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Abstract: Pinus densiflora f. multicaulis is a rare and unusual form of genus Pinus. It has excellent ornamen-
tal values due to many trunks from its root collar, and produces female, male, and bisexual strobili on the
same tree. However, there is limited study whether the bisexual strobili are functional, mature lateral cones
produce filled seeds, and the seeds from the mature lateral cones germinate and grow as well as those from
mature apical cones. The structure of apical female, and lateral male and bisexual strobili were analyzed in
an open-pollination-progeny population. The strobili were photographed to obtain external, cross-section,
and radial-section images using a 45X stereoscopic microscope. Radial sections of strobili were imaged
using scanning electron microscopy. Characteristics of apical and lateral cones and seeds were surveyed
by cone analysis and germination test. P. densiflora f. multicaulis developed typical female strobili apically,
and ordinary male and bisexual strobili laterally. Additionally, female strobili developed laterally whereas
the male strobili were normally located. The mature lateral female strobili had the same structure as the
apical female. In the mature bisexual strobili, the proportion of male and female tissue was unequal. The
cones developed from lateral female strobili showed highly significant differences in the length, width,
and weight, being shorter (32.7%), narrower (26.9%), and lighter (59.8%) than those from apical female
strobili. Both types produced filled seeds and seedlings, and well significant positive correlations were
found among characteristics of seeds from apical and lateral female strobili. The initial seed germination
rate of the seeds from apical female strobili was higher than that of seeds from lateral female strobili, but
the difference decreased over time. The viability and spatial distribution of the female and male tissue of
bisporangiate cones, and their frequent occurrence suggests a common mechanism for the production of
bisporangiate structures in seed plants.
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Introduction

Conifers, as with most gymnosperms, are mo-
noecious that produce both microsporangia and me-
gasporangia, which give rise to male and female
gametophytes, respectively (Flores-Renteria et al.,
2011, 2013). In contrast, mosses, liverworts, and
hornworts are homosporous, which produce one
sporangium from an unbranched sporophyte. Coni-
fers typically bear microsporangia on microsporo-
phylls aggregated into pollen strobili, and the ovules
are located at modified stem axes forming compound
ovuliferous cone scales (Kang, 2007).

Species in the Pinaceae lack the basic floral
structure found in angiosperms. The male flower of
Pinaceae is called the male strobilus (staminate stro-
bilus); the female flower is called the female stro-
bilus (ovulate strobilus). Although they are incom-
plete, these flowers produce reproductive cells with
determinate growth (Jackson & Sweet, 1972). It is
generally known that female and male strobili de-
velop at different locations-females develop apically,
and males develop laterally-on branches. Additional-
ly, the proportions of male and female strobili on a
tree are determined by the size, age and abiotic situ-
ation of the branches.

Some cases was reported in Pinaceae which have
bisexual strobili, the female and male strobili be-
come joined at the position where the male strobili
develop (Rao, 1931; Rao, 1932; Righter, 1932; Santa-
mour, 1959; Ross et al., 1987) based on morpholog-
ical research (Caron & Powell, 1990; Wakushima et
al., 1997; Osborne & Gorelick, 2002; Flores-Renteria
et al., 2011) and pollen viability study (Zobel, 1952;
Caron & Powell, 1995).

Pinus densiflora f. multicaulis is a rare and unusu-
al form of genus Pinus that is distributed mainly on
the Korean peninsula and in Japan (Hwang & Lee,
1996). Unlike other pine species, it does not develop
a straight stem, and branches at the root collar into
several trunks. It is shorter than other Pinus species
(Woo, 2003), and has excellent ornamental values.
It is often propagated by grafting, for commercial or
research purposes (Moon, 2010). It has been shown
to have significant phenotypic differences from P. den-
siflora (Woo, 2003). Further, it differs in karyotype
from P. densiflora, and has specific and intrinsic iso-
tope bands (Kim et al., 1990) and chloroplast DNA
sequences (Kang, 2007). Studies on the development
of strobili in pine species have reported that photo-
synthesis, carbohydrate content, inorganic nutrition,
and phytohormones affect the occurrence and rate
of female and male strobili, and the transition from
male to female strobili (Wareing, 1958; Sarvas, 1962;
Silen, 1973). On the other hand, there is limited
study whether these bisexual strobili are functional,
whether mature lateral cones produce filled seeds in

the same way as mature apical cones, and whether
the seeds from the mature lateral cones germinate
and grow as well as those from mature apical cones
in P. densiflora f. multicaulis.

Until the 2010s, research on the development of
the reproductive organs of gymnosperm, to which
Pinaceae belongs, was insufficient, but recently,
studies are being conducted using genomic informa-
tion tools (Niu et al., 2016). The interpretation of
the results of the latest genetic studies can be clari-
fied through a detailed morphological observation of
the reproductive organ development of gymnosperm.

The objectives of this study were: 1) to survey the
developmental differences of apical and lateral stro-
bili; 2) to assess the viability of seeds from female
lateral and bisexual strobili; and 3) to compare the
germination speed, and percentage from female api-
cal strobili (i.e., mature apical cone seeds), and from
bisexual and female lateral strobili (mature lateral
cone seeds).

Material and methods

Plant materials and strobilus survey

The observations of female, male, and bisexual
strobili of Pinus densiflora f. multicaulis were conduct-
ed in an open-pollination-progeny population, which
was established in Hwacheon-gun, Gangwon-do
(38°16'59"N, 127°66'06"E, 181 m), in northern South
Korea. Trees were grown from seeds that had been
collected from selected mothers. The progeny show-
ing the typical P. densiflora f. multicaulis phenotype
were sampled when 18 years old in 2019.

Photographs of strobili attached to the trees were
taken using a digital camera and telephoto macro
lens (Sony™ ILCE-9 and SEL90M28G, Japan). The
collected strobili were photographed to obtain ex-
ternal, cross-section, and radial-section images of
strobili using a 45 x stereoscopic microscope (Olym-
pus™ SZ61, Japan). The bisexual strobilus samples
were coated with platinum (Leica™ EM ACE200
sputter coater, Germany) after pretreatment. The
samples were tandemly pretreated to ethanol 25%
for 30 minutes, 50% for 30 minutes, 75% for 30
minutes and finally 100% for 1 hour. Radial sections
and pollen in strobili were then imaged using scan-
ning electron microscopy (Sigma™ 300 VP-FESEM,

Japan).
Cone analysis and germination test

Mature seed-cones were collected from four in-
dividuals that were selected from natural stands,
grafted, and planted at the experimental forest of
the Seoul National University, Gwanak-gu, Seoul,
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South Korea. They were 15 years old, without any
damage. For each of mature apical and lateral cone,
the length, width, and weight were measured, and
the total number of scales and the number of fertile
scales were calculated; these data were then analyz-
ed using the cone analysis method (Bramlett et al.,
1977). Aborted ovules were divided into first-year
and second-year aborted ovules. Seeds were divided
into filled seeds and empty seeds. The characteris-
tics of cones and seeds were analyzed using Pearson’s
correlation analysis and the Student’s ¢t-test in R (R
Core Team R Foundation, 2012).

Seeds were then obtained from mature apical and
lateral cones. The collected seeds were sterilized us-
ing alcohol, placed on a piece of filter-paper inside
a petri dish, and wet with sterile water. The seeds
were then kept at constant temperature (25°C) and
humidity (60%) for the germination test. The pho-
toperiod comprised a 16-h light / 8-h dark cycle,
for the four-week germination period in the growth
chamber.

Results

Morphological characteristics of female,
male and bisexual strobili

Pinus densiflora f. multicaulis developed typical fe-
male strobili apically, and ordinary male and bisex-
ual strobili laterally, on one-year-old branches (i.e.,
twigs). Additionally, we found that female strobili
developed laterally whereas the male strobili were
normally located (Figs 1 and 2). We referred to these
as lateral female strobili.

The frequency and location of lateral female and bi-
sexual strobili varied among individuals. Within indi-
viduals, these strobili developed at the same locations
each year, and new strobili developed randomly from
branch to branch. The proportions of female to male
tissue within lateral female bisexual strobili were not
constant among branches or between individuals.

Male strobili did not have a pedicel on a new
branch, but developed directly from the branch (Fig.

Fig. 1. Classification of the types of Pinus densiflora f. multicaulis strobili: (a) Ordinary male strobili at the lateral position of
a new branch (MS); (b) Typical female strobili at the apical position (FS); (c) Shoot with female strobili at the apical
(FS) and lateral positions (FSS), and bisexual strobili (BS)
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Fig. 2. Images of (a) immature Pinus densiflora f. multicaulis male strobili (MS), (b) pollen-releasing male strobili, (c) im-
mature female strobili at the lateral position (FSS), and (d) pollinated mature female strobili at the lateral position

Fig. 3. Images of (a) immature bisexual strobili (BS), (b) premature bisexual strobili, and (c) mature (left) and undevel-
oped bisexual strobili (right) in Pinus densiflora f. multicaulis
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(d)

Fig. 4. Longitudinal section images of (a) male strobili (MS), (b) bisexual strobili (BS), and female strobili at (c) the lat-
eral (FSS) and (d) the apical position (FS) under dissection microscope in Pinus densiflora f. multicaulis

Fig. 5. Mature pollen grains in the pollen sacs of the bisexual strobili of Pinus densiflora f. multicaulis, by scanning electron
microscopy (2000X)
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2a). The male strobilus consisted of numerous pollen
sacs containing pollen grains and moisture. When
the pollen grains reached maturity, the pollen sac
exploded and increased in length, thus causing pol-
len to leave the pollen sacs and be blown away by
the wind (Fig. 2b). Unlike the development of the
male strobilus, the pedicels of lateral female strobili
developed from an early stage, on the one-year-old
branches, as they did for female apical strobili (Fig.
2c). Bisexual strobili also developed pedicels from an
early stage of development.

The mature lateral female strobili had the same
structure and shape as the apical female strobili (Fig.
2d). In the mature bisexual strobili, the proportions
of male and female tissue were unequal (Fig. 3). Bi-
sexual strobili with more female than male tissue
had more highly developed pedicels; more male tis-
sue was associated with smaller pedicels (or no pedi-
cels). When the bisexual strobili developed no pedi-
cel, they did not develop a cone. When more than half
of the strobilus comprised female tissue, the bisexual
strobilus developed into conelets (immature seed-
cones). Even when a small proportion of male tissue
had formed in the lower part of a bisexual strobilus,
it was possible to blow pollen out of it; such strobili
dropped from the branch after pollination (Fig. 3).

Pollen matured in the male tissue of bisexual stro-
bili, regardless of the proportion of the male tissue,
and pollinated the apical or lateral female strobili.

When more than half of the bisexual strobilus com-
prised female tissue, the strobilus developed into a
mature cone. The cross-section image confirmed that
the pollen sac of the bisexual strobilus was opened,
and that pollen was blown away (Fig. 4a and 4b), as
for the male strobilus pollen sac (Fig. 5).

Characteristic of mature apical and
lateral cones and seed germination

In total, 57 mature apical cones, with no sexual
reversal, were harvested, and 37 mature lateral cones
were harvested. Cone analysis was conducted to
evaluate the statistical differences in morphological
traits between the mature apical and lateral cones.
On average, each individual produced 9.25 lateral
seed-cones. The average length, width, and weight
were all higher for mature apical cones than for ma-
ture lateral cones (Table 1); on average, the mature
apical cones were 148.7% longer, 136.9% wider, and
248.6% heavier than the lateral cones. For the ma-
ture apical cones, the coefficients of variation were
16% for length, 18% for width, and 43% for weight
(Table 1); those of the mature lateral cones were rel-
atively larger (23% for length, 22% for width, and
63% for weight), thereby implying greater variabili-
ty in the characteristics of mature lateral cones than
mature apical cones.

Table 1. Average of the Pinus densiflora f. multicaulis cone morphological characters (length, width, and weight), number of
scales, fertile seeds, filled seeds, and empty seeds, and first- and second-year aborted ovules, based on analysis of cones
collected from the apical (CA) and the side (CS) positions on the branch

Cone morphology No. of fer- No. of filled No. of emp- Aborted ovules
- : No. of scales .
length (mm) width (mm) weight (g) tile seeds seeds ty seeds first-year  second-year
CA 3072 (1.45)1 17.93 (0.81) 547 (0.69) 60.87 (4.00) 25.94 (2.53) 3.55 (1.32) 10.45 (3.93) 34.28 (4.51) 3.60 (0.65)
CS 20.66 (1.56) 13.10 (0.95) 2.20 (0.46) 63.49 (3.77) 7.87 (4.26) 0.43 (0.37) 5.38 (2.99) 8.89 (5.02) 0.92 (0.73)
T 9.469 7.741 7.860 —-0.951 7.297 4.555 2.050 7.520 5.468
p ok ok ¥k k * %k ns ¥k K k% ¥ ¥k kK k% ¥

T Standard devisation in parenthesis; T, t-value; ns, non-significant; ** and ***, p < 0.01 and p < 0.001, respectively.

Table 2. Correlation coefficient of the characteristics of cones from the apical position (CA) (above the diagonal) and side
position (CS) of the branch (below the diagonal) in Pinus densiflora f. multicaulis

CA Cone Cone Cone No. of No. of fer- First-year Second-year Empty Filled
CS length  width  weight scales tile scales aborted ovules aborted ovules seeds seeds
Cone length (mm) - 0.946*** 0.978*** 0.830*** (0.757*** 0.016 0.124 0.680***  0.757***
Cone width (mm) 0.973%** - 0.964*** (0.895*** (0.780*** -0.014 0.037 0.750***  0.782***
Cone weight (g) 0.975*** (0.978*** - 0.861*** 0.781*** 0.074 0.141 0.649***  0.732%**
No. of scales 0.649*** 0.729*** 0.673*** - 0.845%** 0.138 —-0.109 0.694***  0.750***
No. of fertile scales 0.847*** 0.851*** 0.919*** (0.558*** - 0.480%** 0.131 0.517***  (0.583***
Egjfe'zear aborted 0.825%* 0.822%** 0.894*** 0.556*** 0.978*** - 0.410%  —0.485*** —0.341*
isfl‘l’:j'yearaborted 0.6024%* 0.616*** 0.610*** 0292  0.615***  0.533%* - —0.379** —0.271
Empty seeds 0.776*** 0.791*** 0.859*** (0.518*** (0.939*** 0.863*** 0.563*** - 0.850***
Filled seeds 0.646*** 0.638*** 0.681*** 0.446** 0.711*** 0.744*** 0.272 0.536%** -

¥ *#* and ***, p < 0.05, p < 0.01, and p < 0.001, respectively.
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The numbers of scales did not differ significantly
between the mature apical (mean: 60.87) and lateral
cones (mean: 63.49) (Table 1). However, the mean
number of fertile seeds was much higher in mature
apical (25.94) than in lateral cones (7.87). Similarly,
the mean number of filled seeds was much higher in
mature apical (3.55) than in lateral cones (0.43). The
average numbers of empty seeds and aborted ovules
showed the same trends (Table 1), thereby implying
that the mature lateral cones showed less ability to
produce viable seeds.

For the analysis of mature apical cones, Pearson’s
correlation coefficients among cone length, width,
weight, and the total numbers of scales, fertile scales,
empty seeds, and filled seeds, were all highly signifi-
cant and positive (Table 2). However, the numbers of
first- and second-year aborted ovules did not correlate

Table 3. Germination rate and sprout growth of Pinus den-
siflora f. multicaulis seeds collected from the apical posi-
tion (CA) and the side position (CS) of the branch

Germination (%)

Sprout growth

Position type

After 1 week  After 4 weeks (cm)
CA 20.3 30.5 3.4
CS 7.5 28.3 1.5
P k% ns * %k

** p < 0.01, ns, non-significant (t-test).

Seeds of CS

For one week

For 4 weeks

jg L y%{%%@

(b)

(AN
Seeds of CA —

Fig. 6. Germination and growth of sprouts from Pinus den-
siflora f. multicaulis seeds obtained from the apical po-
sition (CA) and the side position (CS): (a) after one
week and (b) after 4 weeks

with the other cone characteristics, except with the
number of fertile scales. For the analysis of lateral
cones, the correlation coefficients were positive and
significant among most cone traits; the correlations
between the number of second-year aborted ovules,
the total number of scales, and the number of filled
seeds were not significant (Table 2)

We obtained 59 seeds from the mature apical
cones, and 53 from mature lateral cones, and test-
ed their germination. After one week, 20.3% of the
apical cone seeds, and 7.5% of the lateral cone seeds,
had germinated (Table 3, Fig. 6). After four weeks,
however, the difference in the germination rate had
dropped, with germination rates of 30.5% (api-
cal cones) and 28.3 % (lateral cones). The average
lengths of the sprouts differed significantly, at 3.4 cm
(apical cones) and 1.5 cm (lateral cones) (Table 3).

Discussion

Morphological characteristics of strobili

Conifer strobili typically have unisexual struc-
tures: pollen-producing (microsporangiate or male)
and ovule-producing (megasporangiate or female)
structures. The cones of Pinus species consist of a
female strobilus (seed cone), male strobilus (male
cones) and bisexual strobilus (Bartlett, 1913; Black,
1961; Caron & Powell, 1990). Until recently, most
studies have documented normal female strobilus,
normal male strobilus, and bisexual strobilus (Feng et
al., 2018). Here, we report, for the first time, the pres-
ence of lateral female strobili, with the same structure
and function as the typical apical female strobili. Feng
et al. (2018) presented only transformation strobili
from male to female. But, we would like to inform
you that it is a female strobilus that develops in a
complete form from the beginning. Based on struc-
ture and position, we identified four types: apical and
lateral female strobili, and lateral male and bisexual
strobili. The lateral female strobili developed cones
and produced filled seeds that germinated normally.

Abnormal seed-cones, sexual reversal of mi-
crosporangiate cones to polycones, have long been
known in many coniferous families (particularly in
the Pinaceae), from trees growing in botanical gar-
dens and in natural populations (Bartlett, 1913;
Black, 1961; Ross & Pharis, 1987; Caron & Powell,
1990; Matziris, 2002; Kang, 2007; Flores-Renteria et
al., 2011; Feng et al., 2018). However, no previous
studies have examined the possibility of seed pro-
duction and germination from polycones. We con-
firmed that the male and female tissues of bisexual
strobili developed and participated in pollination and
fertilization when the female tissue comprised more
than half of the bisexual strobilus.
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There have been a few studies of the mechanisms
of sexual reversal of the unisexual flowers of gymno-
sperms. For Picea mariana, Caron and Powell (1990)
reported that bisporangiate strobili were borne only
when the tree first initiated reproductive activity, at
an early age, and mostly on shoots near the megaspo-
rangiate zone. This is consistent with our results for
P. densiflora f. multicaulis. However, in our study, the
bisexual and lateral female strobili occurred sepa-
rately in the lateral (microsporangiate) zone, and
they produced cones and seeds in almost every year
of the study.

Comparison of cone and seed
characteristics between apical and
lateral positions

The morphological characteristics of the apical
cones and seeds were significantly superior to those
of the lateral cones and seeds; their final germination
rate was similar, but after four weeks, the length of
apical sprouts was 2.3 times greater than that of lat-
eral sprouts. The fact that the lateral cone and seed
traits were inferior to the apical traits could be due to
inbreeding depression, differences in energy alloca-
tion, and sexual interference. In the first case, lateral
female and bisexual strobili might have a relatively
high chance of self-pollination, compared to the api-
cal strobili. Second, due to the trade-offs involved in
sex allocation, ovule and pollen maturity may not be
properly achieved with the relocated, limited energy.
Third, there may be limited physical space for ovary
development, causing interference with pollen-gen-
eration, thereby self-inhibiting seed maturation. Kim
et al. (1989) reported that, compared with P. densiflo-
ra, P. densiflora f. multicaulis had poorer germination
in the nursery, and produced smaller two-year-old
seedlings. Similar results have been reported for a
dioecious species, Jacaratia mexicana, in which the
germination rate of seeds from a male tree was less
than a third than that of seeds from a female tree
(Aguirre et al., 2007). In addition, as the difference
in germination rate of seeds obtained from CA and
CS decreases over time, it is estimated that the char-
acteristics of each seed do not affect the germination
rate, but affect the time it takes to germinate. There
are studies showing that depending on the species,
the size and characteristics of seeds show a different
correlation with the germination pattern (Figuerola
etal., 2010). In P. densiflora f. multicaulis, seed size and
germination time seem to have a positive correlation.

The viability and spatial distribution of the fe-
male and male tissue of bisporangiate cones, and
their frequent occurrence in P. densiflora f. multicaulis,
suggests a common mechanism for the production of
bisporangiate structures in all seed plants. The lack

of bisexual structures in gymnosperms may be prin-
cipally due to selection in order to avoid inbreeding,
rather than to genetic constraints. Seedlings that de-
velop from lateral cones might suffer from genetical
or physiological disorders.

The present study could provide a reference for
future research on the sexual determination and re-
location of strobili in Pinus. Further studies using
nursery-grown trees and transcriptional analysis
should perform to determine whether there are ge-
netically different among cones from apical, lateral,
and bisexual strobili (e.g., Wang et al., 2017). The
differences in developmental genetics between the
viable and non-viable bisexual strobili should also be
investigated. In addition, this study was conducted
with a focus on female strobilus, but a comparative
study of the viability and activity of microsporangiate
produced in male strobilus and bisexual one should
be added in the future.
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