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Abstract
Main conclusion  Extensive histology of pistillate flowers revealed two pollen tube arresting sites (the style-joining 
and micropyle) within the pistil of Quercus acutissima during the postpollination–prezygotic stage, which reflects a 
unique female and male gametophyte recognition/selection mechanism.

Abstract  Sexual reproduction is among the most delicate and essential stages in plant life cycles and involves a series of 
precise interactions between pistils and male gametophytes. Quercus is a woody genus that dominates Northern Hemisphere 
forests and is notorious for interspecific hybridization, but its sexual reproduction is poorly understood, especially its pollen 
tube (PT) growth dynamics within pistils. This study used microtome techniques and scanning electron microscopy to observe 
the postpollination–prezygotic process in the biennially fruiting oak Quercus acutissima. Many pollen grains germinated at 
anthesis instantly, and PTs penetrated stigmatic surfaces and elongated through the stylar transmitting tissue, then arrested at 
style-joining for about 12–13 months. Few PTs resumed growth along the compitum in the upper ovarian locule wall in the 
subsequent April, concurrent with the rapid growth of rudimentary ovules. PTs arrived in the micropyle, and upper septum 
during megaspore mother cell meiosis, then arrested again for 7–10 days waiting for the embryo sac maturation. Fertilization 
occurred one week later. Our study shows a clear female dominant crosstalk growth pattern between PT and the ovule. The 
intermittent PT growth might reflect a unique male gametophyte recognition/selection mechanism to avoid self-pollination 
and enhance PT competition while increasing interspecific hybridization.

Keywords  Delayed fertilization · Fagales · Male gametophyte–pistil interaction · Oak · Ovule

Abbreviation
PT	� Pollen tube

Introduction

Sexual reproduction is one of the most delicate and essential 
stages in the plant life cycle (Barrett 2013). During this pro-
cess, a series of complex and precise selection/recognition 
interactions between the pistil and the male gametophyte 
plays a critical role in plant evolution (Friedman and Floyd 
2001). At anthesis, pollen grains (male gametophytes) fall on 
the stigma, followed by their rapid germination. Generally, 
several pollen tubes (PTs) penetrate the stigmatic surface 
and grow downward through the transmitting tissue in style, 
but only one PT will reach the embryo sac to accomplish 
fertilization (van Went and Willemse 1984). In many angi-
osperms, fertilization generally occurs within 24–48 h (or 
even less) after pollination (Johri 1984; Gao et al. 1992; Tian 
and Russell 1997; Williams 2008). Nevertheless, delayed 
fertilization can be found in many unrelated angiosperm lin-
eages, e.g., in the Fagales (Satake and Kelly 2021), Rosales 
(Pimienta and Polito 1983), Ericales (Palser et al. 1989), 
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and Saxifragales (Endress and Igersheim 1999). It is unclear 
where and how PTs remain within the pistil during such 
delays, and little is known about PT growth dynamics.

The Fagales is a representative order of angiosperms with 
delayed fertilization (Sogo and Tobe 2006c). The plants of 
this clade are primarily wind-pollinated, and PT growth in 
pistils shows different developmental rhythms during the 
delay period. Previous studies in Casuarinaceae (Sogo et al. 
2004a, b), Alnus (Sogo and Tobe 2005), Myrica (Sogo and 
Tobe 2006c), and Fagus (Sogo and Tobe 2006a) have shown 
that PT growth ceases upon reaching a particular site in the 
pistil. These cessation sites are highly diverse, including the 
style base (i.e., style-joining site), the upper ovarian locule 
wall, locule, the funicles of the ovules, the micropyle, and 
at the chalaza or on the nucellar surface (reviewed by Sogo 
and Tobe 2006a, b). Thus, it seems the PT navigation signal 
system in the Fagales is highly diverse.

The family Fagaceae, comprising about 1000 species, 
dominates forests in the temperate, seasonally dry regions 
of the Northern Hemisphere (Govaerts and Frodin 1998). 
Delayed fertilization in this family was first recorded over 
a century ago, and in particular, the pollination-fertilization 
process in oaks has been documented in detail. Oak pollen 
grains germinate instantly to penetrate the stigmatic surface 
to the stylar transmitting tissue once they land on the stigma. 
PT growth is halted at the point at which styles join for 5–6 
(but up to 8) weeks in Q. alba and Q. schottkyana and for 
1 year in Q. rubra, Q. velutina, and Q. acutissima (Cecich 
1997; Borgardt and Nixon 2003; Deng et al. 2008). The 
body of literature documenting this phenomenon has pro-
vided crucial information on the sexual reproductive process 
in oaks. However, few studies have directly observed PT 
growth dynamics in the pistils of oaks, and their results have 
revealed very different PT growth modes, especially after 
PTs arrive in the ovarian locules. For example, PTs of Q. 
suber ceased growth at the style-joining site for 4–5 weeks, 
entered the ovarian locule, and elongated along the micro-
pyle to reach the embryo sac (Boavida et al. 1999). Two 
biennially fruiting species, Q. rubra and Q. velutina, showed 
a similar intermittent PT growth mode within the pistil, 
but the period of PT arrest at the style-joining was up to 
12 months (Cecich 1997). (Shi (2020) reported a very unu-
sual PT growth pattern in Q. acutissima: PT growth ceased 
at the base of the style for 12 months after pollination, and 
only a few PTs resumed growth in the following season (at 
the end of April), thereafter penetrating the upper ovarian 
locule wall to reach the placenta, proceeding to the chalaza, 
and growing upward along the integuments to the micropyle 
to fertilize the embryo sac. This PT growth mode is very 
different from those observed in other studies.

In other genera of the family Fagaceae, for example, 
Castanea, the PT growth mode seems to be continuous 
with no prominent growth cessation in the pistils (Xiong 

et al. 2019). The genus Fagus is very different, with two PT 
growth-cessation sites inside the pistils at the integument 
and micropyle, respectively (Sogo and Tobe 2006a). There-
fore, the sexual reproduction process in the Fagaceae might 
be particularly complex and thus merits further investigation 
and confirmation.

Moreover, oaks are long-standing models for studying 
hybridization and species concepts. Darwin (1859) was 
aware of the complexity of oak species relationships. There-
after, hybridization in oaks has been reported and exten-
sively investigated. Many population genetic studies have 
demonstrated that hybridization commonly occurs between 
species in the same section (Bacilieri et al. 1996) and even 
between species in different sections, e.g., Quercus ilex and 
Q. suber (Burgarella et al. 2009). Recent genomic stud-
ies have demonstrated that many adaptive alleles could be 
passed through interspecific gene flow, thereby profoundly 
impacting the adaptation of multiple species (Kremer and 
Hipp 2020). However, the physiological background that 
leads to such common interspecific gene flow remains poorly 
understood. In this study, we observed PT growth and sub-
stantially delayed fertilization processes in the pistils of Q. 
acutissima, a biennially fruiting species widespread in East 
Asia. This study was undertaken to provide fine details on 
the pollination-double fertilization process in Q. acutissima 
and to increase the present understanding of the biologi-
cal significance of delayed fertilization and intermittent PT 
growth in the family Fagaceae and the Fagales more broadly.

Materials and methods

Plant materials

Female inflorescences of Q. acutissima Carruth. were col-
lected from five trees weekly, from early anthesis in March 
2017 to August 2018 in Chenshan Botanical Garden (Shang-
hai, China) and from March 2020 to August 2021 in Kun-
ming Botanical Garden, CAS (Kunming, China). The trees 
of the two botanical gardens were 12 years old and about 
40 years old at the time of sampling, respectively.

The morphology of the collected pistillate flowers was 
observed using a stereomicroscope (Nikon SMZ72; Nikon, 
Tokyo, Japan) and photographed to record morphological 
changes before they were fixed in FAA (50% ethanol:stock 
formalin:glacial acetic acid, 90:5:5, by vol.).

Observation of pollen tube growth

Five–ten fixed flowers/inflorescences were randomly 
selected, and were dissected in a solution of 50% ethanol 
to collect the pistils, ovary, and ovules. The pistils and ova-
ries were immersed in a 1.0% sodium hypochlorite solution 
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overnight at room temperature to decolorize them. After 
being rinsed three times in deionized water, the pistils and 
ovary were macerated in 1 M sodium hydroxide (NaOH) at 
60 ℃ for two hours and then transferred to a 0.1 M K3PO4 
buffer solution for half an hour to adjust the pH. The materi-
als then were stained with 0.5% aniline blue in 0.1 N K3PO4 
for three hours. The pistils and ovules were mounted in a 
few drops of staining medium on two glass coverslips on a 
glass slide and were then covered with another glass cover-
slip with force to spread the materials (Herr 1971). Pollen-
tube growth in the pistils and ovules was observed with a 
fluorescent microscope (Zeiss LSM410; Zeiss, Oberkochen, 
Germany) using a UV filter set (Model No. 01) with an 
excitation filter (365 nm; bandpass 12 nm), dichroic mirror 
(FT395), and barrier filter (LP397).

A scanning electron microscope (SEM) was used to 
observe pollen grains on stigmas and pollen tube growth 
in ovarian locules. The FAA fixed pistils were dissected to 
expose ovules, then dehydrated with an ethanol series (30, 
50, 70, 85, and 95%, followed by three incubation in 100% 
ethanol), then incubated in fresh 100% ethanol overnight 
before continuing on to a critical point drying apparatus 
(Tousimis SAMDRI-795; Tousimis Research Corp., Rock-
ville, MD, USA). The detailed steps followed the protocol 
of Bray (2000) and Franks (2014). Finally, the pistils were 
coated with gold and observed with a SEM (FEI Quattro; 
Thermo Fisher, Waltham, MA, USA).

Observations of ovule and embryo sac development

To locate the specific PT growth-cessation site(s) and assess 
growth dynamics, the pistil morphological changes (e.g., of 
ovules and embryo sacs) were examined in microtome sec-
tions. 15–20 fixed pistillate flowers were dehydrated by an 
ethanol series (30, 50, 70, 85, and 95%, followed by two 
incubations in 100% ethanol with 1–2 h incubation time for 
each step depending on the size of the sample, then were 
infiltrated gradually with xylene/100% ethanol series (25, 50, 
75%) with 1 h for each step, then followed by two incuba-
tions in xylene with 30 min for each time) and embedded in 
Paraplast® (Leica, Wetzlar, Germany) with a melting point of 
57–58 ℃ for subsequent microtome sectioning. Serial Sects. 
(6 or 15 µm thick) were stained with Heidenhain’s Hematox-
ylin, Safranin-O, and Fast Green, then mounted in Entellan 
(Merck, Darmstadt, Germany) and observed with a bright-field 
microscope (Leica DM3000). To further identify the precise 
location of the PTs, the same batch of serial Sects. (12 µm 
thick) were first stained with 0.05% (w/v) Toluidine Blue and 
then stained with 0.5% aniline blue in 0.1 N K3PO4 for three 
hours. The slides were mounted with glycerin, then observed 
with a fluorescent microscope (Zeiss LSM410) using a UV 
filter set (Model No. 01) with an excitation filter (365 nm; 
bandpass 12 nm), dichroic mirror (FT395), and barrier filter 

(LP397), and subsequently observed again with a bright-field 
using the same microscope. At least 3 pistillate flowers were 
observed thoroughly to confirm the location of the pollen tube 
tips within the pistillate flower.

Comparison of the sexual reproduction process 
in the Fagaceae and the Fagales

The terminology of pistil anatomy follows that of Cecich 
(1997), Borgardt and Nixon (2003), and Sogo and Tobe 
(2006a). The comparison of pistil morphology and the sex-
ual development process in the Fagaceae and the Fagales 
is based on current and previous studies, including those 
in Quercus alba (Stairs 1964; Mogensen 1965; Cecich 
1997), Q. rubra (Hjelmqvist 1953; Cecich 1997), Q. velu-
tina (Cecich 1997); Castanea spp. (Nakamura 1986, 1991, 
1992a, b, 1994, 2001, 2003; Zou et al. 2014; Xiong et al. 
2019), Fagus japonica (Sogo and Tobe 2006a), Myrica 
rubra (Sogo and Tobe 2006b, c), Alnus spp. (Sogo and 
Tobe 2005), Betula pendula (Dahl and Fredrikson 1996), 
Casuarina equisetifolia (Sogo et al. 2004b), Ticodendron 
incognitum (Tobe 1991; Sogo and Tobe 2008), and Juglans 
regia (Langdon 1934; Luza and Polito 1991; Zhang et al. 
2021). All the character states were unordered, unpolarized, 
and unweighted, and missing values were scored as “?”. The 
character states were thus scored and mapped onto the sim-
plified phylogenetic trees of the Fagales and the Fagaceae 
obtained by Li et al. (2004) and Oh and Manos (2008) to 
reconstruct their evolutionary patterns.

Results

We examined the pistillate flower morphology of two 
batches of samples collected from Shanghai and Kunming, 
respectively. Except for the phenology of samples from Kun-
ming following a progression 15–20 days (anthesis time on 
15 March) earlier than that in Shanghai, the morphological 
changes and the PT arresting and resuming time duration 
were identical in the two batches of samples. This study thus 
focuses on the results based on the samples collected from 
Shanghai Chenshan Botanical Garden from 2017 to 2018. 
We summarized the number of the pistils that had a pollen 
tube tip at a particular time and position after pollination in 
Table S1.

Development stages of pistillate flowers and PT 
growth within the pistils

Pollination stage (early to late April) (Figs. 1a, 2a–e)

Anthesis occurred in early April and lasted for about 
2 weeks. The staminate flowers are grouped into catkins. 
The staminate anthesis period was 4–5 days before the 
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stigma receptivity of the pistillate flowers. Therefore, there 
was a 3–7-day overlap of anthesis and stigmatic receptivity 
for the same tree. Many pollen grains were attached to the 
stigmatic surface between early and late April with visibly 
fluorescing apertures during anthesis, indicating that the pol-
len tube would soon germinate (Fig. 1a). The stigma recep-
tivity lasted for about 10 days, after which its surface turned 
brown and became necrotic (Fig. 1b). The cupule and the 
scale of the pistillate flowers were significantly thickened in 
the middle of May (Fig. 1c–f). The stigma of the species is 

of the “dry” type, without papillate cells but with receptive 
cells on its surface (Fig. 2d).

The pollen grains germinated instantly once they landed 
on the stigmatic surface at anthesis in early–mid-April. 
We detected a bright fluorescence signal around the pol-
len tubes when stained with aniline blue, indicating the 
synthesis of the callose plug (Fig. 2a). Transmitting tis-
sue was observed to extend from the tip of the stigma 
to the acropetal portion of the ovarian locules located at 
the style canal surrounded by vascular and cortical tissues 

Fig. 1   The development of the pistillate flowers of Quercus acutis-
sima since anthesis to the post-fertilization stage. Scale bar = 2.0 mm. 
a Pistillate flower of the current year at pollination time on 3 April 
2017, showing the recurved style (Sy) and many pollen grains on the 
stigmatic surface (St). Bracts were marked as *. b Pistillate flower 
of the current year at a postpollination time on 17 April 2017. The 
stigmatic surface (St) and upper style (Sy) become dry and brown. 
c Pistillate flower of the current year on 26 May 2017. The ovary is 
surrounded by a young couple with dense scale (Se), the styles join 
is surrounded by perianths (Pe). d Pistillate flower of the current 
year on 14 June 2017 showing the thickened pedicle (ped) and scales 
(Sc). e–f Pistillate flowers of the current year on 11 July 2017 (e) and 
20 Sept 2017 (f), respectively, showing pistillate flowers stopping 
growth. The styles join is hard and dry, enclosed by perianth (Pe). g 
The pistillate flower of the 2nd year on 19th April 2018. The pistillate 
flower size is almost unchanged compared to that of the previous fall. 

h Pistillate flower resumed growth on 13 May 2018. The cupule wall 
and scales (Sc) enlarged. i Pistillate flower of the 2nd year at the fer-
tilization time (14 June 2018), showing the pistil enclosed in cupule 
with major long scales (Sc). j The longitudinal section of the pistillate 
flower of h (13 May 2008), showing the ovary (Ov) and the ovules 
(O). k–m The embryo sac stage of the pistils on 14 June 2018. k The 
longitudinal section of the pistil. The pistil is enclosed in a cupule 
with incrassate long scales (Sc). l Magnified section of the pistil in 
k. Arrows indicate the two ovules attached to the placenta (Pl), three 
septa (Se) adjacent to the ovarian locule wall. The pistil is enclosed 
by the palisade layer (PA) and the abscission zone (AZ) at the base. 
m Top view of the pistil, showing the septum (Se) and six well-devel-
oped ovules (O) in the pistil. n The post-fertilization stage on 20 June 
2018 showing one fertilized ovule (O), the other aborted ovules (indi-
cated by the arrows), and the septum (Se). ped, pedicle
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(Fig. 2b, e). After PTs penetrated the stigmatic surface, 
they grew through the cellular transmitting tissue of the 
style until middle to late May, leaving a trace of callose 
plugs (Fig. 2a, c, e). At this stage, the styles occupied the 
majority of the pistil with an undeveloped ovary at the 
base (Fig. 2c). The rudimentary ovule was undeveloped 
at this stage.

Pollen tube arrest (late May–April of the following year) 
(Fig. 1b–f)

At the end of May, the pistillate flowers of the current year 
stopped growing, and the scales surrounding them became 
woody and thick. At the same time, the elongation of PTs 
ceased at the juncture of the three styles (the style-joining 

Fig. 2   Longitudinal sections of pistils from the pollination time of the 
current year to the 2nd growing season. a Pistillate flower of the cur-
rent year on 3 April 2017. A large number of pollen tubes penetrated 
the transmitting tissue (TT) of the style (Sy). The arrows indicate the 
pollen tubes (gain) and undeveloped ovary (Ov) at the basal part. St, 
stigmatic surface; Pe, perianth. b-c Pistillate flower of the current year 
at the end of the pollination time (23 April 2017). The pollen tubes 
(indicated by white arrows) elongated to the lower part of the style. 
Undeveloped ovarian locules (Lo) at the basal of the pistil. d Magni-
fied section of the stigmatic surface of b, showing the outmost water 
layer and the receptive stigmatic cells (arrows). e Transverse sec-
tion of the style-joining site (the square of c). f Pistil of the current 
year on 20 Sept 2017 at the end of the growing season, showing the 
senesced style (Sy) with several suberized cells (Sc). Callose plugs 
of the pollen tubes (PT) are concentrated at the style’s base region 

(illustrated in a square) at the level of the perianths (Pe), the ovar-
ian locule still undeveloped. g–k The longitudinal section of pistil at 
the 2nd growth season on 19 April. g Section of the whole pistil. The 
torn area in the upper section where the tree styles join region con-
tains a dark stained hard resin-like substance that is hard to cut, show-
ing the ovarian locules (Lo) enlarged, rudimentary ovule (Ro) formed 
on the placenta (Pl). h Magnified square region of g. Arrows showing 
the resin-like substance surrounding the compitum (Co) and paracar-
pous portion of the ovary (PPO). i Magnified the ovary of g, showing 
the placenta (Pl) and rudimentary ovules (Ro). j Magnified style join 
region. Lots of pollen tubes (PT) (indicated by green arrows), and a 
pollen tube (PT) penetrating the compitum (Co). k Magnified square 
region of j. Arrows showing the traces of the two pollen tubes. Scale 
bars = 200 µm (a–i), 100 µm (j), 50 µm (k)
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site), which is at the level of the visible portion of the peri-
anth (Fig. 2f). Strong fluorescence signals from the callose 
plugs of the PTs were detected in this region (Fig. 2f). A 
hard resin-like brown substance was found in the style-join-
ing site of the bleached pistils under the light microscope.

Our study showed that there is no vascular or cortical 
tissue surrounding the transmitting tissue below the style-
joining site. The compitum is a tube-like structure extend-
ing from the style-joining site into the paracarpous portion 
of the ovary (Fig. 3g, h). Before the next growing season, 
the compitum is invisible, as the cells of the upper region 
of the ovarian locule and paracarpous portion are tightly 

appressed to each other without crevices (Fig. 2a–f). Such 
a morphology lasted for about 12 months, from late May to 
the next April, during which the size of the pistillate flower, 
its cupule, and scales did not change substantially.

Resumption of growth and fertilization (mid‑April 
of the 2nd year to mid‑June of the 2nd year)

During the anthesis time of the following spring, the 
previous year’s pistillate flower showed no significant 
appearance variation (Fig. 1g), but the ovarian locule had 
enlarged (Fig. 2g, j). The rudimentary ovule grew fast at 

Fig. 3   Longitudinal section of 2nd-year pistils at the micropyle for-
mation stage (4 May 2018–11 May 2018). a,b, e–h 2nd-year pistils 
on 4 May. c–d 2nd-year pistils on 11 May. a Overall morphology 
of the pistil, showing prominent enlarged ovary (Ov). Green arrows 
indicate the callose plugs of pollen tubes. Se, septum; Co, compi-
sum; O, ovule; Pl, placenta. b Magnified style-joining site and upper 
ovarian locule wall. Green arrows show the pollen tubes still at the 
styles join region, few PT grew downward to the ovary. c The overall 
morphology of the pistil on 11 May 2018. The integuments enclos-
ing the nucellus and micropyle (mic) have been formed. Lo, ovarian 
locule; Se, septum; Co, compisum; O, ovule. d Magnified ovary of c. 
PTs (indicated by green arrows) have penetrated the compisum and 
paracarpous portion of the ovary (PPO) to reach the micropyle (mic) 

of the ovules. e–f Magnified sections of a, observed under the light 
microscope. e The morphology of the styles join region and adja-
cent compisum (Co), showing the resin-like substance in the tissue. 
f The morphology of the upper ovarian locule below the styles join 
region, showing compisum (Co) and the paracarpous portion of the 
ovary (PPO). A dark stained region (indicated by *) is the boundary 
during the pollen tube arrest, the PPO below is mostly composed by 
fast-growing parenchymal cells. g The morphology of the ovary (Ov). 
The outer integument (OI) of the ovule (O) has developed but still not 
enclosed the nucellus (nu). PPO was almost attached to the septum. h 
Magnified compisum (Co) and PPO region. The green arrow shows a 
pollen tube. Pe, perianth; St, style. Scale bars = 200 µm
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this stage (Fig. 2g, j). In late April, three ovarian locules 
with two ovule primordia were visible in the 2nd-year 
pistillate flowers. The volume of the pistillate flower 
increased quickly afterward (Fig. 1h–i). The scales on 
the cupule wall significantly elongated and recurved in 
mid-May (Fig. 1h–k).

We detected many intense and persistent fluorescence 
signals of callose plugs at the basipetal end of pollen 
tubes around the style-joining site (Figs. 2f, h, 3a–c). 
Only very few pollen tubes had resumed growth at the 
end of April to early May (Fig. 3b), either via the com-
pitum and the paracarpous portion of the ovary to the 
ovarian locule or by growing along with the basipetal 
piece of the transmitting tissue without entering the 
compitum (Figs. 2h, 3c) to the ovarian locule. Callose 
plugs were only occasionally detected when the pollen 
tubes entered the compitum or ovarian locule after they 
resumed growth.

In the ovary, the development of primordia in the outer 
and inner integuments of the ovule occurred in early May 
(Fig. 3c). The two integuments then grew rapidly to form 
the micropyle in a week (in the middle of May), followed 
by the meiosis of the megaspore mother cell (Fig. 3c). 
The septa of each ovarian locule were incompletely 
developed at the top of the locules and very close to the 
paracarpous portion of the ovary (PPO). The placenta is 
mostly sessile, in which the vascular bundle runs from the 
placenta into the ovules. Callose visualized by green fluo-
rescence was detectable along the spiral vessels, which 
are the sieve tubes of the phloem (Fig. 3h). Meanwhile, 
we found callose deposition around the chalaza of some 
ovules after megaspore mother cell meiosis (Fig. 3b, h), 
and those ovules were likely aborted later.

Pollen tubes elongated along the compitum and the 
upper septum without branching after resuming growth. 
The earliest time pollen tubes arriving in the micropyle 
was at the megaspore mother cell tetrad stage in mid-May 
(Fig. 3c, d), but fertilization did not happen instantly; 
instead, it occurred 7–14 days later (4 June 2018) when 
the eight-nucleate embryo sac had matured (Fig. 4g). 
More pollen tubes entered the ovarian locule during this 
interval, producing many short blind branches again 
around the upper septa and micropylar region (Figs. 3c, 
d, 4b–f, 4j, k). The free-nucleate endosperm was detected 
in the embryo sac in the pistils collected on 20 June 2018 
(Fig. 4i), indicating that fertilization occurred after 13 
June. In this family, usually, only one ovule can develop 
into a seed; the remaining five are subsequently aborted 
(Fig. 4l). However, the exact dates during which the PT 
resumed growth and penetrated the ovarian locule could 
not be determined based on weekly collections, as the 
development of the pistillate flowers is not synchronous.

Evolutionary trends of the sexual reproduction 
process of the Fagaceae and the Fagales

Nine sexual reproduction traits were analyzed across the 
Fagales. The PT arresting sites within the pistil and PT 
pathway to enter the embryo sac are highly divergent in the 
Fagales, e.g., the diversified intermittent PT growth ceas-
ing sites and the very different pathways (porogamy, pseu-
doporogamy, and chalazogamy). Among these, PT arresting 
patterns in the pistil, the duration from pollination to ferti-
lization (30 days–13 months), and the rhythm of pistils and 
PTs are highly diverse in the family Fagaceae. The detailed 
comparison among the taxa and scored selected character 
states for ancestral state reconstruction are summarized in 
Table 1.

Four characters related to the sexual reproduction pro-
cess, (1) differentiation of the ovary at pollination time, (2) 
PT growth pattern in style, (3) formation of the micropyle 
when the PT is in the ovary, and (4) PT pathway to the 
embryo sac, were selected for ancestral state reconstruction. 
The characteristic status was scored, and the evolutionary 
pattern was traced over the phylogenetic tree. The analysis 
revealed that an undifferentiated ovary at lepollination was 
derived several times independently in different lineages, 
showing a paraphyletic pattern (Fig. S1a). The state of PTs 
being arrested at the style-joining site was unresolved in 
the ancestral lineage of the Fagales. This character shows 
high diversity in the family Fagaceae, from lacking such 
an arrest to slow growth to prominent arresting at the style-
joining site (Fig. S1b). A well-formed micropyle when PT(s) 
enter the ovary is plesiomorphic. Myrica (with an unformed 
micropyle) and Juglans (with a micropyle either formed or 
unformed) represented a specialized clade (Fig. S1c) rela-
tive to other plants in the Fagales. The ancestral state of PT 
pathways to the embryo sac (including chalazogamy, poro-
gamy, and pseudoporogamy) was observed to be unresolved 
in the Juglans–Myrica clade. Chalazogamy in the clade 
comprised of {[Betulaceae (incl. Betula and Alnus) + Tico-
dendronaceae] + Casuarinaceae} could be either apomorphic 
or plesiomorphic. Porogamy was plesiomorphic within the 
Fagaceae (Fig. S1d).

Discussion

Pollen tube growth mode in Quercus acutissima

The pollen germination and PT growth in the pistil involves 
a series of complicated cell–cell interactions; some facili-
tate PT navigation and fertilization, while others prohibit PT 
access to the female gametophyte (Lord and Russell 2002; 
Cheung et al. 2010). The genus Quercus has one prominent 
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PT growth-cessation site at the style-joining site (Cecich 
1997; Boavida et al. 1999) and an inconspicuous short-term 
growth-cessation site around the micropyle–upper septum 
region. The female sporogenous cell was undeveloped in 
the ovary during pollination in Q. acutissima. It requires 
about an additional 12–13  months before ovules form. 
The resumption of PT growth in the pistil is synchronous 
with the key development events of the ovule, for exam-
ple, the formation of the rudimentary ovule and embryo sac 

maturation. Such a growth pattern indicates that the female 
sporophytic tissue and gametophyte collaboratively regulate 
PT growth in the pistils.

The transmitting tissue is a specialized column of 
cells producing extracellular matrix material essential for 
PT elongation and guidance (Cheung et al. 1995; Erbar 
2003; Crawford and Yanofsky 2008). The PTs navigate 
en route through transmitting tissue to the ovule. Many 
PTs in Q. acutissima converged into the transmitting 
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tissue at anthesis, reaching the style-joining site in about 
2–4 weeks. Two to four PTs can resume growth from the 
style-joining site in the next growing season. Therefore, 
the style-joining site in the pistil acts as a powerful filter 
to block the growth of most PTs. There is an anatomical 
difference between the transmitting tissue above the pollen 
arresting site and the region below it in the upper ovarian 
locule wall. The stylar transmitting tissue was surrounded 
by vascular bundles and cortical tissue, but not the trans-
mitting tissue below the perianth. This result is partly 
supported by the speculation of Sogo and Tobe (2006b) 
that intermittent PT growth might result in the nutritional 
needs of PTs inside the pistil for their long-term survival 
during the postpollination and fertilization stage.

We also found that the histological staining of the trans-
mitting tissue in the style canal is much darker than that 
in the lower part of the upper ovarian locule wall (Fig. 2b, 
g), indicating the two parts may have different functions. 
Remarkably, we detected a “darkened belt” that occurred 
below the PT arrest area (Fig. 3f, g) at the time of early 
April in the 2nd-year pistil. This feature then disappeared, 
followed by the fast growth of the compitum, and pollen 
tubes began to elongate basipetally. Simultaneously, the 
compitum became a narrow crevice along the style base 
to the upper ovarian locule to allow the PT to penetrate 
the ovarian locule wall. These significant histological 

differences (Fig. 2a) might block subsequent PT growth 
until the initial ovule development in the subsequent grow-
ing season.

It took about 1–2 weeks for PTs of Q. acutissima to pen-
etrate the compitum and upper ovarian locule wall after they 
had resumed growth. In other angiosperms, only 2 days are 
needed for PTs to grow through a 2–4 cm long style, e.g., 
in tobacco (Nicotiana tabacum) (Tian and Russell 1997) 
and Torenia fournieri (Higashiyama et al. 1997). Therefore, 
the PT elongation speed in the compitum–upper ovarian 
locule wall of Q. acutissima was still obstructed. Thus, the 
transmitting tissue in the style and ovarian locule wall are 
functionally different. The stylar transmitting tissue provides 
universal guidance to attract PT elongation and enrich PTs 
at the style-joining site. The lower transmitting tissue in the 
upper ovarian locule wall serves as a place for PT competi-
tion, recognition, and selection. However, the pistil’s physi-
cal and/or physiological constraint to PT growth merits fur-
ther investigation to characterize their interactions.

Based on our observation, PTs arrived in the ovarian 
locule just about during megaspore mother cell meiosis in 
the middle to late May, not before. The PTs were branched 
and had a zigzag form around the micropyle-upper septum 
region, indicating PTs lost their growth orientation and 
temporarily ceased growth. This period took about another 
7–14 days until the embryo sac had matured, and then, one 
PT finally fertilized the embryo sac. Thus, the PT growth 
mode in Q. acutissima can be divided into four stages. (1) 
The pollen germinates and grows through the stylar transmit-
ting tissue to reach the style-joining site, where their growth 
is arrested. (2) Megasporogenesis begins to develop in the 
following spring (late April). After stimulation, a few (2–4) 
PTs resumed growth to penetrate the upper ovarian locule 
wall slowly, entering the ovary during megaspore mother 
cell meiosis in middle to late May. (3) Then, PTs ceased 
growth around the upper septum and micropyle for a short 
period (about 7–14 days). (4) When the embryo sac had 
matured, one PT fertilized the embryo sac in early June. 
The PT–pistil growth process observed in this study agrees 
with those surveyed in Q. alba, Q. rubra, and Q. velutina 
by Cecich (1997), except for the duration of arrested PT 
growth at the style-joining site in oak species. However, the 
exact days that PTs were arrested in the micropyle–upper 
septum is hard to define by the week sampling. Based on 
our observation of sections from different pistils, a func-
tional megaspore needs about a week to develop into a 
mature eight-nucleate embryo sac. The short-term arrest of 
PT growth around the micropyle region before fertilization 
was confirmed.

Nevertheless, Shi (2020) has reported an unusual PT 
growth scenario wherein PTs entered the placenta from the 
upper ovarian locule wall, penetrating the funiculus and 
chalaza and then growing along the integuments to reach 

Fig. 4   Pistils at embryo sac stage to the post-fertilization stage (4 
June–3 July 2018). a–f Longitudinal sections of pistils on 4 June 
2018. The full view of the pistil under the light (a) and fluorescence 
microscope (b). a The arrows mark the micropyles of the three ovules 
(O) and the abscission zone (AZ) at the basal part. b The green 
arrows indicate the pollen tubes, the white arrows the micropyles 
(mic). c Magnified ovary of the same sample on 4th June, showing 
pollen tubes (indicated by green arrows) at the hanging lobes of the 
paracarpous portion of the ovary (PPO) and around micropyles (mic). 
d Magnified compitum–PPO region and the adjacent septa (Se). 
Pollen tubes (indicated by green arrows) elongated along the lobes 
of PPO to reach the septa (Se) and micropyle (mic) (marked by *). 
e Longitudinal section of ovules. A pollen tube (green arrow) pen-
etrated the micropyle (mic). f Magnified micropyle (mic, labeled by 
*) region; green arrows indicate pollen tubes. g–l Ovules at the ferti-
lization stage (g, h, j, k) (13 June 2018) and post-fertilization stage (i, 
l) (3 July 2018). g A mature ovule at the 8-nucleate embryo sac stage 
(13 June), showing a pollen tube in micropyle (mic), an egg cell (egg) 
at the top of the embryo sac with two polar nuclei (pn) at the central 
zone. h Magnified placenta and basal ovule show the spiral vessels 
(VB) in the placenta and ovule bundles. The light blue arrows show 
the sieve tube plates of phloem. i Ovule at free nuclear endosperm 
stage after fertilization (20 June, 2018), showing the embryo (Em) 
and the free nuclear endosperm (fn). The inner integument began to 
disintegrate. j–k Scanning electron microscopy (SEM) pictures of 
ovules at the fertilization stage. Green arrows mark the pollen tubes 
in the micropyle (mic) of the ovules (O). l The transverse section of 
the ovary on 3 July 2018 showing 5 aborted ovules (indicated by *), 
a normally fertilized ovule (O) with cellular endosperm (end) at the 
heart shape embryo stage. Se, septum. Scale bars = 200 µm (a–e, h–
l), 100 µm (f)
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the micropyle and fertilize the embryo sac. We repeated the 
experiments on the same batch of materials collected from 
Chenshan Botanical Garden from 2017 to 2018 that Shi 
(2020) had investigated. Though aniline blue preferentially 
stains callose, it also stains other tissue. After locating the 
vascular bundle by carefully observing the sections under 
both fluorescence and bright-field microscopes, the fluores-
cent signals reported on the placenta and funiculus by Shi 
(2020) were actually observed to correspond to the phloem, 
as the sieve plates of sieve tubes contained callose that was 
stained by aniline blue.

Evolutionary trends of pollen tube growth 
in the pistil in the family Fagaceae and the order 
Fagales

Delayed fertilization and the intermittent PT growth modes 
have been generally reported in the Fagales. The growth ces-
sation sites of PTs in the pistils can be in the style-joining 
site, the upper ovarian locule wall, the funiculus, the chalaza, 
and near the micropyle (reviewed by Sogo and Tobe 2008).

A prominent long-term arrest of PT growth at the style-
joining site is a shared trait for the genus Quercus. The PT 
growth mode in other Fagaceae genera is not the same as 
that in oaks. In the genus Castanea, PT growth in the stylar 
transmitting tissue shows no obvious growth cessation, but 
its elongation is slow, taking approximately 9–12 days for 
PTs to grow to half of the style length and an additional 
18–20 days to penetrate the ovule in Castanea mollissima 
(Nakamura 1994; Xiong et al. 2019). The genus Fagus has 
two PT growth cessation sites (the funicle and the micro-
pyle), but both are inside the ovary (Sogo and Tobe 2006a), 
congruent with an early derived specialized systematic sta-
tus of Fagus relative to the rest of the genera in the fam-
ily Fagaceae. The female sporogenous cells in the ovary 
seem crucial for the continuous growth of pollen tubes in 
the pistil, as the ovule integument meristem and nucellus 
were differentiated in Castanea and Fagus at anthesis, but 
no sporogenous cell in the ovary was observed at pollination 
in Quercus. Without guidance signals from the immature 
ovary, the oak PTs were arrested at the style-joining site. 
Compared to the prolonged growth of the PTs in the trans-
mitting tissue of the stylar canal in Castanea, the prominent 
intermittent growth of PTs at the style-joining site in the 
genus Quercus might reflect an extreme scenario during 
which the PTs with higher potential for development in the 
female tissue were selected. Further investigation of the PT 
growth dynamics within the pistil in the genera Lithocarpus 
and Castanopsis are essential to elucidate the evolutionary 
pattern of sexual reproduction in the family Fagaceae.

A similar PT growth cessation pattern at the style-joining 
site was found in other members of the Fagales, e.g., Tico-
dendron, Casuarina, and Alnus, but the duration was much 

shorter (Sogo and Tobe 2008). According to the ancestral 
state reconstruction, PT growth cessation at the style-joining 
site seems to have been derived several times independently 
in the Fagales, suggesting this trait is adaptive. However, its 
roles in sexual reproduction and PT–female tissue interac-
tions merit further investigation.

Nevertheless, the PT pathway and PT progression to 
the embryo sac in the ovule in the order Fagales are very 
diversified (Table 1). The PT arrest site in the Fagales is 
usually rich in vascular bundles, e.g., the style-joining site, 
funiculus, and chalaza. This phenomenon partly supports 
the speculation by Sogo and Tobe (2006b) on the nutritional 
needs of PTs. Based on an examination of the available pub-
lished literature on the order Fagales, we noticed the vascu-
lar bundle in the upper septum and/or placenta is generally 
well developed, and this area is adjacent to the upper ovar-
ian locule wall in the chalazogamous lineages (e.g., Myrica, 
Ticodendron, Casuarina, Alnus, etc.). However, the family 
Fagaceae seems specified without vascular bundles in the 
upper septum and adjacent upper ovarian locule wall, which 
might serve as a filter to increase control of the female spo-
rophyte over the male gametophyte. Further histochemical 
analyses to locate the spatial-tempo distribution of nutrients 
could clarify the function of the PT growth arrest sites in 
the Fagales.

After a PT arrives in the ovule, the ultimate step to fer-
tilization is regulated by numerous signals emanating from 
the embryo sac of the ovule. Recent studies on plant sexual 
reproduction in Arabidopsis have revealed that the synergid 
cell (Higashiyama et al. 2001) and the central cell (Chen 
et al. 2007) secrete PT attractant molecules essential for 
PT guidance to enter the embryo sac. Among these mol-
ecules, non-species-specific cysteine-rich peptides XIUQIU 
attracted PTs from Arabidopsis thaliana and A. lyrata in a 
similar manner. In contrast, LUREs [especially, Arabidop-
sis thaliana LURE1 peptides (AtLURE1s)] function in spe-
cies-referential and species-specific manners to outcompete 
heterospecific PTs to promote reproductive isolation in A. 
thaliana (Zhong et al. 2019). These results well illustrate the 
cooperation of these attractants to contribute to maintaining 
reproductive isolation while allowing heterospecific fertili-
zation at a low frequency (Zhong et al. 2019). At the embryo 
sac formation stage, we found short-term PT arrest around 
the micropyle region in Q. acutissima. Likewise, these PTs 
might wait for guidance signals emanating from the mature 
embryo sac. The PT pathway to the embryo sac is poroga-
mous or chalazogamous in the Fagales, similar to that in 
Arabidopsis, and PTs enter the embryo sac from the synergid 
cell side, indicating PT-embryo sac crosstalk signal system 
in the angiosperm might be conserved. Moreover, only one 
embryo sac can be developed into a mature seed among the 
six ovules present. Thus, this process may also be considered 
competition among the six ovules, with selection mediated 
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by the PT. The PT arrest around the micropyle region might 
be a final opportunity for male–female gametophyte recog-
nition and selection before double fertilization. After sev-
eral iterations of the PT arresting process, the PT number 
was ultimately reduced to one PT that is able to fertilize 
one embryo sac. The substantially prolonged postpollina-
tion–prezygotic period plays a meaningful role in providing 
time for selection and competition among male and female 
gametophytes in oaks.

Ecological adaptative significance of delayed 
fertilization in the family Fagaceae and the order 
Fagales

Ancestral state reconstruction has shown that delayed fer-
tilization might be a synapomorphy of the Fagales (Sogo 
and Tobe 2006b), but this trait seems to have been derived 
independently several times in several angiosperm lineages 
(Sogo and Tobe 2006d), suggesting it may be an adaptation. 
It has been proposed that delayed fertilization promotes PT 
competition by providing a “fair start” for PTs to the ovules, 
thus enhancing PT competition (Willson and Burley 1983; 
Dahl and Fredrikson 1996; Sogo and Tobe 2006a, 2008).

It is worth noting that the stigma receptivity period in the 
Fagales generally lasts for 4–7 (or up to 10) days (Cecich 
1997; Boavida et al. 1999; Nakamura 2001; Gomez-Casero 
et al. 2004; Sogo et al. 2004a), which is much longer than 
that observed in non-wind-pollinated plant lineages (usually 
several hours to 2–3 days, or even less) (Dafni 1992). The 
pollen grain number is not a restrictive factor for fertiliza-
tion in typical wind-pollinated plants, as a vast number of 
pollen grains can land on the stigmatic surface, resulting in 
random pollination. Our previous observations of Q. schott-
kyana (Deng et al. 2008), Q. variabilis, and Q. acutissima 
have shown that the flowering time of staminate flowers is 
3–4 days in advance of the stigma receptivity period, but 
there is still a short overlapping period (3–4 days) of pol-
lination and stigma receptivity of the same tree (unpublished 
data). Without postpollination barrier(s), geitonogamous 
self-pollination should be common in oaks. However, oaks 
are almost entirely outcrossing and show a high degree of 
self-incompatibility according to mating system analysis 
using molecular markers (Bacilieri et al. 1996; Pakkad et al. 
2008; Oyama et al. 2017). During our three years of field 
observation on a single tree of Q. acutissima in a forest in 
Lin-an county, Zhejiang province, in which only one tree 
occurred within an approximately 10 ha memorial park, we 
detected many PTs germinated on the stigmatic surface at 
pollination time and were arrested at the style-joining site, 
but no acorns were ever found in the following year (Shi 

2020). Similarly, in Q. ilex, more self-PTs reached the style, 
resulting in a higher pistillate flower abortion ratio (Yacine 
and Bouras 1997). Artificial crossing experiments in Q. gri-
sea and Q. gambelii had shown that self-pollinated flowers 
aborted at the same rate as conspecific and heterospecific 
flowers before fertilization but were nearly eliminated after 
fertilization (Williams et al. 2001). All these findings indi-
cate that pollen-stigma recognition is not the crucial step 
leading to self-incompatibility in oaks. A series of postpol-
lination and prezygotic selection mechanisms (very likely to 
be late-acting self-incompatibility), thus, must act within the 
genus to promote outcrossing. Intermittent PT growth in the 
pistils presents a unique mechanism in oaks and other wind-
pollinated trees to reinforce male gametophyte selection and 
competition to avoid geitonogamous self-fertilization.

Oaks are notorious for hybridization between closely 
related species. Recent genomic analysis has shown that 
many adaptative alleles can be exchanged among oak 
species (even distant lineages) and thus impact the spe-
cies’ fitness and adaptive evolution. This, in turn, might 
be related to the remarkably fast divergence of the genus, 
which has made oaks one of the most successful dominant 
woody lineages (Kremer and Hipp 2020). This common 
interspecific gene flow is undoubtedly profoundly rooted 
in the oak mating system but is not fully understood. A 
critical step forward in understanding this mystery in 
oaks is elucidating how the female sporophytic tissue and 
gametophyte select PTs with different genotypes. Consid-
ering the high frequency of interspecific gene flow among 
oaks (even among very distinct species), the interaction 
between PTs and the PT guidance system within the pistil 
must be insufficiently specific to block genetically distant 
PTs from fertilizing the embryo sac, and this merits further 
investigation.

In summary, intermittent PT growth in the pistil might 
serve as a double-edged sword in oaks that, on the one hand, 
acts as a unique mechanism to avoid geitonogamous self-
fertilization and favor outcrossing and, on the other hand, 
might increase the probability of heterospecific PTs ferti-
lizing the embryo sac resulting in high interspecific gene 
flow. This hypothesis needs critical experimental verification 
by comparing pollen tube behavior and development mode 
within the pistils among geitonogamous self-, outcross-, and 
interspecific cross-pollination treatments.
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