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The orientation and morphology of the female cone are important for wind pollination in gymnosperms. To examine the role
of female reproductive structures associated with wind pollination in Ginkgo biloba, we used scanning electron microscopy and
semithin section techniques to observe the development of female short shoots and ovules in G. biloba before and during the
pollination period. The ovule differentiation process was divided into six stages: undifferentiated, general stalk differentiation,
integument differentiation, nucellus differentiation, collar differentiation, and mature stage. Before the pollination period, the
integument tip generated the micropylar canal and the micropyle, while the nucellus tip cells degenerated to form the pollen
chamber. During pollination, the micropylar canal surface became smooth, the micropyle split into several pieces and bore a
pollination drop, and the pollen chamber directly faced the straight micropylar canal. The leaves and ovules were spirally arranged
on the female short shoot, with the ovules erect and the fan-shaped leaves bent outwards and downwards. The ovules of G.
biloba have differentiated some special architectural features adapted for pollen capture and transport. Together, these structures

constitute a reproductive structural unit that may improve wind pollination efficiency at the female level.

1. Introduction

Pollination is an important process in the life cycle of
seed plants. During the evolution of angiosperms, diverse
forms of pollination with complex mechanisms have evolved.
Among the gymnosperm species, the majorities are wind
pollinated (anemophilous) and their pollen grains are car-
ried from their initial location to female parts via air flow
[1]. Thus, wind pollination in gymnosperms is a random
and inefficient process with high pollen losses. There have
been many studies documenting how gymnosperms achieve
pollination via such relatively passive processes. For example,
the pollination process has been studied in several conifer
families, such as the Podocarpaceae, Cupressaceae, Taxaceae,
and Pinaceae, and the proposed evolution of different
pollination mechanisms has been widely discussed [2—4].
Based on the results of such studies, it was concluded that
adaptive characteristics to wind pollination that contribute
to the pollination mechanisms of gymnosperms involve (1)
orientation of the ovulate cone, as well as ovule structure

and position at the time of pollination [2, 5]; (2) pollen
characteristics, especially the presence or absence of sacci
[6, 7]; (3) whether a pollination drop appears at pollination
or not [8, 9]. Among these characteristics, the ovule as the
female reproductive organ varies widely in its morphology
among gymnosperms. Studies on ovule development in
gymnosperms have revealed various ovule structures that
have evolved to increase the chances of pollination success.
For instance, the tip of the integument in the ovule shows
a variety of shapes for pollen collection. Owens et al.
[2] reported that in the Cupressaceae, Taxodiaceae, and
Cephalotaxaceae, the ovules are flask-shaped, variable in
number, and attached in the axil of the bract scale, and the
integument tip has a narrow neck and a small, unspecialized
micropyle. However, in Abies species, the integument tip
forms a short funnel, often with fluted edges, around a large
micropyle [10]. In addition, the orientation and morphology
of the megastrobilus (female cone) are important features for
wind pollination. For example, in some conifer species, ovu-
late cones may enhance the probability of pollen entrapment



by aerodynamically predetermining airflow patterns around
scale-bract complexes [11]. Together, the results of such
studies showed that the diverse morphologies and structures
of female reproductive organs among gymnosperms are
an evolutionary consequence of adaptation for effective
pollen reception. Thus, it is important to study ovule
development of gymnosperms to further clarify the roles
of various ovule characteristics in the wind pollination
mechanism.

Ginkgo biloba L. is the unique living species of the ancient
lineage of Ginkgophyta, which originated in the Paleozoic
Carboniferous period; thus, it is regarded as a “living fossil”
[12]. The female reproductive organ of G. biloba, particularly
the ovule, has been described and studied extensively because
of several unique and primitive characteristics [13, 14]. The
ovule differentiates into the integument, nucellus, and collar
[15]. Primarily, the integument develops in a circumferential
manner and becomes slightly lobed during the formation
of the micropyle [16]. After that, the nucellar tissues are
derived from periclinal divisions in the hypodermal layer,
and the tip cells of the nucellus die, resulting in forma-
tion of the pollen chamber [17]. Almost simultaneously,
one cell in the sporangial tissues differentiates to form
a spore mother cell, which further develops to form the
female gametophyte, while the other cells differentiate to
form the tapetum [18]. During the pollination period, the
ovule produces a pollination drop [19, 20]. Although these
studies have described the ovule developmental process in
G. biloba, most have focused on either the morphological
structures or the floristic features. Since G. biloba is a
wind-pollinated dioecious plant and this lineage has existed
for more than 200 million years, the Ginkgo ovule is
obviously a survivor of evolutionary consequences related
to wind pollination. However, so far, there have been no
systematic studies of how ovule structure has differentiated
to adapt to wind pollination. Moreover, while previous
studies have provided information about the formation of
the female gametophyte, the developmental conditions of
the female gametophyte before and during the pollination
period remain unclear [21, 22]. In addition, the erect
ovules surrounding by several fan-shaped leaves constitute
the overall female short shoot system, which clearly works
as a whole during wind pollination. However, the specific
spatial arrangement and architecture of the short shoot
have received little attention, despite the fact that these are
important features for comprehensively understanding the
female reproductive system associated with wind pollination
in G. biloba.

Based on our previous studies [21, 23], in this paper we
investigated the morphological and structural development
of female short shoots and ovules in G. biloba, focusing
on ontogenetic features and their relationships with pollen
capture. We used continuous image acquisition, semithin
sectioning, and SEM observation techniques to observe
the morphological and anatomical changes. We present
morphological data that clarify the relationships between
female reproductive structures and wind pollination in G.
biloba, providing further insights into the wind pollination
mechanisms in gymnosperms.
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2. Materials and Methods

2.1. Plant Material. Healthy female G. biloba L. trees were
selected from the Ginkgo Experimental Station at Yangzhou
University, Yangzhou, China (32°20'N, 119°30'E). Ovules
were collected weekly from August 2008 to April 2009.
Between mid-March and early April, the period for female
gametophyte and pollen chamber development, ovules were
collected daily. Ovules in bud were dissected out using a razor
blade and a steel needle, and the nucellus together with the
pollen chamber was manually isolated from ovules under a
dissecting microscope.

2.2. Digital Camera Observation Studies. Potential female
buds were randomly sampled and tagged to follow their
development. Photographs were taken against a black
background each week from August 2008 to mid March
2009 using a DSC-H7 Sony digital camera. Between mid-
March and late April 2009, female buds and ovules were
photographed daily until pollination ended.

2.3. Semithin Section Studies. The material was prepared
for semi-thin sectioning as follows: at each sampling, 30
fresh ovules were prefixed in 2.5% (v/v) glutaraldehyde
in 0.1 mol/L phosphate buffer (pH 7.2) for 20h at room
temperature, postfixed in 1% (w/v) osmium tetroxide for 6 h
at 4°C, rinsed twice, dehydrated in an alcohol series (30, 50,
70, 80, 90, 95, and 100%, 15 min each step), treated twice for
10 min with propylene oxide, infiltrated with 1:1 propylene
oxide/resin in embedding capsules overnight, and then
finally embedded in Spurr’s resin. Semi-thin sections (1 ym)
were cut with an Leica EM UC6 ultramicrotome (Leica
Microsystems GmbH, Wetzlar, Germany) and collected onto
glass slides, then stained with 1% (w/v) toluidine blue O
dissolved in 1% (w/v) sodium borate prior to examination
[24]. Observations and photography were performed under
a microscope (Zeiss Axioskop 40: Carl Zeiss Shanghai
Company Ltd., Shanghai, China).

2.4. SEM Observation Studies. Samples were prepared for
SEM observations as follows: at each developmental stage,
30 intact ovules were dissected from buds under a dissecting
microscope. The samples were fixed in 2.5% glutaraldehyde
(in 0.1 mol/L phosphate buffer, pH 7.0) for 4h at room
temperature and then kept for 12h at 4°C. Then, they
were dehydrated in a graded ethanol series (30, 50, 70, 80,
90, 95 and 100%, 15min each step). After drying at the
critical point, the specimens were coated with gold using
an EMITECH K550 sputter coater for 150, and observed
under a Hitachi H-300 scanning electron microscope ( Tokyo,
Japan) at 15 kv accelerating voltage [25].

3. Results

3.1. Female Cone Initiation and Sprouting Process. The female
buds of G. biloba, borne at the apex of the shortshoots,
were conical-shaped with the apex slightly acuminate and
nearly enclosed by seven to nine thick-bud scales from
September to the next February (Figure 1(a)). In late March,
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FIGURE 1: Female cone development of G. biloba. (a) Female cone enclosed by thick bud scales during winter. ((b)—(d)) Bud scales opened
gradually in late March. (e) Ovules began to appear in early April. ((f)-(h)) Ovular stalks elongated and leaves grew rapidly. (i) Leaves and
ovules spirally arranged on the short shoot apex just before pollination. (j) Leaves and ovules during pollination stage (mid-April). (k) Long
shoot with several female short shoots during pollination. (1) Pollination drop secreted from micropyle. (m) Ovules changed from yellow to
green after pollination. (n) Ovules attached directly to general stalk. (o) Ovule with ovular stalks. bs, bud scale; gs, general stalk; le, leaf; o,
ovule; os, ovular stalk; pd, pollination drop; ss, short shoot. Bars: ((a)—(f)) = 50 mm; ((i)—(k)) = 1 cm; ((1)-(m)) = 5 mm; ((n)—(0)) = 2 mm.

the bud scales began to unfold, and over several days,
the outer brown scales opened to expose the inner green
ones (Figure 1(b)). Continued unfolding of the bud scales
resulted in the appearance of the leaves and ovules (Figures
1(c)-1(e)). Most of the ovules were concealed in the bud
because both the leaf stalks and ovular stalks were very
short. At this stage, the leaves were young and curved inward
from the two lateral sides (Figures 1(d) and 1(e)). As the

leaves developed, all of the ovules in the buds became
visible (Figures 1(f) and 1(g)). At this stage, the ovules
were yellow. Afterwards, the leaves began to spread gradually
and the leaf stalks rapidly elongated. At the same time, the
ovular stalks began to extend rapidly, pushing the ovules
outward from the bud (Figure 1(h)). This resulted in a
spiral arrangement of the ovules and leaf tufts on the female
short shoot. The fan-shaped leaves spread out and bent
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FiGure 2: Tissues during ovule differentiation process in G. biloba. (a) Position of ovules and leaf in female bud. (b) General stalk
differentiated and its tip extended and swelled. ((c)-(d)) Formation of integument primordium on tip general stalk. ((e)-(f)) Center of
integument differentiated into nucellar tissue. ((g)—(j)) Integument tissue grew to encircle nucellus. ((k)-(1)) Mature ovules with well-
developed collar, integument, nucellus, micropyle, and micropyle tunnel. co, collar; gs, general stalk; i, integument; le, leaf; mi, micropyle;
nu, nucellus; op, ovular primordium. Bars: ((a)—(e)) = 100 ym; ((f), (h), (j), (1)) = 100 ym; ((g), (i), (k)) = 200 ym.

outwards and downwards (Figure 1(i)). During this period,
the ovules were still yellow, erect, and inclined obliquely
at various angles. During the pollination period, in mid-
April, almost all of the female short shoots were open with
several ovules in the center (Figures 1(j) and 1(k)), and
each ovule produced a pollination drop on the micropyle
(Figure 1(1)). After pollination, the color of ovules changed
from yellow to green as the pollination drop disappeared
(Figure 1(m)). Usually, a single general stalk bore two
ovules that were directly attached to the stalk via ovular
collars (Figure 1(n)). However, the general stalk of ovules
occasionally differentiated into dichotomous separated stalks
(ovule stalk), which connected the two ovular collars with the
general stalk (Figure 1(0)).

3.2. Differentiation of Ovule Tissues. The ovule differ-
entiation process was observed using scanning electron
microscopy (SEM) and semi-thin sections. Our materials
collected from Yangzhou in January 2009 had ovules in
the early stage of development (Figure 2(a)), although we
did not know the exact time of ovule initiation (maybe in
December or earlier). The general stalk primordia of ovules
were initiated at and around the boundary between bud
scales and leaves in the first year, and they remained in
this stage for a long time (about 1 month). Until the next

January, the tip of the general stalk was swollen, giving the
stalk an ellipse-like appearance (Figure 2(b)). Afterwards,
the swollen primordium stretched on both lateral sides to
differentiate into the integument primordium (Figure 2(c)).
The cells of the integument primordium were very small and
tightly arranged, and the nuclei could not be distinguished
easily (Figure 2(d)). The integument tissues showed active
cell division, in contrast to the center part of the general
stalk. The cell division between the integument tissues led
to the formation of a dorsal raphe between them (Figures
2(c) and 2(d)). Further differentiation became visible in
mid-March. As the integument developed rapidly, the dorsal
raphe developed further, causing the integument to separate
into two independent parts. Then, the nucellus was initiated
on the convex region of each integument, forming a faint
ridge (Figure 2(e)). At this stage, the nucellar tissue was
rounded with a flat tip, and its cells were similar in size
and appearance to those in the integument (Figure 2(f)).
Afterwards, the nucellus continued to differentiate and
became free from the integument, causing the latter to
show a cup-like shape (Figure 2(g)). Then, rapid cell
division resulted in rapid growth of the integument, which
grew bigger than, and eventually engulfed, the nucellus
(Figure 2(h)). The integument completely surrounded the
nucellus in late March (Figure 2(i)). Meanwhile, the ovule
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collar differentiated from cells between the base of the
integument and the top of the ovular stalk (Figure 2(i)). After
that, the integument proceeded to differentiate upwards,
instead of ceasing growth, giving rise to the micropyle and
micropylar canal (Figure 2(j)). The mature ovule had a well-
defined integument and ovular collar (Figure 2(k)). The
micropyle was situated on the opposite side of the collar, and
the column-like nucellus was in the center of the integument
(Figure 2(1)).

3.3. Formation of Pollen Capturing and Transporting Tis-
sues. In G. biloba, the pollen capturing and transporting
tissues include the micropyle, micropylar canal, and pollen
chamber. Among them, the micropyle and micropylar canal
are formed by the integument, while the pollen chamber
is formed by the tip of the nucellus. In about mid-March,
after the nucellus had differentiated from the center of
the integument primordium, it continued to grow upwards
by rapid cell division (Figure 3(a)). Because of the more
frequent cell divisions of the integument, the nucellus was
gradually engulfed by the surrounding integument (Fig-
ure 3(b)). When the nucellus was buried deeply in the ovule,
the tip of the integument fused toward the very center at the
top of the nucellus (Figure 3(c)). Then, the nucellus ceased to
extend and became completely concealed by the integument
(Figure 3(d)), while the latter continued to grow upwards
(Figures 3(e)-3(h)). Therefore, the integument encircled the
top of the nucellus to emerge as the micropyle (Figure 3(i)).
Some of the cells under the micropyle formed a tunnel-
like structure, the micropylar canal (Figure 3(j)). During
its differentiation process, the micropyle showed a wavy
shape, rather than a ring-shape (Figures 3(f)-3(i)). This was
probably because of the differential growth rate of different
regions of the upper integument. The micropylar canal cells
were almost rectangular and had smooth surfaces (Figures
3(k) and 3(k-1)). As the micropyle and micropylar canal
further developed, the nucellus became column-shaped
(Figure 3(1)) and slightly acute on the tip side (Figures
3(m) and 3(n)). Some cells near the micropyle elongated
longitudinally and collapsed (Figure 2(l)), resulting in a
cavity (the pollen chamber) at the nucellus tip (Figures 3(o)
and 3(p)). During the pollination period, all tissues were
specialized for pollen capture and transport. The micropyle
slightly curled outwards to form a funnel-like shape, and
had a diameter of approximately 200 yum (Figures 3(q) and
3(r)). The micropylar canal was straight and smooth, and
was approximately 100 ym wide and 500 ym long (Figures
3(k) and 3(q)). The pollen chamber was well developed
with its orifice directly oriented towards the micropyle
and micropylar canal, and the diameter was approximately
100 ym (Figures 3(p) and 3(r)).

3.4. Formation of the Female Gametophyte. After the
micropyle was enclosed by the integument in late March
(Figure 2(j)), the megasporocyte (megaspore mother cell)
initiated from the center of the nucellus, and was tightly
surrounded by spongy tissue. The megasporocyte was very
large relative to surrounding cells with a central nucleus
(Figure 4(a)). In early April, when the tip of the nucellus

began to degenerate to form the pollen chamber, the
megasporocyte underwent meiosis. It divided along the
longitudinal axis of the ovule, giving rise to the two cells
of the dyad (Figure 4(b)). Upon formation of the dyad, the
two cells immediately divided again to yield the linear tetrad
of megaspores (Figure 4(c)). Among all the megaspores,
the one near the chalazal end was typically the largest.
The other three near the micropylar end were relatively
small, and degenerated soon after (Figure 4(c)). Therefore,
the chalazal megaspore enlarged and developed into the
functional megaspore (Figure 4(d)). During the pollination
period, when the pollen chamber reached its largest volume,
the nucleus of the functional megaspore began to undergo
series of karyokinetic divisions, forming many free nuclei
(Figures 4(e) and 4(g)), indicating the beginning of the
female gametophyte phase. At this stage, the surrounding
spongy tissue was distinguishable from other cells as they
contained vacuoles (Figure 4(f)).

4. Discussion

4.1. Differential Stages of the G. biloba Ovule. The structure
of the mature G. biloba ovule is similar to that of many
other gymnosperms. The mature ovule has a general stalk
bearing two ovules at its tip, a single integument with
the micropyle positioned opposite the stalk, some pollen
grains in the pollen chamber, and many free nuclei [26].
However, some of the developmental stages of the ovule
between initiation and maturation remained unclear. In our
study, we observed the ovule differentiation process in G.
biloba and divided it into six stages: (1) undifferentiated
stage (from July to November), the leaf primordium had
differentiated, but the ovule primordium was not visible;
(2) general stalk differentiation stage (in December), the
general stalk primordium appeared in axils of leaves and/or
bracts; (3) integument differentiation stage (from January
to early March), the tip of the general stalk was extended
and swollen (Figure 2(b)), and later, the shoulder of the
tip protruded upwards to form the integument primordium
(Figures 2(c) and 2(d)), whose upper end then developed
into the micropyle and the micropylar canal; (4) nucellus
differentiation stage (from mid-March to early April), the
nucellus differentiated from the center of the integument
(Figure 2(e)); (5) collar differentiation stage (in late March),
the ovulate collar differentiated quickly at the base of the
integument (Figure 2(i)); and (6) mature stage (in mid-
April), a pollination drop appeared on each micropyle
(Figure 1(1)), signaling that the ovule was well prepared,
morphologically and structurally, for pollen entrapment.
The nucellus differentiation stage was the key stage in ovule
development, because the nucellus gives rise to the pollen
chamber, and later, the female gametophyte.

4.2. Functions of Leaves during Pollination. Many plant
lineages show a fossil history of consolidating individual
reproductive organs into compound structures with emer-
gent aerodynamic properties [26]. This appears to have
increased the probability of pollination of the reproductive
units. For example, wind-pollinated plants tend to show
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FIGURE 3: Development of tissues for pollen capture and transport in G. biloba. ((a)-(b)) After nucellus differentiation, integument continued
to grow upward, surrounding nucellus. ((c)-(d)) Tip of integument gradually fused toward the center on top of nucellus. ((e)-(h)) Tip
of integument continued growing upwards. (i) Formation of micropyle. (j) Micropylar canal. ((k), (k-1)) Cells of micropylar canal with
smooth surfaces. (1) Column-shaped nucellus and developing micropylar canal. ((m)-(n)) Tip of nucellus became slightly acute. ((0)-(p))
Emergence of pollen chamber. ((q)-(r)) Ovules during pollination period with well-developed micropyle, micropylar canal, and pollen
chamber. i, integument; mi, micropyle; mc, micropylar canal; nu, nucellus; oc, ovular collar; pc, pollen chamber. Bars: ((a)—(j), ()-(p)) =
100 pm; (k) = 50 ym; ((q)-(r)) = 500 ym.
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F1GURE 4: Formation of female gametophyte in G. biloba. (a) Megasporocyte differentiated from inner nucellar tissue in late March. (b)
Dyad. (c) Tetrad. (d) Functional megaspore. ((e)—(g)) Approaching pollination stage, pollen chamber formed at apex of nucellus, and free
nuclear stage of female gametocyte occurred. ce, chalazal end; d, dyad; fm, functional megaspore; fn, free nucleus; me, micropylar end; mp,
megasporocyte; nu, nucellus; pc, pollen chamber; st, spongy tissue; te, tetrad. Bars: ((a)—(d), (g)) = 50 um; ((e)-(f)) = 100 ym.

a reduction in the size of branches, leaves, and other
structures surrounding pollen-receptive spaces that could
catch pollen grains, thereby reducing the ultimate number of
pollen grains reaching receptive surfaces [27]. Moreover, the
reduction in the size of these structures has been associated
with modification of air currents towards receptive surfaces
[27]. In addition, in some, but not all species of pine, leaf
fascicles emerge around ovulate cones before pollination. As
aresult, pollen capture by the cone involves the aerodynamics
of subtending leaf clusters [28]. In our study, we examined
the development of the female short shoot and the orien-
tation of leaves and ovules of G. biloba during pollination.
We found before the bud scales unfolded, and ovules and
leaves were borne at the apex of the short shoots and were
surrounded by thick bud scales (Figure 1(a)). The ovules
began to appear as the bud scales and leaves continued
to unfold (Figures 1(b)-1(h)). Eventually, all scales, leaves,
and ovules formed a spiral arrangement on the short shoot.
The ovules were upright, and closer to the vertical axis of
the shoot, while the leaves were fan-shaped, and extended
further from the center, bending outwards and downwards
(Figure 1(i)). Considering this architecture of the leaves
and ovules during pollination, we supposed that the shapes
and angles of leaves of G. biloba changed the aerodynamics
around the ovule, which could increase the probability of
pollen capture by the ovule. However, further experiments
are required to determine whether or not the leaves of
the female short shoot in G. biloba can produce favorable
aerodynamics for pollen deposition.

4.3. The Ovulate Stalk. The general evolutionary trends of
ovules in G. biloba include a reduction in the number of
ovules, an increase in ovule size [29], and shortening or
disappearance of the ovulate stalk [17]. Zhou [30] insisted

that under the k-strategy, to balance weight and sustainabil-
ity, the ovulate stalk became shorter, and then ultimately
disappeared. Indeed, the single living species of Ginkgo
has no ovulate stalk between the collar and general stalk.
However, in our study, we found a low frequency of ovulate
stalks that had differentiated on the top of the general stalk
(Figure 1(0)). Considering that this phenomenon appeared
more frequently in Ginkgo fossils [31], we believe the emer-
gence of the ovulate stalk in living Ginkgo might reflect the
vestigial expression of an underlying ancestral trait. From the
view of the spatial arrangement of the ovules and leaves, the
ovulate stalk represents advantageous architecture for ovules
to trap pollen grains from the air. However, on the other
hand, a long stalk also increases the risk of the pollination
drop falling from the micropyle as a result of wind action
during the pollination period. In addition, it is unfavorable
to have a long developmental period after pollination,
owing to the longer distance for nutrient transport and the
increased energy demands of ovule bearing. These factors
may have contributed to the disappearance of the furcated
ovulate stalk during long-term evolution.

4.4. Ovule Morphology and Structures Associated with Wind
Pollination. Ovule orientation and morphology are vital
features for wind pollination in gymnosperms. Traditionally,
wind pollination is viewed as a simple matter of “chance,”
a mode of reproduction dominated by stochastic processes
that predominate in the biology of long-distance dispersal
[28]. However, a certain number of morphological features
of reproductive units have evolved in divergent land plants
that may contribute to the success of wind pollination [7].
For instance, female reproductive organs of gymnosperms
showed considerable developmental flexibility, which would
significantly influence the behavior of pollen grains in the air



around the ovulate cones [11]. Furthermore, ovule geometry
and position in relation to floral parts seem to play an
essential role in affecting pollination efficiency [28]. In our
study, we observed the G. biloba female cone and ovule
structure and found many morphological and structural
characteristics adapted to wind pollination. First, different
from conifers in which ovules are often engulfed by other
structures, such as bracts in Pinus monticola or lobes in
Cunninghamia [3, 32], the organization of ovulate structures
in G. biloba is very simple: the erect ovule is fully naked
and is not enclosed by seed scales (Figure 1(j)). In addition,
there is no distinctly organized lobe surrounding the ovule;
this reduces boundary layer effects near ovules and increases
the pollen-scavenging area (Figure 2(k)). Therefore, during
pollination, the micropyle orifice enlarges and forms a
funnel-like shape, and a pollination drop is produced on the
micropyle (Figures 1(1) and 3(q)). It is interesting that the
integument tip of the ovule, which includes the micropyle,
does not emerge as strictly ring-shaped, but splits to several
pieces (Figures 3(i) and 3(p)). Therefore, we propose that
the architecture of the micropyle in G. biloba is adapted
to produce a pollination drop with its size optimized for
attachment of pollen grains, similar to other modifications
of the integument tip in some conifers [3, 33-35]. Also,
these adaptations could increase the contact area between
the ovule and the pollination drop, decreasing the possibility
of the pollination drop falling from the micropyle owing
to the unexpected motion of the long shoot. Third, before
pollination, the ovule differentiates into tissues adapted for
pollen transport, including the micropyle, the micropylar
canal, and the pollen chamber, of which the micropylar
canal is straight and the cells on the inner surface are
smooth (Figures 3(j) and 3(k)). The pollen chamber is well-
developed, and the orifice reaches its largest size as it faces the
micropylar canal (Figure 3(r)). Thus, we assume that, at this
moment, the structure of the ovule enables it to transport
and accept pollen grains, and facilitates the movement of the
pollen from the pollination drop to the pollen chamber.

4.5. Ovule Developmental State during Pollination. At the
time of pollination, the developmental state of ovules varies
among species, owing to wide variations in the period
between pollination and fertilization, or the progamic phase
[36]. Ordinarily, the angiosperm ovule, which contains an
egg cell, two synergids, and a binucleated central cell at the
micropylar pole, is already present during the pollination
period, because angiosperms often have a relatively short
progamic phase [37-39]. In contrast, since the time interval
from pollination to fertilization varies among families, the
ovules of gymnosperms have a variable developmental state
at the time of pollination. For instance, pollination in
Podocarpus totara [40] and Larix decidua [41] occurred when
the functional megaspore inside the ovule developed and
became the mother cell of the female gametophyte, whereas
the female gametophyte of interior spruce was cellular at pol-
lination [42]. In the present study, the female gametophyte
of the G. biloba ovule was in the free nuclei stage (Figures
4(e) and 4(g)) during the pollination period. According to
Wang et al. [22], there were approximately 130 d between
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the initiation of karyomitosis in the female gametophyte and
the formation of the mature archegonium. Meanwhile, there
were also approximately 130 d between entry of the pollen
grain into the pollen chamber at the time of pollination
and development of the male gametophyte into the mature
spermatozoid at the time of fertilization. Thus, we can
conclude that the female gametophyte phase occurring
inside the ovule during the pollination period might be in
preparation for fertilization at the later period. Therefore,
the developmental processes of the male and female game-
tophyte are coordinated after pollination, thereby ensuring
that the male and female gametes meet at the correct
developmental stage during the short fertilization period.
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