., the
sugar-free Knop’s (as control), 30 g/L sucrose and 30 g/L glucose.
It is obvious that no PAS signals were detected at 10 DAT prothalli
on all three mediums. However, after 20 DAT, obvious PAS signals
were detected on the sugar-treated prothalli, not on the control
prothalli. The strongest staining was detected on the prothalli
at 30 DAT on the sucrose medium (Figure 6B, 30 DAT). This
suggests the unambiguous accumulation of polysaccharides in
the prothalli under sugar treatment.

Figures 6D–F show the accumulation of protein with
Coomassie brilliant blue stain during prothalli cultured under
sugar treatments. While not that obvious signals detected for
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FIGURE 2 | The expression pattern of AcLEC1. (A) AcLEC1 expression
level in 10 development stages and stem. The samples are collected
according to Figure 1. At least four independent A. capillus-veneris lines were
analyzed by quantitative reverse transcription-PCR (qRT-PCR) and results of
three representative lines are shown. AcCRY2 was used as an internal control.
Results represent the average from three independent isolations of
RNA ± SD. (B–H) In situ localization of AcLEC1 transcripts in pinnae. The
development stages of pinna proceed from (B–E) and (G) are indicated and
(F) is the magnified image of black frame in (E). Sense probe was used as a
negative control (H). Bar = 50 µm.

storage protein as did for starch in prothalli under sugar
treatments, the signals (stained to blue) were more intensive in
sugar-treated prothalli than control.

Figures 6G–I show the accumulation of lipid with Sudan black
B stain. The typical lipid signal by Sudan black B stain should
be gray-blue and the background should be sky blue or blue
(Supplementary Figure 1A). The signals in sugar-treated prothalli
is much intensive than control (Supplementary Figures 1B,C).

Sugar Treatments Induce Expression of
Homologs of Arabidopsis Seed Genes
To further explore whether the accumulation of storage products
in prothalli grown on sugar mediums is similar to that in seed
maturation process, we carried out a molecular analysis.

FIGURE 3 | AcLEC1 is sugar-inducible. (A) qRT-PCR result of AcLEC1
expression levels in prothalli which respectively grown for 0–6 days after
transient (DAT) treatment with either 30 g/L glucose (blue line) or sugar-free
buffer (black dotted line). (B) qRT-PCR result of AcLEC1 expression levels in
prothalli which grown for 5, 10, 15, 20, or 25 DAT to medium containing
sucrose (red columns) or glucose (blue columns). Control stands for Knop’s
medium (blank columns). In (A,B), AcCRY2 was used as an internal reference.
Results represents the average from three independent isolations of
RNA ± SD. (C–F) In situ localization of AcLEC1 transcripts in prothalli. Mature
prothalli transferred to Knop’s medium (C) or medium containing 30 g/L
sucrose (D) were detected by anti-sense probe of AcLEC1. (E,F) Negative
control using sense probe for samples in (C,D), respectively. Bar = 50 µm.
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FIGURE 4 | Sugar treatment inhibits prothallus development. (A–D) The bright field images of prothalli in four development stages monitored in this research:
the cordate prothallus (A), antheridia initiation (B), archegonia initiation (C), and embryogenesis (D). The embryogenesis is happened in the swollen archegonium
indicated by a black frame and magnified in the embedded inset at the bottom left corner. Red arrowheads point to the antheridium. Black arrow points to the
archegonium. (E) Percentage of correspondent differentiation status. The colors of columns in (E) are corresponding to the same colors in (A–D), respectively.
Bar = 200 µm.

Firstly, we used three Arabidopsis seed-specific genes,
SUCROSE-PHOSPHATE SYNTHASE (SPS), CRUCIFERIN2
(CRU2), and FATTY ACID ELONGASE1 (FAE1), as queries to
screen A. capillus-veneris homologs from NCBI EST database.
These three genes are respectively involved in accumulation
of starch (SPS), storage protein (CRU2) and lipid (FAE1). The
ESTs homologous in A. capillus-veneris to these three genes
were therefore designated as AcSPS, AcCRU2, and AcFAE1,
respectively. Afterward, we analyzed the expression pattern
during prothallus development.

Figure 7 shows that consistent to the accumulation of
storage macromolecules in the sugar-treated prothalli, the AcSPS
expression was significantly induced in the prothalli on the
sucrose medium at 20 DAT (Figure 7A). The induction of
AcCRU2 is highest in the prothalli on the glucose medium at 20
DAT (Figure 7B). High induction of AcFAE1 was also observed
in the prothalli on the sucrose medium, but delayed to 25 DAT
(Figure 7C).

DISCUSSION

Based on the current knowledge about the role of LEC1 gene
in seed maturation process, we proposed a modified hypothesis
that the process called seed maturation identified in seed plants
may be triggered by the induction of LEC1 gene expression

during embryogenesis in non-seed plants. To test the hypothesis,
we firstly confirmed that there is no detectable expression
of AcLEC1, a homolog to Arabidopsis LEC1 in a non-seed
plants A. capillus-veneris, during prothallus development, where
the embryogenesis occurs in archegonia (Figure 2). Then, we
demonstrated that AcLEC1 expression can be induced by sugar
treatments during prothallus development (Figure 3). In parallel,
we found that the sugar treatment can trigger accumulation
of storage products (Figure 6), one of the hallmark events
in seed maturation process during prothallus development;
promote differentiation of reproductive organs (Figure 5), i.e.,
antheridia and archegonia; and delay the differentiation of
prothalli (Figure 4), the effect similar to another hallmark event,
dormancy. Consistent to the accumulation of storage products,
we found that the genes homologous to so called seed-specific
genes were activated in sugar-treated prothalli (Figure 7). While
these findings indicate the links between sugar treatments and
AcLEC1 expression, as well as sugar treatments and events
such as accmulation of storage products, which is occurring in
prothalli, mimicking to that called seed maturation process, what
would these findings imply to the origin of the seed maturation
process?

Firstly, the property of inductive expression AcLEC1 imply its
potential to be coopted into the origin of seed maturation process.
Previous investigation already demonstrated that in Arabidopsis,
LEC1 expression can be induced in the KK mutant at seedling
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FIGURE 5 | Sugar treatments promote formation of reproductive organs. (A–C) SEM images of prothalli on Knop’s medium (A), 30 g/L sucrose medium (B)
or 30 g/L glucose medium (C) at 10, 20, 30, 40, and 50 DAT. Higher magnification images of reproductive organs or distinguishable embryo were shown in
embedded insets. (D) The density of antheridium (black columns) and archegonium (red columns) in fertilized prothalli. The diameter of archegonium (E) and
antheridium (F) of fertilized prothalli with or without sugar treatment. Data represents means of five independent samples ± SE. Asterisks above the bars report the
results of a significance test (Student’s t-test) for differences between the control and the treated samples: ∗∗P < 0.01, ∗P < 0.5. Bar = 200 µm.

FIGURE 6 | Sugar treatment triggers accumulation of storage products. Prothalli were persistently treated by 30 g/L sucrose or glucose. 10, 20, and 30 DAT
prothalli were labeled by cytochemical stain technique. The images of representative sections under the same treatment during 10–30 DAT were arranged in one
column. (A–C) Cherry red indicates the polysaccharides which labeled by PAS reaction. (D–F) Blue display the protein body after Coomassie brilliant blue staining.
(G–I) The lipid bodies were manifested by gray-blue using Sudan black B staining. Bar = 50 µm.
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FIGURE 7 | Sugar treatment induces expression of Arabidopsis seed
homologs. qRT-PCR examine results of (A) AcSPS, (B) AcCRU2, and
(C) AcFAE1. AcCRY was used as an internal reference. Results represents the
average from three independent isolations of RNA ± SD.

stage (Tsukagoshi et al., 2007). Xie et al. (2008) and Li et al.
(2017) also demonstrated that AcLEC1 can be induced under
drought and ABA treatment of sporophyte and tissue culture
respectively. It seems that the LEC1-like gene was not originated
to be a key regulator of seed maturation process as it does not
express during embryogenesis of non-seed plants, rather a stress
response gene as it expressed in aerial tissue as we demonstrated
in Figure 2 and its expression can be induced by drought and

ABA (Xie et al., 2008). Such an inducibility makes it possible that
the expression of LEC1-like gene can be induced in nature by
chance during embryogenesis as we found in this work in lab by
intention. From this perspective, our findings in this work open
up a new window to investigate origin of seed maturation process
by further investigation of molecular mechanism of induction of
LEC1-like gene expression in non-seed plants.

Secondly, if the accumulation of storage products is a hallmark
event of seed maturation process, it would be interesting to ask,
whether such a process is seed specific or not. According to
Harada (1997), the seed maturation process is intrusive to the
embryogenesis, implying that it is an independently originated
process of embryogenesis. The accumulation of storage products
can be found in other tissues such as tuberous roots in cassava
and sweet potato and tubers in potato. From this perspective,
the accumulation of storage products should not be specific to
the structure called seed. While our findings revealed the sugar
treatments can trigger the accumulation of storage products
during prothallus development, it would be interesting ask a
reverse question that why there is no obvious accumulation of
storage products in prothallus development in nature?

If we consider the stress inductive property of LEC1
expression and sugar induction of both AcLEC1 expression
and accumulation of storage products in prothalli, it will be
interesting to hypothesize that the reasons for no accumulation
of storage products come from lack of stress conditions, as
the prothalli grown in wet habitation, and/or lack of additional
assimilate supply for storage products to be synthesis. Such a
hypothesis is mutually complementary to the current theory on
origin of seeds. Current theory suggests that the seed is originated
from the terminally located ovule where the embryogenesis
occurs (Taylor and Taylor, 1993; Herr, 1995; Niklas, 1997; Doyle,
2006). According to the telome theory, the terminally grown
ovules are obvious the aerial grown tissues. If our findings are
generally applicable, the LEC1-like genes should be expressed
in the aerial grown ovules. On the other hand, according
to the “source-sink” theory of assimilation allocation (Rolland
et al., 2006; Eveland and Jackson, 2012), the terminally located
ovules should function as a sink in an assimilation flow. If
it is the case, the imported assimilates, similar to the sugar
treatments in our experiments, can trigger jointly by enhancing
the expression of LEC1-like genes, the accumulation of storage
products in the terminally localized ovules and superposed upon
embryogenesis occurring in the ovules, and therefore a novel
structure emerged, latterly called seed. Once it happened, no
force can prevent such a trait been selected during evolution for
the obvious adaptive advantages. With this hypothesis in mind,
the mechanism of origin of seed maturation process, or briefly
called seed program, can be empirically investigated, and the
exploration of origin of seed would be no longer the privilege of
paleobotanists.

Finally, although it is demonstrated that LEC1 gene is a key
regulator in seed maturation process or seed program, because of
the lack of tools of gene transformation, it is not yet clear whether
the effects on prothallus development of sugar treatments
come directly from the sugar-induced AcLEC1 expression
or other mechanisms. Even though, the findings in this
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work paved a road to the prosperous future to uncover the secret
on origin of the seed.
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Brassica species exhibit both compatible and incompatible pollen-stigma interactions,

however, the underlying molecular mechanisms remain largely unknown. Here, RNA-seq

technology was applied in a comprehensive time-course experiment (2, 5, 10, 20,

and 30 min) to explore gene expression during compatible/incompatible pollen-stigma

interactions in stigma. Moderate changes of gene expression were observed both in

compatible pollination (PC) and incompatible pollination (PI) within 10 min, whereas

drastic changes showed up by 30 min, especially in PI. Stage specific DEGs [Differentially

Expressed Gene(s)] were identified, and signaling pathways such as stress response,

defense response, cell wall modification and others were found to be over-represented.

In addition, enriched genes in all samples were analyzed as well, 293 most highly

expressed genes were identified and annotated. Gene Ontology and metabolic pathway

analysis revealed 10 most highly expressed genes and 37 activated metabolic pathways.

According to the data, downstream components were activated in signaling pathways

of both compatible and incompatible responses, and incompatible response had more

complicated signal transduction networks. This study provides more detailed molecular

information at different time points after compatible and incompatible pollination,

deepening our knowledge about pollen-stigma interactions.

Keywords: time-course, self-(in) compatibility, stigma, transcriptome, Brassica napus

INTRODUCTION

The proper interactions between pollen and stigma play a vital role in successful pollination
which is the key process in reproduction for angiosperms. The Brassicaceae plants have evolved
complicated and elaborate mechanisms for successful fertilization to produce vigorous progenies.
These mechanisms involve blocking the adherence and growth of inter-species pollen, rejecting
“self ” pollen (self-incompatibility, SI) and only allowing the fertilization of compatible pollen
with different genetic background. The Brassicaceae plants have dry stigmas (with no exudate)
whose epidermis is composed of large specialized papillae cells covered by a waxy cuticle and
a superficial proteinaceous pellicle layer (Elleman et al., 1988, 1992). Once compatible pollen
lands on the stigma, a series of signaling events are triggered. During this process, a pollen grain
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experiences several steps, including adhesion, foot formation,
pollen hydration, germination and penetration through the
stigmatic cell walls. Following these steps, pollen tube grows
down through the transmitting tissue of the style, and ultimately
reaches an ovule where fertilization takes place (reviewed in
Chapman and Goring, 2010). However, when “self ” pollen lands
on the stigma, the SI reaction occurs rapidly, blocking the
self-compatible reaction from pollen adhesion to pollen tube
penetration (reviewed in De Nettancourt, 2001; Franklin-Tong,
2008).

Several stigma specific genes have been shown to participate
in compatible and incompatible pollen-stigma interactions in
Brassicaceae. A stigma specific S-locus related-1 (SLR1) gene
is involved in pollen adhesion, and knocking down of SLR1
reduces pollen adhesion in B. napus (Luu et al., 1997). Another
stigma specific protein, SLG (S-locus glycoprotein), could bind
PCP-A1, a small pollen coat protein (Doughty et al., 1998). By
treating B. oleracea stigmas with antibodies of SLG or SLR1
also reduced pollen adhesion (Luu et al., 1999). Samuel et al.
(2009) reported that a non-stigma specific protein, EXO70A1, is
required in the stigma for the acceptance of compatible pollen
in both Brassica and Arabidopsis and is negatively regulated
during SI in Brassica. In Brassicaceae, the SI reaction involves the
interaction of SRK (S-locus receptor kinase) expressed in stigma
and its pollen-coat localized ligand SCR/SP11 (S-locus cysteine-
rich protein or S-locus protein 11) which is allele-specific, leading
to autophosphorylation of SRK and triggering several signaling
cascades within the stigma epidermal cells (Kachroo et al., 2001;
Takayama et al., 2001). The phosphorylated SRK, together with
the plasmamembrane-tetheredMLPK (M-locus Protein Kinase),
can phosphorylate ARC1 (Armadillo Repeat-Containing protein
1), a U-box E3 ubiquitin ligase (Murase et al., 2004; Kakita et al.,
2007a,b; Samuel et al., 2009). ARC1 is proposed to function in
the proteasome-mediated degradation pathway, and it can target
stigma proteins required for the compatible reaction (for example
Exo70A1) (Samuel et al., 2011).

Knowledge about incompatible and compatible pollen-
stigma interactions has increased considerably in recent years.
In B. rapa, time-lapse imaging of pollen behavior during
self- and cross-pollinations illustrates that pollen hydration
is regulated by a balanced process of hydration, dehydration
and nutrient supply to pollen grains from stigmatic papilla
cells (Hiroi et al., 2013). Compatible pollination induces actin
polymerization and leads to vacuolar rearrangements toward
the pollen attachment site. During incompatible pollination,
actin reorganizes (likely depolymerization) and disrupts vacuole
networks toward the site of pollen attachment (Iwano et al.,
2007). Safavian and Goring (2013) found that secretory activity
was rapidly induced in stigmatic papillae by compatible pollen,
with vesicle or multi-vesicular bodies (MVBs) observed at
the stigmatic papillar plasma membrane under the pollen
grain. In incompatible pollination the secretory activity was
inhibited in Brassicaceae. Microarray technology and a cDNA
library were used to build a profile of candidate stigma
genes that facilitate early pollination events in Arabidopsis
(Swanson et al., 2005). Through proteomic analysis of stigmatic
proteins following incompatible pollination in B. napus, 19

down-regulated unique candidate proteins were identified
specially in SI (Samuel et al., 2011). Matsuda et al. (2014)
applied laser microdissection (LM) and RNA sequencing (RNA-
seq) to detect the cell type-specific transcriptome in Brassicaceae
papillae cells and characterized gene expression 1 h after
compatible and incompatible pollination. Although these studies
contributed to our understanding of the molecular mechanisms
related to pollen-stigma interactions, the consecutive changes
of gene expression and dynamic molecular activities during
the early stages (within 30 min) of pollination remained to
be revealed. In addition, compared with the intensive study of
signal transduction pathways in hormones and disease resistance
in Brassicaceae, the knowledge of downstream components in
self-incompatibility is still quite limited.

Self- incompatibility of B. napus is regulated by the interaction
between BnSP11 and BnSRK, together with the activated
downstream components following the interaction. BnSRK could
recognize BnSP11 specifically and get autophosphorylated, then
phosphorylated SRK would phosphorylate ARC1 which could
cause ubiquitination of its target proteins (e.g., Exo70A1). An
insertion of a DNA fragment with a length of 3606 bp in
the promoter region of BnSP11-1 was responsible for the self-
compatibility (SC) of B. napus line “Westar” (Okamoto et al.,
2007; Tochigi et al., 2011). By complementing the function of
BnSP11-1 in “Westar,” we obtained the transgenic line “W-
3” which showed strong SI (Gao et al., 2016). When pollen
of “Westar” lands on its own stigma, compatible interaction
occurs and normal pods are set; when pollen of “W-3”
lands on the stigma of “Westar,” self-incompatible reaction
occurs and pods seldom set seeds. These are ideal materials
for us to shed further light on the complex responses of
compatible/incompatible pollen-stigma interactions using next-
generation RNA-seq coupled with a comprehensive time-course
experiment.

MATERIALS AND METHODS

Plant Material and Growth Conditions
The wild type self-compatible B. napus line “Westar” and
transgenic self-incompatible line “W-3” (Gao et al., 2016) were
grown in the greenhouse with 16/8 h day/night photoperiod and
temperatures of 22/15◦C. Floral buds of wild type self-compatible
B. napus line “Westar” were emasculated 1 day before anthesis to
avoid pollen contamination. The next day, stigma samples were
collected by cutting the pistil just below the base of the stigma
and immediately frozen in liquid nitrogen. By this method,
stigma samples of “Westar” with no pollen pollinated (UP) and
pollinated stigmas (PC2, PC5, PC10, PC20, PC30: self-pollinated
stigmas of “Westar” at 2, 5, 10, 20, and 30 min; PI2, PI5, PI10,
PI20, PI30: stigmas of “Westar” pollinated with the incompatible
pollen of “W-3” at 2, 5, 10, 20, and 30min) were collected.

Transmission Electron Microscopy
The pollinated stigmas (PI30 and PC30) were vacuum-infiltrated
and pre-fixed in a solution of 2.5% glutaraldehyde adjusted
to pH 7.4 with 0.1 M phosphate buffer, fixed in 2% OsO4 in
the same buffer, and then dehydrated and embedded in epoxy
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resin and SPI-812 (Structure Probe, Inc., http://www.2spi.com/),
respectively. Ultra-thin sections were obtained using a Leica
UC6 ultramicrotome (http://www.leica.com/) and were stained
with uranyl acetate and subsequently with lead citrate. The
observations and recording of images were performed using a
Hitachi H-7650 transmission electron microscope (http://www.
hitachi-hitec.com/) at 80 kV and a Gatan 832 CCD camera
(http://www.gatan.com/).

cDNA Library Construction and
Solexa/Illumina Sequencing
Total RNA was extracted using the DNA/RNA isolation kit
(Qiagen). The quality and quantity of purified RNA were
determined by measuring absorbance at 260 nm/280 nm
(A260/A280) using a SmartSpec plus (BioRad). In total, 22 RNA
samples (UP, PC2, PC5, PC10, PC20, PC30, PI2, PI5, PI10, PI20,
and PI30, each with two biological replicates) were subjected to
library construction using an Illumina R© TruSeqTM RNA Sample
Preparation Kit following the manufacturer’s instructions. All
samples were sequenced using an Illumina HiSeq 2500 sequencer
at the National Key Laboratory of Crop Genetic Improvement,
Huazhong Agricultural University.

Sequence Data Analysis
Raw sequences were processed by removal of the 3’ adaptor
sequence, low-quality reads, and reads that are too short
(less than 20 nt), leaving clean reads for subsequent analysis.
All high-quality reads were mapped to the B. napus genome
(Chalhoub et al., 2014) by TopHat v2.0.11 using the default
parameters (Trapnell et al., 2009). Only uniquely mapped reads
were considered for gene expression analysis. The program
Cufflinks v2.2.0 was used to calculate differential gene expression
and transcript abundance (Trapnell et al., 2010). Transcript
abundance of each gene was estimated by FPKM. DEGs
(differentially expressed genes) between UP and PC/PI samples
were identified according to the restrictive conditions of an
absolute value of log2 fold changes≥ 1 and a FDR ≤ 0.01.

Analysis and Annotation of DEGs
Gene function annotation was performed in accordance with
the method described by Wu et al. (2016). All B. napus genes
(Chalhoub et al., 2014) were searched against the NCBI non-
redundant (Nr) protein database using BlastP with an E-value ≤
1E-05. GO terms associated with each BLAST hit were annotated
using Blast2GO (Conesa et al., 2005). Then, all B. napus genes
were searched against the InterPro database (http://www.ebi.ac.
uk/interpro/) using InterProScan5 (Jones et al., 2014). Finally,
B. napus genes were annotated by merging the annotation results
of Blast2GO and InterPro. Blast2GO was also applied for GO
enrichment analysis with a false discovery rate (FDR) ≤ 0.01,
which can provide all GO terms that were significantly enriched
in DEGs compared with the genome background.

RT-PCR and qRT-PCR
Total RNA was extracted using the DNA/RNA isolation kit
(Qiagen). Five micrograms of RNA was DNase-treated using a
DNA-free kit (Ambion, http://www.ambion.com). First-strand

cDNA synthesis was performed using a SuperScript kit (Gibco
BRL, http://www.invitrogen.com). Real-time RT-PCR was also
performed using a Bio-Rad IQ5 with SYBR Green detection
(http://www.bio-rad.com/). Actin (Gene-Bank accession no.:
AF111812) was used as an internal control to normalize
transcript levels for all expression analyses. Supplemental
Table S1 lists the specific primers used to test the genes.

Accession Numbers
Sequence data from this article can be found in the TAIR, NCBI
(the NIH SRA) and Brassica napus Genome Resources (http://
www.genoscope.cns.fr/brassicanapus/) data libraries.

RESULTS

Comparative Transcript Profiling of
Compatible and Incompatible Reactions
Transmission electron micrography (TEM) was used to compare
SI and SC pollen-stigma interactions 30 min after pollination.
When pollen of “W-3” was applied to the stigma of “Westar,”
23 pollen grains were observed being captured by the stigma
papilla cell but there was no change in morphology of the pollen
(Figure 1A, left panel). However, when “Westar” was self-
pollinated, 39 pollen grains were captured and two kinds of
pollen-stigma interaction patterns were observed. One pattern
(Figure 1A, middle panel; 18 pollen grains) was similar to
that observed in the “Westar” × “W-3” cross, with no change
in morphology. The second pattern (Figure 1A, right panel;
eight pollen grains) showed germination of the pollen tube
and invasion of the cell wall of the stigma papilla cell. It
could be deduced that it was possible for a compatible pollen
grain to have experienced all initial steps of pollen-stigma
interaction (adhesion, foot formation, hydration, germination
and penetration) during the first 30 min following compatible
pollination; incompatible pollen exhibited the first two steps in
the same time period.

To explore the molecular mechanisms underlying compatible
and incompatible pollen-stigma interactions, we employed
Illumina (Solexa) sequencing technology to investigate the stigma
transcriptome. Different kinds of stigma samples from wild
type “Westar” were collected: un-pollinated stigmas (termed
UP), stigmas pollinated with compatible pollen (PC) at multiple
time points (2, 5, 10, 20, and 30 min, termed PC2, PC5,
PC10, PC20, and PC30, respectively) and stigmas pollinated
with incompatible pollen (PI) of “W-3” at the same time points
as PC (termed PI2, PI5, PI10, PI20, and PI30, respectively).
Compared with the genes expressed in UP, differential expression
(log2 fold changes ≥ 1 and a FDR ≤ 0.01) analysis showed a
moderate change of gene expression level in PC2, PC5, PC10,
PI2, PI5, and PI10 (varying from 419 to 528 DEGs) and a drastic
change in PC20, PC30, PI20, and PI30 (varying from 1080 to
4896 DEGs) (Figure 1B; Supplemental File S1). Based on the
distribution of DEGs at each time point, we defined pollen-
stigma interactions at 2, 5, 10 min as the “early stage pollination
event,” and pollen-stigma interactions at 20 and 30 min as the
“late stage pollination event,” relatively. At the early stage of
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FIGURE 1 | Pollen-stigma interactions and DEGs (differentially expressed genes) identified in PC and PI samples. (A) Transmission electron micrographs

(TEM) of compatible and incompatible pollen-stigma interactions 30 min after pollination. In “Westar” × “W-3” (left, incompatible), pollen was (i.e., showed no change

in morphology) intact in 6/6 samples. In “Westar” × “Westar” (middle and right, compatible), two patterns were observed in all the analyzed 5 samples (39 pollen

grains): pollen intact (18 pollen grains); pollen germinated and beginning to invade the cell wall of the stigma papilla cell (eight pollen grains). P, pollen grain; St, stigma

papilla cell; Bars = 5 µm in the left and middle pictures; 10 µm in the right picture. (B) Number of DEGs up- or down-regulated at different time points in UP vs. PC

and UP vs. PI (log2 fold changes ≥ 1 and a FDR ≤ 0.01).

pollination, 64 DEGs were up-regulated and only five were down-
regulated (Figure 1B; Supplemental File S1). At the late stage
of pollination, a drastic increase of DEGs was observed in UP
vs. PI30 (2764 genes up-regulated and 2132 down regulated)
(Figure 1B; Supplemental File S1), which further confirmed that
pollen-stigma interaction already occurred by 30 min following
pollination.

A total of 1453 DEGs and 5071 DEGs were detected in all
samples of UP vs. PC and UP vs. PI, respectively (Supplemental
File S2). They were grouped by cluster analysis into nine distinct
time-course clusters respectively according to their expression
patterns withminormanual revision (Supplemental File S3). This
classification revealed that only a small number of DEGs (nine
in UP vs. PC and 60 in UP vs. PI) were early stage pollination
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specific (Figures 2A,B; Supplemental File S4). A moderate
number of DEGs appeared during all stages of pollination and
they were all up-regulated, with 529 DEGs in UP vs. PC and
542 DEGs in UP vs. PI (Supplemental File S5). The majority of
DEGs were late stage specific, including 915 in UP vs. PC (704
up-regulated, 211 down-regulated) and 4469 in UP vs. PI (2337
up-regulated, 2132 down-regulated) (Supplemental File S6). The
significant difference in the number of DEGs between UP vs. PC
and UP vs. PI was mainly at the late stage of pollination with
many more DEGs found in UP vs. PI, indicating that the signal
transduction networks may be more complicated in UP vs. PI
than UP vs. PC.

Early Stage Specific DEGs
A total of 69 early stage specific DEGs were identified. Of the nine
early stage-specific DEGs in UP vs. PC, seven were up-regulated
and involved in pectinesterase activity (BnaCnng76410D),
xylanase activity (BnaA04g00410D), chlorophyll binding
(BnaA07g07570D) and other biological processes; the other
two were down-regulated and involved in vacuolar sorting
signal binding (BnaC08g24040D) and glucosidase activity
(BnaC07g27160D) (Figures 2A,B; Supplemental File S7).

Among the 60 early stage specific DEGs in UP vs. PI, 59
genes were up-regulated with 57 found in UP vs. PI2 and
two in UP vs. PI10 (Figure 2B). The most over-represented

FIGURE 2 | Identification and annotation of early stage specific DEGs. (A) Expression patterns of early stage specific DEGs in UP vs. PC. (B) Expression

patterns of early stage specific DEGs in UP vs. PI. (C) GO annotation results of early stage specific DEGs in UP vs. PI.
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GO terms in molecular function were “binding” (GO:0005488)
and “catalytic activity” (GO:0003824), accounting for 44% (31
genes) and 33% (23 genes) of the annotated terms, respectively
(Figure 2C; Supplemental File S7). The term “binding” included
genes related to phospholipid binding, metal ion binding, actin
binding, DNA binding, ribonucleoside binding and tubulin
binding. Of the 23 genes associated with catalytic activity,
11 were involved in protein serine/threonine kinase activity
(GO:0004674). In addition, the terms “transporter activity”
(GO:0005215), “molecular function regulator” (GO:0098772)
and “transcription factor activity” (GO:0001071) were also
identified (Figure 2C; Supplemental File S7). The only gene
down-regulated was involved in vacuolar sorting signal binding
(BnaC08g24040D). The majority of the DEGs at early stage in

UP vs. PC and UP vs. PI were up-regulated, indicating that
some biological processes might be activated by pollination; in
the meanwhile, pollen expressed genes might contribute to the
up-regulated DEGs.

Late Stage Specific DEGs
Among the up-regulated genes, 542 DEGs were shared by UP vs.
PI and UP vs. PC, 1795 were UP vs. PI specific and only 162 were
UP vs. PC specific. For down-regulated genes, 173 DEGs were
shared in UP vs. PC and UP vs. PI, with 1959 specific in UP vs.
PI and 38 in UP vs. PC (Figure 3A; Supplemental File S8). The
biological functions of the DEGs were annotated and shown in
Supplemental File S9. The 20 most highly represented GO terms

FIGURE 3 | Identification and annotation of late stage specific DEGs. (A) Venn diagrams of late stage specific DEGs, comparing up- and down-regulated

genes between UP vs. PC and UP vs. PI. (B) The 20 most highly represented GO terms for biological process in each DEG data set.
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of each DEG data set were listed in Figure 3B and Supplemental
File S9.

For 162 genes up-regulated only in UP vs. PC, more than
half of the over-represented GO terms were involved in stress
response, such as responses to carbohydrate stimulus, chitin,
fungus, and wounding. Besides, jasmonic acid related GO
terms including response to jasmonic acid stimulus, jasmonic
acid biosynthetic process and jasmonic acid metabolic process
were found. Fatty acid metabolic process and fatty acid
biosynthetic process were also identified in the annotation
results. GO terms related to stress response were over-
represented in genes up-regulated in both UP vs. PC and UP
vs. PI. In addition, the terms “ER-nucleus signaling pathway,”
“endoplasmic reticulum unfolded protein response,” “response
to abscisic acid stimulus,” and “negative regulation of cell
death” were also found. For genes up-regulated only in UP
vs. PI, “response to endoplasmic reticulum stress” (147 genes),
“multi-organism process” (378 genes) and “ER-nucleus signaling
pathway” (84 genes) were the three most over-represented GO
terms. In addition, defense response-related GO terms were also
found, including “systemic acquired resistance,” “incompatible
interaction,” “immune system process” and other processes.
Stress response related GO terms were highly represented in
all three DEG data sets for up-regulated genes, implying that
pollen-stigma interactions might require elements involved in
the processes of responding to stress.

For 38 genes down-regulated only in UP vs. PC, “regulation
of protein dephosphorylation” was the most predominant GO
term. GO terms involved in generation of precursor metabolites
and energy, serine family amino acid metabolic process and
cysteine biosynthesis were highly represented. GO terms related
to photosynthesis, light reaction and photosynthetic electron
transport in photosystem were also over-represented. GO terms
of genes down-regulated both in UP vs. PC and UP vs.
PI are mainly involved in polysaccharide metabolism (glucan
metabolic process, plant-type cell wall loosening and cell
wall modification) and response to hormone stimulus (by
gibberellins, auxins and brassinosteroids). Besides, GO terms
“circadian rhythm” and “carbohydrate metabolism” were also
found in this category. GO terms of genes down-regulated only
in UP vs. PI are mainly involved in metabolic processes, such as
phenylpropanoid, cellular aromatic compound, polysaccharide,
carbohydrate, secondary and flavonoid metabolism. A larger
number of down-regulated genes were identified specifically in
UP vs. PI and annotated to be related to metabolic processes,
making the hypothesis possible that signaling transduction
relying on some metabolic pathways might be cut off in
incompatible response.

DEGs at All Stages of Pollination
529 DEGs in UP vs. PC and 542 DEGs in UP vs. PI DEGs were
found and up-regulated at all stages of pollination, including
457 genes in both UP vs. PC and UP vs. PI, 72 in UP vs.
PC only, and 85 in UP vs. PI only (Supplemental File S10).
The predominant biological process GO terms of DEGs up-
regulated both in UP vs. PC and in UP vs. PI involved “plant-type
cell wall modification,” “pollen tube growth,” and “pollination.”

“Extracellular region,” “pollen tube,” and “plant-type cell wall”
were the three most over-represented GO terms for cellular
components. The most over-represented GO terms in molecular
functions were “pectinesterase activity” and “hydrolase activity”
(Supplemental File S11).

GO terms “pollen tube growth,” “reproductive process,”
“extracellular region part,” and “plant-type cell wall modification”
were also highly represented in UP vs. PC specific DEGs.
(Supplemental File S11). The enriched GO term “pollination”
(GO:0009856) was further analyzed, containing 21 of 72 UP
vs. PC specific genes (Table 1) and several homologs of
Arabidopsis genes involved in the pollination process. ACA9
(BnaA01g25310D) was identified as a member of the ACA family;
another member in this family, ACA13, was reported to function
as an auto-inhibited Ca2+ transporter and was required for
compatible pollination (Iwano et al., 2014). ANXUR2 (ANX2),
the homolog of BnaA02g31020D, was reported to function
together with ANXUR1 (ANX1) to regulate timing of rupture
in pollen—pollen tubes of anx1/anx2 mutants ruptured before
arriving at the egg apparatus (Miyazaki et al., 2009). LIP2
(homolog of BnaA03g28130D) and LIP1 were anchored to the
membrane in the pollen tube tip region via palmitoylation,
which was essential for controlling pollen tube guidance into
the micropyle (Liu et al., 2013). Ca2+-dependent protein
kinase11 (CPK11) and CPK24 (homolog of BnaA04g19460D)
were involved in Ca2+-dependent regulation of the inward K+

(K+ in) channels in pollen tubes—disruption of CPK11 or
CPK24 completely impaired Ca2+-dependent inhibition of K+ in
currents and enhanced pollen tube growth (Zhao et al., 2013).

UP vs. PI specific DEGs were mainly involved in stress
response and defense response (Supplemental File S11) and had
totally different enriched GO-terms from UP vs. PC specific
DEGs. As the mechanisms of SI and pathogen resistance (PR)
are remarkably similar: SI involves recognition and rejection
of “self ” pollen grains and pathogen resistance (PR) involves
recognition and rejection of pathogens (Hodgkin et al., 1988;
Sanabria et al., 2008; Rea et al., 2010), thus the GO term “immune
system process” (GO:0002376) was further analyzed and 21 of
85 UP vs. PI specific genes were identified (Table 2). WRKY33
(a homolog of BnaA03g17820D and BnaC03g21360D) is a key
transcriptional regulator of response to necrotrophic fungal
pathogen Botrytis cinerea and Alternaria brassicicola infection
in Arabidopsis, which involves cross-talk between jasmonate-
and salicylate-regulated disease response pathways (Zheng et al.,
2006; Birkenbihl et al., 2012). The expression of AtCAF1A
(homolog of BnaC03g54940D) can be induced by multiple stress-
related hormones and stimuli. Mutation of AtCAF1A caused
defective deadenylation of stress-related mRNAs and reduced
expression of pathogenesis-related (PR) genes PR1 and PR2,
making plants more susceptible to Pseudomonas syringae pv.
tomato DC3000 (Pst DC3000) infection (Liang et al., 2009). ERF4
(homolog of BnaA03g33790D and BnaC03g39000D) negatively
regulates the expression of gene related to JA-responsive
defense and the resistance to the necrotrophic fungal pathogen
Fusarium oxysporum (McGrath et al., 2005). JAZ1 (homolog of
BnaC08g36840D), a member of the JAZ family, was a repressor
of JA signaling pathways.WRKY40 (homolog of BnaA07g35260D
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TABLE 1 | Enriched UP vs. PC specific DEGs in the GO term “pollination.”

Brassica napus

gene ID

Arabidopsis

gene ID

Gene name Gene description

BnaA01g25310D AT3G21180 ACA9 Autoinhibited Ca2+-ATPase

BnaA01g21610D AT1G58122 CPUORF45 Conserved upstream opening reading frame relative to major ORF AT1G58120.1

BnaA02g07080D AT5G59370 ACT4 Belongs to the reproductive actin subclass that expressed in developing and reproductive tissues

BnaA02g31020D AT5G28680 ANX2 Receptor-like kinase required for maintenance of pollen tube growth

BnaA03g15420D AT2G33420 None Unknown function

BnaA03g28130D AT3G02810 LIP2 Receptor-like cytoplasmic kinase that controls micropylar pollen tube guidance

BnaA03g37560D AT3G24715 None Protein kinase superfamily protein with octicosapeptide/Phox/Bem1p domain

BnaA04g18240D AT3G24715 None Protein kinase superfamily protein with octicosapeptide/Phox/Bem1p domain

BnaA04g19460D AT2G31500 CPK24 Member of Calcium Dependent Protein Kinase

BnaA05g19830D AT2G33420 None Unknown function

BnaA07g08200D AT3G21180 ACA9 Autoinhibited Ca2+-ATPase

BnaA07g19700D AT1G29140 None Pollen Ole e 1 allergen and extensin family protein

BnaA07g26300D AT1G79860 ATROPGEF12 Encodes a member of KPP-like gene family, homolog of KPP (kinase partner protein) gene in tomato

BnaA08g18440D AT1G67290 GLOX1 Glyoxal oxidase-related protein

BnaA09g30960D AT1G28270 RALF4 Member of a diversely expressed predicted peptide family showing sequence similarity to tobacco Rapid

Alkalinization Factor (RALF)

BnaC05g14980D AT1G23540 PERK12 Encodes a member of the PERK family of putative receptor kinases

BnaC05g30810D AT1G23540 PERK12 Encodes a member of the PERK family of putative receptor kinases

BnaC06g28370D AT3G21180 ACA9 Autoinhibited Ca2+-ATPase

BnaC08g32350D AT1G67290 GLOX1 Glyoxal oxidase-related protein

BnaC09g19870D AT5G47000 None Peroxidase superfamily protein

BnaCnng62360D AT1G29140 None Pollen Ole e 1 allergen and extensin family protein

and BnaC06g40170D) was reported to regulate plant defense
response in Arabidopsis in a complex pattern (Xu et al., 2006;
Shen et al., 2007).

Genes Enriched in All Stigma Samples
Three self-incompatibility related genes, the stigma determinant
gene BnSRK-1 (BnaA07g25970D) (Stein et al., 1991; Takasaki
et al., 2000; Okamoto et al., 2007), pollen adhesion related genes
SLG (BnaA07g25960D) and two copies of SLR1 (BnaC03g37350D
and BnaA03g32070D) (Luu et al., 1997, 1999) were found to be
expressed highly in un-pollinated stigma, and the expression
levels of these reported pollen-stigma interaction genes showed
no obvious differences between compatible and incompatible
pollinations. Thus, enriched genes in all stigma samples
might also participate in pollen-stigma interactions. Genes
with FPKM values above 250 in UP were selected, and 293
most highly expressed genes were identified and annotated
(Supplemental File S12). Gene Ontology (GO) analysis and
GO-term enrichment analysis were conducted to elucidate the
biological functions of the stigma-enriched genes (Supplemental
File S12). The GO term “recognition of pollen” (GO:0048544)
was over-represented, with BnSRK-1 (BnaA07g25970D),
SLG (BnaA07g25960D) and SLR1 (BnaC03g37350D and
BnaA03g32070D) identified (Supplemental File S12).

The 10 most highly represented GO terms in each category of
biological process, cellular components and molecular functions
are shown in Figure 4A. Several over-represented GO terms
related to stress response were found, such as “response to

abiotic stimulus” (osmotic stress and temperature stimulus),
and “response to inorganic substance” (such as cadmium and
metal ions) (Figure 4A; Supplemental File S12). GO term “cell
wall” was identified in the category of cellular components.
Plant cell wall is a highly dynamic, responsive structure that
extends to the plasma membrane and underlying cytoskeleton
during signal transduction (reviewed by Baluska et al., 2003).
The cell wall of stigma is regarded as an obstacle for pollen
tube growth and it also plays an important role in relaying
information from external stimuli (reviewed by Humphrey
et al., 2008). In addition, the terms “water transport” in
molecular function and “water channel activity” in biological
process were over-represented, confirming the role of stigma
in providing resources for the hydration and germination of
pollen grains in compatible pollination. Chloroplast related
terms “thylakoid,” “chloroplast part,” and “chloroplast envelope”
in cellular components, “chlorophyll binding” and “ribulose-
bisphosphate carboxylase activity” in molecular functions were
also found.

To characterize metabolic pathways activated in the stigma,
stigma-enriched genes were mapped to metabolic pathways
using the GO-EnzymeCode Mapping tool with the software
Blast2Go. A total of 37 metabolic pathways were identified
and ranked according to the number of mapped enzymes
(Supplemental File S13). Starch and sucrose metabolism (eight
enzymes including nine genes), biosynthesis of antibiotics (six
enzymes, 16 genes) and cysteine and methionine metabolism
(five enzymes, seven genes) were the three most over-represented
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TABLE 2 | UP vs. PI specific DEGs involving the enriched GO term “immune system process.”

Brassica napus

gene ID

Arabidopsis

gene ID

Gene name Gene description

BnaA01g05060D None None Unknown

BnaA02g28700D AT3G27210 None Unknown

BnaA03g17820D AT2G38470 WRKY33 Member of the plant WRKY transcription factor family

BnaA03g33790D AT3G15210 ERF-4 Encodes a member of the ERF (ethylene response factor) subfamily B-1 of ERF/AP2 transcription factor

family (ATERF-4)

BnaA03g55320D AT5G06320 NHL3 Encodes a protein whose sequence is similar to tobacco hairpin-induced gene (HIN1) and Arabidopsis

non-race specific disease resistance gene (NDR1)

BnaA05g19210D AT3G19970 None Alpha/beta-Hydrolases superfamily protein

BnaA06g12890D AT1G18740 None Unknown

BnaA06g21090D none None Unknown

BnaA06g24410D AT5G65530 RLCK VI_A3 Encodes a protein kinase involved in mediating resistance to fungi and also trichome branch number

BnaA07g15770D AT3G52800 Unknown Unknown

BnaA07g35260D AT1G80840 WRKY40 Pathogen-induced transcription factor

BnaA08g30600D AT4G32150 VAMP711 Member of Synaptobrevin-like AtVAMP7C, v-SNARE (soluble N-ethyl-maleimide sensitive factor attachment

protein receptors) protein family

BnaC03g21360D AT2G38470 WRKY33 Member of the plant WRKY transcription factor family

BnaC03g22390D AT2G40000 HSPRO2 Ortholog of sugar beet HS1 PRO-1 2 (HSPRO2)

BnaC03g39000D AT3G15210 ERF-4 Encodes a member of the ERF (ethylene response factor) subfamily B-1 of ERF/AP2 transcription factor

family (ATERF-4)

BnaC03g54940D AT3G44260 CAF1A Encodes one of the homologs of the yeast CCR4-associated factor 1

BnaC05g09910D AT1G13530 None Unknown

BnaC05g50160D none None Unknown

BnaC06g40170D AT1G80840 WRKY40 Pathogen-induced transcription factor

BnaC08g24010D AT2G36320 none Unknown

BnaC08g36840D AT1G19180 JAZ1 Nuclear-localized protein involved in jasmonate signaling

metabolic pathways (Supplemental File S13). In addition to
the results of metabolic pathway analysis, we also found that
“adenosylhomocysteinase activity” (GO:0004013), “histone
methyltransferase activity” (H3-K36 specific) (GO:0046975),
“S-methyltransferase activity” (GO:0008172) and “methionine
synthase activity” (GO:0008705) were over-represented in
the GO-term enrichment analysis (Supplemental File S12).
The identified five enzymes in the pathway of cysteine and
methionine metabolism included all the four S-adenosyl-L-
methionine (SAM) cycle related enzymes (Plant Metabolic
Network, PMN, http://www.plantcyc.org/) (Figure 4B),
implying that the active SAM cycle pathway may participate
in the pollen-stigma interaction. Alongside the results of
metabolic pathways analysis, the adenosylhomocysteinase
activity (GO:0004013), histone methyltransferase activity
(H3-K36 specific) (GO:0046975), S-methyltransferase activity
(GO:0008172) and methionine synthase activity (GO:0008705)
were also found to be over-represented (Supplemental
File S12).

Validation of RNA-Seq Data by Quantitative
Real-Time RT-PCR
To verify the DEGs and stigma-enriched genes identified by
RNA-seq data, quantitative real-time RT-PCR was conducted
with stigma samples harvested independently at the same time
point as those collected for RNA-seq analysis. Five genes were

selected randomly from DEGs at different stages, BnSRK-1
and two genes enriched in all stigma samples involved in
SAM cycle were chosen as well (Figure 5). The expression
patterns of the DEGs analyzed by qRT-PCR were mostly
consistent with the original RNA-seq data (a mean correlation
coefficient of 0.81), few differences were found in the time
points when gene expression level significantly changed (for
example Bna03g30180D, Figure 5E), which was possibly caused
by diverse sensitivities and algorithms between these two
measuring means. The other three genes were expressed at high
levels in all the samples and showed no significant difference
in gene expression levels in each sample (Figures 5F–H). Their
expression characteristics tested by qRT-PCR agreed well with
those analyzed by RNA-seq, although low correlation coefficients
were shown. These results indicated that the RNA-seq data were
reliable.

DISCUSSION

Transcriptional Characteristics of
Pollen-Stigma Interactions
We have created one transgenic self-incompatible B. napus line
“W-3” by complementing the function of BnSP11-1 in self-
compatible B. napus line “Westar” (Gao et al., 2016). There is
a 3606-bp DNA fragment inserting into the promoter region
of BnSP11-1, which is supposed to be responsible for the
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FIGURE 4 | Annotation of stigma-enriched genes. (A) The 10 most highly represented GO terms in each category (biological process, cellular components and

molecular functions). (B) Identification of the genes in the S-adenosyl-L-methionine (SAM) cycle and S-adenosylmethionine-dependent methyltransferases.
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FIGURE 5 | Validation of eight randomly selected genes by qRT-PCR. (A) One of the early stage DEGs. (B,C) Two DEGs at late stage. (D,E) Two DEGs at all

stages. (F–H) Stigma-enriched genes. BnaA09g00390D and BnaA06g13800D are genes involved in SAM cycle. mRNA expression levels were normalized to the

expression of ACTIN, and means from three biological replicates are shown. Error bars indicate ± SE. r represents the correlation coefficient.
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self-compatibility of “Westar” (Okamoto et al., 2007; Tochigi
et al., 2011). “W-3” shows strong self-incompatibility and has
the identical genetic background with “Westar” except for the
induced functional BnSP11-1. Therefore, the transgenic B. napus
line “W-3” was ideal to study compatible and incompatible
pollen-stigma interactions. By observation of “Westar” stigmas
30 min after pollination using TEM, all “W-3” pollen grains were
found to be intact (i.e., showed no change in morphology), while
some “Westar” pollen grains germinated and began to invade the
cell wall of the stigma papilla cell (Figure 1A). A time-course
transcriptome analysis was employed to investigate compatible
and incompatible pollen-stigma interactions, a moderate change
in gene expression level was observed at 2, 5, and 10 min
after pollination (varying from 419 to 528 DEGs), and a drastic
change was found at 20 and 30 min after pollination (varying
from 1080 to 4896 DEGs) (Figure 1B; Supplemental File S1).
A moderate number of DEGs (529 in compatible interaction
and 542 in incompatible interaction) appeared during all stages
of pollination and they were all up-regulated; the majority
of DEGs were detected at time points of 20 and 30 min,
including 915 in compatible interaction (704 up-regulated, 211
down-regulated) and 4469 in incompatible interaction (2337
up-regulated, 2132 down-regulated). From the above results,
it could be deduced that pollen-stigma interaction would
complete 30 min after pollination, and downstream components
were activated in signaling pathways of both compatible and
incompatible responses, while the signal transduction networks
in incompatible response might be more complicated than that
in compatible response.

Enriched genes in all stigma samples including un-pollinated
stigmas were firstly analyzed in our present study. We found the
reported pollen-stigma interaction genes, the stigma determinant
gene BnSRK-1 (Stein et al., 1991; Takasaki et al., 2000; Okamoto
et al., 2007), pollen adhesion related genes SLG and SLR1
(Luu et al., 1997, 1999), were expressed highly in un-pollinated
stigma and all pollinated stigmas, which is in accordance with
the demonstration by Nasrallah (1974) that the SI response
is regulated during stigma maturation: stigmas are initially
compatible with self-pollen and acquire the ability to reject
self-pollen in conjunction with anther dehiscence 1–2 days
before flower opening or anthesis. Based on this feature, bud-
pollination was developed by Shivanna et al. (1978), and has
been used widely to amplify self-incompatible lines in Brassica.
A total of 37 metabolic pathways were identified. Starch and
sucrose metabolism is one of the three most over-represented
metabolic pathways, which has been reported by Matsuda et al.
(2014). Biosynthesis of antibiotics, and cysteine and methionine
metabolism pathways are first annotated in this study. Genes
involved in cysteine and methionine metabolismwere tested
by qRT-PCR and shown to be expressed at high levels in
each sample. Further researches on other enriched genes might
reveal genes necessary for pollen-stigma reaction signaling
pathways.

Genes expressed differentially in compatible or incompatible
reactions at all-time points compared to un-pollinated stigmas
were also firstly identified in this study. A moderate change of
gene expressionwas observed at 2, 5, and 10min after pollination,

but only nine in compatible and 60 in incompatible reactions
were early stage specific DEGs. Quite limited genes expressed
in pollen might be included because there was only one gene
shared by UP vs. PC and UP vs. PI at early stage, and genes
abundant in pollen would not lead to such a limited number
of early stage DEGs in compatible reaction. For the 60 DEGs
incompatible reaction, the most over-represented GO terms
in molecular function were “binding” and “catalytic activity,”
accounting for 44% (31 genes) and 33% (23 genes) of the
annotated terms, respectively. The term “binding” included
genes related to phospholipid binding, metal ion binding, actin
binding, DNA binding, ribonucleoside binding and tubulin
binding. A subunit of the microtubule (MT) network, alpha
2–4 tubulin, was identified in the proteomic analysis for self-
incompatibility response in Brassica napus (Samuel et al., 2011).
It was proposed that the depolymerization of MT is necessary
for accepting compatible pollen. Thus, genes related to tubulin
binding might regulate self-pollen rejection by affecting the
stability of MT network. In addition, compared to previous
studies, a quantity of DEGs were also represented here, such as
genes related to jasmonic acid production and plant-type cell wall
metabolism were up-regulated at late stage in UP vs. PC samples,
which is consistent with results reported by Swanson et al. (2005)
and Matsuda et al. (2014). Most genes involved in stress response
or defense response were up-regulated in both incompatible and
compatible reactions at late-time points (20 and 30 min after
pollination), while the unique proteins in the same GO terms
were found to be down-regulated in incompatible pollination
previously (Samuel et al., 2011). There is no discrepancy between
this study and the previous one, since the previous study focused
more on degraded proteins that were possibly ubiquitinated
(Samuel et al., 2011).

Pollen-Stigma Interactions and
Pathogen-Plant Interactions
Compatible pollen can penetrate the cell wall of papillae cells
while incompatible pollen-stigma interactions can cause blocks
in pollen hydration, germination and pollen tube growth at the
stigma. However, the downstream molecular events were largely
unknown. In pathogen-plant interactions, a classic “zigzag”
model was proposed to illustrate this process, which involves
two branches of the plant immune system: PTI (PAMP-triggered
immunity, inducing responses activated upon recognition of
conserved PAMPs, such as peptidoglycan, flagellin, chitin and
others) and ETI [effector-triggered immunity, inducing R
(resistance) gene-mediated resistance reactions activated upon
recognition of an avirulence factor] (Chisholm et al., 2006; Jones
and Dangl, 2006). First, PAMPs (pathogen-associated molecular
patterns) can be perceived by plants, inducing PTI which can
stop the colonization of pathogens. Then the pathogens can
adapt the effectors that contribute to pathogen virulence to
interfere with PTI and induce effector-triggered susceptibility
(ETS), permitting successful invasion of the plant cells. However,
if the plant contains an R protein which can specifically recognize
the effector, then ETI is induced, preventing the pathogen
from invading the plant cells. In partial summary, two contrary
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interaction patterns (compatible and incompatible) occur both
in pollen-stigma interactions and pathogen-plant interactions.

Close parallels between SI and plant–pathogen interactions
have been suggested (Hogenboom, 1983; Hodgkin et al., 1988;
Nasrallah, 2005; Sanabria et al., 2008), both involving recognition
and rejection, albeit of genetically similar (“self ”) pollen grains
vs. “non-self ” pathogens. It is hypothesized that both SI and
plant–pathogen interaction processes may share the same basal
genetic defense network, and genes involved in SI and defense
might have common ancestors (Rea et al., 2010; reviewed by
Sanabria et al., 2008). In addition, both SI and disease resistance
signaling pathways were triggered by interactions between small
peptide ligands (located in pollen or pathogen) and plasma
membrane-spanning receptor kinases. We speculate that close
parallels between SC and plant–pathogen interactions (mainly
effector-triggered susceptibility, ETS) may also exist. Both
processes comprise the recognition of extracellular materials
(pollen/pathogen) and penetration into the “host” by a tubular
cell emanating from a spore-like structure. Defense-related genes
might function not only in defense against pathogens, but also
in response to pollination (Tung et al., 2005). In rice, many
stigma-specific genes encode stress and defense related proteins
and stigma-specific genes shared some common cis-regulatory
elements (GCC box for example) with stress-responsive genes
(Li et al., 2007). In our annotation results of late stage specific
DEGs, of the 20 most over-represented GO terms, stress response
related ones appeared in all three DEG data sets: genes up-
regulated only in UP vs. PC, genes up-regulated only in UP vs.
PI and genes up-regulated both in UP vs. PC and UP vs. PI
(Figure 3B; Supplemental File S9). Especially in the genes up-
regulated only in UP vs. PC, more than half of the most over-
represented GO terms were involved in stress response, such as
responses to carbohydrate stimulus, chitin, fungus, wounding
and others (Figure 3B; Supplemental File S9). However, in the
genes up-regulated only in UP vs. PI, defense response related
GO terms were over-represented, such as systemic acquired
resistance, incompatible interaction, immune system process and
others (Figure 3B; Supplemental File S9), which supports the
hypothesis that SI and pathogen-plant interactions showed some
common signaling pathways. Also in the DEGs found in all stages
of pollination, stress and defense response related GO terms were
over-represented in UP vs. PI specific genes but not in UP vs.
PC specific genes (Supplemental File S11). We speculated that in
pollen-stigma interactions, the stigma can recognize components
located on the compatible pollen coat (just like PAMPs in the
pathogen) and induce the stress response, a process similar to
PTI and ETS. But when incompatible pollen is applied, the stigma
can recognize components located on the pollen coat and the
SP11/SCR protein (just like effectors in the pathogen), inducing
both the stress and defense responses, a process similar to PTI
and ETI.

S-adenosyl-L-methionine (SAM) Cycle in
Stigma
Genes most highly expressed in stigmas consistently showed no
obvious differences in the expression levels between compatible

and incompatible pollinations, but they may also play important
roles in pollen-stigma interactions, possibly through a means
of post-translational modification such as phosphorylation,
glycosylation, or methylation. In our expression data, several
genes implicated in pollen-stigma interactions were found,
including self-incompatibility gene BnSRK-1 (BnaA07g25970D)
(Stein et al., 1991; Takasaki et al., 2000; Okamoto et al., 2007),
pollen adhesion related gene SLG (BnaA07g25960D) and two
copies of SLR1 (BnaC03g37350D and BnaA03g32070D) (Luu
et al., 1997, 1999) (Supplemental File S12). We inferred that
more unknown genes abundant in stigma may be required
for pollen-stigma interactions. By analyzing the involved
metabolic pathways of the stigma enriched genes, we found
that the pathway of cysteine and methionine metabolism was
over-represented, and all the four S-adenosyl-L-methionine
(SAM) cycle related enzymes were found in this pathway
(Figure 4B; Supplemental File S13). In the SAM cycle, S-
methyltransferase and methionine synthase (BnaA10g16880D
and BnaC09g39920D) were responsible for the generation of
methionine. Then methionine adenosyltransferase (SAM-1,
BnaA09g00390D) can convert methionine to SAM which
is a methyl donor used for many cellular transmethylation
reactions. In the transmethylation reactions SAM is converted
to S-adenosyl-homocysteine (SAH) under the catalysis of
S-adenosylmethionine-dependent methyltransferases, and
three of them were identified in our data (BnaA04g25470D,
BnaA06g13800D, BnaC01g00280D, BnaA08g16610D, and
BnaC03g60490D). Finally S-adenosylhomocysteine synthase
(BnaA04g06420D, BnaAnng08830D, and BnaC08g46780D)
can convert SAH to homocysteine which was the precursor
of methionine. SAM is then regenerated from methionine to
finish the cycle (Figure 4B) (Giovanelli et al., 1985). Methionine
synthase 1 (MS1, BnaA10g16880D, and BnaC09g39920D) plays
a key role for the continual reactions of SAM cycle, which
catalyzes the last reaction in de novo Met synthesis and helps to
regenerate the methyl group of AdoMet following methylation
reactions (Ravanel et al., 2004). Interestingly, BnMS1 (also
named ATCIMS, ortholog of At5g17920) was identified among
the 19 down-regulated proteins following the SI reaction in
B. napus as well (Samuel et al., 2011), indicating that BnMS1
might play a role in regulating compatible and incompatible
reactions.
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A sensitive bilobed stigma is thought to assure reproduction, avoid selfing and promote
outcrossing. In addition, it may also play a role in pollinator selection since only
pollinators with the appropriate body size can trigger this mechanism. However, no
experimental study has investigated how the sensitive stigma responds to different
pollinators and its potential effects on pollination. Mazus miquelii (Phrymaceae), a plant
with a bilobed stigma was studied to investigate the relationship between stigma
behaviors and its multiple insect pollinators. The reaction time of stigma closure after
touched, duration of temporary closure, and factors determining permanent closure
of the stigma were studied when flowers were exposed to different visitors and
conducted with hand pollination. Manual stimulation was also used to detect the
potential differences in stigmas when touched with different degrees of external forces.
Results indicated that, compared to pollinators with a small body size, larger pollinators
transferred more pollen grains to the stigma, causing a rapid stigma response and
resulting in a higher percentage of permanent closures. Duration of temporary closure
was negatively correlated with the speed of stigma closure; a stigma that closed
more rapidly reopened more slowly. Manual stimulation showed that reaction time of
stigma closure was likely a response to external mechanical forces. Hand pollination
treatments revealed that the permanent closure of a stigma was determined by the size
of stigmatic pollen load. For large pollinators, the speedy reaction of the stigma might
help to reduce pollen loss, enhance pollen germination and avoid obstructing pollen
export. Stigmas showed low sensitivity when touched by inferior pollinators, which may
have increased the possibility of pollen deposition by subsequent visits. Therefore, the
stigma behavior in M. miquelii is likely a mechanism of pollinator selection to maximize
pollination success.

Keywords: Mazus miquelii, mechanical stimulation, pollen load, pollination efficiency, pollinator body size,
pollinator selection, stigma behavior, touch-sensitive stigma
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INTRODUCTION

A sensitive stigma will close when touched by pollinator
and may reopen after a visit. Behavior of a sensitive stigma
reflects a special relationship between plants and animals by
way of pollination (Darwin, 1876; Fetscher and Kohn, 1999;
Fetscher et al., 2002; Sharma et al., 2008, and references
therein). Plants with sensitive stigma are widely spread in
the high core Lamiales (Newcombe, 1922, 1924; Angiosperm
Phylogeny Group, 2009; Schaferhoff et al., 2010). Generally,
behaviors of a sensitive stigma consist of three consecutive
events, temporary closure, reopening and permanent closure
(Newcombe, 1922, 1924). The stigma closes temporarily after
being touched and reopens quickly or slowly after touching,
and may close permanently when enough pollen has been
deposited on the stigma (Newcombe, 1922, 1924; Bertin, 1982;
Yang et al., 2004; Sritongchuay et al., 2010; Ai et al., 2013). The
temporary closure of stigma may prevent self-pollination. The
stigma receives pollen grains from a pollinator visiting from
another flower and the visit may cause stigma closure until
the pollinator flies away. Thus the pollen grains transferred
by pollinators have a limited probability of being deposited
on its own stigma (Newcombe, 1922; Sharma et al., 2008). In
addition, a closed stigma may also enhance the efficiency of
pollen removal (Fetscher et al., 2002). This purports a rapid
reaction time of stigma temporary closure may enhance pollen
export and effectively avoid self pollen deposition. Reopening
appears to be a response to insufficient pollen deposited on a
stigma for production of a full seed set (Fetscher, 1999). However,
the correlation between the duration of temporary closure and
pollen load size is still unclear. In addition, the closure status
of a stigma has been considered effective for creation of the
appropriate microenvironment for pollen to germinate and/or
prevent the pollen from removal by subsequent pollinators or
wind (Newcombe, 1922, 1924).

Behavior of sensitive stigma has been found to differ greatly
between different plant taxa (Newcombe, 1922, 1924; Bertin,
1982; James and Knox, 1993; Gibbs and Bianchi, 1999; Yang et al.,
2004; Hobbhahn et al., 2006; Qu et al., 2007; Guimaraes et al.,
2008; Milet-Pinheiro et al., 2009; Rana, 2009; Sritongchuay et al.,
2010; Jin et al., 2015) and within the same plants (Anderson, 1922;
Sweety et al., 2009; Ren and Tang, 2010; Bittencourt et al., 2011; Ai
et al., 2013). Since stigma sensitivity (reaction time of temporary
closure after touched) and duration of temporary closure may
be adaptive significance in pollination, studies on the effects of
different pollinators on behaviors of a sensitive stigma would
be of importance in understanding the evolution of sensitive
stigmas. However, whether stigma sensitivity, the duration of
temporary closure, and permanent closure are mediated by
similar or different factors still remain unclear. In addition, the
behavior of a bilobed sensitive stigma should be regarded as a
mechanism of pollinator selection because only pollinators with
the appropriate body size can trigger stigma closure. However,
to our knowledge, no experimental studies have been conducted
to investigate the effects of different pollinators on behavior of
a sensitive stigma, especially for plant species with a variety of
pollinators.

We hypothesized that behavior of a bilobed sensitive stigma
may vary in response to a variety of pollinators with different
body sizes, which could be mediated by variations in pollination
efficiencies. In this study, Mazus miquelii Makino, a plant with
a bilobed stigma (Figure 1) was used to test this hypothesis.
M. miquelii is visited by several pollinators with different body
sizes including Anthophorine bees, Osmia spp., Lasioglossum
spp., and Halictus spp. (Jin et al., 2015). We addressed the
following questions: (a) Do pollinators with different body
sizes cause differences in stigma behavior? Reaction time of
temporary closure after touched, duration of temporary closure,
and the probability of permanent closure were studied when
enclosed flowers were exposed to different pollinators. (b) Are
there any differences in factors determining reaction time of
temporary closure after touched, duration of temporary closure,
and permanent closure of the stigma?

MATERIALS AND METHODS

Study Species and Site
Mazus miquelii Makino (Phrymaceae) is a perennial herb that
grows in wet places by trails and sparse forests. It is widespread
in central and eastern China and is also found in Japan and
North eastern America as an introduced species. M. miquelii can
reproduce both sexually with seeds and asexually with a short
stolon. Usually, each plant produces one to 16 inflorescences each
with 13–20 whitish to blue flowers. One to 10 inflorescences are
available at the same time in a given individual. The flowers often
open at about 9 AM and each flower stays open for 2–5 days (Jin,
2015). A flower consists of upper and lower lips with four anthers
and style incorporated in the upper lip. In addition, the flower
produces nectar at the bottom of corolla tube. The bilobed stigma
is located adjacent to the corolla-opening and sheltered by the
upper lip, which is the route for pollinators foraging for pollen
or nectar (Jin et al., 2015). Furthermore, an inflorescence yields
one flower in a day, each flower producing about 400 ovules (Jin
et al., 2015). M. miquelii is partially self-compatible, nonetheless
it is incapable of setting seeds without pollination (Kimata, 1978;
Jin et al., 2015).

FIGURE 1 | Flower morphology and size of Mazus miquelii; (A) indicating
a flower with an open stigma and (B) indicating a flower with a closed stigma.
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Field investigation was conducted in 2014 on a naturally
occurring population with at least 500 individual plants at
the Wuhan Botanical Garden (WBG), Hubei Province, China.
Leaf-cutter bees (Megachilidae: Osmia rufina and Osima jacoti),
Anthophorine bees (Anthophoridae: Habropoda tainanicola,
Tetralonia chinensis, and Tetralonia jacoti), and sweat bees
[Halictidae: Halictus (Seladonia) aerarius, Halictus (Seladonia)
varentzowi, and Lasioglossum sp.] were the primary pollinators of
M. miquelii at the study site during the study period (Jin et al.,
2015). In this study, pollinators were divided into four groups
according to body size, namely Halictus spp., Lasioglossum spp.,
Anthophorine bees, and Osmia spp. Body sizes and foraging
behaviors of individuals among species within the same group
were similar (Jin et al., 2015). About 100 plants were randomly
selected and enclosed with fine mesh netting for pollinator
exclusion before the flowers opened. The plants were either
exposed to pollinators or artificial manipulation when the flowers
opened.

Pollination Observations and Stigma
Behavior in Response to Different
Pollinators
Field investigations were conducted from 11 am to 5 pm on April
1–9, 2014. Foraging behaviors of each group of the pollinators
were carefully observed in sunny days. The floral resource sought
by each pollinator group was recorded when the pollinator came
into contact with the stigma and/or anther. Pollinator found
grooming pollen from anthers was described as pollen foragers
whilst those that licked the nectar at the flower bottom were
termed as nectar foragers. The body size of each pollinator group
was measured by a vernier caliper. Ten individuals from each of
the pollinator groups were used for measurement of body size.
The Halictus spp. and Lasioglossum spp. entered into the floral
tube while the latter stayed at the flower opening to seek for nectar
(Jin, 2015). We then measured the body diameter of Halictus spp.
and Lasioglossum spp., and the head diameter of Anthophorine
bees and Osmia spp. to estimate the body size of the pollinators.

Different pollinators may have different abilities of depositing
pollen on a stigma. The enclosed flowers were used to evaluate
this variance. Flowers that received a single visit by a pollinator
were enclosed immediately and picked on the day after being
visited and fixed in FAA solution (formalin: acetic acid: 70%
ethanol at a ratio of 5:5:90 by volume) for further analysis
in the laboratory. Stigmatic pollen load was counted under a
fluorescence microscope (Nikon E-600) after treatment with
8 mol/L NaOH for 10 h followed by 0.1% aniline blue dye.
The sampled flowers were 27, 18, 27, and 36 for Halictus
spp., Lasioglossum spp., Anthophorine bees, and Osmia spp.,
respectively. The duration of a single visit for each group of the
pollinators was recorded, from landing on the flower to taking
off. In this survey, we recorded 21, 22, 18, and 23 visits for
Halictus spp., Lasioglossum spp., Anthophorine bees, and Osmia
spp., respectively.

To study stigma behavior in response to the pollinators with
different body sizes, enclosed plants were exposed to pollinators
of each group separately when the flowers were fully open.

A flower that received a single visit from a pollinator that
had previously visited another M. miquelii flower was marked
with a string with different color for marking pollinators from
different groups. The plant was again enclosed after the flower
received a visit for observation of the stigma behavior. The stigma
behavior was recorded in three aspects: percentage of temporary
closure, duration of temporary closure (min) and percentage
of permanent closure. The reaction time of stigma temporary
closure during pollination observations was not measured due
to difficulties in estimating the exact time of contact between
the pollinator and the stigma. However, this was manipulated by
artificial stimulation. To detect the differences in the percentage
of temporary closure after a single visit among pollinator groups,
it was observed that 27, 20, 10, and 30 flowers received a single
visit by Halictus spp., Lasioglossum spp., Anthophorine bees,
and Osmia spp., respectively. The stigmas closed after visitation
but reopened later were recorded as a temporary closure. The
duration of temporary closure (min) when flowers received a
single visit by different pollinators was recorded as 8, 20, 10,
and 30 flowers were visited by Halictus spp., Lasioglossum spp.,
Anthophorine bees, and Osmia spp., respectively. The duration
of temporary closure indicated the period from the moment of
stigma temporary closure to that of reopening. The percentage
of permanent closure when flowers received a single visit by
different pollinators was recorded as 27, 20, 10, and 30 flowers
visited by Halictus spp., Lasioglossum spp., Anthophorine bees
and Osmia spp., respectively. Permanent closure was observed
for the stigma of enclosed flower (after a single visit) as it closed
automatically and did not reopen until flower wilt. The interval
between flower visited by a pollinator and stigma permanent
closure was recorded.

One-way ANOVA was used to detect the differences of
different pollinators on duration of stigma temporary closure.
The foraging duration and body size of pollinators from different
pollinators were also analyzed by a one-way ANOVA test.
A post hoc test was used for multiple comparisons when a
significant difference was observed. Chi-squared test was used to
examine the differences in the influences of different pollinators
on percentage of temporary and permanent closure. Fisher’s exact
test was used and the frequency was weighted before the Chi-
squared test. Partitions of the χ2 method were used in pairwise
comparison.

Stigma Behavior in Response to Manual
Stimulation and Hand Pollination
To disentangle the behavior of the stigma in response to
mechanical touch, manual stimulation was applied to the flower.
We used three sizes of cotton balls, namely 2, 3.5, and 4.5 mm
in diameter, to create different external forces when touching
the stigma. Former studies (Jin, 2015) revealed that the height
of corolla-opening (the distance from lower stigma lobe to the
lower corolla lip) was about 2.5 mm for M. miquelii flowers
with an open stigma. This distance was similar to the smaller
cotton ball but shorter than the two bigger cotton balls. When the
cotton balls with different sizes were pushed through the corolla-
opening, they should create different levels of external force on
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stigma. We then named the forces evoked by the cotton balls as
small, medium and large forces, respectively.

Stimulations of each level of forces on stigma were replicated
on at least 30 newly opened flowers from previously enclosed
plants. The reaction time of stigma temporary closure was
recorded (in seconds, from the moment of interaction to the
moment of complete closure of the two lobes) and duration of
stigma temporary closure (in minutes, from stigma temporary
closure to reopening of the two lobes). The relationship between
reaction time of temporary closure and duration of stigma
temporary closure was tested. Likewise, we included flowers
(N = 10) in their 2nd day of opening in the manual stimulation
experiment to detect whether stigma sensitivity was influenced by
flowering stage. Furthermore, to determine whether the stigma
repeatedly closed and reopened during anthesis of a flower,
mechanical touch with a large force was applied to the stigma
as soon as it opened or reopened. One-way ANOVA was used
to detect the effects of different external forces on reaction time
of stigma temporary closure and duration of stigma temporary
closure and followed by a post hoc test for multiple comparisons
when a significant difference was found. Unary Linear Regression
Model was used to analyze the relationship between stigma
reaction time of temporary closure and duration of temporary
closure.

The influence of different pollen sources on stigma behavior
was detected in M. miquelii. Pollen from the same plant, pollen
from another individual (1 m in distance), pollen from another
Mazus species (M. pumilus), and pollen from a co-flowering
plant in the habitat (Glechoma longituba) were used as the
sources of pollen. For each pollen source, hand pollination
with large cotton ball was conducted on 10 flowers each from
different individuals. Moreover, stigma of each of the flowers
was deposited on more than 1,000 pollen grains (more than
twice of the ovule number per flower). Before hand pollination,
pollen grains were deposited on a glass slide and counted
under a portable microscope. For each of the treatments, we
recorded the reaction time of stigma temporary closure and
duration of stigma temporary closure. The results were also
compared with those of the manual touch with a large force.
One-way ANOVA was used in analysis of different pollen
sources on reaction time of stigma temporary and duration of
stigma temporary closure. A post hoc test was used for multiple
comparisons when a significant difference was detected by one-
way ANOVA.

To detect whether stigma permanent closure was determined
by pollen load size, various amounts of pollen grains from
other individuals were deposited on stigma of different flowers
(N = 70). All flowers used for hand pollination were from
enclosed plants. On the 2nd day, flowers with open and closed
stigma were fixed in FAA solution for subsequent counting of
pollen load size. Load size was later counted under a fluorescence
microscope (Nikon E-600) after treatment with 8 mol/L NaOH
for 10 h followed by dyeing with 0.1% aniline blue. We recorded
the pollen load size of each stigma with open or closed status
and moreover, we calculated the percentage of stigmas with
permanent closure out of total stigmas checked under different
pollen load sizes. All the data was analyzed with SPSS 18.0.

RESULTS

Stigma Behavior in Response to
Different Pollinators
Among the flower visitors, Anthophorine bees and Osmia spp.
foraged for nectar while Lasioglossum spp. and Halictus spp.
collected both pollen and nectar. In addition, they differed
significantly in body sizes. Individuals of Halictus spp. were
the smallest while those of Anthophorine bees had the largest
body sizes (F3,36 = 240.002, P < 0.001, Table 1). When newly
opened flowers visited, respectively, by pollinators from the four
groups, the percentages of flowers with a closed stigma out of
total flowers differed significantly (χ2

= 49.815, P < 0.001). All
stigmas from flowers visited by Anthophorine bees, Lasioglossum
spp., and Osmia spp. closed, whereas only 29.6% of the stigmas
from flowers visited by Halictus spp. closed (Table 1). However,
all closed stigmas reopened while the duration of stigma
temporary closure among flowers visited by different pollinators
was significantly different (F3,64 = 13.966, P < 0.001). Stigmas
of flowers visited by Halictus spp. had a shorter duration of
temporary closure than those visited by pollinators from the
other three groups (Table 1).

For flowers with permanently closed stigmas, the time from
flower visited by a pollinator to stigma permanent closure
was about 8 h with no observable differences between open
and enclosed flowers. That is, before permanent closure, the
stigma repeatedly closed and reopened in response to touch
by pollinators with large body size, e.g., Anthophorine bees,
Lasioglossum spp., and Osmia spp. For the enclosed flowers
which received a single visit by different pollinators, stigmas
of some flowers closed automatically and stayed a status
of closure after 8 h from the time of flower visited by a
pollinator. The percentage of stigma permanent closure was
significantly different among flowers visited by pollinators from
the four groups (χ2

= 44.713, P < 0.001); as it was lower in
Halictus spp. than in the pollinators from other three groups
(Table 1).

Results indicated that pollen load on a stigma after a single
visit differed significantly among flowers visited by different
pollinators (F3,101 = 14.086, P < 0.001). Halictus spp. deposited
significantly less pollen on the stigma than pollinators from
the other three groups, and there was no significant difference
among them (Table 1). Duration of flower foraging time also
differed significantly among pollinators from the four groups
(F3,80 = 84.435, P < 0.001); Anthophorine bees had the shortest
foraging duration while Halictus spp. had the longest duration
(Table 1).

Stigma Behavior in Response to Manual
Stimulation and Hand Pollination
Flowers did not display a significant difference between the
1st and 2nd day on reaction time of stigma temporary closure
(F1,18 = 0.053, P = 0.820) and duration of stigma temporary
closure in flowers (F1,18 = 0.640, P = 0.434). The stigma closed
and reopened repeatedly in response to manual stimulation
within the whole flowering period. However, reaction time of
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TABLE 1 | Stigma behavior when flowers were exposed to different insects, and foraging behavior and efficiency for each pollinator.

Flower visitors Halictus spp. Lasioglossum spp. Anthophorine bees Osmia spp.

Stigma behavior in response to different pollinators

Percentage of temporary closure after a single visit 29.6% (n = 27)a 100% (n = 20)b 100% (n = 10)b 100% (n = 30)b

Duration of temporary closure (min) 5.11 ± 0.58 (n = 8)a 7.19 ± 1.00 (n = 20)b 8.46 ± 2.13 (n = 10)bc 8.49 ± 1.49 (n = 30)c

Percentage of permanent closure after a single visit 7.4% (n = 27)a 85.00% (n = 20)b 60.00% (n = 10)b 83.33% (n = 30)b

Behavior and efficiency of different pollinators

Foraged resource Pollen, nectar Pollen, nectar Nectar Nectar

Contact with sexual organs (s) Anther, sometimes with stigma Anther, often with stigma Anther and stigma Anther and stigma

Pollen deposition after single visit 42.11 ± 11.71 (n = 27)a 662.00 ± 87.33 (n = 18)b 572.37 ± 84.16 (n = 27)b 398.14 ± 68.68 (n = 36)b

Visit duration per flower (s) 30.37 ± 2.36 (n = 21)a 18.37 ± 1.59 (n = 22)b 1.85 ± 0.06 (n = 18)d 3.65 ± 0.17 (n = 23)c

Body/head diameter (mm) 1.64 ± 0.03 (n = 10)a 2.79 ± 0.10 (n = 10)b 4.34 ± 0.20 (n = 10)d 3.56 ± 0.25 (n = 10)c

Data are mean ± SE with sample size in parentheses. Values with the same super scripted letters are not significantly different (P < 0.05).

FIGURE 2 | Reaction time of stigma temporary closure (A) and duration
of stigma temporary closure (B) under different levels of mechanical forces
(Mean ± 1 SD). Values with the same super scripted letters are not
significantly different (P < 0.05).

stigma temporary closure and duration of temporary closure was
significantly different in response to touch with small, medium,
and large forces (reaction time of stigma temporary closure:
F2,141 = 155.094, P < 0.001, Figure 2A; duration of temporary

FIGURE 3 | The relationship between reaction time of stigma
temporary closure and duration of stigma temporary closure when
mechanically stimulated with different forces (P < 0.001).

closure: F2,141 = 29.704, P < 0.001, Figure 2B). Moreover, a
significant negative relationship between the reaction time of
stigma temporary closure and duration of temporary closure was
identified [Y = 9.267 (±0.248)–0.267 (±0.028) X, R2

= 0.38,
df = 143, P < 0.001, Figure 3]. The stigma of the flowers under
manual stimulation did not close permanently despite the touch
from small, medium, and large forces.

Different pollen sources and mechanical touch with a large
force showed no significant differences in reaction time of stigma
temporary closure (F4,45 = 0.855, P = 0.498) and duration of
temporary closure (F4,45 = 0.447, P = 0.774). Hand pollination
disclosed that stigma permanent closure was highly dependent on
the size of stigmatic pollen load. After 8 h of hand pollination,
it was observed that stigmas remained open when pollen load
was lower than 400 pollen grains; 44% of stigmas remained open
when pollen load was between 400 and 600 pollen grains and all
the stigmas closed permanently when pollen load was higher than
600 pollen grains.
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DISCUSSION

Stigma behavior of M. miquelii differed significantly when
foraged by pollinators with different body sizes. Pollinators with
a smaller body size, for example, Halictus spp., triggered a slower
response in stigma closure but a shorter duration of stigma
temporary closure. It could be attributed to the fact that small
pollinators made limited contact with stigmas and thus imposing
a small mechanical force on the stigma. This argument was
supported by results of manual stimulation that small external
forces caused a slower reaction time of stigma closure and a
shorter duration of stigma temporary closure. Hand pollination
revealed that stigma permanent closure was determined by load
size of legitimate pollen grains (see also Yang et al., 2004;
Sritongchuay et al., 2010; Jin et al., 2015; but see Milet-Pinheiro
et al., 2009). The results indicated that it may be different in
factors influencing reaction time of stigma closure, duration of
stigma temporary closure, and stigma permanent closure.

Manual stimulations suggested that in M. miquelii, reaction
time of stigma temporary closure was likely a response to
the mechanical forces imposed upon the stigma. A bigger
force resulted in a more rapid reaction of stigma temporary
closure. Although the duration of stigma temporary closure
was correlating to pollen source in a self-incompatible plant,
Anemopaegma chamberlaynii, the closed stigma did not reopen
after treatment of outcross-pollination but did reopen under
self-pollination treatment (Correia et al., 2006), our results of
hand pollination treatments indicated that in M. miquelii, neither
reaction time of stigma temporary closure nor duration of
stigma temporary closure was affected by different pollen sources.
This was also observed in Oroxylum indicum (Bignoniaceae)
(Sritongchuay et al., 2010). The duration of stigma temporary
closure was negatively related to the reaction time of stigma
temporary closure. Stigma temporary closure was likely an
instant reaction to mechanical stimulation by external forces.
Larger forces stimulated a wider stigma surface than smaller
forces thus triggering a rapid response and complete closure of
the stigma; therefore, the stigma would need a longer time to
recover.

In M. miquelii, the novel finding that reaction time of
stigma temporary closure was negatively correlated with duration
of stigma temporary closure might contribute to facilitate
pollination. Compared to larger pollinators, those with a smaller
body size had lower pollen transfer efficiency resulting to a
longer reaction time of stigma temporary closure but a shorter
duration of stigma temporary closure. The slow closure and
rapid reopening of a stigma increased the possibility of pollen
deposition for the flower in subsequent visits. For the ongoing
visit, the reopening stigma may be weak in obstructing pollen
removal for a small pollinator. On the other hand, pollinators
with a large body size deposited a large amount of pollen grains
on a stigma and resulted in rapid stigma temporary closure;
and the stigma maintained the status of temporary closure for
a long time. A closed stigma might not only reduce pollen loss
(Newcombe, 1922) and provide a comfortable microenvironment
for pollen germination (Newcombe, 1922; Edlund et al., 2004),
but also enhance the efficiency of pollen removal (Fetscher et al.,

2002). In addition, a higher probability of stigma permanent
closure caused by larger pollinators could facilitate pollination
since larger pollinators may deposit more pollen grains on
the stigma compared to pollinators with a smaller body size
(Richardson, 2004; Yang et al., 2004; Milet-Pinheiro et al.,
2009). Besides, larger pollinators normally have a greater flight
capability; thus capable in transporting pollen from very distant
plants of different populations and in turn benefiting plants by
increasing rate of outcrossing and assuring a constant gene flow
(Schlindwein et al., 2014). The sensitive stigma in M. miquelii
might be a mechanism of pollinator selection that maximize plant
reproductive success.

Stigma permanent closure was deemed to be an indication
of enough pollen grains deposited on a stigma to fulfill full
seed set (Yang et al., 2004; Sritongchuay et al., 2010; Jin et al.,
2015). This study supported the argument because permanent
closure of M. miquelii stigmas required a minimum pollen load
on stigma. Otherwise, the stigma remained opened for receiving
pollen. Sufficient pollen grain deposition is essential to maximize
female reproductive output (Fetscher, 1999). Consequently, when
pollen load meet the demand of seed yield, stigma temporary
closure could benefit male fitness by avoiding obstruction for
pollen removal (Fetscher et al., 2002). Permanent stigma closure
in response to pollen load size was therefore suggested to be
a mechanism facilitating pollination (Yang et al., 2004). The
previous study suggested that stigma permanent closure in Mazus
might be facilitated by adequate growth pollen tubes in the style
(Jin et al., 2015). However, direct experimental evidence is needed
to support this hypothesis.

CONCLUSION

This study revealed the relationship between stigma behavior
and pollinators with different body sizes for a plant species
with a sensitive bilobed stigma, M. miquelii. A larger pollinator
deposited more pollen grains on stigmas resulting in higher
possibility of stigma permanent closure than a small pollinator.
Compared to larger pollinators, stigmas touched by pollinators
with a smaller body size had a longer reaction time of stigma
temporary closure, maintained the status of temporary closure
for a shorter time and thus, had a relatively longer time
to receive pollen grains. The stigma behavior in M. miquelii
might be regarded as a mechanism of pollinator selection to
maximize pollination success. However, further studies should
focus on the physiological basis of stigma behavior to uncover
the internal factors controlling reversible stigma opening (closure
and reopening) and the completion of this process (permanent
closure); other studies on touch-sensitive plant might be essential
for referencing (Cameron et al., 2002; Braam, 2005; Forterre,
2013; Kruse et al., 2014).
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Orchids Suggests That This System
Evolved after the Monocot-Eudicot
Split
Shan-Ce Niu1,2,3, Jie Huang3, Yong-Qiang Zhang3, Pei-Xing Li3, Guo-Qiang Zhang3,
Qing Xu3, Li-Jun Chen3, Jie-Yu Wang3, Yi-Bo Luo1* and Zhong-Jian Liu3,4,5,6*

1 State Key Laboratory of Systematic and Evolutionary Botany, Institute of Botany, Chinese Academy of Sciences, Beijing,
China, 2 Graduate University of the Chinese Academy of Sciences, Beijing, China, 3 Shenzhen Key Laboratory for Orchid
Conservation and Utilization, The National Orchid Conservation Centre of China and The Orchid Conservation and Research
Centre of Shenzhen, Shenzhen, China, 4 The Centre for Biotechnology and BioMedicine, Graduate School at Shenzhen,
Tsinghua University, Shenzhen, China, 5 College of Forestry and Landscape Architecture, South China Agricultural University,
Guangzhou, China, 6 College of Arts, College of Landscape Architecture, Fujian Agriculture and Forestry University, Fuzhou,
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Self-incompatibility (SI) is found in approximately 40% of flowering plant species and at
least 100 families. Although orchids belong to the largest angiosperm family, only 10%
of orchid species present SI and have gametophytic SI (GSI). Furthermore, a majority
(72%) of Dendrobium species, which constitute one of the largest Orchidaceae genera,
show SI and have GSI. However, nothing is known about the molecular mechanism
of GSI. The S-determinants of GSI have been well characterized at the molecular
level in Solanaceae, Rosaceae, and Plantaginaceae, which use an S-ribonuclease
(S-RNase)-based system. Here, we investigate the hypothesis that Orchidaceae uses
a similar S-RNase to those described in Rosaceae, Solanaceae, and Plantaginaceae
SI species. In this study, two SI species (Dendrobium longicornu and D. chrysanthum)
were identified using fluorescence microscopy. Then, the S-RNase- and SLF-interacting
SKP1-like1 (SSK1)-like genes present in their transcriptomes and the genomes of
Phalaenopsis equestris, D. catenatum, Vanilla shenzhenica, and Apostasia shenzhenica
were investigated. Sequence, phylogenetic, and tissue-specific expression analyses
revealed that none of the genes identified was an S-determinant, suggesting that
Orchidaceae might have a novel SI mechanism. The results also suggested that RNase-
based GSI might have evolved after the split of monocotyledons (monocots) and
dicotyledons (dicots) but before the split of Asteridae and Rosidae. This is also the
first study to investigate S-RNase-based GSI in monocots. However, studies on gene
identification, differential expression, and segregation analyses in controlled crosses are
needed to further evaluate the genes with high expression levels in GSI tissues.
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INTRODUCTION

Orchidaceae, which represents approximately 8% of
all vascular plant species and contains five subfamilies
(Apostasioideae, Vanilloideae, Cypripedioideae, Orchidoideae,
and Epidendroideae), is one of the largest plant families and
includes more than 25,000 species that are known for their
diverse specialized reproductive and ecological strategies
(Givnish et al., 2015). The large morphological variation
exhibited by this family is mostly attributable to the striking
adaptations these plants have made to attract pollinators,
including insects and birds (Barbosa et al., 2009; Holzinger
and Pichrtova, 2016). Although the reproductive systems of
the members of a given population are important factors in
determining their genetic variability, most Orchidaceae are
self-compatible (SC), “avoiding” self-pollination by other means
(Gontijo et al., 2010). Self-incompatibility (SI) is estimated to
occur in 10% of orchid species; however, a majority (72%) of the
61 Dendrobium species that are self-pollinated show self-sterility
(Johansen, 1990). Interestingly, nearly one-half of orchid SI
species are from Dendrobium. As one of the largest Orchidaceae
genera, the high SI rate in Dendrobium species might contribute
to their high levels of species diversity.

SI influences seed and fruit setting, the growth of pollen
tubes, seed filling, seed germination, and seedling development
in Orchidaceae. Therefore, the capsule set, seed filling, and
growth of pollen tubes following self- and cross-pollination
are the main SI indicators (Millner et al., 2015). Studies
performed on Pleurothallidinae and Dendrobium (Johansen,
1990; Barbosa et al., 2009; Millner et al., 2015; Pinheiro et al.,
2015) suggest that the sites of incompatibility reactions vary
among groups, implying that various SI molecular mechanisms
exist in Orchidaceae. The pollen tubes of certain Dendrobium
SI species (e.g., D. farmeri) exhibited similar reactions in self-
and cross-pollination (Johansen, 1990), while the pollen grains
of most self-pollinated flowers, such as Masdevallia infracta
and Octomeria, Stelis, Specklinia, and Anathallis species (except
A. microphyta), did not germinate (Gontijo et al., 2010).
In addition, self-pollinations performed across 26 species of
Restrepia (Orchidaceae) revealed that pollen tubes grew only into
the top third of the ovary (Millner et al., 2015). Pleurothallis
adamantinensis and P. fabiobarrosii are strictly self-incompatible
because pollen tube growth ceases near the base of the column
(Borba et al., 2001).

In gametophytic SI (GSI) systems, the SI phenotype of the
pollen is determined by its own (haploid) S genotype, and the
pollen tube growth is typically arrested at some point on its
path through the transmitting tract towards the ovary (Borba
et al., 2001). Although previous studies reported pollen tube
reactions of some SI orchid species that were similar to those
observed in species with GSI (Borba et al., 2001; Millner et al.,
2015), little is known about the physiology and genetic control
of SI in Orchidaceae due to their very long lifecycles, which
effectively preclude genetic analysis (Johansen, 1990). One type
of GSI has been well studied: S-ribonuclease (S-RNase)-based
GSI in Rosaceae, Solanaceae, and Plantaginaceae. The female
S-determinant is an S-RNase glycoprotein belonging to the

RNase-T2 family and with style-specific expression, and the
male S-determinant encodes an F-box protein (Yamashita et al.,
2004), which has been designated the S-locus F-box (SLF) protein
and has pollen-specific expression. According to plant RNase-T2
family phylogenetic analysis, this family can be divided into two
different subfamilies: S-RNases involved in the rejection of self-
pollen during the establishment of SI in the Rosaceae, Solanaceae,
and Plantaginaceae plant families and S-RNase-like RNases-T2.
Furthermore, S-RNase-based GSI evolved only once—before the
split of Asteridae and Rosidae approximately 120 million years
ago (MYA)—which may suggest that other plant families featured
this GSI molecular mechanism (Igic and Kohn, 2001; Steinbachs
and Holsinger, 2002; Vieira et al., 2008a; MacIntosh et al., 2010).
However, the phylogenetic origin of the S-RNase-based SI system
remains undated, and thus, whether the same GSI molecular
mechanism exists in monocots is unknown.

Amino acid pattern analysis of RNase-T2 genes revealed four
patterns: amino acid patterns 1, 2, 3 and 4 (Vieira et al., 2008a).
The amino acid motifs encoded by S-RNases differ from those
of other RNase-T2 genes (Vieira et al., 2008a; Nowak et al., 2011).
Although amino acid patterns 1 and 2 are exclusively found in the
proteins encoded by S-RNase lineage genes, amino acid pattern 4
is not found in any protein encoded by these genes (Vieira et al.,
2008a; Nowak et al., 2011). This difference can be used to identify
putative S-RNase lineage genes. In addition, all S-RNases have an
isoelectric point (IP) between 8 and 10 (Roalson, 2003), which
may be further refined in the different homologs. The number
of introns can also be used to select S-RNase lineage genes
because S-RNases have only one or two introns, and these genes
are expected to be specifically and highly expressed in pistils,
although they can show lower expression levels in stigma and
styles. Moreover, S-RNase lineage genes must be demonstrated
to have high polymorphism levels, be positively selected, and, in
controlled crosses, co-segregate with S-locus alleles. Finally, the
phylogenetic position of S-lineage gene homologs and a set of
reference genes should be used to determine whether the genes
belong to the S-RNase lineage. One male S-determinant gene has
been identified in Prunus spp. (Rosaceae; the S haplotype-specific
F-box (SFB) gene (Ushijima, 2003; Ikeda et al., 2004; Sonneveld
et al., 2005; Nunes et al., 2006; Vieira et al., 2008b)), whereas
multiple genes have been identified in Pyrinae (Rosaceae; S-locus
F-box brothers [SFBB] genes [Cheng et al., 2006; Kakui et al.,
2007; Sassa et al., 2007; Minamikawa et al., 2010; De Franceschi
et al., 2011; Kakui et al., 2011; Okada et al., 2011; Aguiar et al.,
2013]) and Solanaceae [S-locus F-box (SLF) genes (Wheeler and
Newbigin, 2007; Kubo et al., 2010; Williams et al., 2014)]. These
genes belong to a large gene family, but no typical protein features
have been reported to date. The only known feature is pollen-
specific expression, which makes identifying pollen S-gene(s)
using sequence data alone difficult.

In addition, as the diagnostic marker for the presence or
absence of RNase-based GSI, the SLF-interacting S-phase kinase-
associated protein 1-like (SKP1-like)1 (SSK1) proteins, have been
described only in the SI reactions of Rosaceae, Solanaceae, and
Plantaginaceae (Hua and Kao, 2006; Huang et al., 2006; Zhao
et al., 2010; Xu et al., 2013). SKP1-like proteins are also adapters
that connect several F-box proteins to the SCF complex and
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are necessary in a wide range of cellular processes involving
proteasome degradation (Huang et al., 2006). They are also highly
conserved and have a unique C-terminus that comprises 5–9
amino acid residues following the conventional “WAFE” motif
that is found in most plant SKP1 proteins (Zhao et al., 2010) and
can be easily identified. The sequence “GVDED” is conserved in
Rosaceae, and although it is not as well conserved in Solanaceae
and Plantaginaceae, the D residue is always found at the last
position of the motif. These genes are expressed only in the
pollen of Solanaceae, Plantaginaceae, and Pyrinae and the styles
of Prunus spp. (Hua and Kao, 2006; Huang et al., 2006; Zhao et al.,
2010; Xu et al., 2013).

The present study aimed to verify whether the SI molecular
mechanism of Orchidaceae is similar to that of S-RNase-
based GSI and to further explore the phylogenetic origin of
S-RNase-based GSI. Based on the genomic data associated with
the representative phylogenetic positions and self-compatibility
of four species belonging to three different Orchidaceae
subfamilies—Phalaenopsis equestris (SC) (Cai et al., 2015),
D. catenatum (partial SI) (Zhang et al., 2016), Vanilla shenzhenica
(SC) (Liu et al., unpublished), and Apostasia shenzhenica (SC)
(Liu et al., unpublished)—and the transcriptome data obtained
here for two SI species (D. longicornu and D. chrysanthum),
S-RNase lineage genes and SKP1-like genes were characterized.
The two SI species were identified by observing the growth
of their pollen tubes after self- and cross-pollination using
fluorescence microscopy. Combining amino acid pattern, tissue-
specific expression, and phylogenetic analyses, homologous
S-RNases and SKP1-like genes were investigated in the four
genomes and the transcriptomes of two orchid species. No
evidence of RNase-based GSI was found in D. longicorn or
D. chrysanthum, and no S-determinant orthologous sequences
were found in the potential S-locus region in four orchid
genomes. The results revealed that Orchidaceae GSI might not
be determined by S-RNase-lineage genes, as it is in Rosaceae,
Solanaceae, and Plantaginaceae. Therefore, we propose that
RNase-based GSI might have originated after the split of
monocots and eudicots but before the split of Asteridae and
Rosidae.

MATERIALS AND METHODS

Identification of SI
Two days after flowering, the plants were self- and cross-
pollinated. D. chrysanthum pistils were collected 12, 24, 48, 72,
and 96 h after self- and cross-pollination (HASP and HACP,
respectively), and D. longicornu pistils were collected 2, 3, 4,
5, 7, and 9 days after self- and cross-pollination (DASP and
DACP, respectively). The pistils were immersed in a fixing
solution (formalin-acetic acid-80% alcohol [1:1:8]) for at least
24 h, rinsed in 70% alcohol, softened in a strong (8 N) sodium
hydroxide solution for 3 h, and cleared in distilled water.
The pistils were stained with 0.1% water-soluble aniline blue
dye dissolved in 0.1 N K3PO4 for 12 h and then observed
under a fluorescence microscope (Axioskop 40, Zeiss, Germany).
The ultraviolet light used (wavelength: approximately 356 µm)

facilitated the examination of the growth of pollen tubes on the
style because the pollen tubes were lined with callose, which
fluoresced bright yellow-green and contrasted strongly with the
bluish or grayish fluorescence of the style and ovary tissues.
The lengths of the majority of the pollen tubes in compatible
and incompatible styles at specific times after pollination were
measured using fluorescence microscopy software. Statistical
analyses were performed using the software package GraphPad
Prism 6 for Mac OS X (version 6.0c; GraphPad Software, Inc.,
La Jolla, CA, United States). All values were reported as the
mean and SEM. The data were presented as the average of three
independent measurements with error bars (SEM) indicated. The
data were analysed by two-way repeated measures analysis of
variance (ANOVA) using Sidak’s post hoc test (∗∗∗P < 0.001,
∗∗∗∗P < 0.0001).

Plant Materials, RNA Extraction, Library
Construction, and Sequencing
Mature pollen, styles (containing stigma) and leaves of
D. chrysanthum and the 3 DACP styles (containing pollen),
3 DASP styles (containing pollen) and leaves of D. longicornu
were simultaneously collected during the pollination of the
same plants, placed in 2-ml tubes in liquid nitrogen, and stored
at –80◦C until RNA extraction. Three biological replicates of
each D. chrysanthum tissue were collected.

Total RNA was extracted from Dendrobium spp. tissues using
an RNA prep Pure Plant Kit, and genomic DNA contamination
was removed using RNase-free DNase I (both from Tiangen,
Beijing, China). The integrity of the RNA was evaluated on a
1.0% agarose gel stained with ethidium bromide (EB), and its
quality and quantity were assessed using a NanoPhotometer R©

spectrophotometer (IMPLEN, Westlake, CA, United States) and
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, United States). Because the RNA integrity number (RIN)
was greater than 7.0 for all samples, the samples were used
for cDNA library construction and Illumina R© sequencing, which
was completed by Beijing Novogene Bioinformatics Technology
Co., Ltd. (China). The cDNA library was constructed using
the NEBNext R© UltraTM RNA Library Prep Kit for Illumina R©

(NEB, United States) with 3 µg of RNA per sample, following
the manufacturer’s recommendations. The polymerase chain
reaction (PCR) products obtained were purified (AMPure XP
system), and the library quality was assessed on the Agilent
Bioanalyzer 2100 system. Library preparations were sequenced
on an Illumina R© HiSeq 2000 platform, generating 100-bp paired-
end reads. Raw sequence reads were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read
Archive1 (SRA) under accession number SRP097204.

Before assembly, adaptor sequences were removed from the
raw reads, and FASTQC2 reports were generated. Based on this
information, the reads were trimmed at both ends. Nucleotide
positions with a QC score lower than 20 were masked (replaced
by an N), and the resulting high-quality reads were de novo
assembled and annotated with TRINITY (Haas et al., 2013).

1http://www.ncbi.nlm.nih.gov/Traces/sra
2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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The commands and parameters used for running TRINITY were
as follows: Trinity –seqType fq –JM 200G –left sample_1.fq –
right sample_2.fq –normalize_by_read_set –CPU 32 –output –
min_kmer_cov 2 –full_cleanup. The transcript abundance level
was normalized using the fragments per kilobase per million
reads (FPKM) method, and FPKM values were computed as
proposed by Mortazavi et al. (2008). In genes with more than
one transcript, the longest was used to calculate the transcript
abundance and coverage.

Homolog Identification and Comparative
Analysis
We first collected S-RNase-related RNase-T2 protein sequences
from previous studies (Aguiar et al., 2015; Kubo et al., 2015).
Then, we combined the genomic data of P. equestris (SC) (Cai
et al., 2015), D. catenatum (partial SI) (Zhang et al., 2016),
V. shenzhenica (SC) (Liu et al., unpublished), and A. shenzhenica
(SC) (Liu et al., unpublished) with six transcriptome sequences in
the proteome datasets.

These S-RNase-related RNase-T2 protein sequences were
used as seeds to search against proteome datasets using basic
local alignment search tools (tBLASTn and BLASTp) with
default parameters. To confirm the identities of orchid S-RNase-
related RNase-T2 candidate genes, the hidden Markov model
(HMM)-based HMMER program 3.1b2 (Eddy, 2011) was used
to identify all proteins containing a Ribonuclease_T2 domain.
This domain (PF00445.16 in the Pfam database) (Finn et al.,
2016) was then used to perform local searches in the proteome
datasets. Sequences obtained from both methods were then
aligned and manually adjusted in Multiple Alignment using
Fast Fourier Transform (MAFFT) (Katoh and Standley, 2013)
using the E-INS-I alignment strategy for sequence integrity
analysis. Sequences with obvious errors were excluded from
subsequent analyses. Each predicted sequence was subsequently
verified using BLAST searches against public databases, including
NCBI, Pfam (Finn et al., 2016) and Simple Modular Architecture
Research Tool (SMART) (Letunic et al., 2012), to confirm
its reliability. The HMM profiles of the Skp1 gene family
(PF01466.17 in the Pfam database) obtained in the analysis were
used in local searches. To maximize confidence, putative Skp1
sequences were also aligned and manually adjusted in MAFFT
using the E-INS-I strategy for sequence integrity analysis. The IPs
of all peptides were calculated in ExPASy (Gasteiger, 2003).

As monocots, most orchids are SC species; therefore, the
SSK1 genes may be non-functional or not involved in the SI
pathway. Thus, we chose orchid species of several SI degrees
and phylogenetic positions and allowed for some variability
regarding the “WAFE” and “GVDED” motifs when retrieving
sequences. Angiosperms have two types (I and II) of SKP1-
like genes, with type II being much longer than type I and
encoding chimeric proteins (Kong et al., 2007). Multiple Skp1
homologs from the same species were shown to have evolved
at highly heterogeneous rates, indicating that they have different
evolutionary histories (Kong et al., 2004, 2007). Due to the effect
of long-branch attraction, when both gene types are included,
the analysis typically gives unstable results; in addition, SSK1-like

genes belong to type I SKP1-like genes (Kong et al., 2004, 2007;
Huang et al., 2006; Zhao et al., 2010; Matsumoto et al., 2012; Xu
et al., 2013). For these two reasons, type II genes were excluded
from the analysis.

Multiple Sequence Alignment and
Phylogenetic Tree Construction
The amino acid sequences of SSK1 genes, SSK1-like genes from
selected land plant species (Kong et al., 2004, 2007; Huang
et al., 2006; Zhao et al., 2010; Matsumoto et al., 2012; Xu
et al., 2013), and Orchidaceae SSK1-like genes were used for
phylogenetic analysis. Multiple sequence alignment was carried
out using MAFFT with the E-INS-I strategy and adjusted
manually as necessary, and the phylogenetic tree was generated
by the maximum likelihood method using PhyML 3.0 (Guindon
et al., 2010). The approximate likelihood-ratio test (aLRT)
branch support, which was based on a Shimodaira-Hasegawa-like
procedure, was estimated with a Whelan and Goldman (WAG)
model.

The amino acid sequences of Orchidaceae S-RNase like genes
and S-RNase-related RNase-T2s from species with S-RNase-
based SI, maize and barley (Igic and Kohn, 2001; Hillwig et al.,
2010; Kubo et al., 2015), were used for phylogenetic analysis the
same method as that described for SSK1-related genes.

The data sets (the alignments file and the tree file of SKP1 and
S-RNase protein sequences) are available through TreeBASE3,
and also in the Supplementary Files S3, S4.

RESULTS

Pollen tube development
The development of pollen tubes that were stained with
water-soluble aniline blue in the pistils of D. longicornu and
D. chrysanthum was observed 12 h after pollination (HAP) using
fluorescence microscopy. In D. longicornu, pollen tubes started
to develop in the stigma 2 DASP or DACP (Figures 1, 7). At
3 DAP, when the pollen tubes started to grow into the style,
the cross-pollination pollen tubes were longer than the self-
pollination pollen tubes; however, approximately 4 DAP, the
self-pollination pollen tubes stopped growing at the top of the
style. There was a highly significant difference between the
self- and cross-pollination pollen tubes beginning at 5 DASP
or DACP (Figure 7). Approximately 7 DACP, the pollen tubes
developed rapidly and reached the ovary. In D. chrysanthum,
the pollen tubes started to develop in the stigma 24 h after
self-pollination or cross-pollination (Figures 2, 8). Although the
self-pollination pollen tubes grew slowly into the style during
the 72 h after pollination and stopped growing before flower
(containing ovary) senescence (120 h after pollination), the cross-
pollination pollen tubes developed rapidly and reached the ovary
72 h after pollination. There was a highly significant difference
between the self- and cross-pollination pollen tubes beginning at
48 HASP or HACP (Figure 8).

3http://purl.org/phylo/treebase/phylows/study/TB2:S21138
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FIGURE 1 | Growth of pollen tubes after the self- and cross-pollination of Dendrobium longicornu. CP2d/SP2d: the pollen tubes started to develop in the stigma;
CP3d: the pollen tubes started to grow into the style and longer than in SP3d; SP4d, SP5d, SP7d, and SP9d: the self-pollination pollen tubes stopped growing at
the top of the style; CP7d: the pollen tubes developed rapidly and reached the ovary. Bar = 100 µm; red arrows indicate the pollen tubes. CP and SP stand for
cross-pollination and self-pollination, respectively, d means day.

Overall, the germination of pollen tubes inside the stigma
of D. longicornu occurred later than that in D. chrysanthum,
and their growth took longer in D. longicornu styles than
in D. chrysanthum styles. The self-pollination pollen tubes
of D. longicornu grew to the top of the style before flower
senescence, while in D. chrysanthum, they stopped growing
before flower senescence. Thus, SI was identified in two orchid
species by observing the development of pollen tubes using
fluorescence microscopy.

SKP1-Like Genes in Orchidaceae
We retrieved 42 sequences from orchids, including five
A. shenzhenica (SC), two V. shenzhenica (SC), six D. catenatum
(partial SI), and five P. equestris (SC) genome sequences; four
sequences from the leaves and self- and cross-pollinated styles
(containing pollen) of D. longicornu (SI); and four sequences
from the leaves, five sequences from the pollen, and three
sequences from the styles (containing stigma) of D. chrysanthum
(SI). Two genes had a “WAFGE” motif rather than the
conventional “WAFE” motif in the 3’ region; that is, a glycine
was inserted between phenylalanine and glutamic acid. One
of these genes was found in the leaves, pollen, and styles of
D. chrysanthum (Dch1_L, Dch1_P, and Dch1_S, respectively)
(Supplementary File S1), and the other was expressed in
the styles (containing stigma and pollen) of D. longicornu
(Dlo1_O and Dlo1_S) (Supplementary File S1). Similarly, the
conserved C-terminus with the “WAFE” motif was replaced
by “WAFAE” in one D. catenatum sequence (Dca004172)

(Supplementary File S1), and a 16-amino acid deletion
was found near the C-terminus of this sequence. Another
D. catenatum sequence (Dca007256) presented a “WAFDLICL”
motif, and one A. shenzhenica sequence (Ash003413) presented a
“WAFEPQQ” motif at the C-terminus (Supplementary File S1).
The Dca007256 gene was expressed in stigma, and the Ash003413
gene was also expressed in leaves, stems and tubers (data not
shown). The FPKM analysis of the combined transcriptome
data of the three D. chrysanthum tissues revealed that all of the
abovementioned genes were expressed in D. chrysanthum leaves
and, therefore, were not pollen-specific, except Dch3_P (Figure 3,
Supplementary File S2, and Table S1).

In the phylogenetic analysis, SSK1 genes, SSK1-like genes from
selected land plant species, and Orchidaceae SSK1-like genes were
combined. The SSK1-like genes from Orchidaceae were divided
into group I (35 genes) and group II (6 genes), and one gene was
clustered with one A. thaliana gene (ASK2) (Figure 5) shown in
blue. Within group I, all genes expressed in the style and/or pollen
were also expressed in the leaf and thus were not pollen-specific
genes (Supplementary File S2 and Table S1); this was the case for
Dlo2_L, Dlo2_O, and Dlo2_S or Dch2_L, Dch2_P, and Dch2_S. In
group II, which was a sister to that formed by the SSK1 genes, no
genes were expressed in leaf tissues, and with a few exceptions, all
genes in this group were expressed in the pollen of self- and cross-
pollinated orchids, suggesting that these might be pollen-specific
genes; the exceptions were PEQU_01554 and Ash012058, which
were expressed in the leaf, stem, root, and pollen, and Dca025410,
which was also found in the root tissue (data not shown).

Frontiers in Plant Science | www.frontiersin.org June 2017 | Volume 8 | Article 1106 | 131

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-01106 June 21, 2017 Time: 16:14 # 6

Niu et al. Gametophytic Self-Incompatibility in Orchidaceae

FIGURE 2 | Growth of pollen tubes after the self- and cross-pollination of D. chrysanthum. CP12h and SP12h: the pollen grains did not germinate; CP24h/SP24h:
the pollen tubes started to develop in the stigma; SP48h, SP72h, and SP96h: the pollen tubes developed slowly or even stopped growing; CP72h and CP96h: the
cross-pollination pollen tubes developed rapidly and reached the ovary 72 h after pollination. Bar = 100 µm; red arrows indicate the pollen tubes. CP and SP stand
for cross-pollination and self-pollination, respectively, h means hour.

FIGURE 3 | Expression analysis based on the fragments per kilobase per
million reads (FPKM) performed for the putative SKP1-like genes in the various
tissues (i.e., leaf, pollen, and style) of Dendrobium chrysanthum (see also
Supplementary Table S1).

The phylogenetic tree positions and tissue-specific expression
analyses revealed that the genes Dch3_P in D. chrysanthum
and Dlo3_S and Dlo3_O in D. longicornu may be Orchidaceae
SSK1-like genes, despite their lack of a “GVDED” motif. Indeed,
in SI Orchidaceae, the conserved “WAFE/D” motif might have
evolved into a sequence different from that generally observed in
S-RNase-based GSI.

FIGURE 4 | Expression analysis based on the fragments per kilobase per
million reads (FPKM) performed for the putative S-RNase-like genes in the
various tissues (i.e., leaf, pollen, and style) of Dendrobium chrysanthum (see
also Supplementary Table S2).

RNase-T2 S-Lineage Genes in
Orchidaceae
As RNase-based GSI might be present in Orchidaceae,
we attempted to identify an S-RNase gene in this family.
Based on four criteria, S-RNase-like genes were identified in
A. shenzhenica, V. shenzhenica, D. catenatum, and P. equestris
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FIGURE 5 | Unrooted maximum likelihood phylogenetic tree based on the aligned amino acid sequences of 42 Skp1-like orchid proteins and 129 Skp1-like proteins
from other plants. The 129 deduced amino acid sequences are from Antirrhinum hispanicum (AhSSK1), Arabidopsis thaliana (ASK1-ASK19, except ASK6), Brassica
napus (BnSkp1), Cicer arietinum (XP_004488771.1), Citrus maxima (ACP20181.1), Citrus sinensis (XP_006493756.1), Fragaria vesca (XP_004306569.1), Glycine
max (XP_003545933.1), Hevea brasiliensis (AEI90837.1), Oryza sativa (25 Skp1-like proteins), Malus domestica (CCH26220.1 and 16 Skp1-like proteins), Medicago
truncatula (XP_003596085.1), Nicotiana benthamiana (NbSkp1- NbSkp3), Petunia spp. (AEE39461.1, PiSK1-PiSK3 and PhSSK1), Solanum tuberosum (32
Skp1-like proteins), Prunus spp. (PavSSK1, CCH27334.3, XP_007212534.1), Pyrus sp. (PbSSK1 and PbSSK2), Theobroma cacao (EOY14146.1), Solanum
lycopersicum (13 Skp1-like proteins), and Populus trichocarpa (XP_002306396.2). The SSK1 family is highlighted in green, and SKP1-like genes are highlighted in
blue. Values on branches are bootstrap values from SH-like amino acid analysis.

genomes and the transcriptomes from the leaves, pollen, and
styles of D. chrysanthum and the leaves and self- and cross-
pollination styles of D. longicornu. The criteria were as follows:
(1) The genes were similar, at the amino acid level, to those
involved in S-RNase-based GSI in Rosaceae, Solanaceae, and
Plantaginaceae. (2) The genes encoded a protein in which amino
acid pattern 4 was absent; this pattern is found in proteins
encoded by non-S-RNase lineage genes only (Vieira et al., 2008a;
Nowak et al., 2011). (3) The genes encoded a protein with an IP

higher than 7.5 because S-RNases are always basic proteins (Igic
and Kohn, 2001; Roalson, 2003). Finally, (4) the genes should be
mainly expressed in the style. Given that little is known about the
physiology and genetic control of SI in Orchidaceae, we chose SC
species (A. shenzhenica, V. shenzhenica, and P. equestris), a partial
SI species (D. catenatum), and SI species (D. chrysanthum and
D. longicornu) to identify putative S-genes, although mutations
that disrupt the coding region might exist in the putative S-locus
region (Tao et al., 2007).
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We identified 34 RNase-T2-like genes in Orchidaceae: five
in A. shenzhenica (SC); four in V. shenzhenica (SC); three in
D. catenatum (partial SI); five in P. equestris (SC); two in the
leaves, three in the self-pollination styles, and three in the cross-
pollination styles (containing pollen) of D. longicornu (SI); and
three in the leaves, three in the pollen, and three in the styles
(containing stigma) of D. chrysanthum (SI). The features of all
34 gene sequences, including the IP, sequence motifs, intron
numbers, and gene location, are summarized in Table 1. The
gene intron numbers in D. longicornu and D. chrysanthum were
determined by an alignment with D. catenatum and P. equestris

genes. Six genes had IPs higher than 7.5: Ash010024, Ash010025,
Dlo9_L, Dlo9_S, Dch6_S, and VN_GLEAN_10017549. Twenty-
five genes presented amino acid pattern 4 ([R]) and, thus, had
S-like amino acid patterns rather than S-RNase amino acid
patterns. The patterns “CGS” and “CSS” were found in eight and
one gene sequence, respectively. Among the eight “CGS” genes,
Dlo9_L, Dlo9_O, and Dlo9_S were the same gene expressed in
different D. longicornu tissues, suggesting that this gene was not
involved in RNase-based GSI because no style-specific expression
was observed. The genes Dch8_L, Dch8_P, and Dch8_S in
D. chrysanthum were also the same gene, demonstrating that

TABLE 1 | The RNases-T2 found in Apostasia shenzhenica, Vanilla shenzhenica, Phalaenopsis equestris, and Dendrobium catenatum genomes, and in D. chrysanthum
and D. longicornu transcriptomes according to Vieira et al. (2008a).

Name Locus IP Intron
number

Motif 1 Motif 2 Motif 4 Location

Ash005005 Ash005005 7.01 1 – WPTLACP CPRSD scaffold55; 447338 451513

Ash010024 Ash010024 8.41 2 MTFN WANIRCP CPSNN scaffold68; 488619 489372

Ash010025 Ash010025 8.58 3 FLIRDLVTFN WANIKCP CPSND scaffold68; 494201 495995

Ash013339 Ash013339 6.56 5 FTIHGLWPDY WPSLSCS CSSPS scaffold196; 352867 369358

Ash014350 Ash014350 4.82 3 FGIHGLWPNY WPTLACP CPSSD scaffold222; 581014 582068

Dlo9_L changju_leaf_c28921_g1_i1_30083 8.15 6 FTIHGLWPDY WPSLSCG CGSPS NO

Dlo10_L changju_leaf_c29478_g1_i1_29530 5.31 3 FLIKDLITYN WANIKCP CPSNN NO

Dca000983 Dca000983 4.76 3 FGIHGLWPNY WPTLSCP CPSSD scaffold367; 1365130 1368120

Dca006359 Dca006359 4.85 1 – MACP CPSSN scaffold1649; 452598 453612

Dca023087 Dca023087 5.95 3 FFIKDLIPYN WANIKCP CPSNN scaffold10610; 57466 59114

Dch8_L leaf_c55532_g1_i1_37221 6.23 6 FTIHGLWPDY WPSLSCG CGSPS NO

Dch6_L leaf_c59996_g1_i1_9691 7.05 3 FLIKDLITYN WANIKCP CPSNN NO

Dch7_L leaf_c63740_g1_i3_734 4.83 3 FGIHGLWPNY WPTLSCP CPSSD NO

Dlo10_O outcross_c46017_g1_i3_8375 5.18 3 FLIKDLITYN WANIKCP CPSNN NO

Dlo11_O outcross_c47428_g2_i1_5144 4.71 3 FGIHGLWPNY WPTLSCP CPSSD NO

Dlo9_O outcross_c50036_g1_i4_12591 7.03 6 FTIHGLWPDY WPSLSCG CGSPS NO

PEQU_19416 PEQU_19416 4.98 1 – WPTLACP CPSSD Scaffold000058; 533575 534082

PEQU_19713 PEQU_19713 5.62 1 FLIRDLITYS WANIKCP CPSNN Scaffold000118; 1096315 1097761

PEQU_20427 PEQU_20427 6.32 6 FTIHGLWPDY WPSLGCG CGSPS Scaffold000745; 594430 630710

PEQU_34178 PEQU_34178 4.38 3 FLIHGLWPNN WPSLACP CPSNN Scaffold000980; 33489 35116

PEQU_39075 PEQU_39075 5.1 1 – WPTLACP CPSSD Scaffold197838; 3150 3660

Dch8_P pollen_c51787_g2_i1_26873 6.39 6 FTIHGLWPDY WPSLSCG CGSPS NO

Dch6_P pollen_c62345_g1_i8_8230 6.68 3 FLIKDLITYN WANIKCP CPSNN NO

Dch7_P pollen_c96382_g1_i1_24172 4.38 3 FLIHGLWPNN WPSMACP CPSSN NO

Dlo11_S self_c28091_g1_i1_8847 4.71 3 FGIHGLWPNY WPTLSCP CPSSD NO

Dlo10_S self_c32500_g1_i1_25199 5.45 3 FLIKDLITYN WANIKCP CPSNN NO

Dlo9_S self_c34090_g1_i1_23588 7.92 6 FTIHGLWPDY WPSLSCG CGSPS NO

Dch7_S style_c55158_g1_i1_13594 5.17 3 FGIHGLWPNY WPTLSCP CPSND NO

Dch8_S style_c55684_g1_i1_24618 6.23 6 FTIHGLWPDY WPSLSCG CGSPS NO

Dch6_S style_c64099_g1_i2_18556 7.9 3 FLIKDLITYN WANIKCP CPSNN NO

VN_GLEAN_10005747 VN_GLEAN_10005747 5.54 6 FTIHGLWPDY WPSLSCG CGSSS scaffold240; 471068 483351

VN_GLEAN_10007222 VN_GLEAN_10007222 4.49 3 FGIHGLWPNY WPSLSCP CPSSN scaffold197; 10918 11825

VN_GLEAN_10007555 VN_GLEAN_10007555 4.77 3 FGIHGLWPNY WPTLACP CPSSD scaffold189; 990282 991684

VN_GLEAN_10017549 VN_GLEAN_10017549 7.95 3 FLVKDLLTYT WANIACP CPSNN scaffold56; 2937062 2938131

Ash: A. shenzhenica; changju_leaf: D. longicornu leaf; Dca: D. catenatum; leaf: D. chrysanthum leaf; outcross: cross-pollination style (containing pollen) of D. longicornu;
PEQU: P. equestris; pollen: D. chrysanthum pollen; self: self-pollination style (containing pollen) of D. longicornu; VN_GLEAN: V. shenzhenica.
The intron number and location of genes in D. catenatum and D. chrysanthum transcriptomes were based on their homologs in D. catenatum and P. equestris.
The four different colors (light and dark blue, orange, and green) indicate the same gene (same color) or homologs (different colors).
IP: isoelectric point.
–: amino acids that were not present in the motifs reported by Vieira et al. (2008a).
NO: without data.
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this gene is also not involved in RNase-based GSI processing.
The other two genes (PEQU_20427 and VN_GLEAN_10005747)
were found in the SC species P. equestris and V. shenzhenica;
we investigated the functions of the genes located at the two
gene scaffolds and analyzed the expression levels of the genes
with SLF function (data not shown). The results indicated that
these genes were not at the putative S-locus region and not
primarily expressed in the style, which also suggested that they
are not involved in RNase-based GSI processing. The gene
Ash013339, which contained the sequence “CSS” in the SC species
A. shenzhenica, was also determined to not be involved in RNase-
based GSI based on the results of adjacent gene function and
expression analyses (data not shown).

Phylogenetic analyses of these 34 genes and S-RNase-related
RNase-T2s from species with S-RNase-based SI, maize and
barley, were performed (Figure 6). The classification of RNase-
T2s into Class-I RNase-T2s, Class-II RNase-T2s, and the S-RNase
clade followed that of previous studies (Igic and Kohn, 2001;
Hillwig et al., 2010; Kubo et al., 2015). The 34 genes were clustered
into Class-I RNase-T2s or Class-II RNase-T2s and were therefore
not involved in RNase-based GSI. Three orchid clusters were
found in Class-I RNase-T2s: Class-I orchid RNase-T2s I; Class-
I orchid RNase-T2s II; and Class-I orchid RNase-T2s III. The
genes in Class-I orchid RNase-T2s I clustered with Zea mays kin1
(AAB37265.1), which is an S-RNase-like gene, and with Hordeum
vulgare subsp. vulgare rsh1 (AAF45043.1), which is exclusively
expressed in young leaf tissues. The genes within Class-I orchid
RNase-T2s II and Class-I orchid RNase-T2s III grouped with
Nicotiana alata RNase NE (AAA21135.1), which is not linked
to the SI locus and not specifically expressed in styles, and
Prunus dulcis RNase PD2 (AAG31930.1), which is predominantly
expressed in petals, the pistils of open flowers, and leaves. Class-
II orchid RNase-T2s were a sister group to Solanum lycopersicum
RNase LER, which is not specifically expressed in styles (Kothke
and Kock, 2011); Antirrhinum majus × Antirrhinum hispanicum
AhSL28 (an S-RNase-like gene), which is not only expressed
in pistils; and Nicotiana glutinosa RNase NGR2, which is
constitutively expressed in leaves. Overall, the orchid S-RNase-
like genes clustered with S-RNase-like genes that were not
specifically expressed in styles (Figure 4, Supplementary File S2,
and Table S2), suggesting that these genes might not be involved
in orchid SI.

DISCUSSION

Phylogenetic analysis based on the RNase-T2 genes from four
Orchidaceae genomes; the pollen, style, and leaf transcriptomes
of D. chrysanthum; and the pollen, self-pollination style, and
cross-pollination style (containing pollen) transcriptomes of
D. longicornu, which represent SC, partial SI, and SI species,
respectively, suggested that these genes were not phylogenetically
related to S-RNases and were clustered with Class-I and Class-II
RNase-T2s from other species. It could be argued that S-RNases
were not expressed in the selected tissue transcriptomes of the
two SI species and that the S-locus region might not be present
in the four available genomes. If the SI molecular mechanisms

were similar to S-RNase-based GSI, the S-locus region should be
present in SC orchids, although male and female S-determinant
genes might be truncated and/or non-functional. In Rosaceae, SC
species are present in the S-locus region, but the S-RNase and
SFB genes are non-functional (Tao et al., 2007); a similar pattern
has been described in Brassicaceae SI systems. For instance,
although the S-locus is present in the genome of SC Arabidopsis
thaliana, the genes determining S-specificity are non-functional
(Bechsgaard et al., 2006; Boggs et al., 2009). Moreover, the
open reading frames (ORFs) of all S-locus cysteine-rich (SCR)
alleles and some S-receptor kinase (SRK) alleles are truncated in
Capsella rubella (Guo et al., 2009), and one A. lyrata haplotype,
Aly-S38, which is very similar to C. rubella, contains a closely
related SCR with a truncated ORF and an SRK with a complete
ORF (Guo et al., 2011). Thus, the genomes of SC species can also
aid in the identification of putative S-locus genes.

Analyses of D. chrysanthum and D. longicornu S-RNase-
like genes revealed no specific gene expression in the style,
and amino acid pattern 4 was present in all identified orchid
S-RNase-like genes, suggesting that GSI in D. chrysanthum and
D. longicornu is not S-RNase based. We analyzed the expression
of the S-RNase-like adjacent genes that were annotated as
having SLF function (data not shown), which were also did not
exhibit pollen-specific expression patterns, suggesting a non-S-
RNase-based GSI mechanism. As S-RNase-based GSI markers,
SSK1 genes are typically found in Rosaceae, Solanaceae and
Plantaginaceae species. One of the SKP1-like genes identified
was specifically expressed in the pollen; this might suggest
that the GSI of Orchidaceae is not S-RNase based but does
involve SSK1. Nevertheless, to clarify the molecular mechanism
of SI in this family, analyses of gene expression, diversity level
and segregation in controlled crosses as well as S-locus region
identification should be performed to determine which gene(s)
are involved in S-pistil specificity.

The growth of pollen tubes following self- and cross-
pollination was observed using fluorescence microscopy and
revealed that D. chrysanthum and D. longicornu are SI
species (Figures 7, 8). The pollen from both pollination
types germinated one and two DAP in D. chrysanthum and
D. longicornu, respectively, but the self-pollination pollen tubes
grew much more slowly than the cross-pollination pollen tubes
(Figures 7, 8). The delay in pollen tube growth may be critical
for the SI reaction because by the time the self-pollination pollen
tubes penetrate the ovary, the pistil may have already been primed
for abscission, as self-pollination flowers fade earlier than normal
flowers. After self-pollination, the development of the pollen
tube in SI orchids slowed on the stigmatic surface and became
arrested at different positions on the pistil that varied among
species, similar to the pollen tubes of self- and cross-pollinated
D. farmeri (Johansen, 1990). The site of the incompatibility
reaction in species of representative genera of the main clades of
Pleurothallidinae, the largest myophilous group in Orchidaceae,
has been investigated (Barbosa et al., 2009); however, most
pollen grains of self-pollinated M. infracta and Octomeria, Stelis,
Specklinia, and Anathallis (except A. microphyta) species failed
to germinate. By contrast, in Acianthera spp. and A. microphyta,
pollen tube growth after self-pollination was similar to that
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FIGURE 6 | Maximum likelihood phylogenetic tree of the RNase-T2-like genes obtained from orchid species and S-RNase-related RNase-T2s obtained from species
possessing S-RNase-based SI, maize, and barley. The tree was constructed in PhyML 3.0 and is based on S-RNase-related RNase-T2s from Solanaceae,
Plantaginaceae, and Rosaceae and their homologs in four orchid genomes, two SI Dendrobium species transcriptomes, maize, and barley. The classification of
RNase-T2s was based on previous studies. RNase-T2s from the filamentous fungus Rhizopus niveus were used as the outgroup. Gene subgroups are indicated
with different colors. Taxon labels are depicted in pink for the S-RNase clade, which contains Solanaceae S-RNases, Antirrhinum S-RNases, Maloideae S-RNases,
and Prunus S-RNases; in green for Class-I RNase-T2s, which include Class-I orchid RNase-T2s I, Class-I orchid RNase-T2s II, and Class-I orchid RNase-T2s III; and
in blue for Class-II RNase-T2s, which contain Class-II orchid RNase-T2s. Values on branches are bootstrap values from SH-like amino acid analysis.
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FIGURE 7 | The lengths of the majority of D. longicornu pollen tubes present
in compatible and incompatible styles at different times after pollination. Pollen
tubes were measured at 2 D, 3 D, 4 D, 5 D, 7 D, and 9 D after pollination.
Each point is a mean value based on measurements of tubes in three styles,
and the error bars represent ± the standard error of the mean. P-values were
calculated by two-way repeated measures analysis of variance (ANOVA) using
Sidak’s post hoc-test in GraphPad Prism 6 (∗∗∗P < 0.001, ∗∗∗∗P < 0.0001).
CP and SP stand for cross-pollination and self-pollination, respectively, D
means day.

FIGURE 8 | The lengths of the majority of D. chrysanthum pollen tubes
present in compatible and incompatible styles at different times after
pollination. Pollen tubes were measured at 12, 24, 48, 72, and 96 h after
pollination. Each point is a mean value based on measurements of tubes in
three styles, and the error bars represent ± the standard error of the mean.
P-values were calculated by two-way repeated measures analysis of variance
(ANOVA) using Sidak’s post hoc test in GraphPad Prism 6 (∗∗∗P < 0.001,
∗∗∗∗P < 0.0001). CP and SP stand for cross-pollination and self-pollination,
respectively, h means hour.

observed after cross-pollination until approximately seven days
after pollination. However, from that point onward, the self-
pollination pollen tubes began to appear abnormal, with irregular
trajectories, variations in their diameters, and excessive callose
deposition. Approximately 15 DAP in these flowers, pollen
tubes with abnormal characteristics had reached the base of the
column, although they never penetrated the ovary. In addition,

the pollen tubes of Acianthera saurocephala never reached the
base of the column. Recently, self-pollinations of 26 Restrepia
species were performed, but pollen tubes grew only into the
top third of the ovary (Millner et al., 2015). The variety of
incompatibility reaction sites reported suggests that more than
one molecular mechanism for SI may exist.

According to the S-RNase-based GSI and SSK1 homologous
genes identified and the sites of the incompatibility reaction, the
SI molecular mechanism of Orchidaceae might differ from that
determined for S-RNase-based GSI, and diverse SI molecular
mechanisms may exist. According to the phylogenetic analyses
of the RNases-T2, S-RNase-based GSI evolved only once, before
the split of Asteridae and Rosidae approximately 120 MYA (Igic
and Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al.,
2008a). However, the phylogenetic origin of the S-RNase-based
GSI system remained unresolved. In the present study, homologs
of the male and female SI determinants of S-RNase-based
GSI were first investigated in Orchidaceae (monocotyledons)
using genome and transcriptome data, which suggested that
this RNase-based GSI system might have originated after the
split of monocots and eudicots but before the split of Asteridae
and Rosidae. Further research on other monocotyledons and
Orchidaceae species is needed to confirm this hypothesis.
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The Magnoliaceae shows strong phylogenetic niche conservatism, in which temporal
petal closure has been extensively reported. However, it is yet elusive whether temporal
petal closure is an idle floral character inherited from their ancestors or an adaptive
trait to their habitats. Here, we monitored the process of temporal floral closure and
re-opening in a thermogenic plant, Magnolia denudata (Magnoliaceae). Furthermore, we
artificially interrupted temporal petal closure and investigated its effects on development
of female and male gametophytes. Intriguingly, we found considerable anatomical
changes in the anthers shortly after temporal closure of petals: disintegration of tapeta,
crack of anther walls, and release of matured pollens. In comparison with normal flowers,
artificially interrupted flowers (no petal closure) showed delayed anther development
and slower pollen germination on stigmas, while little difference in embryo morphology
was observed during the early stage of embryo development. Moreover, seed set and
quality were significantly decreased when petal closure was prevented. In addition, we
found pollination accelerated floral closure in M. denudata. Taken together, temporal
floral closure benefits reproduction of M. denudata in early spring by promoting anther
development and pollen function, which suggests that it is an adaptive floral trait to its
specific habitat.

Keywords: adaptation, anther development, floral closure, petal movement, pollination

INTRODUCTION

The flowering stage is of crucial importance to plants since it marks the onset of double fertilization
and subsequent seed set, which leads to regeneration of the population. In order to adapt to diverse
environments, flowers have evolved wonderful variation in morphology, such as color, shape, and
size, which is beneficial for pollinator visiting and protection of internal structures (Clark and
Husband, 2007). Except for morphological variations, there are non-morphological changes in
flowers, namely floral movement. Many plant species are capable of moving some portions of their
anatomy, such as petal and pistil in response to internal and/or external factors (Hase et al., 2006;
Ren and Tang, 2012), which could affect reproduction of flowering plants deeply.

As one of the most extensively observed non-morphological changes of flowers, the opening and
closure of petals is an important trait of the productive syndrome (van Doorn and Kamdee, 2014).
During the anthesis, some flowers maintain open until petal withering, such as rose, while others
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show temporal closure and repeated opening of petals, such as
lotus. From a physiological point of view, flower opening involves
a high rate of cell expansion (Singh et al., 2011; Pei et al., 2013).
It has attracted extensive attention of scientists by the complex
regulation and also has inspired artists and common people by
the impressive and emotional petal movements. Although several
suspected regulatory mechanisms, such as internal circadian
rhythm (Trivellini et al., 2016; Yon et al., 2016), light control
(Trivellini et al., 2016), temperature control (Calinger et al.,
2013), and moisture control (Magalhaes and Angelocci, 1976),
have been raised, ecological roles of the various types of flower
opening remain elusive.

Magnolia denudata belongs to the Magnoliaceae and usually
flowers in cold early spring. In former studies, we found that
thermogenic flowers of M. denudata were hermaphroditic and
protogynous, usually with temporal petal closure occurring
during the anthesis (Wang et al., 2013). However, little is known
regarding the ecological roles of this temporary petal closure.
In this study, we investigated the process of floral opening and
closure during the anthesis of M. denudata, with emphasis on the
effects of temporal floral closure on stamen development, pollen
function, embryo development, as well as seed production.

MATERIALS AND METHODS

Study Species and Area
Magnolia denudata trees used in this study were located in the
campus of Beijing Forestry University (40◦00′03′′ N, 116◦20′25′′
E; 68 m a.s.l.), with 10–15 m in height and 20–25 cm in diameter
at breast height. The study site had a temperate climate, with
mean annual rainfall of 400 mm and mean air temperature of
4–13◦C. Trees flower from mid-March to mid-May, with a peak
in mid-April.

Timing of Flower Opening and Closure
Twenty swollen flower buds (nearly open) of M. denudata
were arbitrarily selected in a sunny morning for observation of
flower opening and closure. The outer petals maintained open
throughout the anthesis and the inner petals showed repeated
opening and closure, thus opening angles of the inner petals were
measured to monitor the process of flower opening and closure.
Measurements were performed at 2-h intervals from 8:00 to 20:00
each day during the anthesis of each individual flower.

Effects of Temporal Floral Closure on
Stamen Development
Based on observation of the timing of flower opening and closure,
there were four stages of inner petal movements before floral
withered, including pre-pistillate, pistillate, post-pistillate, and
staminate stages (see Results, Figure 1). Androecia of three
flowers were fixed in FAA for each of the four stages. To estimate
the effects of temporal floral closure on stamen development,
six flowers were prevented from closure by stacking inner petals
at the pistillate stage. During the subsequent post-pistillate and
staminate stages, androecia were collected and fixed in FAA for

these six flowers, with three for each stage. The fixed androecia
were dehydrated in an ethylalcohol series, embedded in paraffin
wax, sectioned (8–10 µm thickness), and then stained with
toluidine blue. All sections were observed under an Olympus BH-
2 microscope and photographed using an Olympus DP 70 photo
micrography system.

Effects of Floral Closure on Pollen
Function
Six flowers were manually pollinated at the pistillate stage and
divided into two groups: three flowers were stuck with gummed
tape to prevent floral closure as described above, the rest three
were kept at natural conditions and used as a control. Apocarpous
pistils were sampled from these flowers to examine pollen
germination and pollen tube growth in 6 h after pollination.
Apocarpous pistils collection was conducted at a 2-h interval and
one flower from each of the stuck and control group was used for
each time. The collected apocarpous pistils were fixed in ethanol:
acetic acid (3:1) for 30 min and then stored in 70% ethanol until
use. After being softened in 1 mol/L NaOH overnight and washed
in distilled water for three times, the samples were stained with
decolorized aniline blue, squashed, examined, and photographed
using a fluorescence microscope (Olympus BX51).

Effects of Floral Closure on Ovule
Development
Twelve flowers were manually pollinated at the pistillate stage and
divided into two groups: six flowers were stuck by gummed tape
to prevent floral closure as described above, the rest six were kept
under natural conditions and used as a control. On the 4th and
8th days, ovules were sampled form three flowers for each of the
stuck and control group. The ovule samples were fixed in 2.5%
glutaraldehyde and 4% paraformaldehyde for 24 h and sectioned
(6 µm thick), stained with toluidine blue, and observed under an
Olympus BH-2 microscope. Photographing was performed using
an Olympus DP 70 system.

Effects of Temporal Closure on Seed
Production
To estimate the effects of temporary closure on seed production,
20 flowers were manual pollinated in April. Ten of the 20 flowers
were prevented from temporary closure as described above,
the rest 10 flowers were kept under natural conditions, until
seeds produced by these flowers got mature. Fruits from these
flowers were collected in September and seed size and seed mass
analyzed.

Effects of Pollination on Floral Closure
Twenty pistilate-stage flowers were chosen in a sunny morning
to estimate the effects of pollination on floral closure. Artificial
pollination was performed at 10:00 for 10 of the 20 flowers. The
rest 10 flowers were covered using plastic meshes to prevent
pollination by insects. Movements of the inner petals were
examined for the 20 flowers every 2-h before 20:00.
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FIGURE 1 | The process of floral closure and re-opening in Magnolia denudata. (A) Flower was first opening at the pistillate stage. The stigmas were
receptive and stamens appressed tightly to the style with no anthers dehiscence. (B) Temporal closure of the flower at the post-pistillate stage. The inner petals were
closed and formed a chamber in the evening. (C) Flowers re-opened at the staminate stage. The gynoeciums withered and the stamens matured with anthers
dehisced. Ip, inner petal; Op, outer petal; Gy, gynoecium. Bars: 2 cm.

FIGURE 2 | Changes of opening angles during floral closure and re-opening. Values are means ± SE.

RESULTS

Timing of Floral Closure and Re-opening
In the first morning, M. denudata flowers were tightly closed at
8:00. The outer petals started to loosen at 10:00, which indicated
the onset of flower opening. Then inner petals also opened
gradually. The flowers fully opened at 12:00 when the opening
angle reached 36.18 ± 0.14◦ (Figures 1A, 2). During this period,
stigmas were receptive with some crystalline secretion on the
surface and stamens appressed tightly to the style with no anthesis
dehiscence, indicative of the pistillate stage of the flowers. The
flowers maintained fully-open by 16:00, after which the opening
angles decreased sharply. The angles decreased to 12.83 ± 0.08◦
and the inner petals formed a chamber at 20:00, which marks
the temporal closure of the flowers at the post-pistillate stage
(Figures 1B, 2).

In the second day, inner petals started to open again at 10:00
and fully opened at 12:00 when the opening angles reached
42 ± 0.13◦ (Figures 1C, 2). At this stage, the gynoeciums
withered and the stamens matured with anthers dehisced,
suggesting that the flowers entered the staminate stage. Inner
petals of the fully opened flowers started to close again after

16:00 and formed chambers with the inner petals at 20:00 as
they did in the first day. In the third morning, the inner petals
re-opened again at 10:00 and maintained open until the flowers
withered.

Effects of Temporal Floral Closure on
Male and Female Gametophytes
At the pre-pistillate stage, anthers stayed intact and no pollen was
released. The tetrasporangiate anther wall consisted of epidermis,
endothecium, 2–3 middle layers, and glandular tapetum of 1–2
cells (Figure 3A). When the inner petals were opened for
the first time and flowers entered the pistillate stage, tapetum
began to disintegrate gradually (Figure 3B). The tapetum
totally disappeared and stomium formed at the junction of two
pollen sacs at the post-pistillate stage (Figures 3C,D). In the
second morning, inner petals re-opened and flowers were at
the staminate stage. The stomium ruptured, the fiber layers
expanded, and the connective cells broke down, which led to
release of pollen grains (Figure 3E). When the inner petals
were stuck to disrupt floral closure at the pistillate stage, anther
dehiscence and pollen release were observed 18 h later than the
non-stuck control flowers (Figure 3F).
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FIGURE 3 | Anther development during the process of floral closure and re-opening. (A) Anther was intact and no pollen was released at the pre-pistillate
stage. (B) Tapetum began to disintegrate gradually at the pistillate stage. (C) The tapetum disappeared and stomium formed at the post-pistillate stage. (D) A higher
magnification of the region of interest in (C). (E) Stomium ruptured, fiber layers expanded, connective cells broke down, and pollen grains released at the staminate
stage. (F) Anther of stuck flowers at the staminate stage. Ep, epidermis; Fl, fiber layer; Ml, middle layer; Ta, tapetum; St, stomium. Bars: 50 µm.

Furthermore, we examined pollen germination and pollen
tube growth after artificial pollination. In non-stuck flowers,
pollen germination was observed 4 h after pollination
(Figures 4A,B). In stuck flowers, pollens did not start to
germinate until 6 h after pollination, by which time some pollen
tubes entered the transmitting tissue in the styles of non-stuck
flowers (Figures 4C,D). The embryo sacs of M. denudata were
immature at the pistillate stage. When the petals were stuck
at the pistillate stage after artificial pollination, the embryo
development showed little difference from that of non-stuck
flowers in 8 days (Figure 5).

Effects of Temporal Floral Closure on
Seed Set
The carpals began to expand 10 days after artificial pollination.
The follicles produced by non-stuck flowers were erect and

grew to as long as 18 cm. For the stuck flowers, follicles
were wound in shape (Figure 6). Follicles contained an average
of 81.55 ± 9.82 seeds for the non-stuck flowers (n = 9,
for one fruit was lost before ripening). The stuck flowers
produced 39.60 ± 7.03 seeds per follicle, which was significantly
(p < 0.05) fewer than that of non-stuck flowers (Figure 6).
Seed mass was 0.17 ± 0.03 g per seed (n = 30) for the non-
stuck flowers, which was significantly higher than that of stuck
flowers (0.11 ± 0.02 g per seed, Figure 6). Seeds size was also
significantly smaller for stuck flowers than non-stuck flowers
(Figure 6).

Effects of Pollination on Floral Closure
When the pistillate-stage flowers were artificially pollinated, inner
petals began to close at16: 00. After 2 h, 9 out of the 10 flowers
were fully closed, and the rest one was nearly closed. For the
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FIGURE 4 | Fluorescence micrographs of pollens in the apocarpous gynaecium. (A) No pollen germinated on stigmas of stuck flowers 4 h after artificial
pollination. (B) Pollens started to germinate 4 h after artificial pollination of non-stuck flower. (C) Pollens start to germinate 6 h after pollination in stuck flowers.
(D) Pollen tubes entered the transmitting tissue in non-stuck flowers 6 h after pollination. Sti, stigma; Pg, pollen grain; Pt, pollen tube; Tt, transmitting tissue. Bars:
100 µm.

non-pollinated flowers, closure of inner petals was also observed
whilst the closure was much slower. When the inner petals of
pollinated flowers fully closed, only 2 out of 10 were nearly
closed for the non-pollinated flowers and the rest eight flowers
were in the process of closure, with an average opening angle of
33.8± 2.6◦.

DISCUSSION

The flowering stage, in which pollination and fertilization occur,
leading to seed set in female and bisexual flowers, is a crucial
period for plant life history. There is great variation of floral
period among different plants; it can range from a few minutes
to days or even months (Ashman and Schoen, 1994; Clark
and Husband, 2007). Some flowers remain open and functional
during the anthesis, while others could show repeated opening
and closure (Abdusalam and Tan, 2014). In the present study,
M. denudata flowers showed a repeated and diurnal opening in
response to the day/night cycle during its anthesis. It is intriguing
to note that there is vast variation of flower opening types
within the Magnolia genus. Magnolia sprengeri, like M. denudata

in the current study, flowers in daytime (Wang et al., 2014),
while M. ovata and M. virginiana in night (Gottsberger et al.,
2012; Losada et al., 2014). Some Magnolia species, such as
M. praecocissima, M. schiedeana, and M. tamaulipana have a
single flower opening (Dieringer and Espinosa, 1994; Ishida,
1996; Dieringer et al., 1999), while others show repetitive
opening, such as M. denudata, M. sprengeri, M. ovata, and
M. virginiana (Wang et al., 2010, 2014; Gottsberger et al., 2012;
Losada et al., 2014). Considering that these Magnolia species
are living in different habitats and pollination was mediated
by different insects (Dieringer et al., 1999; Gottsberger et al.,
2012; Wang et al., 2014), the vast variance in flowering types
might be an adaptation to their pollinators with distinct activity
rhythms.

A “chamber” was formed when the flowers of M. denudata
temporally closed, which has also been frequently reported
in some other thermogenic plants (Seymour et al., 2009a,
2010; Dieringer et al., 2014). There are different ways to form
a floral chamber for thermogenic plants. For Arum species,
the spathes directly develop into a chamber shape (Seymour
et al., 2009a). Floral chambers are formed as a result of
partial open of the petals at the female stage in M. ovata
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FIGURE 5 | Anatomical structures of ovule after artificial pollination. The functional megasporeis, inner and outer integuments developed of stuck (A) and
non-stuck flowers (B) on the 4th day after pollination. Growth of inner and outer integument of stuck (C) and non-stuck (D) flowers on the 8th day after pollination.
Ii, inner integuments; Oi, outer integuments; Nu, nucellus; Es, embryo sac. Bars: 20 µm.

(Seymour et al., 2010). Being different from Arum species and
M. ovata, Nelumbo lutea flowers form chambers by temporal
closure of the petals (Dieringer et al., 2014). In M. denudata,
we found similar situation to N. lutea, with a slight difference
that the temporal closure of the flowers was restricted to inner
petals.

Despite of different ways to form floral chambers, it has been
putatively assumed that floral chambers can attract pollinators
to stay in the flowers for longer time by providing a favorable
micro-environment for foraging and mating (Seymour et al.,
2010; Gottsberger et al., 2012; Dieringer et al., 2014). In this
study, pollen dehiscence was delayed, pollen germination was
low, and pollen tube growth was slow, when the floral chamber
was disturbed in M. denudata. It has been demonstrated in plants
with both thermogenic and non-thermogenic flowers that pollen
function was considerably affected by temperature (Seymour
et al., 2009b; Coast et al., 2016), which might involve regulation
mediated by the GA pathway and Ca2+ signals (Mähs et al.,
2013; Sakata et al., 2014). Thus, retardance of heat loss by the
floral chamber may also play a role in facilitating pollen function.
Although little anatomical difference was observed in the embryo

at the early stage between stuck and non-stuck flowers, seed set
and seed mass were significantly decreased when petal closure
was disturbed for M. denudata, suggesting the importance of
floral chamber in seed development at the post-embryonic stage.
Our findings suggested new ecological roles of floral chambers
other than attracting pollinators by heat reward.

Floral open and closure involve complex regulatory
mechanisms. Since the concept of “floral clock” was proposed
by Linné (1783), the circadian pattern of floral opening
and closure has been more and more widely appreciated
(Burghardt et al., 2016; Mora-García et al., 2017). Besides
the endogenous circadian rhythm of flowers, daily changes
of light/dark and temperature were also regarded to take
roles in regulation of the circadian rhythm (Johansson and
Staiger, 2015; Burghardt et al., 2016). Here, we found that
pollinated flowers closed considerably earlier than non-
pollinated flowers in M. denudata. For single opening flowers,
an earlier closure may save some energy for the plants. The
ecological advantages of early closure after pollinator remain
unclear for repeated opening flowers. Some Asteraceae flowers
were also reported to show earlier closure after pollination
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FIGURE 6 | Follicle and seeds produced by non-stuck and stuck flowers. (A) Young fruits produced by non-stuck flowers were plump and erect. (B) Young
fruits produced by stuck flowers were curled. (C) Seeds in the follicle produced by non-stuck and stuck flowers. Comparison of seed production between non-stuck
and stuck flowers: seed set (D), seed weight (E), and long (F) and short (G) axis of seeds. Asterisks indicate significant difference (p < 0.05) between non-stuck and
stuck flowers.

(Fründ et al., 2011). These results provided new clues for
investigating the regulatory framework of floral opening and
closure.

In summary, M. denudata showed repeated closure of inner
petals in night to form floral chambers. We demonstrated new
ecological roles of floral chambers in facilitating pollen function
and seed development, besides the commonly suspected role
of favorable micro-environment for pollinators. In addition,
the vast variance in types of floral opening and closure within
the Magnolia genus may provide diverse genetic resources
for studying phylogeny and ecological roles of temporal floral
closure.
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Sterile and fertile flowers are an important evolutionary developmental (evo-devo)

phenotype in angiosperm flowers, playing important roles in pollinator attraction and

sexual reproductive success. However, the gene regulatory mechanisms underlying

fertile and sterile flower differentiation and development remain largely unknown.

Viburnum macrocephalum f. keteleeri, which possesses fertile and sterile flowers in

a single inflorescence, is a useful candidate species for investigating the regulatory

networks in differentiation and development. We developed a de novo-assembled

flower reference transcriptome. Using RNA sequencing (RNA-seq), we compared the

expression patterns of fertile and sterile flowers isolated from the same inflorescence

over its rapid developmental stages. The flower reference transcriptome consisted

of 105,683 non-redundant transcripts, of which 5,675 transcripts showed significant

differential expression between fertile and sterile flowers. Combined with morphological

and cytological changes between fertile and sterile flowers, we identified expression

changes of many genes potentially involved in reproductive processes, phytohormone

signaling, and cell proliferation and expansion using RNA-seq and qRT-PCR. In particular,

many transcription factors (TFs), including MADS-box family members and ABCDE-class

genes, were identified, and expression changes in TFs involved in multiple functions

were analyzed and highlighted to determine their roles in regulating fertile and sterile

flower differentiation and development. Our large-scale transcriptional analysis of fertile

and sterile flowers revealed the dynamics of transcriptional networks and potentially key

components in regulating differentiation and development of fertile and sterile flowers in

Viburnum macrocephalum f. keteleeri. Our data provide a useful resource for Viburnum

transcriptional research and offer insights into gene regulation of differentiation of diverse

evo-devo processes in flowers.
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INTRODUCTION

Flower development is attracting great attention as a fascinating
topic for studying plant development and evolution. Angiosperm
flowers and inflorescences display great diversity in morphology,
with various shapes, sizes, and other traits (Cooley et al.,
2008), underlying the diverse consequences of the evolutionary
development (“evo-devo”) of flowering plants. According to the
capacity for sexual reproduction and gamete formation, flowers
can be divided into fertile and sterile flowers. Fertile flowers
are capable of producing fertile gametes for further generations,
due to their normal sexual organs. In contrast, sterile flowers
have abnormal stamens, defective anthers, or no viable pollen,
and thus fail to produce seeds (Donoghue et al., 2003; Jin et al.,
2010). Many sterile flowers are far larger and more conspicuous
than fertile flowers within the same inflorescence (Nielsen et al.,
2002; Donoghue et al., 2003; Jin et al., 2010). Such sterile
flowers exist in many genera, including Viburnum (Adoxaceae)
and Hydrangea (Hydrangeaceae), and in the Asteraceae family,
and are considered to be an evolutionary consequence of long-
term ecological selection by pollinator attraction, which plays
an important role in enhancing reproductive success (Donoghue
et al., 2003; Jin et al., 2010). However, the developmental
regulation of sterile flowers, which makes them conspicuously
different from fertile flowers in appearance and structure,
remains unclear.

RNA-seq approaches have been used extensively to
characterize gene expression and determine genetic networks
in flower development (Ó’Maoiléidigh et al., 2014; Zhang

et al., 2014). In recent years, many of the key floral
regulators in Arabidopsis thaliana and other species have been
identified through large-scale analyses of floral transcriptomes
(Ó’Maoiléidigh et al., 2014; Zhang et al., 2014; Vining et al.,
2015). For example, the MADS-box family genes encode a family
of transcription factors that control diverse developmental
processes such as flowering time, meristem identity, and floral
organ identity (Becker and Theißen, 2003; Ó’Maoiléidigh et al.,
2014). The ABCDE-class genes act in a combinatorial way
to specify sepal, petal, stamen, carpel, and ovule formation
(Pelaz et al., 2000; Theissen and Melzer, 2007). Many other
genes, including genes encoding transcription factors (TFs),
have also been shown to be required for the development of
anthers, pollen, and the tapetum. For instance, the altered
function of ABORTED MICROSPORES (AMS; Xu et al., 2010),
callose synthase 5 (CALS5; Dong et al., 2005), SBP-Like 8 (SPL8;
Xing et al., 2010), or EXCESS MICROSPOROCYTES1/EXTRA
SPOROGENOUS (EMS1/EXS; Canales et al., 2002) can result
in reduced fertility or male sterility in flowering plants.
Phytohormone signaling molecules, including auxin (Cecchetti
et al., 2008), gibberellin (Cheng et al., 2004), jasmonate (Yuan
and Zhang, 2015), cytokinin (Bartrina et al., 2011; Han et al.,
2014), and brassinosteroid (Ye et al., 2010), are involved in
regulating the development and fertility of flowers. For example,
gibberellins promote flower growth via cell expansion and/or
proliferation (Achard et al., 2009). Overexpression of jasmonate
signaling pathway proteins (JAZs) usually results in low fertility
or male sterility (Yuan and Zhang, 2015). These investigations

have indicated the presence of a complex gene regulatory
network underlying floral organ development and fertility;
however, our current knowledge and understanding of the
gene regulatory networks involved in the differentiation and
development of sterile and fertile flowers remain limited.

Viburnum macrocephalum f. keteleeri, a Chinese wild shrub,
is a useful candidate species for investigating sterile and fertile
flowers (Jin et al., 2010). Its inflorescence consists of an outer
ring of eight large sterile flowers surrounding a center of small
bisexual fertile flowers (Figure 1M). Previous morphological
and anatomical studies in this species have shown that sterile
and fertile flowers are similar during the early developmental
stages and diverge in subsequent developmental stages (Jin
et al., 2010). The divergence between sterile and fertile flowers
is prominent in the blooming stage. Relative to normal fertile
flowers, sterile flowers have big, showy petals, ruptured stigmas,
defective anthers, and abnormal microsporogenesis, apparently
with a role in pollinator attraction (Jin et al., 2010). These findings

FIGURE 1 | Morphological comparison of fertile and sterile flowers

during development stages in V. macrocephalum f. keteleeri. (A–C)

Inflorescence at early developmental stages (March 15, S0). Normal stamens,

pistils, and petals were seen in fertile and sterile flowers. (D–F) Inflorescence

∼1 week before anthesis (March 21, S1). Stamens (or anthers) and pistils (or

stigmas) of sterile flowers appeared abnormal, but were normal in fertile

flowers. (G–L) Inflorescence at the rapid developmental stage (March 31 to

April 8, at anthesis, S2). Sterile flowers generally bloomed, with enlarged petals

and degraded stamens and pistils, whereas fertile flowers showed elongated

filaments, plump anthers, and pistils. (M–O) Inflorescence at the peak

flowering stage (April 13, S3). Fully degraded stamens and pistils were seen in

sterile flowers, whereas dehiscent anthers produced pollen grains in fully

developed fertile flowers. SF, sterile flower; FF, fertile flower; S, stamen; P,

petal; Pi, pistil; As, abnormal stamen; At, anther; Se, sepal; and F, filament.

Asterisks indicate RNA-seq samples for Illumina sequencing. Bars = 2 cm (A),

3 cm (D,G,J,M), 1mm (B,C,E,F,H,K,N), 2mm (I,L,O).

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 261 | 149

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Lu et al. Transcriptional Regulation in Viburnum Flowers

showed that the sterile flowers developed and differentiated from
early fertile flowers in the same inflorescence, and thus could be
model materials to compare the formation mechanism with that
of fertile flowers in the same genetic background.

To investigate the gene and molecular regulation mechanism
underlying the development of fertile and sterile flowers, we used
Illumina RNA-seq technology to generate a comprehensive floral
transcriptome from V. macrocephalum f. keteleeri. Combined
with morphological and cytological comparisons between fertile
and sterile flowers, we screened and identified candidate
differentially expressed genes (DEGs). A global analysis of
TFs was performed to identify differentially expressed TFs.
We also performed quantitative reverse transcription PCR
(qRT-PCR) experiments to determine expression changes in
several key regulators involved in multiple functions at different
developmental stages. These results provide a first comprehensive
overview of the genes and related functions that are required
for the differentiation and development of sterile and fertile
flowers.

MATERIALS AND METHODS

Plant Materials and RNA Extraction
Fertile and sterile flowers were collected from 15-year-old
V. macrocephalum f. keteleeri plants grown on the campus of
Yangzhou University (32◦39′ N, 119◦43′ E, Yangzhou, China)
under natural conditions. To collect samples for RNA, fertile
and sterile flowers from inflorescences at various developmental
stages [early developmental stage S0 (Figures 1A–C), initial
flowering stage S1 (Figures 1D–F), rapid flowering stage S2
(Figures 1G–L), and peak flowering stage S3 (Figures 1M–O)]
were sampled separately, snap-frozen in liquid nitrogen,
and stored at −80◦C until used for total RNA isolation.
The fertile and sterile flowers from earlier developmental
stages (S0, S1) are difficult to distinguish by morphological
observation, although their anatomical structural differences
can be visualized under a stereomicroscope in S1. Thus,
fertile and sterile flowers derived from one inflorescence at
S2 (March 31) were selected for RNA-seq. Three biological
replicates for each sample were selected randomly from three
individuals, and each biological replicate contained 4–6 sterile
or fertile flowers. Samples from fertile and sterile flowers
at S1, S2, and S3 were used for qRT-PCR experiments.
Additionally, 10 inflorescences with fertile and sterile flowers
were collected and prepared for morphological and anatomical
observations.

All total RNA samples were extracted from fertile and sterile
flowers using the Mini BEST Plant RNA Extraction Kit (TaKaRa,
Dalian, China) and treated with genomic DNA (gDNA) Eraser
(TaKaRa, Dalian, China) to reduce or eliminate any DNA
contamination. RNA quality and quantity were determined using
a Nanophotometer spectrophotometer (IMPLEN, CA, USA) and
the Qubit RNA Assay Kit with a Qubit 2.0 Fluorometer (Life
Technologies, CA, USA). RNA integrity was assessed using the
RNA Nano 6000 Assay Kit for the Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA), and RNA samples with
RNA integrity numbers (RINs) > 7.1 were used for RNA-seq.

Morphological and Anatomical
Observations
For inflorescences containing fertile and sterile flowers at
different developmental stages, we first took photographs against
a black background using a digital camera. Similarly, the
developmental processes of stamens and pistils within fertile and
sterile flowers were captured using a stereomicroscope (Olympus
SZX7, Tokyo, Japan). In addition, petal lengths and widths
of fertile and sterile flowers were determined using AutoCAD
software, based on photographs from 30 samples at the S1, S2,
and S3 stages.

From morphological observations, about 20 petal specimens
were cut separately from fertile and sterile flowers at S2, using a
razor blade, and ∼3 mm3 of each sample was prefixed in 2.5%
(v/v) glutaraldehyde (in 0.1 mol/L phosphate buffer, pH 7.2) at
4◦C overnight. After postfixing in 1% (w/v) osmium tetroxide
for 6 h at room temperature, the samples were washed three
times in 0.2 M phosphate buffer (pH 7.2), dehydrated through
an ethanol series, treated twice for 30 min with propylene oxide,
and then infiltrated with 1:1 propylene oxide/resin in embedding
capsules overnight, before finally embedding in Spurr’s resin
(Wang et al., 2016). For ultrastructural observations, 70 nm-
thick sections were cut with a Leica EM UC6 ultramicrotome
(Leica Microsystems GmbH, Wetzlar, Germany), and stained
with 1% (w/v) uranyl acetate and 1% (w/v) lead citrate. Petals
cells were observed and photographed under a Philips Tecnai 12
transmission electron microscope (JEOL Ltd., Tokyo, Japan).

Illumina Sequencing and De novo

Assembly
RNA (∼3 µg per sample) was used as the input material for
constructing libraries. RNA-seq libraries were prepared using
the TruSeq Paired-End (PE) Cluster Kit v3-cBot-HS (Illumina,
PE125) according to the manufacturer’s protocol. Libraries from
fertile and sterile flowers, with three biological replicates, were
sequenced in a single Illumina Hiseq 2500 flowcell, generating
>139 million paired-end reads per sample. A Perl script was
written to remove low-quality sequences (reads with a base
quality < 20). For de novo reference transcriptome assembly,
all high-quality RNA-Seq reads were pooled from the Illumina
sequencing of each of the six samples (three biological replicates)
and were then used as input for assembly using Trinity software
(Grabherr et al., 2011). All raw sequence data have been deposited
in the NCBI Sequence Read Archive (SRA, accession number
SRP076665).

Functional Annotation and Classification
All Illumina-assembled unigenes (the longest transcript for each
gene) were aligned against the NCBI non-redundant protein
(Nr) (http://www.ncbi.nlm.nih.gov/), NCBI non-redundant
nucleotide sequence (Nt), Pfam (http://pfam.xfam.org/), KOG
(http://www.ncbi.nlm.nih.gov/COG/), Swiss-Prot (http://
www.uniprot.org/), and KEGG (http://www.genome.jp/kegg)
databases using BLASTX alignments with an E-value cut-off of
10−5. With Nr annotation, Gene ontology (GO) annotations of
unigenes were obtained using the Blast2GO software (http://
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www.geneontology.org; Götz et al., 2008). GO has three
ontologies describing molecular function, cellular components,
and biological processes (Ashburner et al., 2000). We then used
the WEGO software to perform GO functional classifications
of all unigenes to understand the distribution of gene functions
at the macro level (Ye et al., 2006). Based on KEGG mapping,
unigenes were assigned to multiple pathways, using BLASTx,
thereby retrieving KEGG Orthology (KO) information.

Differential Gene Expression Analysis
Before performing differential expression analysis of unigenes,
we estimated gene expression levels for each sample using the
RSEM software package (Li and Dewey, 2011). The FPKM
(expected number of fragments per kilobase of transcript
sequence per million base pairs sequenced) value was used to
quantify gene expression levels (Trapnell et al., 2010), which takes
the influence of both the sequencing depth and gene length on
read count into account. These expressed data sets are available
at the NCBI GEO, under accession number GSE83429. Next, we
conducted a differential expression analysis of two conditions
using theDESeq R package (ver. 1.10.1; Anders andHuber, 2010).
DESeq provides statistical routines for determining differential
expression in digital gene expression data using a model based
on a negative binomial distribution. The P-value was adjusted
using the Benjamini and Hochberg approach (Benjamini and
Hochberg, 1995). Genes with an adjusted P-value < 0.05, as
found by DESeq, were deemed to be differentially expressed.
GO functional enrichment analysis of the differentially expressed
genes (DEGs) was carried out with the GOseq R package, based
on aWallenius non-central hyper-geometric distribution (Young
et al., 2010), which can find significantly enriched GO terms
in DEGs vs. the genome background. To understand high-level
functions and utilities of the biological system, all DEGs were
assigned to the diverse pathways of the KEGG database. Then,

we used the KOBAS software to test the statistical enrichment of
differentially expressed genes within the KEGG pathways (Mao
et al., 2005).

qRT-PCR Validation and Expression
Analysis
We conducted qRT-PCR experiments to confirm and analyze
basic expression levels of a subset of candidate functional genes.
Treated RNA solutions (10 µL) (without DNA contamination)
from fertile and sterile flowers at S1, S2, and S3 were subjected to
reverse transcriptase reactions with the PrimeScript RT Reagent
Kit (TaKaRa, Dalian, China) according to the manufacturer’s
protocol. Gene-specific primers were designed using Primer
5.0 software (Table S1). The SAND (NC_003071.7) gene was
used as a housekeeping gene to normalize the expression of
the investigated genes. qRT-PCR was performed using a CFX
Connect Real-Time thermal cycler (Bio-Rad, USA) using a
SYBR Premix Ex Taq Kit (TaKaRa) following the manufacturer’s
protocol. PCR reactions were performed as follows: 95◦C for
30 s, followed by 40 cycles of 95◦C for 5 s, 60◦C for 30 s,
and 72◦C for 10 s. Each reaction had three biological replicates,
and comparative threshold (Ct) values were determined with
the Bio-Rad CFXManager software (ver. 3.1.1517.0823). Relative

expression levels of target genes were calculated using the 2−11Ct

method (Livak and Schmittgen, 2001). Standard errors of the
mean among the replicates were calculated. Non-overlapping
letters (a–c) indicate significant differences between fertile or
sterile flowers at different stages, based on ANOVA analysis
and Multiple Range Tests with a confidence level of 95%.
Similar significance analyses were conducted comparing fertile
and sterile flowers in each stage.

Phylogenetic Analyses
The MADS-box gene sequences used were from the V.
macrocephalum f. keteleeri transcriptome and from A. thaliana.
The A. thaliana MADS-box gene sequences were downloaded
from the Arabidopsis Information Resource (TAIR10) (http://
www.arabidopsis.org). All multiple sequence alignments and
phylogenetic trees for MADS-box genes were constructed using
MEGA6.06 software and the neighbor-joining (NJ) algorithm,
according to the manual (Tamura et al., 2013). Bootstrap analyses
with 1,000 replicates were used to assess the robustness of
the tree.

RESULTS

De novo Assembly of the
V. macrocephalum f. keteleeri Flower
Transcriptome
We observed inflorescence development at four stages, from
March 15 to April 13 (Figure 1). At the early stage (March 15,
S0) sterile flowers developed five petals and one pistil surrounded
by five stamens, similar to fertile flowers (Figures 1A–C). One
week later (March 21, before anthesis, S1), the fertile flowers
had normal stamens (or anthers) and pistils (Figures 1D,F),
while the sterile flowers exhibited degenerated stamens (or
anthers) and ruptured stigmas (Figures 1D,E). During the rapid
developmental process (March 31 to April 8, at anthesis, S2),
sterile flowers bloomed gradually, petals enlarged (Figures 1G,J),
and stamens and pistils continued to deform or collapse
(Figures 1H,K), whereas the fertile flowers developed elongated
filaments, plump anthers, and pistils (Figures 1I,L). At the peak
flowering stage (April 13, S3), fertile flowers produced pollen
grains, and pistils were developed fully (Figures 1M,O), whereas
in the sterile flowers, the stamens and pistils had degenerated
completely (Figure 1N).

To investigate differences in the transcriptomes of sterile and
fertile flowers, we sequenced RNA samples extracted from sterile
and fertile flowers at S2 (March 31), using the IlluminaHiseq2500
platform. Three biological replicates were prepared for sterile
and fertile flowers, resulting in 139.05 and 139.86 million raw
reads in the two samples, respectively (Table S2). After removal of
filtering adapters, low-quality sequences, and ambiguous reads,
we obtained approximately 133.40 million and 134.32 million
paired-end clean reads in sterile and fertile flowers, respectively
(Table S2). In total, 267.72 million pooled clean reads were used
for the assembly of sequences with the de novo Trinity software.
This assembly resulted in 132,788 transcripts with a mean length
of 740 bp (N50 = 1323 bp; Figure 2A), and included 105,683
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FIGURE 2 | Length distribution of assembled transcripts and unigenes. N50/N90 represents 50 or 90% length of all unigenes sequences. (A) Distribution

of assembled transcripts. (B) Distribution of assembled unigenes. (C) Percentage of assembled transcripts and unigenes within different length intervals.

unigene sequences with a mean length of 631 bp (N50= 1016 bp;
Figure 2B). Sequences ranging from 200 to 2,000 bp in length
accounted for nearly 91.9% of the total transcripts and 94.3%
of the total unigenes. In total, 10,713 (8.1%) transcripts and
6020 (5.7%) unigenes were >2,000 bp in length (Figure 2C).
For the validation and annotation of the assembled unigenes,
all unigene sequences (105,683 unigenes) were searched against
public protein databases using the BlastX program (E < 1e−5).
The results indicated that 20,724 (19.6%) unigenes had significant
matches in the Nt database, while 38,224 (36.16%), 26,744
(25.3%), 26,629 (25.19%), 13,637 (12.9%), 30,381 (28.74%),
and 12201 (11.54%) unigenes showed significant similarities to
known proteins in the Nr, Swiss-Prot, Pfam, KOG, GO, and KO
databases, respectively (Figure S1A). Of the 105,683 unigenes,
43,870 (41.51%) were successfully annotated from at least one
database. Additionally, the species distribution in the Nr database
showed that 18,615 (48.70%) unigenes had highest similarities
to sequences from Vitis vinifera (48.7%), Populus trichocarpa
(10.60%), or Ricinus communis (9.20%; Figure S1B).

To further characterize the functional classifications of the
annotated unigenes, we searched the annotated sequences for
genes involved in GO classifications. Using Nr annotations,
30,381 (28.74%) unigenes could be categorized into 58 functional
groups and summarized into the three main GO categories
(biological processes, cellular components, and molecular

functions; Figure S1C). In each of the three main GO
classifications, “binding,” “cell,” and “cellular process” were the
most highly represented groups. We also noticed some identified
genes involved in other important biological processes, such
as reproductive processes and growth. KEGG analysis revealed
the biological pathways in which the unigenes were likely
involved. Assembled unigenes were compared with the KEGG
database using BLASTx and the corresponding pathways were
identified. In total, 12,201 unigenes showed significant matches
and were assigned to 274 KEGG pathways (Figure S1D). A
large proportion of these unigenes belonged to translation (1,530
unigenes), followed by signal transduction (1,254 unigenes),
and carbohydrate metabolism (1,169 unigenes). We also noticed
that many genes were involved in cell growth and death (428
unigenes) and developmental (75 unigenes) pathways.

Global Analyses of Gene Expression
Profiles and Distinct Enrichment Analysis
of DEGs between Sterile and Fertile
Flowers
The numbers of clean reads that mapped preferentially to the
assembled unigenes were 110,816,400 in fertile flowers and
113,073,500 in sterile flowers (Table S3). Based on the mapping
results, we further estimated the expression levels of these
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unigenes in terms of FPKM values. We filtered the unigenes
with low expression by applying a cut-off of RPKM < 0.3,
and the remaining 72,908 and 69,372 unigenes for sterile and
fertile flowers, respectively, were deemed to be expressed genes
(data not shown). DEGs were determined using DEseq with an
adjusted P ≤ 0.05. Based on the DEG analysis, 1,908 unigenes
were upregulated in sterile flowers, whereas 3,767 unigenes
were downregulated in sterile flowers (Table S4; Figures 3A,B).
Among those DEGs, 742 DEGs were only expressed in fertile
flowers, and only 34 DEGs were specifically expressed in sterile
flowers (Table S4; Figure 3C).

We further performed GO and KEGG enrichment analyses
to investigate the biological functions of the DEGs we identified.
We found that, in sterile flowers, 1,340 (36.68%) upregulated
DEGs were successfully assigned to 45 significantly enriched
GO terms, and 2,313 (63.32%) downregulated unigenes
were significantly enriched in 42 GO terms (corrected P
≤ 0.05; Table S5). Among these significantly enriched GO
terms, we focused on some important factors that may be
involved in differentiation and development of fertile and
sterile flowers. We found that many upregulated DEGs were
enriched significantly in photosynthesis (GO: 0015979) and
light harvesting (GO: 0009765), and many downregulated genes
were enriched significantly in the starch metabolic process (GO:
0005982) and sucrose metabolic process (GO: 0005985) terms
(Table 1). Moreover, we found that genes related to pollen
development (GO: 0009555) and gametophyte development
(GO: 0048229), such as gene homologs of dynamin-related
protein 1C (c101321_g1, DRP1C), copper transporter 1

(c49933_g1, COPT1), spermidine hydroxycinnamoyl transferase
(c57651_g1, SHT), and transcription factor GAMYB (c57595_g3,
GAM1) (Table S5), were downregulated significantly in
sterile flowers (Table 1). The KEGG enrichment results were
similar to the GO-enriched terms and the gene expression
profiles. KEGG pathway annotations showed that upregulated
and downregulated unigenes were enriched in 131 and 149
KEGG pathways, respectively. We listed the top 20 enriched
pathways with the highest representation in a scatter plot
(Figure 4A). Of these, photosynthesis was the most significantly
enriched pathway among the upregulated DEGs in sterile
flowers (corrected P ≤ 0.05), and 31 DEGs encoding proteins
associated with photosynthesis were identified: for example,
ferredoxin-NADP reductase (c48707_g1, PETH), photosystem
II oxygen-evolving enhancer protein 2 (c428_g1, PSBP), and
photosystem I subunit XI (c40849_g1, PSAL; Figure 4B). The
most significantly enriched pathway among downregulated
DEGs in sterile flowers was starch and sucrose metabolism.
In total, 49 DEGs encoding proteins related to starch and
sucrose metabolism, including pectinesterase (c57992_g8,
PME), beta-glucosidase (c679_g1, BGLU), sucrose-phosphate
synthase (c45976_g1, SPS), and UDP-glucose 6-dehydrogenase
(c34950_g1, UGD) were identified (Figure 4B). Through
ultrastructural observations, we found that chloroplasts were
clearly visible in petal cells of sterile flowers, but were only
rarely present in fertile flowers. Furthermore, fewer starch grains
were contained in the petal cells of sterile flowers than in fertile
flowers (Figure 4C). These significant differences in chloroplast
and starch grain distributions in petal cells from sterile and

FIGURE 3 | Distribution of DEGs between fertile and sterile flowers. (A) Red spots represent upregulated DEGs and green spots indicate downregulated

DEGs. Those shown in blue are unigenes that did not show obvious changes. (B) Clustering analysis of all DEGs between fertile and sterile flowers. Each row

corresponds to a gene, while the samples are represented by the columns. The expression levels for each gene [(log10 FPKM (number of fragments per kilobase of

transcript sequence per million base pairs sequenced) + 1] in a given sample is represented on a blue (low expression) to red (high expression) scale. (C) Specifically-

and commonly-expressed genes in fertile and sterile flowers.
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TABLE 1 | GO terms significantly enriched among up- and downregulated DEGs.

GO terma Description Number in input list Number in BG/Refb Corrected P

UPREGULATION

GO:0006464 Cellular protein modification process 196 2,602 3.41E-07

GO:0006118 Electron transport 52 715 0.020327

GO:0015979 Photosynthesis 47 440 0.0001254

GO:0009416 Response to light stimulus 24 145 4.43E-05

GO:0019684 Photosynthesis, light reaction 14 93 0.0086153

GO:0007267 Cell–cell signaling 13 64 0.0016466

GO:0009765 Photosynthesis, light harvesting 8 22 0.00021899

GO:0009638 Phototropism 3 3 0.025256

DOWNREGULATION

GO:0044042 Glucan metabolic process 111 502 2.17E-19

GO:0005984 Disaccharide metabolic process 110 478 2.60E-20

GO:0005985 Sucrose metabolic process 100 442 5.01E-18

GO:0005982 Starch metabolic process 98 441 3.40E-17

GO:0046351 Disaccharide biosynthetic process 14 53 0.0042711

GO:0005992 Trehalose biosynthetic process 14 49 0.0019354

GO:0009555 Pollen development 14 40 0.00066549

GO:0048229 Gametophyte development 14 58 0.030959

aThese significantly enriched GO terms were selected from Table S5 for their important functions in flower development. bBG/Ref, Background/Reference.

fertile flowers confirmed a close correlation between petal
organs and the KEGG enrichment analysis and GO-enriched
results.

Identification of Candidate DEGs Involved
in Reproductive Processes and Expression
Dynamics Analysis
Sterile flowers exhibited degenerated stamens (or anthers) and
pistils, which were distinct from fertile flowers with normal
stamens and pistils (Figure 1). Thus, we concentrated on
genes involved in reproductive processes, including anther and
pollen development, tapetum development, callose synthase,
female gametophyte development, meiosis, and programmed
cell death (PCD), and found that many candidate genes
were differentially expressed between sterile and fertile flowers
(Table S6; Figure 5A). For example, the homologs of genes
involved in another development, such as LAT52, which encodes
the anther-specific LAT52 protein, showed significantly lower
expression in sterile flowers. Most of the homologous regulators
related to pollen development, including the bidirectional sugar
transporter NEC1 (NEC1), myb-like DNA-binding domain
transcription factor GAMYB (GAM1), pollen-specific protein
SF3 (SF3), and 4-coumarate-CoA ligase-like 1 (ACOS5) were
downregulated in sterile flowers. Additionally, gene homologs
related to callose synthase, tapetum development, and female
gametophyte development, such as callose synthase 2 (CALS2),
transcription factor ABORTED MICROSPORES (AMS), and
protein RADIALIS-like 1 (RL1), and homologs of meiosis-related
PAIR1-like protein (PAIR1-like), also showed lower expression in
sterile flowers than in fertile flowers. In contrast, the expression
levels of all these genes were upregulated significantly in fertile

flowers, indicating that these genes are important for the normal
development of reproductive organs.

Programmed cell death (PCD) occurs commonly in flowering
and reproduction processes, and is required for tapetum and
pollen development (Thomas and Franklin-Tong, 2004; Zhang
et al., 2014). Thus, we next analyzed the homologs of PCD
negative regulators, such as aspartic proteinase PCS1 (PCS1);
calcium-transporting ATPase 4, plasma membrane-type (ACA4);
Bax inhibitor 1 (BI-1); and tapetal PCD-associated KDEL-
tailed cysteine endopeptidase CEP1 (CEP1) and found that their
expression levels were all low in sterile flowers and higher in
fertile flowers. Additionally, BAG family molecular chaperone
regulator 1 (BAG1) and BAG2, which may act as positive
regulatory factors in PCD, were upregulated in sterile flowers
and downregulated in fertile flowers. These results indicate that
these PCD regulators may be associated with the degenerescence
of reproductive organs contributing to differentiation and
development of sterile and fertile flowers.

To validate the differential expression results, eight DEGs
involved in reproductive processes, LAT52, SF3, GAM1, AMS,
CALS5, RL1, PAIR1-like, and BAG2, were selected for qRT-
PCR analysis (Figure 5B). The results showed that the relative
expression levels of seven key regulators were lower in sterile
flowers than in fertile flowers at S2, confirming, in all cases,
the differential expression observed with RNA-Seq. Moreover,
we compared the changes in these expression levels during the
various development stages of sterile and fertile flowers and
found that LAT52, SF3, GAM1, AMS, CALS5, RL1, and PAIR1-
like genes showed higher levels of expression from S1 to S3 in
fertile than sterile flowers. In contrast, BAG1 showed a lower
level of expression from S1 to S3 in fertile flowers. We further
found that the levels of the LAT52, SF3, and CALS5 remained

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 261 | 154

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Lu et al. Transcriptional Regulation in Viburnum Flowers

FIGURE 4 | KEGG enrichment analysis of DEGs (upregulated and downregulated) revealed significantly enriched photosynthesis pathway, starch and

sucrose metabolism pathway, and related genes. (A) Statistics for the top 20 enriched pathways among upregulated and downregulated genes. The degree of

KEGG enrichment was determined by the enrichment factor, q-value, and gene number. The sizes and colors of spots represent the number of DEGs and the q-value.

Blue arrow points to the most significantly enriched pathways. (B) Expression profile of DEGs involved in photosynthesis (31 DEGs) and starch and sucrose

metabolism pathways (49 DEGs) between fertile and sterile flowers. Heatmap shows expression profiles of DEGs. The rows and columns represent genes and

samples (fertile and sterile flowers), respectively. Expression differences are shown in different colors. Yellow indicates a high expression level and blue indicates a low

expression level. (C) Ultrastructural observations of petals of fertile and sterile flowers. Ch, chloroplast; Sg, starch grain. Red and black arrows indicate chloroplasts

(sterile flowers) and starch grains (fertile flowers), respectively.
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FIGURE 5 | Expression profile of 49 DEGs involved in reproductive processes between fertile and sterile flowers of V. macrocephalum f. keteleeri and

qRT-PCR analysis. (A) Heatmap shows expression of genes associated with anther and pollen development, tapetum development, callose synthase, female

gametophyte development, meiosis, and programmed cell death (PCD) in RNA-seq samples (fertile and sterile flowers at March 31). The bar represents the scale of

the expression levels for each gene in fertile and sterile flowers, as indicated by blue (low expression) and yellow rectangles (high expression). (B) qRT-PCR analysis of

the expression profiles of eight transcripts during fertile (blue) and sterile flower (red) development. The points (S1–S3) from left to right on the x-axis represent different

developmental stages. The y-axes show relative expression levels analyzed by qRT-PCR. Columns and error bars indicate means and standard deviations of relative

expression levels (n = 3), respectively. Non-overlapping letters (a–c) indicate significant differences (P < 0.05) between fertile (blue letters) or sterile flowers (red letters)

from different stages. Significant differences (P < 0.05) between fertile and sterile flowers in each stage were also evaluated.

low in S1 and S2 and then increased significantly from S2 to
S3 in fertile flowers, whereas AMS showed highest expression
in S1 and was almost undetectable in S2 and S3, indicating that
LAT52, SF3, and CALS5 are involved in maintaining pollen and
tapetum development, and AMS made a greater contribution to
regulating early tapetum development of fertile flowers than of
sterile flowers.

Identification of Candidate DEGs
Associated with Cell Proliferation and
Expansion and Expression Dynamics
Analyses
Through morphological analyses of petal development at the S1,
S2, and S3 stages of fertile and sterile flowers, we found that
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the lengths and widths of petals in sterile flowers (2.31 ± 0.11
in length; 1.91 ± 0.12 in width at S3) were markedly larger
than in fertile flowers (0.53 ± 0.04 in length; 0.37 ± 0.02 in
width at S3; Figure 6A). Given the rapid expansion in sterile
flower petals, compared with fertile flowers, we investigated
genes associated with cell proliferation and expansion. In
total, 41 candidate DEGs were identified and most of them
were upregulated in sterile flowers, such as genes encoding
expansin-like A2 (EXPA2), EXPA13, protein COBRA (COB),
receptor protein kinase TMK1 (TMK1), receptor-like protein

kinase FERONIA (FER), THESEUS 1 (THE1), kinesin-like
protein NACK1 (NACK1), and MIXTA-like 8 protein (Table S7;
Figure 6B). Additionally, a negative regulator of cell proliferation
and expansion, BIG PETAL (BPE, Varaud et al., 2011), was
identified and showed lower expression levels in sterile flowers.
In particular, we detected many genes of the TCP family, which
plays significant roles in the morphological characteristics of
the floral organ (Yang et al., 2015), and found their expression
levels were also higher in sterile flowers than in fertile flowers.
These included TCP2, TCP5, TCP7, TCP8, TCP13, TCP14,

FIGURE 6 | Expression profiles of 41 DEGs involved in cell proliferation and expansion between fertile and sterile flowers of V. macrocephalum f.

keteleeri and qRT-PCR analysis. (A) Morphological analysis of petal development of fertile and sterile flowers. The lengths and widths of petals were measured

from stereoscope images of 30 petals at each developmental stage using AutoCAD software. The x-axis shows different developmental stages (S1–S3), while the

y-axes show corresponding measured data from AutoCAD. FPL, length of fertile petal; FPW, width of fertile petal; SPL, length of sterile petal; and SPW, width of sterile

petal. Bars = 0.1 cm (S1, S2), 1 cm (S3). (B) Heatmap shows expression of genes in RNA-seq samples. The representation of bars is the same as in Figure 5A. (C)

qRT-PCR analysis of the expression profiles of seven DEGs during fertile (blue) and sterile flower (red) development. The representation of the x-axis, y-axis,

significance tests and error bars are as described in Figure 5B.
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and TCP15. These results suggested that these TCP family
members may contribute to controlling floral morphology in
V. macrocephalum f. keteleeri. However, we also detected other
candidate genes associated with proliferation and expansion,
including the transcriptional regulators SUPERMAN (SUP),
AINTEGUMENTA-like 5 (AIL5), zinc finger protein JAGGED
(JAG), and squamosa promoter-binding-like protein 15 (SPL15),
and found that they were upregulated in fertile flowers. We
propose that these upregulated genes play important roles in
controlling reproductive organ development.

We examined the expression level changes of seven key cell
proliferation- and expansion-related DEGs, BPE, COBL7, TCP2,
MIXTA-like 8, JAG, AIL5, and SUP, by qRT-PCR during the
development stages of sterile and fertile flowers (Figure 6C). Our
results showed that the expression levels of COBL7, TCP2, and
MIXTA-like 8 genes were higher during the development stages
of sterile flowers vs. fertile flowers. In contrast, significantly lower
expression levels of BPE, AIL5, JAG, and SUP were observed
in sterile flowers. We found that the expression levels for the
regulatory factor TCP2 and MIXTA-like 8 were highest in sterile
flowers at S1 and S2, and then decreased markedly in S3,
consistent with the rapid development of sterile flowers from
S1 to S2. In contrast, the level of BPE, acting as a negative
regulatory factor, showed highest expression levels at S1 in fertile
flowers, and then declined significantly in S2 and S3, indicating
its important role in regulating floral organ development.
Our qRT-PCR results were also generally consistent with
the RNA-Seq data, despite some differences in expression
levels.

Identification of Candidate DEGs Related
to Phytohormone Signaling and Expression
Dynamics Analyses
Phytohormone signaling plays a vital role in regulating
floral organ growth and reproductive processes (Song et al.,
2013). We identified many homologous genes involved in
phytohormone signaling, including genes related to auxin,
cytokinin, brassinosteroid, gibberellin, and jasmonate that
showed differential expression between sterile and fertile flowers
(Table S8; Figures 7A,B). For example, in the auxin signaling
pathway, most of the genes encoding auxin-response factors
(ARFs), the indole-3-acetic acid-amido synthetase GH3 family,
and SAUR family proteins were upregulated in fertile flowers.
In contrast, the auxin-responsive proteins (AUX/IAA), involved
in auxin signaling function as repressors of early auxin response
genes, were downregulated in fertile flowers. In the gibberellin
and jasmonate signaling pathways, genes encoding the protein
TIFY (JAZ1/6/10) and the gibberellin receptor GID1 (GID1)
were upregulated in fertile flowers, whereas the DELLA proteins
(GAI, RGL1), which act as repressors of the gibberellin signaling
pathway (Cheng et al., 2004), were downregulated. Additionally,
the type-A response regulator genes (ARR9, ARR17), as negative
regulators in the cytokinin signaling pathway, had higher
expression levels in fertile flowers. These results indicate
that auxin, gibberellin, jasmonate, and cytokinin signaling-
related genes are involved in maintaining fertility/infertility or

promoting the developmental divergence between fertile and
sterile flowers.

We further selected two key DEGs (IAA7 and GAI1) involved
in auxin and jasmonate signaling to assess their expression level
changes during different development stages (Figure 7C). qRT-
PCR analysis showed that the expression of IAA7 decreased
slightly from S1 to S2 in sterile flowers (not significant), and
was highest in S3. In contrast with IAA7, in sterile flowers,
GAI expression was highest in S1 and declined from S1 to
S3, indicating the genes’ involvement in auxin and gibberellin
signaling in sterile flower development.

Analysis of Putative TFs and Other
Regulators Involved in Flower
Development and Expression Dynamics
Analyses
TFs are key regulatory proteins that play important roles
in regulating gene expression in various plant biological
processes, such as flower development, secondary metabolism,
and responses to abiotic and biotic stresses (Riechmann and
Ratcliffe, 2000; Singh et al., 2002; Yang et al., 2012). We found
that 2,072 genes were putatively identified as TFs and associated
with 79 TF families in the integrative plant transcription factor
database (PlnTFDB; Pérez-Rodríguez et al., 2009). Of them, the
most abundant TF family was theMYB superfamily (159, 7.68%),
followed by AP2-EREBP (127, 6.13%), C2H2 (102, 4.93%), and
bHLH (99, 4.78%; Figure 8A). In total, 50 TFs were associated
with the MADS-box family, which are regarded as flower
development regulators (Table S9). For example, gene homologs
encoding DEFICIENS (DEF) and GLOBOSA (GLO) proteins
were identified as B class genes, and AGAMOUS (AG) homologs
have been identified as C class genes in V. macrocephalum f.
keteleeri. To obtain a more comprehensive class of ABCDE
gene homologs in this species, we selected 21 MADS-box genes
and the 60 MADS-box genes of A. thaliana to perform a
phylogenetic analysis (Figure 8B). This analysis showed that two
orthologs (c48898_g1, c10961_g1) of SEPALLATA 1 (SEP1) and
SEP2 formed a well-supported clade as class E gene homologs.
The c35415_g2 and c51031_g1 transcripts were identified as
AGAMOUS (AG) family genes, defined as class C gene homologs.
Other MADS-box TFs of V. macrocephalum f. keteleeri also
appeared to cluster with strong support with particular genes
from A. thaliana, such as SOC1, MADS6, and AGL18-like genes.
On the basis of this orthology analysis, we constructed putative
orthologs of ABCDE-class genes, to characterize floral organ
development in V.macrocephalum f. keteleeri (Table 2).

We next performed a differential expression analysis of the
identified TFs, and found that 377 TFs could be classified into 54
TF families displaying differential expression between fertile and
sterile flowers. The largest numbers of differentially expressed
TFs were in the MYB family (36), followed by bHLH (28),
C2H2 (28), and AP2-EREBP (25). We performed a screen on
differentially expressed TFs (|log2(ratio)| ≥ 4) to identify those
that were significantly upregulated or downregulated in sterile
flowers (Figure 9A). We found that among the differentially
expressed TFs, the majority were significantly downregulated
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FIGURE 7 | Expression profile of 37 DEGs involved in phytohormone signaling between fertile and sterile flowers of V. macrocephalum f. keteleeri and

qRT-PCR analysis. (A) Heatmap shows expression of genes associated with auxin, cytokinin, brassinosteroid, gibberellin, and jasmonate signaling in RNA-seq

samples. The representation of the bars is as described in Figure 5A. (B) Overview of DEGs, summarized by upregulation and downregulation in sterile flowers. (C)

qRT-PCR analysis of two transcripts during fertile (blue) and sterile flower (red) development. The representation of the x-axis, y-axis, significance tests and error bars

are as described in Figure 5B.

in sterile flowers, while the majority, including MYB and
MADS family members, were upregulated in fertile flowers
(Figure 9A). All the differentially expressed MADS family TFs
showed significantly lower expression in sterile flowers and

high expression in fertile flowers (Figure 9B). We summarized
all differentially expressed MADS-box genes that may be
involved in controlling flowering time, floral organ identify, and
other functions in Figure 9B. We also identified many other
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FIGURE 8 | Analysis of transcription factors (TFs) during flower development in V. macrocephalum f. keteleeri. (A) Distribution of TF families. TFs were

identified in fertile and sterile flowers of V. macrocephalum f. keteleeri. Numbers in the parentheses after each TF family indicate the number of differentially expressed

TFs (first number) and all members of this TF family identified by RNA-Seq (second number). (B) Phylogenetic analyses of MADS-box genes. A phylogenetic tree of 21

MADS-box genes from V. macrocephalum f. keteleeri and 60 MADS-box genes from A. thaliana. Blue circles indicate genes from V. macrocephalum f. keteleeri. The

red clades show C, D, and E class MADS-box genes associated with floral organ identify. Red triangles correspond to floral regulators in A. thaliana.

regulators involved in floral meristem, floral patterning, floral
organ polarity, floral patterning, flowering pathway, and others
showing differential expression profiles between fertile and sterile
flowers (Table S10; Figure 9C). Most of these TFs and genes also
had lower expression levels in sterile flowers and higher levels in
fertile flowers.

Furthermore, we performed qRT-PCR experiments to
determine the expression patterns of key regulators, including
AG1, SEP1/2, SVP, and AGL15, which are involved in regulating
flowering time, floral organ development, and floral meristem
during the different developmental stages (Figure 9D). We
found that the expression levels of AG1 and SEP1/2 of classes
B and E, respectively, declined from S1 to S3 in sterile flowers.
Additionally, the levels of the negative regulatory factor genes
SVP and AGL15, which are associated with flowering time,
declined from S1 to S2 in fertile flowers and then increased
in S3. However, all these key genes showed lower expression
levels in sterile flowers than in fertile flowers, indicating their
involvement in floral organ identify and flowering time.

DISCUSSION

De novo Assembly and Transcriptome
Annotation
De novo transcriptome analyses have been used widely for
flowering plants without a reference genome to discover
genes and their expression patterns involved in flower and
reproductive developmental processes. Previous studies with
floral transcriptomes from different stages and tissues have

contributed to identifying new floral-expressed genes (Zhang
et al., 2014), floral biomarker genes, stage-specific genes,
tissues-specific genes (Vining et al., 2015), transcription factors,
lineage-specific genes (Bhide et al., 2014; Zhang et al., 2014),
and flowering time regulators (Fan et al., 2015). Sterile and
fertile flower differentiation and formation are driven by adaptive
and selective stress, and as an important evo-devo phenotype
associated with flower shape, size, and fertility. For example,
from transcriptome profile analyses of fertile and sterile floral
buds from plants with cytoplasmic male sterility (CMS) or
genic male sterility (GMS) such as Brassica napus (An et al.,
2014), cotton (Yang et al., 2014), and Capsicum annuum (Chen
et al., 2015), changes in expression patterns of some genes
involved in anther and pollen development have been identified
between fertile and sterile floral buds. However, a comparative
global expression analysis of fertile vs. sterile flowers has been
lacking.

Because the inflorescence of V. macrocephalum f. keteleeri
contains distinct sterile and fertile flowers, comparisons of sterile
and fertile flower materials within one inflorescence enable
analyses in a consistent genetic background. With no available
genomic information for this species, we used RNA-seq to obtain
large numbers of paired-end clean reads (34.4 G) from sterile and
fertile flowers, and constructed more comprehensive transcripts
(105,683 unigenes). This large number of reads produced more
unigenes than those generated from some perennial shrubs (Gao
et al., 2015; Zheng et al., 2015) and increased the coverage
depth of the transcriptome, improving the de novo assembly and
sequencing accuracy.
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TABLE 2 | V. macrocephalum f. keteleeri unigenes that show homology

with ABCDE-class genes.

Category Transcript ID Orthologous gene

A class c15401_g1 Floral homeotic protein APETALA 1 (AP1)

c79121_g1

c56198_g1

c31141_g1 Floral homeotic protein APETALA 2 (AP2)

c44268_g1

c48961_g2

c50326_g1

c56440_g2

B class c44362_g2 Floral homeotic protein PISTILLATA (PI)

c101101_g1 Floral homeotic protein GLOBOSA (GLO)

c76268_g1 Floral homeotic protein DEFICIENS (DEFA)

c47136_g1

C class c35415_g2 Floral homeotic protein AGAMOUS (AG2/AG)

c51031_g1

c35415_g1

D class c51057_g1 Agamous-like MADS-box protein AGL11 (STK)

E class c10961_g1 Developmental protein SEPALLATA 1/2 (SEP1/2)

c48898_g1

Further annotation of the unigenes revealed that reproductive
processes, cell growth and death, and development-associated
genes participated in the differentiation and development of
fertile and sterile flowers. However, over 55% of unigenes still
had no hits in public databases, which may be attributable
to many short sequences; moreover, these unmatched
unigenes might represent genes specific to V. macrocephalum f.
keteleeri.

Global Changes in Gene Expression Reveal
Significantly Enriched Pathways in Fertile
and Sterile Flowers
Floral organ differentiation and development are highly regulated
through temporal and spatial gene expression, with each organ
having distinct transcriptomes (Zhang et al., 2014). Because
the fertile flowers of V. macrocephalum f. keteleeri possess
normal pistils and stamens, vs. the sterile flowers with abnormal
reproductive components, thus we considered that some DEGs
between fertile and sterile flowers would be associated with
reproductive processes and/or plant fertility. Although over
5,000 DEGs between fertile and sterile flower development were
found in this study, the key or upstream regulators triggering
divergence may not be included in S2, as such regulators are
likely expressed in an earlier stage. Therefore, the DEGs identified
may refer to the downstream genes or regulators that maintain
reproductive units underlying differentiation and development
of fertile and sterile flowers during the rapid development
stage.

Previous studies have confirmed that some genes, such as
COPT1, sucrose-phosphate synthase (SPS), SHT, GAM1, and
sucrose synthase (SUS), are required for pollen development
and starch and sucrose metabolism (Sancenón et al., 2004; Park
et al., 2008; Lin et al., 2014). In the present study, these genes
were significantly downregulated in sterile flowers compared
to fertile flowers, suggesting that they may participate in the
degeneration and stagnation of stamens in sterile flowers during
their differentiation and development.

Regarding upregulated DEGs in sterile flowers, many
photosynthesis-related genes, such as PSBP and PETH, function
in electron transfer in photosynthesis activity (Ishihara et al.,
2007; Lintala et al., 2007). This result was consistent with
the ultrastructural observations that more chloroplasts were
distributed in the petal cells of sterile flowers, indicating that
the sterile flowers had relatively high photosynthesis capabilities.
Considering that sterile flowers have much greater size and
higher biomass than do fertile flowers, we speculate that the
process of flower formation and petal expansion in sterile
flowers may be partially attributed to their higher photosynthetic
capabilities. After all, having more photosynthetic products is
beneficial to supplying the energy and materials needed to
construct larger floral organs in sterile flowers.

Expression Level Changes in Genes
Involved in Reproductive Processes in
Fertile and Sterile Flowers
Sexual reproduction requires a developmental phase transition,
and results in the formation of flowers with highly specialized
organs, including anther-bearing stamens and ovule-bearing
carpels (Xing et al., 2010). Within these organs, cells are
recruited to undergo meiotic divisions to form male and female
gametophytes. Many of the genes and regulatory pathways
controlling anther and pollen development, meiosis, and female
gametophyte development have been characterized (Irish, 2010).
Molecular and genetic studies have found that the altered
function of some genes can result in severe reductions in
fertility. For example, knocking out the CALS5 gene, encoding
a callose synthase that is essential for exine formation in the
pollen wall, can reduce Arabidopsis fertility (Dong et al., 2005).
Similarly, mutations in Arabidopsis EXTRA SPOROGENOUS
CELLS/EXCESS MICROSPOROCYTES1 (EMS1/EXS) can cause
abnormal tapetum development and result in male sterility
(Canales et al., 2002). Ectopic expression or altered function
of some other genes, including PCS1, PAIR1, PAIR2, PAIR3,
and MCM8, also can lead to a failure in anther dehiscence and
fertility, as well as meiosis (Ge et al., 2005; Nonomura et al.,
2006; Yuan et al., 2009; Crismani et al., 2013), suggesting their
important roles in reproductive organ development. Recently,
many genes responsible for anther and pollen development in the
CMS and GMS systems of B. napus and Citrullus lanatus have
been identified and they showed differential expression levels
between fertile and sterile flower buds (An et al., 2014; Rhee et al.,
2015).

Here, our RNA-seq and qRT-PCR results revealed that many
homologs of genes involved in anther and pollen development
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FIGURE 9 | Analysis of differentially expressed TFs and other floral regulators between fertile and sterile flowers. (A) Representative functions and genes

showing different transcription factor families for fertile and sterile flowers. Significantly upregulated (pink) and downregulated (orange) TFs in sterile flowers were

screened using a cut-off of |log2(ratio)| ≥ 4. (B) Expression profile of MADS-box TFs involved in flowering time, floral organ identity, and other roles. The representation

of the bar is as described in Figure 5A. (C) Expression profile of other differentially expressed TFs and other genes involved in floral meristem, floral patterning, floral

organ polarity, floral patterning, flowering pathway, and other processes. The representation of the bar is as described in Figure 5A. (D) qRT-PCR analysis of four

transcripts during fertile (blue) and sterile flower (red) development. The representation of the x-axis, y-axis, significance tests and error bars are as described in

Figure 5B.

were significantly downregulated in sterile flowers, including
CALS5, AMS, GAM1, LAT52 SF3, NEC1, ASCO5, SHT, and
DRP1C, suggesting that they are potential factors causing stamen
degradation in sterile flowers. Similar expression changes were
also observed in female gametophyte development-associated
genes, such as NACK1, ATP-dependent RNA helicase (SUV3),
and RL1, which likely give rise to abnormal female gametophytes,
subsequently resulting in the collapse of pistils in sterile flowers.

In particular, qRT-PCR results indicated that PCD-related
BAG1 was significantly expressed at higher levels from S1 to S3
in sterile flowers, suggesting that the gene may cause rapid PCD
in degenerated stamens and pistils of sterile flowers. These results

also suggest that some genes have conserved roles in regulating
floral organ formation, and these reproduction-associated genes
are involved in regulating fertility and sterility differentiation
through temporal and spatial gene expression patterns.

Expression Level Changes in Genes
Involved in Cell Proliferation and Cell
Expansion in Fertile and Sterile Flowers
Flowers exhibit various colors, shapes, and sizes, in which
petal or flower size is an important attractive characteristic for
pollinators. The final size of a flower or an organ depends
largely on cell proliferation and cell expansion (Powell and
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Lenhard, 2012; Czesnick and Lenhard, 2015). Some genes related
to cell proliferation and expansion have been identified (Powell
and Lenhard, 2012; Czesnick and Lenhard, 2015). For example,
a petal-specific transcription factor, BIGPETAL (BPEp), can
interfere with petal cell expansion by interaction with AUXIN
RESPONSE FACTOR8 (ARF8) (Varaud et al., 2011). Similarly,
the MIXTA-like genes have been demonstrated to regulate petal
epidermal conical cell differentiation in multiple plant species
(Perez-Rodriguez et al., 2005; Weng et al., 2011). In particular, a
cascade of transcription factor Class II TCPs and GRFs (growth-
response factors) is involved in promoting cell proliferation,
and class I TCPs, including TCP14, TCP15, and TCP20, also
modulate cell proliferation and expansion in an organ, suggesting
essential roles in controlling organ growth and size (Czesnick and
Lenhard, 2015).

In this study, homologs of genes associated with cell
proliferation and expansion, such as COBL, MIXTA-like 8,
TMK1, EXPA2, EXPA13, and TCP family members, were
upregulated in sterile flowers, indicating that these genes may be
associated with the petal size of sterile flowers. Further qRT-PCR
analyses revealed that TCP2 andMIXTA-like 8 were significantly
highly expressed in S1 and S2 in sterile flowers, suggesting
that they may be responsible for regulating cell proliferation or
differentiation in rapid petal expansion. In contrast, a homolog of
the negative regulator BPE showed significantly lower expression
from S1 to S3 in sterile flowers, and much lower expression in S2
in sterile flowers, which is consistent with rapid petal expansion
and suggests its key role in forming larger petals in sterile than in
fertile flowers.

Expression Level Changes in Genes
Involved in Phytohormone Signaling in
Fertile and Sterile Flowers
Phytohormones including auxins, gibberellins (GA), cytokinins,
brassinosteroids, abscisic acid, and jasmonates all play important
roles in the regulation of flower or reproductive development
(Yuan and Zhang, 2015). For example, most of the mutants
in jasmonate biosynthesis are male sterile and can be rescued
by the application of JA (Song et al., 2013; Yuan and Zhang,
2015). Similarly, brassinosteroid can regulate key genes in anther
and pollen development (Ye et al., 2010). Increasing evidence
indicates that the coordinated actions of jasmonate, auxin,
gibberellin, cytokinin, and brassinosteroid play essential roles in
the regulation of stamen development in Arabidopsis (Song et al.,
2013).

In this study, our RNA-seq data revealed that many
homologs of genes or proteins involved in auxin (e.g., ARFs,
GH3, and SAUR family proteins), jasmonate (e.g., JAZs) and
gibberellin (e.g., GID1 and GIDB) signaling were downregulated
in sterile flowers, in coordination with the downregulation of
several genes related to fertility, implying that they may be
involved in regulating fertility and sterility differentiation of V.
macrocephalum f. keteleeri flowers. Similar expression patterns
for cytokinin signaling-related negative regulators were also seen
in sterile flowers, which is consistent with the upregulation of
several genes related to cell proliferation and expansion. We

propose that cytokinin-associated genes may be a factor in petal
expansion through cell proliferation and expansion, contributing
to flower size.

Transcriptional Regulation in Fertile and
Sterile Flower Development
TFs are a group of proteins that act by activating or repressing the
expression of downstream target genes; they play important roles
in regulating flower development (Qu and Zhu, 2006). Previous
studies in the model species A. thaliana and Antirrhinum majus
have identified many TFs from various TF families involved in
flower development, such as MADS, bHLH, and MYB family
members (Egea-Cortines et al., 1999; Riechmann and Ratcliffe,
2000; Jin et al., 2015). Most Arabidopsis MADS family TFs were
detected predominantly in flowers (Egea-Cortines et al., 1999;
Ó’Maoiléidigh et al., 2014). They are also major components
in the classical ABCDE model, and specific combinations of
ABCDE genes correspond to the identity of each concentric
whorl of sepals (A+E), petals (A+B+E), stamens (B+C+E),
carpels (C+E), and ovules (D+E) (Pelaz et al., 2000; Theissen
and Melzer, 2007). BHLH family proteins are one of the largest
families of TFs, and many of them have been characterized
functionally in plants (Carretero-Paulet et al., 2010). The gene
SPATULA, encoding a bHLH TF, has been shown to be
involved in controlling floral-organ formation as well as the
morphogenesis of sepals, petals, and stamens in Arabidopsis and
rice (Li et al., 2006; Groszmann et al., 2010).

In sterile and fertile flowers, most MYB, bHLH, AP2-
EREBP, C2H2, and MADS family TFs were highly expressed,
suggesting essential roles in regulating V. macrocephalum f.
keteleeri flower development. Further phylogenetic analyses
of MADS-box family genes revealed some important floral
regulators including ABCDE-class homologous genes, which
may contribute to floral organ identification and further
functional research in the floral differentiation and development
of the genusViburnum. Moreover, RNA-seq and qRT-PCR results
indicated many differentially expressed TFs, including MADS-
box family members, and showed uniform lower expression
in sterile flowers, suggesting probable functions in fertility
degeneration in sterile flowers.

CONCLUSION

We constructed a transcriptome library from V. macrocephalum
f. keteleeri and obtained large sets of transcript data from its
flowers. We found that genes that were differentially expressed
between fertile and sterile flowers were involved primarily
in photosynthesis, starch and sucrose metabolism, pollen
development, female gametophyte development, phytohormone
signaling, and cell proliferation and expansion. Additionally,
many transcription factors, including MADS-box genes, were
involved in fertile vs. sterile flower differentiation. Our results
showed involvement of comprehensive transcriptional regulation
networks related to flower fertility and size in regulating
differentiation and development of fertile and sterile flowers in
V.macrocephalum f. keteleeri.
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Dianthus chinensis is a perennial herbaceous plant with great ornamental, botanical,

ecological, and medicinal value. The pistil of D. chinensis is composed of two fused

carpels with free central placenta and two separate styles. The placenta is a columnar

structure extending about two-thirds the length of the maturing fruit, which is typical

of the Caryophyllaceous. Traditionally, free central placenta is thought to have evolved

from axial placenta by septal disappearance, and axial placenta to have occurred

through fusion of conduplicate carpels with marginal placenta. However, the traditional

opinion is becoming more and more inconsistent with the new data gained in recent

research of angiosperm systematics. To clarify the origin of D. chinensis pistil, the present

anatomical study was carried out. The results show that the vascular system of placenta

is independent to that of the ovary wall in D. chinensis. Moreover, in the central part

of placenta there are one or two amphicribral bundles, and correspondingly numerous

ones in the pistil which supply the ovules/seeds. It is obvious that the central amphicribral

bundles in placenta are comparable to the counterparts in branches but not to those

in leaves or their derivatives. Therefore, it is reasonable to deduce that the placenta

of D. chinensis was not derived from conduplicate carpels through fusion of collateral

vascular bundles, and actually a floral axis with ovules/seeds laterally adhering. On

the contrary, the ovary wall was the lateral appendages of the floral axis. The result

of the present study is completely in agreement with Unifying Theory, in which the

placenta is taken as an ovule-bearing branch. Except forD. chinensis, the similar vascular

organization has been observed in placenta of numerous isolated taxa. But till now,

it is uncertain that whether this vascular organization pattern is popular in the whole

angiosperms or not. More intensive and extensive investigations are needed.

Keywords: angiosperm, placenta, carpel, origin, comparative anatomy, Dianthus chinensis

INTRODUCTION

The angiosperms, or flowering plants, one of the major clades of extant seed plants, are the largest
group of embryophytes, with at least 260,000 living species classified in 453 families (Angiosperm
Phylogeny Group, 2003). Angiosperms are amazingly diverse in their habitats, size, longevity,
overall form, chemistry, reproductive morphology, and genome size and organization (Soltis and
Soltis, 2004). Given this diversity, angiosperm phylogeny, branded “an abominable mystery” by
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Darwin (Darwin and Seward, 1903), remains a topic of intense
research to date. The structures of plant flowers are usually less
affected by their environment than their vegetative parts over the
long-term processes of evolution; therefore, the understanding
of floral structure makes an important contribution to the
discussion of angiosperm phylogeny, and has been studied by
systematists in this context (Endress, 1994).

The carpel is an essential feature of angiosperms and
understanding its origin is vitally important to improve
of our knowledge of angiosperm phylogeny (Tang, 2008).
Although the traditional theory of the origin of the carpel,
in which the carpel is the basic unit of the angiosperm
pistil and evolved by megasporophyll with ovule bearing
on its edge (Eames, 1961; Cronquist, 1988), is widely
accepted in angiosperm systematics, and is still taught
in the classroom, recent progress in the field, based on
molecular biology, has refuted the previously accepted
hypothesis.

Arabidopsis thaliana flower has four-whorl floral organs,
whose growth and development are controlled by different
gene combinations (Skinner et al., 2004; Mathews and Kramer,
2012). After the gene that controls the development of the
ovary wall is knocked out, the ovule can still develop in the
branched placenta (Roe et al., 1997), suggesting that the loss of
the ovary wall does not affect the development of the placenta
and ovule and is independent of the latter two. When the
gene of the control placenta is artificially altered, the ovary
wall develops normally, but the placenta changes greatly (Wynn
et al., 2014). The co-expression of REV and STM in the
placenta primordium is the characteristic of the top of the
branch, suggesting that the placenta is essentially a branch.
The placenta may have evolved from an originally separate
fertile structure that was recruited later onto so-called carpel
(Skinner et al., 2004). In Petunia and Oryza, the ovary walls
and the placenta are also controlled by two different sets of

FIGURE 1 | The flower and pistil of Dianthus chinensis L. CB, connecting bands between placenta and styles; GB, gynobase; GH, gynophore; JOS, juncture of ovary

and styles; MO, middle of ovary; VU, ovule; OW, ovary wall; UO, upper part of ovary; S, style; ST, stigma. (A) A flower, showing the upper parts of two separate

stigmata. (B) The appearance of a pistil 2 days after flowering, showing the shapes of the gynophore, ovary, style, and stigma, and the location of the papillae (arrow).

(C) A pistil (with part of the ovary wall removed), gynophore, and stigma, showing the central placenta bearing ovules in the ovary and the distribution of papillae

covering the transmission tissue (arrow). (D) The pistil with the ovary wall removed, showing the lower end of the style (arrow) and connecting bands between the

placenta and the styles. (E) Transection through the middle of an ovary, showing the papillae distributed at a position corresponding to the septum. (F) Part of the

stigma, showing the form of the papillae on the abaxial side of the stigma. (G) A free central placenta bearing ovules, showing ovule arrangement on the placenta.

genes (Angenent et al., 1995; Li et al., 2011). Functional gene
studies of these model plants indicate that the placenta and
ovary wall of angiosperms are controlled by different genes,
being equivalent to an ovule-bearing shoot and a foliar organ,
respectively, which is obviously contrary to the traditional theory,
because according to this theory, each part of the conduplicate
carpel, including the ovary wall and placenta, has the same
genome. Hence, it is necessary to re-examine the traditional
doctrine.

The vascular bundle is a strand of conductive tissue
extending lengthwise through the stems and roots of higher
plants, including the ferns, fern allies, gymnosperms, and
angiosperms. The vascular bundle consists of xylem, which
conducts water and dissolved mineral substances from the soil
to the leaves, and phloem, which conducts dissolved foods,
especially sugars, from the leaves to the storage tissues of the
stem and root. The structure of vascular bundles varies among
different plant groups (Columbia Electronic Encyclopedia, 2016);
however, compared with the softer tissues, which may or may
not exhibit fusions, reductions, or elaborations, the vascular
skeleton of plants is considered to be more resistant to change
(Thomson, 1942). Accordingly, vascular anatomy is considered
as an indicator of the ancestral condition (Douglas, 1936).
The carpellary bundle, as a relatively conservative structure,
has extreme significance phylogenetically. The vascular bundle
has different origin and structure in the placenta and ovary
wall of angiosperm, corresponding to a shoot and a leafy
organ. In kiwi fruit with axile placenta, the axile placenta
is independent of the surrounding ovary wall, and the
vascular bundles in the placenta are amphicribral, collateral
at least in the upper part of the ovary wall (Guo et al.,
2013). In the flowers of Magnolia, the carpel with marginal
placenta is composed of two mutually independent primordia
(corresponding to the ovary wall and axilla placenta). The
ovary wall and placenta respectively have their own independent
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vascular bundles, and vascular bundles in them are totally
different as showed by the amphicribral vascular bundle in the
placenta and the collateral ones in the ovary wall (Liu et al.,
2014).

Dianthus chinensis L. is an important ornamental, botanical,
ecological, and medicinal perennial herbaceous plant which
is widely cultivated in Europe and Asia. The investigation of
propagation (Fu et al., 2008; Wang et al., 2014), cultivation (Yang
et al., 2013), physiology (Ding et al., 2013; Dar et al., 2014),
biochemistry (Croxdale and Outlaw, 1983; Han et al., 2015),
genetic breeding (Wu et al., 2003; Zhu and Sun, 2015), and
other features of D. chinensis has been extensive. Regarding pistil
anatomy, the vascular supply to the ovary and styles was traced
and described by Thomson (1942), and the pistil composition,
ovule arrangement, and development of placenta, septum, and
seeds were investigated by Buell (1952); however, these accounts
barely discussed the evolutionary implications of the vascular
bundles.

One of the typical characteristics of the D. chinensis pistil
is its free central placenta. Over the past 130 years, the
nature and origin of the free central placenta and carpel has
been controversial, and discussed among investigators of the
Caryophyllaceae. For example, Lister (1884) put forward that
the placenta was carpellary according to detailed developmental
studies of floral organs in Alsineae; but Gibbs (1907) considered
the placenta axile for it was an upward extension of the axis
arising between carpel primordia, with which it secondarily
associated. Rocén endorsed that the placenta was carpellary
since free central placenta was derived from central placenta
through the fusion of carpels and vanish of the septum
according to Buell (1952). In the light of vascular anatomy
study in Primulaceae, Douglas (1936) also thought the placenta
to be carpellary in this family. However, in Eames’ opinion
(1951), there were not only normally oriented bundles but also
inverted ones in the placenta of Portulacaceae and Primulaceae,
the two genera of the Caryophyllaceae, so that the placenta
was composed of both axile and carpellary tissues, whereas
in cases of only inverted bundles were present the placenta

was entirely carpellary. In another study it was described
that the placenta of Dianthus was presumed to be fused
carpel tissue because the central placental vascular strand in
Dianthus represented fused ventral carpellary traces (Thomson,
1942).

In the present study, we dissected D. chinensis pistils, and
conducted a systematic observation of the shapes, types, and
structures of the vascular bundles within it, to explore the
difference of vascular structure between the plancenta and the
ovary wall and the implications of the vascular anatomy of the
forming carpel.

MATERIALS AND METHODS

Flowers in anthesis were collected from a nursery garden
(119.17◦E, 39.71◦N) attached to the College of Horticulture
Science and Technology, Hebei Normal University of Science
& Technology. Two days after flowering, one flower was
photographed and the pistil was isolated from the other parts of
the flower, its morphology and structure examined, and the size
of each part of 15 pistils was measured using Vernier calipers and
expressed as mean± standard deviation.

The ovary wall was partially or totally removed and themiddle
ovary transected. Then the pistil shape, the ovary with or without
a large part of the ovary wall, the ovary transection, and the
papillae of the stigma were observed and photographed using
an Olympus ZX16 stereomicroscope with an Olympus Infinity1
digital camera.

Pistils were preserved in a formalin–acetic acid–alcohol
mixture, embedded in paraffin, sectioned serially into sections
of 8–10 µm thickness, and stained in safranin and fast green.
Complete transverse and longitudinal series were examined and
photographed under an Olympus BX51 microscope with an
Olympus DP72 digital camera.

Pistils were also softened in 2 M NaOH solution in a 65◦C
water bath for 30–40 min, squashed, stained in safranin, and
mounted with glycerol. The prepared slides were photographed
under the microscope.

FIGURE 2 | Dianthus chinensis L. gynophore sections. DC, dorsal carpellary trace; GR, glandular ring; GV, gynophore vascular bundle; VC, ventral carpellary trace.

(A) Transection of a gynobase surrounded by a nectary, showing an amphicribral gynophore vascular bundle and the xylem temporarily present in the center of the

collateral dorsal carpellary traces branching out of the gynophore vascular bundle. (B) Transection a short distance above the level in (A), showing the differentiating

ventral and lateral carpellary traces from the gynophore vascular bundle and differentiated collateral dorsal carpellary traces (circle). (C) Longitudinal section of a

gynophore, showing two differentiating dorsal carpellary traces from the gynophore vascular bundle and the transformation from an amphicribral to a collateral bundle

observed ascending the gynophore (arrow).
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RESULTS

The D. chinensis pistil consisted of four regions: gynophore,

ovary, style, and stigma, that merged with one another. The

gynophore was (3.08 ± 0.38)mm long, with the lower part

surrounded by the nectary, and connected by the receptacle

with the ovary. The ovary was shaped like a tiny vase, with a
length of (6.8 ± 0.55)mm and a central diameter of (2.73 ±

0.44)mm. The placenta was a columnar structure extending to
the bottom of the style. The ovules were arranged quite regularly

along its surface in four vertical rows each containing about
∼10–15 ovules. Papillae covering transmission tissue (TT) were
located on opposite sides of the placenta. The stigma (4.32 ±

0.18),mm long, with developed papillae on the abaxial side, was
connected with the ovary through the style, which was (2.88 ±

0.18)mm long and with a base diameter of (0.53 ± 0.08)mm
(Figures 1A–G, 2A).

Examination of a cross-section of the base of the gynophore
indicated the presence of both one gynophore vascular bundle
(GV), with only one bundle of xylem in its center, and two dorsal

FIGURE 3 | Dianthus chinensis L. gynobase sections. LC, lateral carpellary trace; PS, placental strand; SO, septum of the ovary; TT, transmission tissue; DC, dorsal

carpellary trace; GR, glandular ring; VC, ventral carpellary trace. (A) A gynobase transection, showing an amphicribral placental strand extending outward along the

wide ovary septum (arrow), and a collateral vascular bundle, including two ventral carpellary traces, two dorsal carpellary traces, and some lateral carpellary traces. (B)

Transection a short distance above the level in (A), showing the differentiating ovule provascular tissue and the narrow ovary septum. (C,D) Detailed views of local

regions of ovary wall in (B), showing a collateral ventral carpellary trace and a collateral lateral carpellary trace, respectively. (E) Transection a short distance above the

level in (B), showing amphicribral ovule traces (double arrows), the disappearing ovary septum (arrow), and the differentiated TT. (F,G) Detailed view of local regions of

the ovary wall in (E), showing collateral lateral carpellary trace and ventral carpellary trace, respectively. (H) Longitudinal section of a gynobase through the middle of

the placenta, showing amphicribral ovule traces continually branching out of a placental strand and a collateral vascular bundle in the ovary wall (arrow). (I)

Longitudinal section of a gynobase, not through the middle of the placenta, showing at least three collateral lateral, and one dorsal carpellary, traces visible in

transverse and longitudinal sections (circle and arrow), respectively. (J) Longitudinal section of a local region of the gynobase, showing an amphicribral ovule trace in

the funicle (arrow).
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carpellary traces (DC) on the outside of gynophore, which were
amphicribral bundles (Figure 2A). The GV then differentiated
into ventral and lateral carpellary traces (VC and LC), evidenced
by the formation of many outer xylem bundles (Figures 2B, 7B),
and the dorsal carpellary trace transformed into the collateral
vascular bundle by gradual inward movement of the xylem
(Figures 2A–C).

In the gynobase, the vascular bundles were mainly distributed
in the placenta and ovary wall (carpel; Figures 3, 7C). The
placental strand (PS) and GV were continuous with one another,
and then differentiated into numerous branches into the ovules
(ovule trace, OT). Although, the PS form became irregular
in the cross-section view, both the PS and the OT formed
by its branches remained amphicribral (Figures 3A,B,H,J). The
vascular bundles in the ovary wall, including the DC, VC,
and LC, were all collateral (Figures 3C,D,F,G,I). In addition,

no vascular bundle was found in the septum of the ovary
(SO) in its gradual narrowing from the ovary wall and the TT
appeared on the opposite side from the placenta (Figures 1C,E,
3A,B,E).

In the middle of the ovary, the PS cross-sectional area
became smaller compared to that at the gynobase, and
assumed a curved quadrilateral morphology (Figure 4A).
Papillae covering transmission tissue (PT) developed
(Figures 4A,B,I,J) and appeared to connect with the ovary
wall, which is adjacent to the pollen tube extending down
into the embryo sac. In the ovary wall, the DC, VC, and
LC constantly branched to form an intertwined vascular
network (Figures 4C, 7A). However, the distribution,
type, and structure of the vascular bundles in the
middle of the ovary remained similar to that at its base
(Figures 4A–J).

FIGURE 4 | Sections through the middle of the ovary of Dianthus chinensis L. PT, papillae covering transmission tissue; TT, transmission tissue; LC, lateral carpellary

trace; VC, ventral carpellary trace; PS, placental strand. (A) A transection through the middle of an ovary, showing the curved quadrilateral amphicribral placental

strand, amphicribral ovule trace (arrow) deriving from a placental strand, and central placenta, separating from the ovary wall. (B) A local transection a short distance

above the level in (A), showing four collateral lateral carpellary traces in the ovary wall, visible in two longitudinal sections in the upper part (arrows) and in two

transections in the lower part (small circles), 1–2 vessels within them, and a collateral ventral carpellary trace (large circle). (C) Longitudinal section of an ovary wall,

showing the branching pattern of the vascular bundles. (D) Transection of an ovary wall, showing annular vessels in the xylem of a collateral vascular bundle.

(E) Longitudinal section of the central placenta, showing transverse (circles) and longitudinal (arrows) amphicribral ovule traces. (F) Transection of an ovule, showing

an amphicribral ovule trace in the funicle. (G) Detailed view of the ovule trace in (F), showing annular vessels in the xylem of the amphicribral ovule trace. (H)

Longitudinal section of the central placenta, showing the pattern of annular vessels in an amphicribral placental strand. (I) Detailed view of TT, showing small cells with

dense cytoplasm and PT. (J) Longitudinal section, not through the middle of the central placenta, showing the distribution pattern of the papillae.
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In the upper part of the ovary, the placenta split into
two (Figures 5A,C–E, 7A,E) and eventually appeared to be
connected by papillae (Figure 5F). The PS split into three small
bundles (Figures 5D,E, 7E), from eyebrow-like (Figures 5A,
7D) and oval tissues in succession (Figure 5C). There was no
vascular bundle in the re-emerging SO at the apex of the ovary
(Figures 5D,F, 6I, 7A). The vascular pattern in the upper part of
the ovary was also similar to that in the middle and base of the
ovary (Figures 5A–J).

The TT from the placenta extended upward to the style and
stigma, forming their adaxial surface. The carpel also extended to
the style and stigma, forming their abaxial tissue surface. Hence,
the style and stigma comprised a composite structure, consisting
of placenta and ovary wall; however, only the carpellary bundles
entered the style and stigma (Figures 5F, 6C), and the PS
terminated at the apex of the placenta (Figures 5E,F, 6A,I, 7A).
Therefore, there were three vascular bundles in the style base,

including two VC and one DC (Figures 6E, 7F). Subsequently,
the VC branched once (Figures 6I, 7A), forming five vascular
bundles in the upper style and stigma (Figure 6F), which were
all collateral (Figures 6A–I).

DISCUSSION

In this investigation, we examined the structure of the different
component tissues of the pistil of D. chinensis L. flowers at
anthesis, and in particular the configuration of its vascular
bundles. This study constitutes an essential first step to
understand either the origin of pistil. Vascular bundles are
amphicribral in the placenta (PS and OT) and collateral in the
carpel (ovary wall in the strict sense; DC, CV, and LC).

The transformations of the vascular bundles in the transition
zone between the root and the stem have been of interest for

FIGURE 5 | Sections of the upper part of an ovary of Dianthus chinensis L. PT, papillae covering transmission tissue; TT, transmission tissue; LC, lateral carpellary

trace; DC, dorsal carpellary trace; VC, ventral carpellary trace. (A) Transection of an ovary shoulder, showing two excurved amphicribral placental strands. (B) Detailed

view of a local area in (A), showing one collateral dorsal carpellary trace and at least three collateral lateral carpellary traces. (C) Transection a short distance above the

level shown in (A), showing preliminary separation of the central placenta and an amphicribral placental strand. (D) Transection a short distance above the level shown

in (C), showing clear separation of the central placenta, disappearance of the placental strand, and reappearance of the septum (arrow). (E) Detailed view of a local

area in (D), showing the disappearance of vascular bundles in the left branch of the placenta and a small ovule trace in its right branch. (F) Transection of the upper

part of an ovary below the junction between the ovary and styles, showing two locules separated by a septum mainly composed of TT and papillae, and complete

disappearance of the placental strand. (G) Transection of an ovary wall, showing three collateral lateral ovary wall traces. (H) Detailed view of the upper central

placenta, showing the branching pattern of the placental strand. (I) Longitudinal section of the upper part of an ovary, showing the branching pattern of the

amphicribral ovule traces in the apical placenta. (J) Longitudinal section of an ovary wall, showing annular vessels in the xylem of a collateral bundle.
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some years (Basconsuelo et al., 2002); however, little attention has
been paid to those between the gynophore and the ovary wall.
According to the results of this study, there is a transformation
of the vascular system of the gynophore, resulting in an
amphicribral bundle visible in cross-sections of the vascular
system of the collateral bundle in the ovary wall (Figures 2A,B,
3C,D,F,G), and in longitudinal section the transition region is
characterized by inward displacement of xylem, in which the
xylem in the central part of the amphicribral bundles in the
gynophoremoves inward to the inner side of the vascular bundles
in the ovary wall (Figure 2C). This transformation may be an
important indication of the transition from an axial to a foliar
(carpel, in the pistil) vascular system.

In D. chinensis flowers, the gynophore is located between
the receptacle and the ovary, and the ovary is superior. Both
amphicribral PS and collateral ovary wall vascular bundles
are differentiated from GV (gynophore vascular bundle), while
bundles in sepals, petals and stamens all branch from the

receptacle. In other words, whether in structure or in position
the PS is distinct from the vascular bundles in other parts of
the flower. The connecting bands (CB) between the placental
tissue and style are ruptured after fertilization, and the placenta
free (Buell, 1952). Therefore, structurally, the placenta may be an
independent unique organ without any connection with other
parts of the ovary wall. This conclusion is consistent with the
findings of Guo et al. (2013) and Wang et al. (2015).

In accordance with traditional opinion, the pistil of
D. chinensis is composed of two fused carpels with a free
central placenta and two separate styles. If this were correct,
both structures and types of vascular bundles in PS should
be the same as those in ovary wall; but our observations are
inconsistent with this conjecture. In our observations, the PS
and ovule trace are amphicribral while those in the ovary wall
are collateral, implying the axial derivation for the placental
bundles and contrarily a leafy precursor characteristics for the
ovary (Figures 3–6) respectively. This inconformity between

FIGURE 6 | Sections and segregation images of the style and stigma of Dianthus chinensis L. SC, style/stigma cortex. SE, style epidermal cells; S, style; PT, papillae

covering transmission tissue; TT, transmission tissue; DC, dorsal carpellary trace; VC, ventral carpellary trace; VU, ovule. (A–D) Style base. (E–I) Styles and stigma. (A)

Transection of the juncture of an ovary and styles, showing the branching pattern of vascular bundles in the carpel (arrow), the lower end of the style, and placental

tissue without vascular bundles. (B) Detailed view of a local area in (A), showing a collateral ventral carpellary trace. (C) Longitudinal section through opposite ventral

carpellary traces in two styles, showing the traces entering the styles from the ovary wall. (D) Longitudinal section, not through the middle of the styles, showing

placental tissue participating in the styles. (E) Transections of the base of a style, showing two collateral ventral carpellary traces, one collateral dorsal carpellary trace,

and the structure of the style. (F) Transection a short distance above the level shown in (E), showing five vascular bundles in each style, suggesting that the ventral

carpellary traces branch. (G) Longitudinal section of a stigma, showing annular vessels in the xylem of a collateral vascular bundle and TT. (H) Longitudinal section of a

stigma between two adjacent vascular bundles, showing PT (arrow) and the structure of the style. (I) Segregation view of the juncture of an ovary and styles, showing

the branching of the ventral carpellary trace (arrow) and the connection bands without vascular bundles.
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FIGURE 7 | Diagram showing the distribution of vascular bundles in a D. chinensis L. pistil. DC, dorsal carpellary trace; VC, ventral carpellary trace; LC, lateral

carpellary trace; PS, placental strand; GV, gynophore vascular bundle; OT, ovule trace. (A) Longitudinal section of a pistil, showing the arrangement of the primary

vascular bundles. (B) Transverse section of a gynophore, showing the differentiation of DC, VC, and LC from GV. (C) Transverse section of a gynobase, showing OT

from PS. (D) Vascular bundles in the upper part of the ovary, showing eyebrow-like bundles separated from the PS. (E) Vascular bundles in the upper part of an ovary,

a short distance above the level shown in (D), showing the division of the placenta and separation of the vascular bundle. (F) Transverse section of a style base,

showing two VC and one DC in each style. The region of the TT in the style and placenta is indicated by an ×.

traditional opinions and the present result is not confined to D.
chinensis. Numerous taxa of angiosperms have been reported
to support amphicribral vascular bundles in placenta, including
Papaveraceae (Kapoor, 1973, 1995), Leguminosae (Lersten and
Don, 1966), Winteraceae (Tucker, 1975), Solanaceae (Dave et al.,
1981; Wang et al., 2015), Gesneriaceae (Wang and Pan, 1998),
Buxaceae (Von Balthazar and Endress, 2002), Annonaceae
(Endress and Armstrong, 2011), Actinidiaceae (Guo et al., 2013),
and Magnoliaceae (Liu et al., 2014; Wang et al., 2015), etc. These
taxa cover the whole scope of angiosperms from the basal clade
magnoliids to the terminal eudicot lineage in the phylogenetic
tree (Angiosperm Phylogeny Group, 2009). Nevertheless, it
is unfortunate that little attention has been thrown on this
common disagreement although it has caused a lot of doubts to
the traditional opinion.

The Unifying Theory interprets that the carpel (in classic
sense) is a compound organ because it comprises not only an
ovule-bearing shoot (placenta) but also a foliar part enclosing
the shoot (Wang, 2010). According to the theory, the vascular
bundles in the placenta should appear as radial symmetry
(namely, amphicribral bundles), as is exactly observed in the
placenta of D. chinensis in the present study, which provides
strong evidence for it, and the gene expression of the placenta and
ovary wall may be different. Actually, studies on gene expression
patterns in flowers of model plants such as Arabidopsis, Petunia,
and Oryza, indicate that (1) the expression of STK is required
for normal development of the funiculus in Arabidopsis; (2)
FBP7 and FBP11 are involved in proper ovule development in
Petunia; (3) AGL11 plays important roles in flower development;
(4) OsMADS13 functioning in flower organ differentiation and
meristem determinacy in rice is restrictedly expressed in the
placenta/ovules; (5) DL regulates carpel specification and midrib

development in Oryza sativa; (6) CRC participates in carpel
identity differentiation and carpel polarity establishment in
Arabidopsis and also acts as a regulator in carpel development;
and (7) YABBY is only expressed in the ovary wall (Angenent
et al., 1995; Rounsley et al., 1995; Pinyopich et al., 2003;
Yamaguchi et al., 2004; Dreni et al., 2007; Yoo et al., 2010; Li
et al., 2011; Finet et al., 2016). All of the above genetic data
indicate that there are differences in gene expression between the
placenta and the ovary wall. From this we can see the origins
of the two are different. The evidence of molecular biology and
vascular structure imply that the placenta is a distinct floral organ
which is equivalent to a secondary shoot and independent to
the carpel, and that the placenta was recruited onto the ovary
wall later in the evolution of angiosperms (Angenent et al.,
1995; Roe et al., 1997; Skinner et al., 2004). In addition, the
theory has also been supported by the evidences as follows: (1)
In gymnosperms ovules are borne on fertile shoots so that are
not able to give rise to carpels (Bierhorst, 1971; Biswas and
Johri, 1997); (2) The ovule formation is completely independent
to carpel in angiosperms mutants (Lersten and Don, 1966;
Dave et al., 1981; Skinner et al., 2004); and (3) The seed is
borne directly on an axis (shoot) in Umkomasia mongolica sp.
nov. (Shi et al., 2016). So, overall, the current conclusion is
reasonable that the angiosperm placenta is essentially an ovule-
bearing branch with the carpel wall actually to be its subtending
bract.
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The Diptera (true flies) is one of the most species-abundant orders of Insecta, and it is
also among the most important flower-visiting insects. Dipteran fossils are abundant
in the Mesozoic, especially in the Late Jurassic and Early Cretaceous. Here, we
review the fossil record and early evolution of some Mesozoic lower brachyceran flies
together with new records in Burmese amber, including Tabanidae, Nemestrinidae,
Bombyliidae, Eremochaetidae, and Zhangsolvidae. The fossil records reveal that some
flower-visiting groups had diversified during the mid-Cretaceous, consistent with the rise
of angiosperms to widespread floristic dominance. These brachyceran groups played
an important role in the origin of co-evolutionary relationships with basal angiosperms.
Moreover, the rise of angiosperms not only improved the diversity of flower-visiting flies,
but also advanced the turnover and evolution of other specialized flies.
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INTRODUCTION

The Diptera (true flies) is one of the most species-abundant orders of Insecta, and they are
certainly one of the most ecologically ubiquitous and significant orders of insects (Grimaldi and
Cumming, 1999). They are among the most ancient pollinators of flowering plants (Bernhardt
and Thien, 1987; Labandeira, 1998), and played an important role in the origin of co-evolutionary
relationships with flowering plants and insects (Thien et al., 2000; Ssymank et al., 2008).

The Cretaceous is a time of important developments in angiosperms that angiosperms rose to
dominance during the Albian-Cenomanian, and become forest dominants during the Campanian-
Maastrichtian (Friis et al., 2010; Peralta-Medina and Falcon-Lang, 2012). Although the rise of
Angiosperms did not generate an immediate increase in insect diversification within major insect
groups based on Bayesian fossil-based analyses, but the influence of the radiation of Angiosperms
on insect diversification is not excludable (Condamine et al., 2016). The angiosperm radiations
provided new food resources and habitats, and had a profound effect on flies, beetles, and other
insects (Wang et al., 2013). The interval since the middle Early Cretaceous to early Late Cretaceous
witnessed the significant transformation to the modern terrestrial world, between this time (from
125 million years ago to 90 million years ago), and there were significant shifts in the major
ecological associations among plants, insects, and other organismic groups dominant on land
(Labandeira, 2010).
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Brachyceran flies are quite abundant during Mesozoic,
especially from the Middle-Late Jurassic to mid-Cretaceous.
The middle Early Cretaceous to the early Late Cretaceous
is a significant period for brachyceran flies, including the
ecological success of some flower-visiting flies and extinction
of several important groups, such as Eremochaetidae and
Zhangsolvidae (Arillo et al., 2015; Zhang et al., 2016a). The
extant family Tabanidae, Nemestrinidae, Bombyliidae are among
the commonest pollinators of most extant basal angiosperms,
and their early evolution are important for understanding
the co-evolution between flies and angiosperms. The probable
impact of floristic changes on brachyceran flies during the Early
Cretaceous has been widely accepted, but supporting fossils are
still relatively few (Grimaldi, 1999; Labandeira and Currano,
2013). Recently abundant Cretaceous fossils have been described
and our knowledge about the evolution of brachyceran flies has
improved greatly (e.g., Grimaldi, 2016; Zhang et al., 2016a,b). In
this paper, we review the fossil record and early evolution of five
groups, and briefly discuss their probable ecological associations
with early angiosperms.

FOSSIL RECORD

Tabanidae
Tabanidae, normally called horse flies or deer flies, is an ubiquity
family, and the most diverse family-level clade that has more than
4000 species distributed in 156 genera worldwide (Figure 1A;
Pape et al., 2011). They are stout-bodied flies, with larger
first flagellomere and 4-8 apical flagellomeres; legs with two
apical spurs on midtibia, tarsi with pulvilliform empodium;
wing venation with R4 and R5 enclose wing apex, form a
large ‘Y’ across the wing tip; cell br, bm and d large, cell cup
closed near wing margin; calypters almost always well developed
(Colless and McAlpine, 1991; Burger, 2009). Tabanidae is type
family of Tabanidae which characteristiced by the presence of a
venom canal of the larval mandible (Kerr, 2010; Morita et al.,
2016).

Tabanids are relatively scarce in the fossil record, but in
Cenozoic, they are quite abundant as fossil recorded from
Miocene of Florissant, from North American, Germany, French,
and Switzerland Oligocene, from England and Baltic amber
Eocene/Oligocene, Pliocene from Europe and Africa (Martins-
Neto, 2003). The oldest record of a true tabanid was reported
from the Lower Cretaceous Durlston Formation of England. Till
now, five species of tabanids was recorded in the Early Cretaceous
and one species primitively in Therevidae was moved to the
tabanid genus Cratotabanus Martins-Neto and Santos (1994; Ren,
1998; Martins-Neto, 2003; Mostovski et al., 2003; Zhang, 2012).
Fossils from the Late Cretaceous are quite rare, with only one
species and genus from Late Cretaceous of New Jersey amber,
together with two newly described species in Burmese amber
(Grimaldi et al., 2011; Grimaldi, 2016). Flower-feeding tabanids
(Pangoniinae) appear at least in the Early Cretaceous (Martins-
Neto and Santos, 1994; Ren, 1998; Zhang, 2012). A recent
molecular analysis calibrated using several key fossils support that
the divergence of Tabanidae and their sister clade Athericidae,

in the Early Cretaceous, approximately 135 Ma (Morita et al.,
2016).

Nemestrinidae
Nemestrinidae commonly called tangle-veined flies, is
cosmopolitan but quite a small group of brachycerous flies,
with about 300 extant species in over 20 genera (Figure 1B;
Bernardi, 1973; Mostovski and Martínez-Delclòs, 2000). They
are usually medium-sized flies with body stout and dense
pilosity, wings are usually longer than body (Wedmann, 2007;
Woodley, 2009). They can be easily recognized by a so-called
diagonal vein, the compound diagonal vein obliquely aligned
through the wing; they also have some characteristics including
tibiae without apical spurs, empodium pulvilliform, and one
segmented cercus and flagellum often formed into a slender
stylus (Yeates, 1994; Wedmann, 2007). Fossil tangle-veined flies
are quite abundant since Mesozoic, many nemestrinids were
found in Late Jurassic and Early Cretaceous, and some Cenozoic
nemestrinids were described, mainly from the Oligocene of
Florissant, USA. Ansorge and Mostovski (2000) listed an
updated list of all taxa of Nemestrinidae, and additional taxa
have been described from the Eocene of Germany (Wedmann,
2007), mid-Cretaceous Burmese amber (Grimaldi, 2016; Zhang
et al., 2017), and a doubtable genus without diagonal vein
from the Late Jurassic of China (Zhang et al., 2008). The oldest
fossil nemestrinids are from the Late Jurassic of Karabastau,
Kazakhstan (Rohdendorf, 1968; Mostovski, 1998). Ansorge and
Mostovski (2000) hypothesized that the family Nemestrinidae
probably originated in the Late Triassic or Early Jurassic, as
the oldest fossil Nemestrinidae appeared in Early Jurassic and
fossil nemestrinids demonstrate a high taxonomic diversity
since the Middle-Late Jurassic. Nemestrinidae is thought to
be a sister group of Apioceridae in Nemestrinoidea supported
by their parasitic larval lifestyle (Woodley, 1989; Yeates,
2002).

Bombyliidae
Bombyliidae (bee flies) is a quite diverse and widely distributed
family of Asiloidea. It is a cosmopolitan group and a quite large
family that comprising over 4500 described extant species around
the world (Figure 1C; Evenhuis, 1994; Evenhuis and Greathead,
2003; Wedmann and Yeates, 2008). They are commonly robust
flies, often with long projecting proboscis and usually densely
hairs (Colless and McAlpine, 1991; Greathead et al., 2009). They
feed on nectar as well as pollen, many of them using a long
proboscis to probe flowers (Grimaldi, 2016). The fossil of adult
bee flies can be distinguished by the following features: antenna
usually with flagellomere coniform, usually with one or two
flagellomeres and a terminal bristlelike stylus; wing R2+3 and
R4 usually strongly curved distally, meeting costa at about a
right angle; R4+5 branched, R4 and R5 usually encompass wing
tip; three (rarely two) posterior cells (Greathead et al., 2009).
Fossil bee flies are quite abundant in Cenozoic, especially in
the Oligocene and Eocene. Till now, about 70 species in about
40 genera have been described from Florissant of USA, France,
Germany, and Dominican and Baltic ambers. The fossil record
of Bombyliidae has been reviewed by Hull (1973) and Evenhuis
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FIGURE 1 | Four types of mouthparts in mid-Cretaceous Burmese amber. (A) Tabanidae, scale bar = 2 mm; (a) Mouthparts, scale bar = 1 mm.
(B) Nemestrinidae, scale bar = 2 mm; (b) Mouthparts, scale bar = 0.5 mm. (C) Bombyliidae, scale bar = 2 mm; (c) mouthparts, scale bar = 0.5 mm.
(D) Zhangsolvidae with a long proboscid, scale bar = 1 mm.

(1994), and new taxa was recently described by Nel and De Ploëg
(2004), Nel (2006), and Wedmann and Yeates (2008).

Grimaldi (2016) suggested that the radiation age of
Bombyliidae is the Late Cretaceous, but Lamas and Nihei
(2007) suggested a Middle Jurassic age based on the molecular
phylogenetic analysis. Molecular models and biogeography
support a Late Mesozoic diversification of asiloids, with
Bombyliidae at the base of the Asiloidea (Winterton et al.,
2015; Grimaldi, 2016). Unambiguous Mesozoic bombyliids
are extremely rare. Recently, some definitive new records of
Bombyliidae in mid-Cretaceous Burmese amber show that
bombyliids have already diversified, and these fossils provide
new insights into the early evolution of Cretaceous bee flies (Shi
et al., 2012; Grimaldi, 2016; Zhang et al., 2016b).

Eremochaetidae
Eremochaetidae is a Mesozoic extinct family that was established
by Ussatchov based on two species in two different genera
(Ussatchov, 1968). Eremochaetidae is a quite rare family that was
found only in Late Mesozoic, mainly in Early Cretaceous. Till
now, only 15 species in nine genera have been described in China,
Kazakhstan, Mongolia, Russia and Burmese amber (Ussatchov,
1968; Kovalev, 1989; Ren and Guo, 1995; Mostovski, 1996; Ren,
1998; Zhang, 2014; Zhang et al., 2014, 2016b). All eremochaetids
have the characters: eyes very large, occupying the greater part
of the head; thorax short and convex; Sc is stout, R1 is very
long; cross-vein is absent, causing the vein R4+5 (sometimes

R2+3 and R4+5) to arise from cell d; the ovipositor is needle-
shaped in all female eremochaetids (Ussatchov, 1968; Zhang et al.,
2014). Zhang (2014) described and illustrated the structures of
the male genitalia for the first time, and reasoned that these
characteristics probably represent the base type of the primitive
lower Orthorrhapha of Brachycera. The latest occurrence of
eremochaetids is from the mid-Cretaceous Burmese amber
(Zhang et al., 2016a). The highly developed, hypodermic-
like ovipositor and enlarged tridactylous characteristic in
pretarsus supported their endoparasitoid life, and their primitive
mouthparts were probably used to feed on nectar (Grimaldi
and Barden, 2016; Zhang et al., 2016a). Eremochaetidae is
probably related to the superfamily Archisargoidae based
on the morphological characteristics (Grimaldi and Barden,
2016). The fossil record of eremochaetids reveals that the
extinction of these ancient parasitoids probably occurred by
the end of the Late Cretaceous and coincided with the rise
of angiosperms, perhaps owing to competition from newly
evolved parasitoid wasps and flies which extant ones are mostly
flower-visiting insects (Eggleton and Belshaw, 1993; Feener
and Brown, 1997; Gilbert and Jervis, 1998; Zhang et al.,
2016a).

Zhangsolvidae
The Zhangsolvidae is an extinct family of brachyceran flies that
erected by Nagatomi and Yang (1998) for the genus Zhangsolva
cupressa found in the Early Cretaceous Laiyang Formation
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(Figure 1D; Zhang et al., 1993; Nagatomi and Yang, 1998;
Arillo et al., 2015). Zhangsolvidae is a quite rare family that till
now six species in four genera that found only in Cretaceous:
five species and three genera in Early Cretaceous of China,
Spain, Brazil and one species and genus in Late Cretaceous
Burmese amber (Zhang et al., 1993; Nagatomi and Yang, 1998;
Mazzarolo and Amorim, 2000; Wilkommen and Grimaldi, 2007;
Arillo et al., 2015). Zhangsolvidae has a stout body, with very
long and quite slender proboscis, vein M1 strongly arched,
M3 fused to M4 and CuA fused to CuP (Nagatomi and Yang,
1998; Arillo et al., 2015). The placement of Zhangsolvidae
is within Stratiomyomorpha supported by the presentation
of phylogenetic analysis of 52 morphological characters for
35 taxa (Arillo et al., 2015). New zhangsolvids specimens
from Early Cretaceous Spanish amber and mid-Cretaceous
Burmese amber provided a detailed structure of their unique
proboscis. Surprisingly, a specimen in Spanish amber is carrying
clumped pollen that is attributed to a Mesozoic gymnosperm
(Peñalver et al., 2015). The co-occurrence of pollen with its
insect vector conforms that these long-proboscid insects were
gymnosperm pollinators. Zhangsolvids became extinct during
the late Cretaceous probably due to the extinction of their
gymnosperm food.

PROBABLE FLIES-ANGIOSPERM
ASSOCIATIONS

Mutualisms between fossil insects and plants are among the most
interesting biological associations (Ren et al., 2009; Labandeira
and Currano, 2013). Direct evidence of early interactions between
insects and their productive organs of plants is that pollen
preserved in the guts of fossil insects (Bronstein et al., 2006;
Labandeira et al., 2007). Some evidences that specimens with
masses of pollen in their guts have been found from the
Cretaceous (Krassilov and Rasnitsyn, 1982; Caldas et al., 1989;
Huang et al., 2016). Although some pollen grains were found
in the guts of several groups, but no record is reported from
Mesozoic brachyceran flies till now. Further investigation of
brachyceran flies from Cretaceous may provide more evidence.

Very rare definitive evidences of insects carrying pollen grains
have been found, such as thrips and dipteran flies found in Early
Cretaceous amber of Spain (Peñalver et al., 2012, 2015). The
most important indirect evidence for co-evolution of flies and
angiosperms may be the mouthparts (Labandeira, 2010). Long
mouthparts flies were quite diverse during the Upper Jurassic
and Lower Cretaceous, such as Nemestrinidae, Zhangsolvidae,
and newly reported the first record of Hilarimorphidae from
Lower Cretaceous Lebanese amber (Myskowiak et al., 2016).
Mouthparts of fly in mid-Cretaceous Burmese amber also
show a high morphological disparity, from thin long to short
expanded ones (Figure 1). The diversity of proboscis strongly
suggests diverse plant hosts (Larson et al., 2001). Modern
flower-visiting brachyceran flies usually have long proboscis,

such as bee flies and tangle-veined flies. Based on our mid-
Cretaceous amber sources, however, tangle-veined flies and
bee flies with long proboscis are quite rare, and nearly all
specimens have relatively short and expand labellum. Most of
these flies in Burmese amber have the labellum consisting of
a broad, fleshy expansion that is probably used to feed on
nectars, obviously distinct with extant ones that with quite
long mouthparts (Grimaldi, 1999). These flies probably obtain
nectar from open flowers of various families of plants, and
species with longer mouthparts probably feed on deep tubular
flowers.

CONCLUSION

Tabanidae, Nemestrinidae, Bombyliidae, Eremochaetidae, and
Zhangsolvidae had already diversified during or before mid-
Cretaceous based on the fossil record and supplementary
molecular analyses. Tabanidae, Nemestrinidae, and Bombyliidae
currently are among the most common pollinators of
angiosperms, and their diversifications are consistent with
the rise of angiosperms to widespread floristic dominance.
These brachyceran groups probably played an important
role in the origin of co-evolutionary relationships with basal
angiosperms. Zhangsolvidae and Eremochaetidae became
extinction perhaps owing to the Late Cretaceous floral
turnover and competition from newly evolved groups. In
this regard, the rise of angiosperms not only improved
the diversity of flower-visiting flies, but also advanced the
turnover and evolution of other specialized flies. Moreover,
early reproductive organ-visiting flies (including on those
gymnosperms) are responsible for the origin of flowers and the
diversity of angiosperms. In this review, we have only scratched
the surface of the co-evolution of Cretaceous brachyceran
flies with angiosperm, our knowledge of Mesozoic flies-
angiosperm mutualisms should greatly expand with more and
better preserved fossils and improvements in phylogenetic
analysis.
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