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Abstract: Japanese cedar (Cryptomeria japonica) is the most important timber species in Japan; however,
its pollen is the primary cause of pollinosis in Japan. The total number of pollen grains produced by
a single tree is determined by the number of male strobili (male flowers) and the number of pollen
grains per male strobilus. While the number of male strobili is a visible and well-investigated trait,
little is known about the number of pollen grains per male strobilus. We hypothesized that genetic
and environmental factors affect the pollen number per male strobilus and explored the factors that
affect pollen production and genetic variation among clones. We counted pollen numbers of 523 male
strobili from 26 clones using a cell counter method that we recently developed. Piecewise Structural
Equation Modeling (pSEM) revealed that the pollen number is mostly affected by genetic variation,
male strobilus weight, and pollen size. Although we collected samples from locations with different
environmental conditions, statistical modeling succeeded in predicting pollen numbers for different
clones sampled from branches facing different directions. Comparison of predicted pollen numbers
revealed that they varied >3-fold among the 26 clones. The determination of the factors affecting
pollen number and a precise evaluation of genetic variation will contribute to breeding strategies to
counter pollinosis. Furthermore, the combination of our efficient counting method and statistical
modeling will provide a powerful tool not only for Japanese cedar but also for other plant species.

Keywords: pollen; pollinosis; cell counter; genetic variation; piecewise Structural Equation Modeling
(pSEM); model prediction

1. Introduction

Pollen grain number is an important trait in plants. From an evolutionary perspective,
the number of pollen grains produced has a direct effect on the number of offspring,
and is known to vary among mating systems. For example, outcrossing plants tend to
produce more pollen grains compared to closely related selfing species [1–4]. Among
outcrossing plants, wind-pollinators tend to produce more pollen grains than animal-
pollinated species [5,6]. From an agricultural perspective, while domesticated crop species
such as rice or wheat tend to produce fewer pollen grains, effective pollination with
abundant pollen grains is sometimes needed for purposes such as breeding hybrid crops
or artificial pollination [7–12]. Pollen is also important from a medical standpoint, because
it triggers an allergic reaction called pollinosis around the world [13,14].

Species in the family Cupressaceae are distributed worldwide [15]. While the family
includes many economically-valuable species used for timber or ornamental purposes,
some species, such as cypress (Chamaecyparis obtusa), mountain cedar (Juniperus ashei), and
Japanese cedar (Cryptomeria japonica) have been linked to serious pollinosis [16]. Japanese
cedar is the primary source of building materials in Japan, and comprises ~43% of plan-
tation stands (~4.4 million ha) [17]. Trees with more desirable traits (e.g., timber quality,
growth rates, disease tolerance, environmental tolerances, etc.) have been selected and
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propagated using cuttings or seedlings [18]. However, the pollen of Japanese cedar is the
primary cause of pollinosis in Japan, and in 2008, this species caused pollinosis in 26.5%
of the population, a drastic increase from 16.2% in 1998 [19]. Moreover, Japanese cedar
pollinosis tends to be more serious in Tokyo: the Bureau of Social Welfare and Public Health
of Tokyo Metropolitan Government recently reported that 45.6% of patients with pollinosis
from Japanese cedar were in Tokyo [20]. As such, pollen production per tree is among the
most important considerations in breeding strategies for Japanese cedar. Generally, the
total number of pollen grains produced by a single tree is the product of the number of
pollen grains per male strobilus (male flower) and the number of male strobili per tree.
For phenotyping, it is relatively simple to quantify the number of male strobili, as they
are macroscopic and can be easily counted. More than 140 clones of Japanese cedar are
classified as low pollen clones [21]; however, these were defined only by the number of
male strobili, and pollen production per male strobilus was not considered. The number
of pollen grains per male strobilus also affects the total pollen production of a single tree,
but little is known about this trait as it is not visible to the naked eye, and methods for
counting pollen grains are not well-established.

Microscopes have conventionally been used for counting pollen grains, and have been
used to quantify pollen production in Japanese cedar [22–24]. However, this approach
may be time consuming and/or inefficient. For example, the microscope method typically
requires approximately 17 min to count ~200 pollen grains [25]. Recently, we developed a
pollen counting method for Japanese cedar that uses mesh columns and a cell counter [26].
The cell counter method can count approximately 20,000 particles per measurement within
five minutes (i.e., >3 times faster and counts > 100 times the number of particles).

Here, we focus on pollen grain production per male strobilus (hereafter “pollen
number”). We counted pollen numbers from 26 clones of Japanese cedar and used piecewise
Structural Equation Modeling (pSEM) to identify factors that affect pollen number. pSEM,
which has gained attention in recent years in the fields of ecology and evolution, can
reveal complex relationships among various factors by constructing a path diagram [27–31].
Because trees grow densely in breeding stands, it can be difficult to sample male strobili
from branches of the same height and facing the same direction. Thus, we collected male
strobili representing different directions and heights. We used statistical modeling to obtain
a corrected pollen number that controls for the effects of these differences in environmental
conditions, thus facilitating comparisons among clones.

2. Materials and Methods
2.1. Plant Materials and Sampling Conditions

We collected 523 male strobili from 26 Japanese cedar clones in the Niigata Prefectural
Forest Research Institute (38◦16′22.7′ ′ N 139◦30′35.4′ ′ E). We collected male strobilus sam-
ples in February 2020 because the pollen grains are developmentally fully mature but the
male strobilus has not yet opened at this time [32]. All data are shown in Supplementary
Table S1 and summary data are provided in Table 1. Male strobili were always collected
from the open-air side of the tree (the side where sunlight is not blocked by other trees;
Figure 1a,c) because sunlight positively affects the growth of male strobili [33]. Male
strobili from Wogon-sugi and Iwafune-15 were collected from multiple directions (Table 1,
Figure 1c), and male strobili from Wogon-sugi, Iwafune-2, and Iwafune-16 were collected
at different heights (above or below 5 m; Table 1, Figure 1b,d). At least two inflorescences
were collected per clone (Figure 1e,f, Table 1). Pollen number was estimated by counting at
least six male strobili per clone (Table 1).
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Table 1. Summary of male strobilus samples in this study.

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol §

Wogon-sugi N >5 m 2 10
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Iwafune-15 NW >5 m 3 6 
 

Iwafune-16 W >5 m 3 8 

Iwafune-16 W <5 m 4 20 
 

Iwafune-1 SE >5 m 4 16 
 

Iwafune-4 SW <5m 4 20 
 

Iwafune-5 SE <5 m 3 14 
 

Iwafune-8 SW >5 m 4 20 
 

Iwafune-9 SE >5 m 3 11 
 

Iwafune-11 SE <5 m 3 13 

Iwafune-12 NE >5 m 3 8 
 

Iwafune-17 SE >5 m 2 8 
 

Higashikanbara-1 NW <5 m 3 14 
 

Higashikanbara-5 NW >5 m 4 20 
 

Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-15 SE >5 m 4 18
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Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-15 NW >5 m 3 6
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 
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Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 
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    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-16 W >5 m 3 8

Iwafune-16 W <5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-1 SE >5 m 4 16
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
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Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-4 SW <5m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
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Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-5 SE <5 m 3 14
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
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Minamikanbara-3 SE >5 m 3 11 
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Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-8 SW >5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-9 SE >5 m 3 11
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
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Nakakubiki-2 NW >5 m 4 20 
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Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Plants 2021, 10, x FOR PEER REVIEW 3 of 16 
 

 

Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-11 SE <5 m 3 13

Iwafune-12 NE >5 m 3 8
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
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Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Iwafune-17 SE >5 m 2 8
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 
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Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Higashikanbara-1 NW <5 m 3 14
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
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Higashikanbara-5 NW >5 m 4 20 
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Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Higashikanbara-5 NW >5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 
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Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Higashikubiki-3 NE >5 m 3 7
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
 

Wogon-sugi S >5 m 3 13 
 

Wogon-sugi S <5 m 4 16 

Wogon-sugi W >5 m 3 11 
 

Wogon-sugi W <5 m 4 20 
 

Iwafune-2 W >5 m 3 13 
 

Iwafune-2 W <5 m 3 14 
 

Iwafune-15 SE >5 m 4 18 
 

Iwafune-15 NW >5 m 3 6 
 

Iwafune-16 W >5 m 3 8 

Iwafune-16 W <5 m 4 20 
 

Iwafune-1 SE >5 m 4 16 
 

Iwafune-4 SW <5m 4 20 
 

Iwafune-5 SE <5 m 3 14 
 

Iwafune-8 SW >5 m 4 20 
 

Iwafune-9 SE >5 m 3 11 
 

Iwafune-11 SE <5 m 3 13 

Iwafune-12 NE >5 m 3 8 
 

Iwafune-17 SE >5 m 2 8 
 

Higashikanbara-1 NW <5 m 3 14 
 

Higashikanbara-5 NW >5 m 4 20 
 

Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
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Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Higashikubiki-5 NW <5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 
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* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 
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    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Kashiwazaki-2 NW <5 m 4 20
Minamikanbara-3 SE >5 m 3 11

Mishima-1 NW >5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
 

Wogon-sugi S >5 m 3 13 
 

Wogon-sugi S <5 m 4 16 

Wogon-sugi W >5 m 3 11 
 

Wogon-sugi W <5 m 4 20 
 

Iwafune-2 W >5 m 3 13 
 

Iwafune-2 W <5 m 3 14 
 

Iwafune-15 SE >5 m 4 18 
 

Iwafune-15 NW >5 m 3 6 
 

Iwafune-16 W >5 m 3 8 

Iwafune-16 W <5 m 4 20 
 

Iwafune-1 SE >5 m 4 16 
 

Iwafune-4 SW <5m 4 20 
 

Iwafune-5 SE <5 m 3 14 
 

Iwafune-8 SW >5 m 4 20 
 

Iwafune-9 SE >5 m 3 11 
 

Iwafune-11 SE <5 m 3 13 

Iwafune-12 NE >5 m 3 8 
 

Iwafune-17 SE >5 m 2 8 
 

Higashikanbara-1 NW <5 m 3 14 
 

Higashikanbara-5 NW >5 m 4 20 
 

Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
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    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Murakami-3 NE <5 m 2 10
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Murakami-4 NW <5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
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    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Nakakanbara-1 SE <5 m 4 18
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
 

Wogon-sugi S >5 m 3 13 
 

Wogon-sugi S <5 m 4 16 

Wogon-sugi W >5 m 3 11 
 

Wogon-sugi W <5 m 4 20 
 

Iwafune-2 W >5 m 3 13 
 

Iwafune-2 W <5 m 3 14 
 

Iwafune-15 SE >5 m 4 18 
 

Iwafune-15 NW >5 m 3 6 
 

Iwafune-16 W >5 m 3 8 

Iwafune-16 W <5 m 4 20 
 

Iwafune-1 SE >5 m 4 16 
 

Iwafune-4 SW <5m 4 20 
 

Iwafune-5 SE <5 m 3 14 
 

Iwafune-8 SW >5 m 4 20 
 

Iwafune-9 SE >5 m 3 11 
 

Iwafune-11 SE <5 m 3 13 

Iwafune-12 NE >5 m 3 8 
 

Iwafune-17 SE >5 m 2 8 
 

Higashikanbara-1 NW <5 m 3 14 
 

Higashikanbara-5 NW >5 m 4 20 
 

Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
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Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 

Nishikanbara-1 NW >5 m 4 20
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Table 1. Summary of male strobilus samples in this study. 

Clone Name Direction * Height ** Inflorescence No. † Male Strobilus No. ‡ Symbol § 

Wogon-sugi N >5 m 2 10 
 

Wogon-sugi N <5 m 4 12 
 

Wogon-sugi E >5 m 4 19 
 

Wogon-sugi S >5 m 3 13 
 

Wogon-sugi S <5 m 4 16 

Wogon-sugi W >5 m 3 11 
 

Wogon-sugi W <5 m 4 20 
 

Iwafune-2 W >5 m 3 13 
 

Iwafune-2 W <5 m 3 14 
 

Iwafune-15 SE >5 m 4 18 
 

Iwafune-15 NW >5 m 3 6 
 

Iwafune-16 W >5 m 3 8 

Iwafune-16 W <5 m 4 20 
 

Iwafune-1 SE >5 m 4 16 
 

Iwafune-4 SW <5m 4 20 
 

Iwafune-5 SE <5 m 3 14 
 

Iwafune-8 SW >5 m 4 20 
 

Iwafune-9 SE >5 m 3 11 
 

Iwafune-11 SE <5 m 3 13 

Iwafune-12 NE >5 m 3 8 
 

Iwafune-17 SE >5 m 2 8 
 

Higashikanbara-1 NW <5 m 3 14 
 

Higashikanbara-5 NW >5 m 4 20 
 

Higashikubiki-3 NE >5 m 3 7 
 

Higashikubiki-5 NW <5 m 4 20 
 

Kashiwazaki-2 NW <5 m 4 20 

Minamikanbara-3 SE >5 m 3 11 

Mishima-1 NW >5 m 4 20 
 

Murakami-3 NE <5 m 2 10 
 

Murakami-4 NW <5 m 4 20 
 

Nakakanbara-1 SE <5 m 4 18 
 

Nishikanbara-1 NW >5 m 4 20 
 

Nakakubiki-2 NW >5 m 4 20 

Nakakubiki-7 NE <5 m 3 14 
 

Ryotsu-1 SW >5 m 4 19 
 

    Total 120 523   

* Direction of collected male strobilus sample (i.e., Direction of open-air side, Figure 1a,c).; ** Height of collected strobilus 

sample (Figure 1b,d).; † Collected inflorescence number.; ‡ Collected inflorescence number.; § The symbol corresponding 

to Figure 6b and Supplementary Figure S1. 
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Figure 1. Sample collection. Male strobilus samples were always collected from the open-air side (a)
(see also (c)). Tree height was measured using a measuring pole (b) and direction was confirmed
with a field map and compass. (c,d) Conceptual explanations of direction (c) and height (d). Samples
from Clones 1 and 8 were collected from two different directions (Clone 1: N and W, Clone 8: E and
S). Clones 2, 3, 6, and 7 were sampled from only one direction (Clones 2 and 3: N, Clones 6 and 7:
S). Clones 4 and 5 were not sampled because they had no open-air side. Wogon-sugi (“W”) was
sampled in all directions because it was solitary in the field. (e,f) Inflorescences from Iwafune-5 (e)
and Higashikubiki-3 (f). Several male strobili develop from a single inflorescence. Arrows indicate
male strobili (e, right; see also Figure 2a–c). Scale bar = 1 cm.

2.2. Male Strobili Measurement

Male strobili were weighed using a digital precision scale (ViBRA-HT, Shinko Denshi,
Tokyo, Japan). Images of samples were taken under a stereomicroscope (SZ-11, Olympus,
Japan) using a digital camera (WRAYCAM-EL310, WRAYMER, Osaka, Japan). Pollen
grain size was measured using ImageJ and Fiji software [34]. Representative photos from
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small, medium, and large male strobili are shown in Figure 2a–c, respectively (also see
Section 3.1).
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Figure 2. Variation in male strobili, pollen number, and pollen size. Representative samples from Iwafune-11 (a),
Minamikanbara-3 (b), and Nakakubiki-2 (c). Scale bars = 1 mm. Particle distribution at Iwafune-11 (d), Minamikanbara-3
(e), and Nakakubiki-2 (f), and overlay view (g). The x-axis represents particle diameter (µm) and the y-axis represents
particle number.
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2.3. Measurement of Pollen Number and Size Using a Cell Counter

Pollen number and size were measured as previously described [26]. Briefly, a single
male strobilus was gently crushed with a pestle and suspended in water. The pollen
suspension was then filtered through two mesh filters (100 and 20 µm) to remove debris
and small particles. The cleaned suspension was mixed with an isotonic cell counter buffer,
and pollen number and pollen size (diameter) were assessed using a cell counter (CASY
cell counter, OMNI Life Science, Bremen, Germany). Representative results for the samples
shown in Figure 2a–c are presented in Figure 2d–f. Data were analyzed using the CASY
application (OMNI Life Science) and plots were constructed in R [35].

2.4. Evaluation for the Hypothesized and Best Fit Pathways Using Statistical Modeling (pSEM)

We used pSEM to examine the direct and indirect effects of environmental conditions
and other factors on pollen number. First, we constructed a full pathway model, shown in
Figure 3a, which included all hypothesized causal relationships. We then fitted a linear
mixed effect model (LMM) for each of three response variables; male strobilus weight and
pollen size were modeled as a function of direction and height, whereas pollen number was
modeled as a function of male strobilus weight and pollen size. Direction was converted
into a numerical variable in which −1 represented north, −0.5 represented northwest and
northeast, 0 represented west and east, 0.5 represented southwest and southeast, and 1
represented south. Collection height was converted to a dummy variable with 0 indicating
collection below 5 m and 1 indicating collection above 5 m. Before fitting the LMMs,
male strobilus weight and pollen number were log-transformed to meet assumptions of
normality. We included genetic contributions (i.e., variations associated with clone) as
random effects in the LMMs as these clearly affected response variables. Inflorescence was
also included as a random effect to account for the bias associated with the nested sampling
structure (i.e., the effects of collecting multiple samples from a single inflorescence), but
this is not discussed further as it was not our focus. Male strobilus weight and pollen size
were clearly correlated, but the direction of causality was not clear; these two variables
were therefore treated as correlated errors. The three abovementioned LMMs and the two
correlated errors were integrated into the full hypothesized pathway model (hypothetical
model). We then simplified the hypothetical model by removing less significant paths
to improve overall goodness of fit. Goodness of fit was compared among models using
the Akaike information criterion (AIC), and the removal of a path was accepted if it
decreased the AIC value [36]. We selected the pSEM with the lowest AIC value as the best
fit model (best model). For both the hypothetical model and best model, we extracted the
standardized effect size of all paths to determine path strength. We also calculated the
variance (R2) explained by each predictor and by genetic contributions, to compare their
individual importance in the LMMs [37]. The pSEM models and LMMs were constructed
using the piecewiseSEM and lmerTest R packages, respectively [27,38].

2.5. Corrected Pollen Number by Statistical Modeling (LMM)

Using the three LMMs included in the best model, we predicted the expected pollen
number for each clone after correcting for the effects of sampling direction. The effect
of sampling height was disregarded because it was not a component of the best model
(Figure 3b). First, we extracted the random effects of clone, which represent within-group
variation among the response variables (i.e., male strobilus weight, pollen size, and pollen
number), from the LMMs. We then extracted the predicted mean and 95% confidence
intervals (CIs) for male strobilus weight and pollen size for each clone, assuming that the
effects of sampling direction on response variables were zero, i.e., that sampling direction
was east or west. Finally, we extracted the predicted mean pollen number and 95% CIs for
each clone, assuming that values of the predictors (i.e., male strobilus weight and pollen
size) were the predicted mean ± 95% CIs of each clone predicted above.
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3. Results and Discussion
3.1. Male Strobilus Characteristics and Genetic/Environmental Conditions

We assessed a total of 523 male strobili collected from 26 clones. Male strobili were
weighed and photographed before pollen was counted. Male strobili varied considerably
in weight and size (Supplementary Table S1, Figure 2a–c). Male strobilus weight and area
were strongly correlated (Supplementary Figure S1, r = 0.892). Hereafter we discuss only
male strobilus weight, as it is a trait that can be easily determined and it is considered
more precise than area (area only contains information on two dimensions of the male
strobilus, whereas weight includes information about the entire sample). Cell counter
results indicated that larger/heavier male strobili tended to have more pollen grains
(Figure 2), and that pollen size varied among samples (Figure 2d–g). We analyze and
discuss the factors affecting pollen number in more detail in the following sections.

3.2. Hypothetical and Best Models

To explore the factors affecting pollen number, we first specified five input conditions:
pollen number per male strobilus (“pollen number”); pollen grain diameter (“pollen size”);
male strobilus weight (“male strobilus weight”); sampling direction (“direction”); and
sampling height (“height”). We also incorporated a factor (“clone”) to account for the
genetic variation. The hypothetical model was constructed using pSEM, and is shown in
Figure 3a. In this hypothetical model, direction had a significant effect on pollen number,
whereas the effects of height were non-significant. This result was unexpected as we
had initially assumed that both direction and height would affect the growth of male
strobili due to their effects on light received. Our findings indicate that direction is more
significant than height because we always collected samples from the open-air side of the
tree (Figure 1a–d). In the open-air, the total amount of sunlight may not differ by height,
but the amount of sunlight per year clearly differs by direction [39]. Although direction
significantly affected male strobilus weight, effects on pollen size were non-significant
(Figure 3a). We then constructed the best model (Figure 3b) by simplifying the hypothetical
model. Comparison of AIC values indicated that the best model was better than the
hypothetical model (Figure 3). The best model revealed that pollen number is explained
well by male strobilus weight, clone, and pollen size (total contribution 85.2%). Effect size
(black arrow) revealed that male strobilus weight positively affects the pollen number,
while pollen size negatively affects the pollen number. Male strobilus weight is affected by
a genetic contribution (clone) and by direction as an environmental condition. Pollen size
is mainly affected by the genetic contribution, and mutually affects male strobilus weight.
Overall, pSEM revealed which factors significantly affect other factors and successfully
determined the contributions. We analyze and discuss each factor in more detail in the
following sections.

3.3. Factors Affecting Pollen Number

The best model indicated that pollen number was significantly affected by male stro-
bilus weight and pollen size, and was influenced by genetic contributions (Figure 3b).
Figure 4a presents a bar plot of pollen number by clone; pollen number varied from approx-
imately 100,000 to 300,000, indicating that genetic contributions substantially influenced
pollen number, as indicated by the pSEM (Figure 3b). Figure 4b presents the model of
pollen number using all samples and two predictors (male strobilus weight and pollen
size). Male strobilus weight was strongly and positively correlated with pollen number,
as suggested by the model (Figure 3b). Every 10-mg increase in male strobilus weight
was associated with an increase in pollen number of approximately 100,000 (Figure 4b).
Moreover, for male strobili of equal weight, samples with a smaller pollen size tended
to have a higher pollen number (Figure 4b, light blue vs. orange symbols). This finding
suggests that pollen size also affects the pollen number. Kondo et al. (1992) counted pollen
grains in 10 clones and they also found a correlation between male strobilus weight and
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pollen number [23]. We propose that pollen number can be estimated more accurately
using male strobilus weight and pollen size.
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Figure 3. Piecewise Structural Equation Modeling (pSEM) of factors affecting pollen number. Hy-
pothetical model (a) with six factors (pollen number, pollen size, male strobilus weight, direction,
height, and clone) and the best model (b) with five factors (pollen number, pollen size, male strobilus
weight, direction, and clone). Solid black arrows indicate a significant effect (p < 0.001), and dashed
arrows indicate no significant effect. Double-headed arrows indicate that two factors are related but
the direction of the effect is unclear. Black numbers indicate standardized effect size, and positive
and negative numbers represent positive and negative effects, respectively. Red numbers indicate
the contribution ratio (0–1) of each factor in the model. Note that numbers of the same color are
comparable, whereas those of differing colors are not (see also Section 2.4).
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Figure 4. Factors affecting pollen number. Distribution of pollen number among clones (a). This
plot was made using raw data, and thus reflects different environmental conditions (see Section 3.6).
Scatterplot of pollen number and male strobilus weight from all samples (b). Samples with smaller
pollen grains (< 34.1 µm) are indicated by light blue circles and those with larger grains (> 34.1 µm)
are indicated by orange diamonds. Trend lines indicate predicted pollen number as a function of
grain size: small (29.5 µm; dashed line), middle (34.1 µm; solid line), and large (36.8 µm; bold line).

3.4. Factors Affecting Male Strobilus Weight

pSEM and pollen number modeling suggested that male strobilus weight is among
the most important factors influencing pollen number. pSEM predicted that male stro-
bilus weight is significantly affected by direction and genetic contributions (Figures 3b
and 5a). A lower pollen number was associated with lower male strobilus weight, and vice
versa (Figures 4a and 5a); however, several clones, including Higashikubiki-5, Iwafune-17,
Nishikanbara-1, and Iwafune-15, exhibited only weak relationships between pollen number
and male strobilus weight. Higashikubiki-5 and Nishikanbara-1 generally had low male
strobilus weights but high pollen numbers, while the inverse was true for Iwafune-17 and
Iwafune-15 (Figures 4a and 5a). This apparent contradiction was resolved by accounting
for pollen size: Higashikubiki-5 and Nishikanbara-1 had smaller pollen grains whereas
Iwafune-17 and Iwafune-15 had larger grains (Figure 6a). These results support the hypoth-
esis that pollen number is affected by not only male strobilus weight but also by pollen
size.
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Figure 5. Factors affecting male strobilus weight. The distribution of male strobilus weight among
clones (a). (b,c) Violin plots of male strobilus weight and direction with the full dataset (n = 523; (b))
and Wogon-sugi (n = 101; (c)). Plots and the trendline show male strobilus weight, which was greater
on the south side. The trendline was obtained from the linear mixed effect model (LMM) included in
the best model (Figure 3b).

To explore the relationship between male strobilus weight and direction, we generated
violin plots based either on all 523 samples, or the 101 samples collected from Wogon-sugi,
which were collected from all directions (Figure 5b,c). Both datasets suggest that male
strobili collected from the south side of trees tended to have approximately 1.5-fold greater
male strobilus weight compared to those collected from the north side (1.475-fold for all
data [Figure 5b], 1.458-fold for the Wogon-sugi subset [Figure 5c]). This is likely due to
the amount of sunlight that male strobili are exposed to, as the south sides of trees in
Japan receive more sunlight than the north sides [39]. It is known that the amount of solar
radiation positively affects the male strobilus number [33]. Our data also indicate that the
amount of sunlight also positively affects male strobilus weight (pollen number indirectly).

3.5. Factors Affecting Pollen Size

Few studies have examined the pollen size variation among Japanese cedar clones.
The pSEM predicted that pollen size is significantly correlated with male strobilus weight
and influenced by genetic variation (Figure 3b). Plot data showed that pollen size varied
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from 32 to 36 µm among clones (Figure 6a). Interestingly, the mean rank of pollen size
was not significantly correlated with the mean rank of pollen number (Spearman’s rank
correlation = 0.212, p = 0.298; Figure 4a) or mean male strobilus weight (Spearman’s rank
correlation = 0.305, p = 0.129; Figure 5a). This suggests that pollen size follows a pathway
that is independent from pollen number. Figure 6b shows the relationship between male
strobilus weight, pollen size, and clone; samples from different clones are represented by
different symbols Table 1. We draw two conclusions from this plot; first, samples from
the same clone were clustered, and second, within the same clone, heavier male strobili
tended to be associated with large pollen. These results suggest that pollen size is primarily
controlled by genetic variation, but is also affected by male strobilus weight. Our results
suggest that male strobilus weight is also positively related to sunlight, and, as such, that
sunlight indirectly influences pollen size.

Plants 2021, 10, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 6. Factors affecting pollen size. Distribution of pollen size among clones: scatter plot of pol-

len number and pollen size (a). The relationship between pollen size, male strobilus weight, and 

clone (b). Each symbol indicates a clone (see Table 1). 

  

Figure 6
a

b

30 32 34 36

5

10

15

20

25

30

35

Pollen size (µm)

M
a

le
 s

tr
o

b
ilu

s
 w

e
ig

h
t 

(m
g

)

W
o
g
o
n

-s
u
g
i

Clone

P
o
lle

n
 s

iz
e
 (
μ

m
)

Figure 6. Factors affecting pollen size. Distribution of pollen size among clones: scatter plot of pollen
number and pollen size (a). The relationship between pollen size, male strobilus weight, and clone
(b). Each symbol indicates a clone (see Table 1).
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3.6. Direction-Corrected Pollen Number Allows for More Accurate Comparisons of Pollen Number
among Clones

It is often difficult in field studies to sample in a way that is not confounded by
variations in environmental conditions. We collected male strobilus samples from branches
facing different directions because the open-air side of the tree differed among clones
(Table 1, Figure 1a,c). Ideally, comparisons of pollen numbers among clones should control
for the effects of variations in environmental conditions, in our case direction, as we have
demonstrated that pollen number is indirectly affected by direction via variations in male
strobilus weight (Figures 3b and 5b). We corrected the pollen number for each clone by
constructing LMMs that included direction as a predictor, and extracted the mean pollen
number per clone for samples representing the same direction. Raw and corrected pollen
numbers are shown in Figure 7. In some cases, the corrected pollen numbers differed from
the raw data (e.g., Minamikanbara-3, Iwafune-15, Iwafune-1, and Iwafune-12). Corrected
pollen numbers enable us to make more precise comparisons among clones.
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Our data indicate that the mean pollen number varied approximately 3-fold among
clones, from 100,000 to 300,000 pollen grains per male strobilus. Three studies have
calculated pollen grain number per male strobilus: Ikuse (1965) reported that single male
strobilus produces 396,000 pollen grains [22]; Saito and Takeoka (1987) found 237,000 to
442,000 pollen grains from six clones [24]; and Kondo et al. (1992) reported from 182,019
to 656,289 pollen grains in 10 clones [23]. We found that clones produced from 100,000 to
300,000 pollen grains each; fewer than the other reports. There are several possible reasons
for this, including genetic variation. We found that pollen number has a large genetic
variation among the clones and we did not examine the same clones studied in the other
reports. In C. japonica, DNA markers indicate that there is genetic differentiation between
clones growing mostly on the Pacific Ocean side of Japan and those growing mostly on
the Japan Sea side [40]. We measured clones from Niigata Prefecture, on the Japan Sea
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side, while the previous studies measured many clones from the Pacific Ocean side [22–24].
Additionally, because it is known that male strobilus number varies markedly by year,
annual differences in the pollen number per male strobilus are possible [33,41]. Counting
pollen grains from a larger area over multiple years will provide more comprehensive data
on pollen numbers.

To counter pollinosis, pollen number per male strobilus can possibly contribute some
aspects. For example, we can further select a clone with a low pollen number from the
clones that have selected by few numbers of male strobilus. It is important to consider the
amount of allergen to assess its effects on pollinosis patients. Cry j 1 is a major Japanese
cedar allergen and the amount of Cry j 1 (µg g−1) differs up to 80 times difference among
the clones [42]. One interesting approach would be to analyze the correlation between the
amount of allergen and pollen number (or pollen size). Introducing the pollen number to a
Japanese cedar pollinosis breeding strategy may help counter pollinosis.

Pollen grain number varies in several plant species and the locus or gene controlling
pollen number was discovered recently. Nguyen et al. investigated rye chromosome
addition lines in wheat and found that the 4R addition line had 33% more pollen, which
might have applications in breeding hybrid wheat [43]. Recently, the gene controlling
pollen numbers was identified in Arabidopsis thaliana [44]; the pollen number varied around
4-fold among 144 Arabidopsis thaliana accessions (approximately 2000–8000 pollen grains
per flower). Functional analysis revealed REDUCED POLLEN NUMBER 1 (RDP1) as the
gene controlling pollen number, and an evolutional analysis revealed that RDP1 is related
to the recent pollen reduction in selfing A. thaliana. Although Japanese cedar has much
larger genome (10.8 GB) than A. thaliana, a recent genetic study identified the male sterility
gene in Japanese cedar [45,46]. Combination with DNA marker analysis and efficient
pollen counting method may contribute to revealing the pollen number controlling locus
(or gene) in the future.

4. Conclusions

We quantified the number of pollen grains per male strobilus using an efficient count-
ing method, complemented by modeling and statistical methods. Modeling revealed which
factors affect pollen numbers in Japanese cedar, and corrected pollen numbers enabled us
to make accurate comparisons among clones. Because we found more than 3-fold variation
among clones, counting pollen grain numbers will help to select clones with less pollen.
Modeled predictions will also be useful for examining other traits in the field research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10050856/s1. Supplementary Figure S1. Scatterplot of male strobilus weight and area.
All samples are shown in this figure. Weight and area are strongly correlated (r = 0.892). Different
clones are represented by different symbols (see Table 1). Supplementary Table S1. Data for all
samples.

Author Contributions: Conceptualization, H.K., R.S. and Y.M.; methodology, H.K. and E.T; data
collection, H.K. and E.T.; statistical analyses, H.K., E.T. and R.S; writing—original draft preparation,
H.K.; writing—review and editing, H.K., E.T., R.S, and Y.M.; visualization, H.K. and R.S.; supervision,
Y.M.; project administration, H.K. and Y.M.; funding acquisition, H.K. and Y.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Japan Society for the Promotion of Science KAKENHI Grant
Number 19K05976 to H.K., Project of the NARO Bio-oriented Technology Research Advancement
Institution (Research program on development of innovative technology) Grant Number 28013BC to
Y.M.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed in this study are available from
the corresponding author upon reasonable request.

https://www.mdpi.com/article/10.3390/plants10050856/s1
https://www.mdpi.com/article/10.3390/plants10050856/s1


Plants 2021, 10, 856 14 of 15

Acknowledgments: We thank Yukiko Ito (Niigata Prefectural Forest Research Institute) for providing
breeding materials, and Naoto-Benjamin Hamaya (University of Zurich) for valuable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Darwin, C. The Different Forms of Flowers on Plants of the Same Species; John Murray: London, UK, 1877; ISBN 978-051-173-141-9.

[CrossRef]
2. Cruden, R.W. Pollen-ovule ratios: A conservative indicator of breeding systems in flowering plants. Evolution 1977, 31, 32–46.

[CrossRef] [PubMed]
3. Sicard, A.; Lenhard, M. The selfing syndrome: A model for studying the genetic and evolutionary basis of morphological

adaptation in plants. Ann. Bot. 2011, 107, 1433–1443. [CrossRef]
4. Shimizu, K.K.; Tsuchimatsu, T. Evolution of selfing: Recurrent patterns in molecular adaptation. Annu. Rev. Ecol. Evol. Syst. 2015,

46, 593–622. [CrossRef]
5. Culley, T.M.; Weller, S.G.; Sakai, A.K. The evolution of wind pollination in angiosperms. Trends Ecol. Evol. 2002, 17, 361–369.

[CrossRef]
6. Friedman, J.; Barrett, S.C. Wind of change: New insights on the ecology and evolution of pollination and mating in wind-pollinated

plants. Ann. Bot. 2009, 103, 1515–1527. [CrossRef]
7. Oka, H.I.; Morishima, H. Variations in the breeding systems of a wild rice, Oryza perennis. Evolution 1967, 21, 249–258. [CrossRef]
8. Langer, S.M.; Longin, C.F.H.; Würschum, T.; Pillen, K. Phenotypic evaluation of floral and flowering traits with relevance for

hybrid breeding in wheat (Triticum aestivum L.). Plant Breed. 2014, 133, 433–441. [CrossRef]
9. Dolferus, R.; Ji, X.; Richards, R.A. Abiotic stress and control of grain number in cereals. Plant Sci. 2011, 181, 331–341. [CrossRef]
10. Boeven, P.H.; Longin, C.F.; Leiser, W.L.; Kollers, S.; Ebmeyer, E.; Wurschum, T. Genetic architecture of male floral traits required

for hybrid wheat breeding. Theor. Appl. Genet. 2016, 129, 2343–2357. [CrossRef]
11. Franco-Mora, O.; Tanabe, K.; Tamura, F.; Itai, A. Effects of putrescine application on fruit set in ‘Housui’ Japanese pear (Pyrus

pyrifolia Nakai). Sci. Hortic. 2005, 104, 265–273. [CrossRef]
12. Gonzalez, M.V.; Coque, M.; Herrero, M. Influence of pollination systems on fruit set and fruit quality in kiwifruit (Actinidia

deliciosa). Ann. Appl. Biol. 1998, 132, 349–355. [CrossRef]
13. Oh, J.-W. Pollen Allergy in a Changing World; Springer: Singapore, 2018; ISBN 978-981-10-5499-0. [CrossRef]
14. D’Amato, G.; Cecchi, L.; Bonini, S.; Nunes, C.; Annesi-Maesano, I.; Behrendt, H.; Liccardi, G.; Popov, T.; van Cauwenberge, P.

Allergenic pollen and pollen allergy in Europe. Allergy 2007, 62, 976–990. [CrossRef]
15. Charpin, D.; Calleja, M.; Lahoz, C.; Pichot, C.; Waisel, Y. Allergy to cypress pollen. Allergy 2005, 60, 293–301. [CrossRef]
16. Charpin, D.; Pichot, C.; Belmonte, J.; Sutra, J.P.; Zidkova, J.; Chanez, P.; Shahali, Y.; Senechal, H.; Poncet, P. Cypress pollinosis:

From tree to clinic. Clin. Rev. Allergy Immunol. 2019, 56, 174–195. [CrossRef]
17. Forestry Agency, Japan. Current Situation for the Forest Resources in Japan. 2017. Available online: https://www.rinya.maff.go.

jp/j/keikaku/genkyou/h29/4.html (accessed on 7 April 2021).
18. Forestry Agency, Japan. Experiment for the Breeding of Elite Trees by Cutting. 2018. Available online: https://www.rinya.maff.

go.jp/j/gyoumu/gijutu/portal/c2018-1.html (accessed on 7 April 2021).
19. Okubo, K.; Kurono, Y.; Ichimura, K.; Enomoto, T.; Okamoto, Y.; Kawauchi, H.; Suzaki, H.; Fujieda, S.; Masuyama, K. Japanese

guidelines for allergic rhinitis 2020. Allergol. Int. 2020, 69, 331–345. [CrossRef]
20. Bureau of Social Welfare and Public Health of Tokyo Metropolitan Government. Reports for the Pollinosis Patient in Tokyo. 2017.

Available online: http://www.tokyo-eiken.go.jp/files/kj_kankyo/kafun/jittai/houkokusho.pdf (accessed on 7 April 2021).
21. Tamura, A.; Takahashi, M.; Hoshi, H. Development of superior cultivars for pollinosis. For. Genet. Tree Breed. 2017, 6, 8–12.

[CrossRef]
22. Ikuse, M. On the number of pollen grains contained in anthers of some plants. Quat. Res. 1965, 4, 144–149. [CrossRef]
23. Kondo, T.; Senda, M.; Tabuchi, K. Pollen grain number in a male flower in Sugi (Cryptomeria japnica). Nichirinron 1992, 103,

329–330.
24. Saito, H.; Takeoka, S. Production rates of the reproductive organ and relationships between pollen and seed production in the

forests of sugi (Cryptomeria japonica) of Japan sea type. Ecol. Soc. Jap. 1987, 37, 183–195. [CrossRef]
25. Kakui, H.; Yamazaki, M.; Hamaya, N.-B.; Shimizu, K.K. Pollen grain counting using a cell counter. In Pollen and Pollen Tube

Methods; Geitmann, A., Ed.; Springer: New York, NY, USA, 2020; Chapter 1; pp. 1–11. ISBN 978-1-0716-0671-1. [CrossRef]
26. Kakui, H.; Tsurisaki, E.; Sassa, H.; Moriguchi, Y. An improved pollen number counting method using a cell counter and mesh

columns. Plant Methods 2020, 16, 124. [CrossRef] [PubMed]
27. Lefcheck, J.S. piecewiseSEM: Piecewise structural equation modelling in R for ecology, evolution, and systematics. Methods Ecol.

Evol. 2016, 7, 573–579. [CrossRef]
28. Lori, M.; Piton, G.; Symanczik, S.; Legay, N.; Brussaard, L.; Jaenicke, S.; Nascimento, E.; Reis, F.; Sousa, J.P.; Mader, P.; et al.

Compared to conventional, ecological intensive management promotes beneficial proteolytic soil microbial communities for
agro-ecosystem functioning under climate change-induced rain regimes. Sci. Rep. 2020, 10, 7296. [CrossRef]

29. Awuah, K.F.; Jegede, O.; Hale, B.; Siciliano, S.D. Introducing the adverse ecosystem service pathway as a tool in ecological risk
assessment. Environ. Sci. Technol. 2020, 54, 8144–8157. [CrossRef] [PubMed]

http://doi.org/10.1017/CBO9780511731419.001
http://doi.org/10.1111/j.1558-5646.1977.tb00979.x
http://www.ncbi.nlm.nih.gov/pubmed/28567723
http://doi.org/10.1093/aob/mcr023
http://doi.org/10.1146/annurev-ecolsys-112414-054249
http://doi.org/10.1016/S0169-5347(02)02540-5
http://doi.org/10.1093/aob/mcp035
http://doi.org/10.1111/j.1558-5646.1967.tb00153.x
http://doi.org/10.1111/pbr.12192
http://doi.org/10.1016/j.plantsci.2011.05.015
http://doi.org/10.1007/s00122-016-2771-6
http://doi.org/10.1016/j.scienta.2004.10.005
http://doi.org/10.1111/j.1744-7348.1998.tb05210.x
http://doi.org/10.1007/978-981-10-5499-0
http://doi.org/10.1111/j.1398-9995.2007.01393.x
http://doi.org/10.1111/j.1398-9995.2005.00731.x
http://doi.org/10.1007/s12016-017-8602-y
https://www.rinya.maff.go.jp/j/keikaku/genkyou/h29/4.html
https://www.rinya.maff.go.jp/j/keikaku/genkyou/h29/4.html
https://www.rinya.maff.go.jp/j/gyoumu/gijutu/portal/c2018-1.html
https://www.rinya.maff.go.jp/j/gyoumu/gijutu/portal/c2018-1.html
http://doi.org/10.1016/j.alit.2020.04.001
http://www.tokyo-eiken.go.jp/files/kj_kankyo/kafun/jittai/houkokusho.pdf
http://doi.org/10.32135/fgtb.6.1_8
http://doi.org/10.4116/jaqua.4.144
http://doi.org/10.18960/seitai.37.3_183
http://doi.org/10.1007/978-1-0716-0672-8
http://doi.org/10.1186/s13007-020-00668-4
http://www.ncbi.nlm.nih.gov/pubmed/32944062
http://doi.org/10.1111/2041-210X.12512
http://doi.org/10.1038/s41598-020-64279-8
http://doi.org/10.1021/acs.est.9b06851
http://www.ncbi.nlm.nih.gov/pubmed/32484337


Plants 2021, 10, 856 15 of 15

30. Prather, R.M.; Castillioni, K.; Welti, E.A.R.; Kaspari, M.; Souza, L. Abiotic factors and plant biomass, not plant diversity, strongly
shape grassland arthropods under drought conditions. Ecology 2020, 101, e03033. [CrossRef]

31. Lurgi, M.; Galiana, N.; Broitman, B.R.; Kefi, S.; Wieters, E.A.; Navarrete, S.A. Geographical variation of multiplex ecological
networks in marine intertidal communities. Ecology 2020, 101, e03165. [CrossRef]

32. Tsubomura, M.; Kurita, M.; Watanabe, A. Determination of male strobilus developmental stages by cytological and gene
expression analyses in Japanese cedar (Cryptomeria japonica). Tree Physiol. 2016, 36, 653–666. [CrossRef] [PubMed]

33. Taira, H.; Teranishi, H.; Kenda, Y. Comparison of predictive methods of sugi (Cryptomeria) atomospheric pollen counts using
mean temperature, solar radiation and male flowering index—An example of Toyama prefecture. Jap. Soc. Allergol. 1997, 46,
489–495. [CrossRef]

34. Rasband, W.S. ImageJ, MD, USA, 1997–2018. Available online: https://imagej.nih.gov/ij/ (accessed on 7 April 2021).
35. R Core Team. R: A Language and Environment for Statistical Computing. (Version 3.5.1). Vienna, Austria. 2019. Available online:

https://www.r-project.org (accessed on 7 April 2021).
36. Shipley, B. The AIC model selection method applied to path analytic models compared using a D-separation test. Ecology 2013,

94, 560–564. [CrossRef]
37. Nakagawa, S.; Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.

Methods Ecol. Evol. 2013, 4, 133–142. [CrossRef]
38. Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. lmerTest package: Tests in linear mixed effects models. J. Stat. Softw. 2017, 82.

[CrossRef]
39. Koyamatsu, Y.; Shiota, A.; Mitani, Y.; Qudaih, Y.; Fuji, K. An index to evaluate the amount of the solar radiation for a surface with

eight directions. Int. J. Smart Grid Clean Energy 2015, 4, 241–246. [CrossRef]
40. Kimura, M.K.; Uchiyama, K.; Nakao, K.; Moriguchi, Y.; Jose-Maldia, L.S.; Tsumura, Y. Evidence for cryptic northern refugia in the

last glacial period in Cryptomeria japonica. Ann. Bot. 2014, 114, 1687–1700. [CrossRef] [PubMed]
41. Shah, S.A.; Takeuchi, K. Association between Japanese cedar and cypress pollen counts and climate factors over a 10-year period

in Tsu city, Japan. Aerobiologia 2020, 36, 291–297. [CrossRef]
42. Goto, Y. Studies on genetic variation in Sugi (Cryptomeria japonica D. Don) polen allergen. Bul. For. Tree Breed. Cent. 2005, 21, 1–66.
43. Nguyen, V.; Fleury, D.; Timmins, A.; Laga, H.; Hayden, M.; Mather, D.; Okada, T. Addition of rye chromosome 4R to wheat

increases anther length and pollen grain number. Theor. Appl. Genet. 2015, 128, 953–964. [CrossRef]
44. Tsuchimatsu, T.; Kakui, H.; Yamazaki, M.; Marona, C.; Tsutsui, H.; Hedhly, A.; Meng, D.; Sato, Y.; Stadler, T.; Grossniklaus, U.;

et al. Adaptive reduction of male gamete number in the selfing plant Arabidopsis thaliana. Nat. Commun. 2020, 11, 2885. [CrossRef]
45. Hasegawa, Y.; Ueno, S.; Matsumoto, A.; Ujino-Ihara, T.; Uchiyama, K.; Totsuka, S.; Iwai, J.; Hakamata, T.; Moriguchi, Y. Fine

mapping of the male-sterile genes (MS1, MS2, MS3, and MS4) and development of SNP markers for marker-assisted selection in
Japanese cedar (Cryptomeria japonica D. Don). PLoS ONE 2018, 13, e0206695. [CrossRef] [PubMed]

46. Hasegawa, Y.; Ueno, S.; Wei, F.J.; Matsumoto, A.; Uchiyama, K.; Ujino-Ihara, T.; Hakamata, T.; Fujino, T.; Kasahara, M.; Bino, T.;
et al. Identification and genetic diversity analysis of a male-sterile gene (MS1) in Japanese cedar (Cryptomeria japonica D. Don). Sci.
Rep. 2021, 11, 1496. [CrossRef]

http://doi.org/10.1002/ecy.3033
http://doi.org/10.1002/ecy.3165
http://doi.org/10.1093/treephys/tpw001
http://www.ncbi.nlm.nih.gov/pubmed/26917703
http://doi.org/10.15036/arerugi.46.489
https://imagej.nih.gov/ij/
https://www.r-project.org
http://doi.org/10.1890/12-0976.1
http://doi.org/10.1111/j.2041-210x.2012.00261.x
http://doi.org/10.18637/jss.v082.i13
http://doi.org/10.12720/sgce.4.3.241-246
http://doi.org/10.1093/aob/mcu197
http://www.ncbi.nlm.nih.gov/pubmed/25355521
http://doi.org/10.1007/s10453-020-09632-0
http://doi.org/10.1007/s00122-015-2482-4
http://doi.org/10.1038/s41467-020-16679-7
http://doi.org/10.1371/journal.pone.0206695
http://www.ncbi.nlm.nih.gov/pubmed/30439978
http://doi.org/10.1038/s41598-020-80688-1

	Introduction 
	Materials and Methods 
	Plant Materials and Sampling Conditions 
	Male Strobili Measurement 
	Measurement of Pollen Number and Size Using a Cell Counter 
	Evaluation for the Hypothesized and Best Fit Pathways Using Statistical Modeling (pSEM) 
	Corrected Pollen Number by Statistical Modeling (LMM) 

	Results and Discussion 
	Male Strobilus Characteristics and Genetic/Environmental Conditions 
	Hypothetical and Best Models 
	Factors Affecting Pollen Number 
	Factors Affecting Male Strobilus Weight 
	Factors Affecting Pollen Size 
	Direction-Corrected Pollen Number Allows for More Accurate Comparisons of Pollen Number among Clones 

	Conclusions 
	References

