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Profitability of Harvesting and Transport Systems in

Relation to Topography and Scale of Forest Harvesting

Kohei Onasni, Tomoaki IsHikawA and Akemi ITava

Graduate School of Bioresources, Mie University, 1577 Kurimamachiya-cho, Tsu, Mie 514-8507, Japan

Abstract

The issues of topographically appropriate logging and hauling systems and profitability have not been

addressed simultaneously. The purpose of this study was to investigate whether profitability can be

ensured by logging and hauling systems classified according to topography. Using data obtained from a

literature review, the required annual timber harvesting volume to ensure profitability was calculated for

each logging and hauling system, such as high-performance forestry machines (vehicle type), mini-

forwarder, and cable logging system, in Mie Prefecture. Meanwhile, the artificial forests in Mie

Prefecture were divided into three logging and hauling systems based on slope. In addition, the estimated

harvest volume obtained from the forest stands was calculated. Profitability was examined for each

watershed by comparing the estimated harvest volume with the annual volume of timber hauled out to

ensure profitability. Although profitability was not always ensured in watersheds with small artificial

forest areas, it became clear that most watersheds in Mie Prefecture could ensure profitability with

logging and hauling systems using high-performance forestry machinery (vehicle-type), mini-forwarder,

and cable logging system.

Key Words: cable logging, DEM, forest machine, GIS, slope
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Abstract

To clarify the endophytic mycobiota of Cannabis sativa in Japan, the leaf fungal endophytes were
investigated across different growth stages and sexes of the host using surface sterilization and dilution-
to-extinction methods. Sixty-three fungal isolates were obtained from the leaves in two host growth
stages: during vegetative growth and flower bud formation. Among the fungal taxa identified based on
morphological and molecular characteristics, five species exhibited high occurrence frequencies of 0.1%
or higher: Colletotrichum sp. 1, Rhodosporidiobolus sp. 1, Alternaria sp. 1, Exophiala sp. 1, and Phyllosticta sp. 1.
The dominant species composition, total isolation frequency, and species richness showed tendencies to
vary between growth stages, indicating that the endophytic community fluctuates under the influence of
host physiology and seasonal changes. The same four species were isolated from male and female plants,
while four different species were isolated exclusively from either female or male plants, suggesting
potential host sex-dependent distribution patterns in the endophytic mycobiota. This study obtained
qualitative data on the leaf fungal endophytes of C. sativa in Japan; however, improvements to the

1solation method are necessary for more quantitative analyses.

Key Words: dilution-to-extinction, dioecious plant, endophyte, hemp, seasonal change

Introduction

Cannabis sativa L. is a dioecious annual herbaceous plant recognized as one of the earliest cultivated crops,
with a long history of use in fiber, food, and medicine production”?. In Japan, C. sativa holds historical and
cultural significance, playing a role in religious beliefs and rituals’. However, legislative restrictions have
limited its cultivation and use due to its psychoactive properties and effects on the central nervous system".
In recent years, these restrictions have been relaxed in certain regions, including Canada and parts of the
United States, due to the medical and industrial potential of C. sativa®”. The global market for C. sativa is
anticipated to continue growing, driven by its utility as a biofuel resource®™®. In response to these trends, the
Japanese government has begun reassessing regulations surrounding the medical and industrial use of C. sativa.

Understanding the diversity and ecological functions of symbiotic microorganisms is essential for the
stable cultivation of C. sativa. Endophytic fungi form intimate associations with their host plants and
substantially influence plant growth”. These fungi exhibit diverse ecological roles, ranging from beneficial
interactions, such as plant hormone production and nutrient absorption, to potentially harmful effects

as pathogens®”. Studies on endophytic fungi in the above-ground parts of C. sativa, primarily conducted
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in Europe and North America, have documented the dominant occurrence of Alternaria, Aureobasidium,
Chaetomium, Cochliobolus, and Penicillium, revealing the endophytic mycobiota varied among different parts

%M However, the species diversity and ecological functions of C. sativa endophytic fungi in Japan

of host
remain largely unexplored.
The endophytic mycobiota exhibits significant variation influenced by environmental factors such as

), as well as the growth stages of the host plant'®'”. The

geographical location, climate, and host species'
development of C. sativa above the ground can be divided into several phenological phases: germination
and emergence, vegetative growth, flowering and seed formation, and senescence'®. However, the temporal
dynamics of endophytic mycobiota across these stages remain unknown. Studies on dioecious plant species
have revealed sex-specific variations in microbial communities, including endophytic fungi, suggesting that

19-23 . L
). However, no information is currently

physiological and morphological differences between host sexes
available on sex-specific endophytic community patterns in C. sativa.

In this study, we investigated the leaf fungal endophytes of C. sativa using surface sterilization and
dilution-to-extinction methods to elucidate the endophytic mycobiota of C. sativa in Japan and examine

their variation across the growth stages and sexes of the host plant.

Materials and methods

Collection of C. sativa leaves

A Japanese cultivar of C. sativa (cultivar name unknown) was selected for this study, which was
cultivated at an experimental field in Mie University (Tsu, Mie, Japan). Seeds were sown on May 9,
2024, in an experimental plot measuring 6 m X 7 m. Fertilizer was applied at a rate of 10-10-10 (nitrogen-
phosphate-potash) kg/1,000 m’. The plants were thinned on July 9, 2024, and no pesticides or fungicides
were applied during the growing period.

Leaf samples were collected from 12 randomly selected C. sativa plants along the plot perimeter, from
heights within the 1-2 meters range. Leaf collections were conducted at two time-occasions within each
of the two growth stages: July 2, 2024 (V1) and July 31, 2024 (V2) in the vegetative growth stage, and
September 6, 2024 (F1/M1) and September 30, 2024 (F2/M2) in the flower bud formation stage. After the
onset of flower bud formation, separate collections were made from female (F1, F2) and male (M1, M2)
plants. One healthy, fully expanded leaf was collected per plant at each time. Each sampling occasion and

sex were treated as independent experimental groups.

Dilution-to-Extinction method

After removing the petioles, the collected C. sativa leaves were surface-sterilized using the following
protocol: immersion in 80%, ethanol for 30 s, sodium hypochlorite solution (19, available chlorine) for 1
min, 809 ethanol for 30 s, and sterile water for 30 s. The sterilized leaves were then cut into small pieces
using flame-sterilized scissors and pulverized in a blender (7011HS, Waring Commercial, CT, USA) with
500 mL of cooled tap water for 1 min on the low setting and 1 min on the high setting. The processed
sample was passed through four sieves (mesh sizes: 500, 300, 212, and 106 pm) with running tap water
using an electric sieve shaker (M-3T, Tsutsui Scientific Instruments Co., Ltd., Tokyo, Japan). Particles
remaining on the 212-um mesh (approximately 2.5 mL) were transferred into a sterile 50-mL centrifuge
tube. To wash the particles, 20 mL of sterile water was added to the tube, shaken well, and centrifuged at
2,200 x g for 3 min using a tabletop centrifuge (Model 4000, KUBOTA, Tokyo, Japan). The supernatant

was discarded, and the washing process was repeated 10 times. Finally, the washed particles were diluted
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in autoclaved 0.5% carboxymethyl cellulose solution (No. 2280; Daicel FineChem Ltd., Tokyo, Japan)
to achieve a density of 3-4 particles/50 pL. A 50-pL aliquot of this particle suspension was dispensed
into each well of a 48-well microplate containing MA+Y+C medium (1 L pure water, 45 g MA [malt
agar medium, Shimadzu Diagnostics, Tokyo, Japan], 1 g yeast extract, and 10 mL 19 chloramphenicol
solution). Ten microplates were used per experimental group. The microplates were sealed in polyethylene
bags and incubated at room temperature (approximately 24 °C) under room light (14 h light and 10 h
dark). Each well was observed daily under a stereomicroscope throughout the incubation period for one
month. All emergent colonies were then transferred to MA plates (1 L pure water, 45 g MA) for isolation
and subsequently to a slant medium for storage after establishing pure cultures. Isolates that failed to
sporulate on MA plates were transferred to 1/2 PDA plates (1 L pure water, 19.5 g PDA [potato dextrose
agar, Shimadzu Diagnostics], and 7.5 g agar powder) to induce sporulation. The isolated cultures were
deposited in the Culture Collection of the National Institute of Agrobiological Science (MAFF230308-
MAFF230317 and MAFF247993-MAFF248045; Appendix Table A).

Identification of isolates

The obtained isolates were identified based on their morphological characteristics and sequences of the
ITS region of the IDNA. Morphological observations of colonies and microscopic features were conducted
using a stereomicroscope (SZ-PT, Olympus, Tokyo, Japan) and a biological microscope (AXIOImager
Al, Carl Zeiss, Oberkochen, Germany). DNA was extracted from the isolates using a Genomic DNA
Extraction Kit Mini (Plant) (RBC Bioscience, New Taipei City, Taiwan) following the manufacturer’s
instructions. PCR reactions were prepared in a total volume of 20 pL, consisting of 10 pL. Emerald Amp
(Takara Bio, Shiga, Japan), 7 pL nuclease-free water, 0.5 pL each of the primers ITS5 and ITS4, and
2 pL of the template DNA. Amplification was performed using a TaKaRa PCR Thermal Cycler Dice
(Takara Bio, Shiga, Japan) under the following conditions: initial denaturation at 94 °C for 3 min, followed
by 35 cycles of denaturation at 94 °C for 30 s, annealing at 51 °C for 30 s, and extension at 72 °C for 1 min,
with a final extension at 72 °C for 5 min. The amplified PCR products were purified using ExoSAP-IT
(Thermo Fisher Scientific, MA, USA) and sequenced at the Center for Molecular Biology and Genetics,
Mie University. The sequences obtained in this study were deposited in the GenBank database (Appendix
Table A). The ITS sequences were clustered into species hypothesis (SH) using SH matching (99%
similarity threshold) implemented in PlutoF (https://plutof.ut.ee/). ITS sequences registered in UNITE
(https://unite.ut.ee/) and INSD (International Nucleotide Sequence Databases) were used as reference

data™.

Data analyses

The isolation frequencies (%) of endophytic fungal species in each experimental group were calculated
using the following equation:

Isolation frequency of each species (%) = (Number of wells in which each species was isolated / Number
of wells used in the experiment [480]) x 100

Species with a total isolation frequency of 0.19] or higher were categorized as high-frequency species
in this study; those with an isolation frequency of 0.49] or higher within each experimental group were
classified as dominant species for that group. Using the fungal species composition and the number of wells
in which each species was isolated, the Bray-Curtis index was calculated to assess dissimilarity between

experimental groups. This analysis was performed using R (version 4.4.2)*

2.6-8)"".

and the vegan package (version
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Results and Discussion

Identification of high-frequency species

In this study, 63 strains of leaf endophytic fungi were isolated from C. sativa, belonging to 15 species
(Table 1, Appendix Table A). Among these, five species were identified as high-frequency species:
Colletotrichum sp. 1, Rhodosporidiobolus sp. 1 (yeast), Alternaria sp. 1, Exophiala sp. 1, and Phyllosticta sp.
1 (Table 1). Colletotrichum sp. 1 exhibited the highest total isolation frequency at 1.18%, followed by
Rhodosporidiobolus sp. 1 at 0.24%,; the other three species each had an isolation frequency of 0.1% (Table
1). Among the five genera containing high-frequency species, Colletotrichum, Alternaria, Exophiala, and

3% Gautam et al. investigated

Phyllosticta are well-known as both phytopathogens and plant endophytes
the endophytic fungi in stems, petioles, and leaves of mature C. sativa in India, detecting Colletotrichum
sp. and Alternaria alternata from the leaves, with the latter being more frequent®. Similarly, Scott et al.
examined endophytic fungi in the petioles, leaves, and seeds of C. sativa in Canada and reported Alternaria
as one of the most frequently isolated fungi, which was also detected in the leaves'’. These findings suggest
that Colletotrichum and Alternaria are major and widespread endophytic fungi of C. sativa. In contrast,
Exophiala, Phyllosticta, and Rhodosporidiobolus have not been reported as endophytes of C. sativa in previous
studies. The dilution-to-extinction method used in this study may have increased the relative isolation
rates of yeast and slow-growing fungi. Rhodosporidiobolus, the second most frequently isolated genus after
Colletotrichum, has been reported as an endophytic yeast in several plant species”** . This genus is known
to produce the plant hormone indoleacetic acid and has been implicated in promoting plant growth”*".

These findings suggest that Rhodosporidiobolus, which is frequently detected during the vegetative growth

stage, may act as an endophytic fungus that directly influences the growth of C. sativa during this period.

Comparison of endophytic mycobiota between growth stages

The dominant species, total isolation frequency, and the number of species showed tendencies to
vary among the growth stages of C. sativa (Table 1). The dissimilarity of the endophytic mycobiota, as
measured using the Bray-Curtis index, was 1.00 between V1 and all other experimental groups (Table 2),
indicating complete dissimilarity. This likely reflects the low number of species obtained from V1, none of
which were detected in the other groups (Table 1). Larran et al. compared the compositions of endophytic
fungi on Triticum aestivum across the five growth stages from germination to harvest, and showed differing
frequencies of endophytic fungi at each host growth stage'®. Paul et al. surveyed the endophytic fungi in
Capsicum annuum at the juvenile, flowering, and fruiting stages and showed that the frequency of fungal
isolation and dominant species varied with each growth stage'”. Similar to these examples, the endophytic
mycobiota of C. sativa is considered to change with host growth and seasonal changes, indicating that the

endophytic community fluctuates under the influence of host physiology and seasons, respectively.

Comparison of endophytic mycobiota between sexes

The fungal species common on both female and male plants were Colletotrichum sp. 1, Alternaria sp. 1,
Phyllosticta sp. 1, and Sordariomycetes sp. 1. All species except Sordariomycetes sp. 1 were classified as high-
frequency species (Table 1, Figure 1). Conversely, four species—Exophiala sp. 1, Cercospora sp. 1, Ascomycota
sp. 1, and Dothideomycetes sp. 1—were isolated exclusively from female plants, with Exophiala sp. 1
identified as both a high-frequency and dominant species. Similarly, four species—Naganishia sp. 1 (yeast),
Botryosphaeria sp. 1, Colletotrichum sp. 2, and Neofusicoccum sp. | —were isolated solely from male plants, with

Botryosphaeria sp. 1 identified as a dominant species (Table 1, Figure 1). These findings suggest that certain
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Table 2 Bray-Curtis indices based on the leaf endophytic mycobiota of Cannabis sativa

\2! V2 F1 M1 F2
V2 1.00 - - - -
F1 1.00 0.89 - - -
Ml 1.00 0.79 0.67 - -
F2 1.00 0.83 0.86 0.64 -
M2 1.00 0.74 0.50 0.55 0.87

V1 and V2: samples collected on July 2, 2024 (V1) and July 31, 2024 (V2) in the vegetative growth
stage; F1 and F2: female samples collected on September 6, 2024 (F1) and September 30, 2024 (F2) in
the flower bud formation stage; M1 and M2: male samples collected on September 6, 2024 (M1) and
September 30, 2024 (M2) in the flower bud formation stage.

2

Fig.1 Venn diagram showing the species composition of endophytic fungi isolated from the leaves of
Cannabis sativa during the flower bud formation stages

F1 and F2: female samples collected on September 6, 2024 (F1) and September 30, 2024 (F2); M1 and M2: male samples

collected on September 6, 2024 (M1) and September 30, 2024 (M2). The same four species were isolated from male and

female plants, while four different species were isolated exclusively from F1 and two different species were isolated

exclusively from either M1 or M2.

fungal species, including high-frequency and dominant species, are specific to female or male plants.
Previous studies have also reported sex-related differences in plant-associated microbiota. Guo et al.
demonstrated differences in the microbiota of male and female Populus cathayana’. Similarly, Vega-Frutis
et al. showed that the infection frequencies of arbuscular mycorrhizal and dark septate fungi differed
between female and male Antennaria dioica'. Additional examples of sex-specific microbial differences in
dioecious plants have been reported for both fungal and bacterial communities™ *. Our study suggests
that the endophytic mycobiota might also differ between sexes in dioecious C. sativa, indicating potential
host sex-dependent distribution patterns. The lowest dissimilarity in the Bray-Curtis index was found
between F1 and M2 (0.50), followed by that between M1 and M2 (0.55) (Table 2). These results suggest
a greater similarity in the endophytic mycobiota among the male plants (M1 and M2), whereas female
plants (F1 and F2) exhibited higher dissimilarity, with an index of 0.86 (Table 2). Due to the limited data
available, it was not possible to conclusively distinguish the endophytic mycobiota between male and

female plants in this study.
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Limitations and future directions

This study has some limitations. The isolation frequencies of endophytic fungi were generally low,
with only two isolates obtained in some experimental groups, such as V1 and F2. Therefore, most of the
discussion in this study remains at a qualitative stage. The low occurrence of endophytic fungi might
reflect the scarcity of infection sources in this area’”’, where C. sativa cultivation has not previously been
practiced. In addition, several experimental factors may have contributed to this outcome, including
the shock and heat generated during the pulverization process, which could reduce the survival rate of
endophytic fungi’®. Additionally, the small size and low density of the leaf particles used for isolation may
have further limited fungal recovery. Future research should prioritize reexamining the pulverization,
filtration, and dilution processes to optimize leaf particle size and density for improved fungal isolation.
Furthermore, increasing the survey frequency after the flower bud formation stage—when differentiation

between female and male plants becomes feasible—will be crucial to obtain more robust analytical data.
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Appendix Table A Isolated cultures of leaf endophytic fungi from Cannabis sativa
Name Result of SH* matching SH number Experimental section®  Culture No.* Accession No.*

Alternaria sp. 1
Alternaria sp. 1
Alternaria sp. 1
Ascomycota sp. 1
Botryosphaeria sp. 1
Botryosphaeria sp. 1
Cercospora sp. 1
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 1
Colletotrichum sp. 2
Dothideomycetes sp. 1
Exophiala sp. 1
Exophiala sp. 1
Exophiala sp. 1
Leotiomycetes sp. 1
Naganishia sp. 1
Naganishia sp. 1
Neofusicoccum sp. 1
Phyllosticta sp. 1
Phyllosticta sp. 1
Phyllosticta sp. 1
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Rhodosporidiobolus sp.
Sordariomycetes sp. 1

— o e e

Sordariomycetes sp. 1
Sporobolomyces sp. 1

Alternaria eichhorniae
Alternaria eichhorniae
Alternaria eichhorniae
Ascomycota

Botryosphaeria agaves
Botryosphaeria agaves
Cercospora coniogrammes
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum xanthorrhoeae
Colletotrichum psidii
Dothideomycetes

Exophiala xenobiotica
Exophiala xenobiotica
Exophiala xenobiotica
Leotiomycetes

Naganishia albida
Naganishia albida
Neofusicoccum nonquaesitum
Phyllosticta capitalensis
Phyllosticta capitalensis
Phyllosticta capitalensis
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Rhodosporidiobolus ruineniae
Sordariomycetes
Sordariomycetes

Sporobolomyces koalae

SH1206214.10FU
SH1206214.10FU
SH1206214.10FU
new singleton

SH1238486.10FU
SH1238486.10FU
SH1347477.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1225945.10FU
SH1226612.10FU
new singleton

SH1365936.10FU
SH1365936.10FU
SH1365936.10FU
new singleton

SH1338889.10FU
SH1338889.10FU
SH1238679.10FU
SH1230429.10FU
SH1230429.10FU
SH1230429.10FU
SH1231799.10FU
SH1231799.10FU
SH1231799.10FU
SH1231799.10FU
SH1231799.10FU
SH1231799.10FU
SH1231799.10FU
new singleton

new singleton

SH1273294.10FU

F1
Ml
F2
F1
M1
M1
F1
V2
V2
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1
F1

Vi1

MAFF247993
MAFF247994
MAFF247995
MAFF247996
MAFF247997
MAFF247998
MAFF247999
MAFF248000
MAFF248001
MAFF248002
MAFF248003
MAFF248004
MAFF248005
MAFF248006
MAFF248007
MAFF248008
MAFF248009
MAFF248010
MAFF248011
MAFF248012
MAFF248013
MAFF248014
MAFF248015
MAFF248016
MAFF248017
MAFF248018
MAFF248019
MAFF248020
MAFF248021
MAFF248022
MAFF248023
MAFF248024
MAFF248025
MAFF248026
MAFF248027
MAFF248028
MAFF248029
MAFF248030
MAFF248031
MAFF248032
MAFF248033
MAFF248034
MAFF248035
MAFF248036
MAFF248037
MAFF248038
MAFF248039
MAFF230308
MAFF230309
MAFF248040
MAFF248041
MAFF248042
MAFF248043
MAFF230310
MAFF230311
MAFF230312
MAFF230313
MAFF230314
MAFF230315
MAFF230316
MAFF248044
MAFF248045
MAFF230317

PV186432
PV186440
PV186445
PV186430
PV186436
PV186441
PV186412
PV186406
PV186404
PV186411
PV186413
PV186414
PV186415
PV186416
PV186417
PV186418
PV186419
PV186420
PV186429
PV186431
PV186433
PV186435
PV186421
PV186422
PV186423
PV186424
PV186425
PV186437
PV186438
PV186439
PV186442
PV186443
PV186446
PV186448
PV186449
PV186450
PV186451
PV186452
PV186453
PV186459
PV186447
PV186458
PV186427
PV186428
PV186434
PV186426
PV186397
PV186407
PV186456
PV186444
PV186409
PV186454
PV186455
PV186401
PV186402
PV186403
PV186405
PV186408
PV186399
PV186400
PV186410
PV186457
PV186398

a) SH: species hypothesis.

b) V1 and V2: samples collected on July 2, 2024 (V1) and July 31, 2024 (V2) in the vegetative growth stage; F1 and F2: female samples collected on
September 6, 2024 (F1) and September 30, 2024 (F2) in the flower bud formation stage; M1 and M2: male samples collected on September 6, 2024
(M1) and September 30, 2024 (M2) in the flower bud formation stage.

c¢) MAFF: Culture Collection of National Institute of Agrobiological Science.

d) Accession numbers of the I'TS sequences.
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Exploring the Organization of DNA Beyond Its Sequence
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Abstract
DNA function relies not only on its sequence but also on its organization, which plays a crucial role in
regulating various biological processes, including gene expression. In this article, I discuss the importance
of genome studies and introduce X-chromosome inactivation as a model for investigating the relationship
between genome organization and gene expression using recent next-generation sequencing-based

technologies.

Key Words: Genome organization, Epigenetics, X-chromosome inactivation, DNA replication

From genetic code to structural complexity

DNA is the foundation of all life on Earth. Our DNA contains genes, which give instructions on how to
make proteins that are necessary for our body’s functions. However, when mutations occur in our DNA
(i.e., changes in DNA sequence), they can cause serious damage and occasionally even death. Even though
we know that having the correct DNA sequence is crucial, several studies indicate that it is not enough
to ensure a normal life. In fact, the organization of our DNA is equally as important as the sequence
itself. DNA is organized into various forms depending on the cell cycle stage (Fig. 1). For instance, DNA
condenses highly during mitosis in order to be properly divided"”. On the other hand, DNA is in a more
relaxed form and arranged in specific areas of the nucleus during interphase”. The latter involves multiple
biological processes, including transcription, DNA replication, and genomic stability. Any abnormalities in
this organization can result in serious problems in cellular functions.

While I was an undergraduate at Chiang Mai University in Thailand, I developed an interest in DNA
and chromosome research after taking a Cell Biology class. To explore this area more deeply, I decided
to start my first study on chromosomes at Osaka University. Using cutting-edge microscopy techniques,
such as super-resolution microscopy, which was a novel technology at the time, and electron microscopy,
I examined the factors that contribute to the formation of condensed mitotic chromosomes””. It was truly
exciting to be able to see the chromosome structures with my own eyes using these powerful tools (Fig. 1).

Then, since many studies have emphasized that DNA organization in interphase cells has critical roles
in regulating gene expression, I have grown interested in this topic. Without changing the DNA sequence
itself, this organization tells cells when and how to turn genes on or off. This regulation is referred to
as epigenetics”, which is recently becoming more recognized for its implications for disease, aging, and
development. I was inspired by this concept and motivated to broaden the scope of my research during
my postdoctoral studies at RIKEN in Kobe. My current research focuses on understanding how DNA

organization contributes to the regulation of gene expression.

2025 4 4 H 9 H=ZH
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Mitotic chromosome Interphase chromosome
Chromosome " Transcription and
segregation DNA replication

Active euchromatin with active
transcription and early DNA replication

nactive heterochromatin with inactive
transcription and late DNA replication

Figure 1 Different forms of DNA organization during the cell cycle
(Left) Mitotic chromosomes of HeLa cells exhibit a condensed structure. I used structured illumination microscopy
(SIM) and scanning electron microscopy (SEM) to observe the mitotic chromosome structure. Bright signals observed
at the axis of the mitotic chromosome by SIM correspond to condensin, a key structural scaffold protein of mitotic
chromosomes. (Right) Interphase nucleus of HeLa cells. Active regions are typically found in the interior of the

nucleus, while inactive regions are located at the nuclear periphery.

Genome organization and its regulation in interphase

While cells may utilize traditional epigenetic mechanisms, such as DNA methylation and histone
modifications, to regulate gene expression, they also employ genome organization as an additional layer
of control. In general, cells carefully fold and organize DNA into two main regions in the nucleus: active
(euchromatin) and inactive (heterochromatin) (Fig. 1). DNA in active regions is loosely structured and
more accessible. Genes in active regions are actively expressed, as the name suggests. In contrast, in
inactive regions, DNA is densely packed and positioned in less accessible parts of the nucleus, such as the
nuclear periphery, promoting gene silencing. In addition to gene expression, genome organization is also
involved in other cellular activities, including DNA replication and genome stability”®. Given its multiple
functions, genome organization is a particularly important field of study, and its fundamentals may help

reveal key mechanisms underlying many other biological processes.

A model for studying genome organization and gene regulation, X-chromosome inactivation

One of the most fascinating examples of how genome organization influences gene expression can be
seen in the X-chromosome inactivation (XCI) process in female mammals” (Fig. 2A). Females have two X
chromosomes, whereas males have only one. To compensate for this difference and prevent overexpression
of X-linked genes, one of the female X chromosomes is inactivated through XCI, which turns off the
expression of nearly all of the genes on the inactive X chromosome (Xi). This is a difficult task as the X
chromosome is relatively large (ranking 8th in size in humans and 6th in mice) and has over a thousand
genes. Therefore, the cells apply a series of molecular modifications to the Xi, which include structural
changes to the chromosome in the nucleus. These changes lead to the formation of a unique condensed
structure that is not found in any other chromosomes (Fig. 2B).

In my opinion, the XCI process is an excellent model to show how the organization of DNA, not just
the sequence, plays a crucial role in regulating gene expression. I thought that by looking at how the

organization of the X chromosome changes during XCI, we could gain insights into how the genome
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structure contributes to gene regulation. Furthermore, this could also help explain the causes of X

. . 10
chromosome malfunction-related diseases'”

, such as certain genetic disorders, cancer, or other conditions
associated with improper gene silencing. Therefore, studying XCI could have broad implications for

various fields.

Examining the genome and its functions through advanced technologies

With advancements in technology, we now have a variety of tools to study chromosomes and genomes.
In particular, next-generation sequencing (NGS)-related technologies have become indispensable for
investigating genome organization. Compared to conventional methods, these technologies provide more
detailed and effective results because of their high resolution and high throughput. We can examine not
only DNA but also RNA expression, epigenetic modifications, and other genomic features'"'”. Recently,
single-cell and multi-omics studies have also become feasible'”. Because of this, NGS-based technologies
are powerful tools for exploring biological processes.

In my study, I employed a combination of several NGS-based techniques to reveal the X chromosome
structure during XCI in mouse cells. For instance, we applied chromosome conformation capture-
based methods, such as Hi-C'"* and 4-C-seq15), which allow us to analyze chromosome structure based
on the contact frequency between genomic regions. The closer the two DNA regions are, the higher the

interaction frequency is observed. We can predict chromosome structure with this information. Using

A B Before XClI After XClI
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Figure 2 XCI in female mice
(A) XCI occurs in early development, with one X chromosome undergoing inactivation and structural changes. (B)
Fluorescence in situ hybridization (FISH) shows that Xist is expressed from the Xi upon cell differentiation, coating it in cis.
Xist recruits other modifiers that lead to gene silencing and compaction of the Xi. (C) 4C-seq reveals that a region of interest
(viewpoint) on the Xa interacts with specific regions but not others, indicating that distinct chromosomal domains on the Xa
are spatially separated. In contrast, the same viewpoint interacts everywhere nearby on the Xi, suggesting the Xi’s compact
structure. Consistently, replication timing profiles show early and late domains on the Xa, while the Xi replicates late
entirely. The top right of 4C-seq profiles depicts structure diagrams of the Xa and Xi. Combined with RNA-seq data, our

results suggest a strong link between structure, DNA replication, and gene expression.
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these methods, indeed, we could clearly observe the differences between the structure of the active X (Xa)
and Xi (Fig. 2C).

It has been shown that genome organization is also closely linked to DNA replication”. Typically, active
regions replicate earlier in the S-phase, while inactive regions replicate later in the S-phase (Fig. 1). This
relationship can be used to study genome organization. I thus also used DNA replication timing assay
to examine the Xi structure. This assay tells us which regions of the DNA replicate early or late in the
S-phase. We observed that the DNA replication timing of the Xi shifts when the X chromosome undergoes
inactivation. As a result, the Xi replicates later than the active one in a chromosome-wide manner (Fig.
2C).

By analyzing the structure and replication timing of the X chromosome in parallel with gene expression
during XCI, we could track the changes that occur as the Xi is established'®. We also found that defects in
the structure and replication timing of the Xi lead to aberrant gene silencing. Our results provide insights
into the dynamics of X chromosome structural reorganization and the silencing of the Xi and demonstrate

how chromosome structure, DNA replication, and gene expression are closely related in mammalian cells.

Future directions

There are still many unanswered questions regarding gene expression and genome organization.
Are these processes sequential or concurrent, and if so, which comes first?> What causes these changes?
Furthermore, can mechanisms of silencing like XCI be applied to the treatment of genetic disorders
and diseases linked to chromosome function? We still have a lot to learn about these complex processes.
Moreover, technological development is another key to driving new discoveries. As such, in order to open
up new possibilities in the field, it is essential that we foster innovation and develop new technologies as

well.

References

1) Paulson JR, Hudson DF, Cisneros-Soberanis F, Earnshaw WC (2021) Mitotic chromosomes. Semin Cell Dev Biol
117, 7-29
2) Zheng H, Xie W (2019) The role of 3D genome organization in development and cell differentiation. Nat Rev Mol
Cell Biol 20, 535-550
3) Poonperm R, Takata H, Hamano T, Matsuda A, Uchiyama S, Hiraoka Y, and Fukui K (2015) Chromosome
Scaffold is a Double-Stranded Assembly of Scaffold Proteins. Sci Rep 5, 1-3
4) Poonperm R, Takata H, Uchiyama S, Fukui K (2017) Interdependency and phosphorylation of KIF4 and
condensin I are essential for organization of chromosome scaffold. PLoS One 12, 1-15
5) Sasakura S, Yoshida A, Wako T, Kaneyoshi K, Poonperm R, Ogawa S, Kato J, Otsuka Y, Takata H, Uchiyama S,
et al (2016) Structural analysis of human chromosome by FIB / SEM. Chromosome Sci 19, 25-31
6) Allis CD, Jenuwein T (2016) The molecular hallmarks of epigenetic control. Nat Rev Genet 17, 487-500
7) Marchal C, Sima J, and Gilbert DM (2019) Control of DNA replication timing in the 3D genome. Nat Rev Mol
Cell Biol 20, 721-737
8) Sarni D, Sasaki T, Irony Tur-Sinai M, Miron K, Rivera-Mulia JC, Magnuson B, Ljungman M, Gilbert DM,
Kerem B (2020) 3D genome organization contributes to genome instability at fragile sites. Nat Commun 11, 1-12
9) Loda A, Collombet S, Heard E (2022) Gene regulation in time and space during X-chromosome inactivation. Nat
Rev Mol Cell Biol 23, 231-249
10) Migeon BR (2020) X-linked diseases: susceptible females. Genet Med 22, 1156-1174



Exploring the Organization of DNA Beyond Its Sequence 25

11)

12)

13)

14)

15)

16)

Jerkovic I, Cavalli G (2021) Understanding 3D genome organization by multidisciplinary methods. Nat Rev Mol
Cell Biol 22, 511-528

Dai X, Shen L (2022) Advances and Trends in Omics Technology Development. Front Med 9

Vandereyken K, Sifrim A, Thienpont B, Voet T (2023) Methods and applications for single-cell and spatial multi-
omics. Nat Rev Genet 24, 494-515

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T, Telling A, Amit I, Lajoie BR, Sabo
PJ, Dorschner MO, et al (2009) Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles
of the Human Genome. Science 326, 289-293

Splinter E, de Wit E, Nora EP, Klous P, van de Werken HJG, Zhu Y, Kaaij LJT, van Ijcken W, Gribnau J, Heard
E, et al (2011) The inactive X chromosome adopts a unique three-dimensional conformation that is dependent on
Xist RNA. Genes Dev 25, 1371-1383

Poonperm R, Ichihara S, Miura H, Tanigawa A, Nagao K, Obuse C, Sado T, Hiratani I (2023) Replication
dynamics identifies the folding principles of the inactive X chromosome. Nat Struct Mol Biol 30, 1224-1237

Be51EERAEBZ - DNA DOEERIES

T—8—L TUqYV
=E KRR EIRAUIER, T 514-8507 =E T SEENTENT 1577

E 5
DNA O#REE, ZNMNI—RF2EFERZITEL, HEICBKELTED, B rREEZZO I 44
W= 7 a2 ROFREIC IO TEERGEERIZLTWS, ARETIE, 7/ LUEOEEHICOWTHERT 5. B
EINCIX, 7/ LOESBIG FHEOBGRZ AT 2ET IV E LT, X RAKRNGHEILZED EF, mHTOX
AR —Fr o VT2 TS DO THENT T %,






SEAREIEEYEIRAVI R
H51%5 127 ~53
ST 12 H

2024 FEFBITZNH
Doctor Theses in the 2024 Academic Year
(April 2024 - March 2025)

B (F) 2hEsmX 9%

BT ICKHELTFT

BRBRFER

K%

FhicHES
FuscR50E M
E WY aE]

ApE IS 358 5
THI6H T H17TH

NANAPE AGETHA BIGIE

Evaluation of the effects of mutation in the wheat AP2 homoeologs on the

potential for cleistogamous flowering
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Cleistogamy or fertilization in closed flowers
reduces the risk of fungal infection of the florets at
anthesis in Triticeae crops. Cleistogamy in barley
(Hordeum vulgare) is determined by a single recessive
gene at the Cleistogamyl (Clyl) locus on chromosome
2H. The ClyI gene is known to be the barley ortholog
of the Arabidopsis Apetala? (AP2) transcription factor
gene. A point mutation within the microRNA172
(miR172) target site of Clyl inhibits the binding of
miR 172 to the target site of the mRNA, resulting in
the production of the Clyl (HvAP2) protein. This
protein negatively regulates the development of
lodicules, keeping florets closed at anthesis.
However, cleistogamy is not evident in hexaploid
wheat (Triticum aestivum) cultivars. The aim of this
study is to develop a cleistogamous wheat which
could evade the infection caused by Fusarium head
blight and to minimize pollen-mediated gene flow.
The present study focused on evaluating the effects

of mutations in the wheat 4P2 homoeologs on the
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potential for cleistogamous flowering.

The 1nitial objective was to identify newly induced
mutations in the wheat AP2 homoeologs, the three
homoeologous genes (AP2-A, AP2-B and AP2-D)
located on chromosomes 2A, 2B and 2D. The AP2
mutants were induced from the Japanese winter wheat
cultivar ‘Kitahonami’ by ethyl methanesulfonate
(EMS) treatment of the seeds. Three independent
mutants carrying novel point mutations within the
miR 172 target site in AP2-A and AP2-D were identified
and the mutant alleles were designated as AP2-A41,
AP2-DI and AP2-D2. However, no point mutations
within the miR172 target site were detected in AP2-B.
These point mutations were distinct from those
identified in the cleistogamous alleles ¢iy1.b and c¢lyl.c
of the orthologous barley Cly! gene. Field observations
showed normal flowering in all mutants. The lodicules
of the mutants swelled during anthesis, however, their
sizes exhibited notable variations compared to the
wild type. Lodicule depth was decreased in all three

mutants, with AP2-D2 exhibiting the greatest
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reduction. Lodicule length and width showed a similar
trend in AP2-D2, however, not in AP2-Al or AP2-DI.
Furthermore, AP2-D2 had much shorter (compact)
spikes compared to AP2-A1 and AP2-DI. The reduced
spike length was due to a significant reduction in the
length of the rachis (spike) internode. Reduced
interaction between mRNA and miR172 at the target
site of AP2-D2 resulted in higher transcript levels that
suppressed lodicule development and rachis internode
elongation.

A proposed strategy to develop cleistogamous
wheat is to accumulate the point mutations in all
three AP2 homoeologs. This study provided insights
into the cumulative effects of mutant AP2 alleles in
suppressing open flowering. A precise evaluation of
the effects of the mutations was made using near-
isogenic lines (NILs). Three single mutants (4P2-A1,
AP2-DI and AP2-D2) with two double mutants
(AP2-A1/AP2-DI and AP2-A1/AP2-D2) were evaluated
for the effects on flowering and other agronomic
traits under near-isogenic background. Among the
three single mutant alleles, AP2-D2 had the greatest
effect on reducing the rate of anther extrusion.

Furthermore, the double mutant AP2-A1/AP2-D2
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inhibited anther extrusion more than the single
mutant AP2-D2. Similarly, AP2-D2 had the greatest
effect on reducing lodicule depth, whereas AP2-A1/
AP2-D2 showed a significantly greater reduction in
lodicule depth than AP2-D2. AP2-D2 had an additive
effect on reducing rachis (spike) internode length,
although both AP2-A1 and AP2-DI also had an effect,
but less than AP2-D2. The double mutant AP2-A1/
AP2-DI had a stronger effect on reducing rachis
internode length than either AP2-A1 or AP2-DI,
indicating the cumulative effect of these two alleles.
In addition, both single and double mutants carrying
the AP2-D2 allele had shorter culm lengths due to its
reduced internode length, suggesting its pleiotropic
effect on stem elongation. The AP2-D2 allele showed
higher expression levels than the wild type in several
floral organs as well as in the rachis and culm.

In conclusion, AP2-A1/AP2-D2 was evaluated as
the most effective genotype in suppressing flower
opening, although cleistogamy was not achieved.
The study also provided new insights into the
pleiotropic effects of individual mutant AP2 alleles

on plant development and agronomic traits in wheat.
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Understanding the role of sea surface temperature variability in forcing

regional precipitation variability in the rainy season in Mozambique
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This study examines the relationship between the
interannual rainfall variability in the rainy season in
Mozambique and global sea surface temperature
(SST) fluctuations. Four geographical regions across
Mozambique (southern, central, northeastern, and
northwestern regions) are defined for the analysis.
The relationship of December, January, and
February (DJF) mean precipitation in those four
regions with SSTs in the tropical and subtropical
Atlantic, Pacific and Indian Oceans are investigated
through lagged correlation and composite analysis.

The results suggest that interannual regional
precipitation variability in Mozambique is
modulated by several factors. The most important
include the El Nifio-Southern Oscillation (ENSO) in
the tropical Pacific, the Benguela Nino in the
Atlantic Ocean, the Indian Ocean Dipole (IOD) and
the Subtropical Indian Ocean Dipole (SIOD) in the
tropical and subtropical Indian Ocean. These modes
of climate variability affect regional precipitation
through modulating major regional weather systems.
The Benguela Nino appears to modulate moisture
flux from the Benguela coast into the Southern
Indian Convergence Zone (SICZ) while ENSO
modulates the strength of major regional systems

such as Angolan law, Botswana High, Mascarene
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High and therefore, Inter Tropical Convergence
Zone (ITCZ). On the other hand, although year to
year variability of Mozambique Channel Trough
(MCT) intensity is significantly correlated to ENSO,
it does not accompany regional precipitation in
Mozambique. However, its westward (eastward)
shift, which is not significantly correlated to ENSO,
accompanies enhanced (suppressed) precipitation in
southern and central regions. This association is
strengthened (weakened) when the westward
(eastward) shift is accompanied by a positive
(negative) phase of SIOD. We further found that
Rossby wave propagation reaching Southern Africa
from the tropical Pacific is key to the relationship
between precipitation in Mozambique and ENSO.
Benguela Niflo was found to have a significant
positive lead correlation by six months with
precipitation in the southern, central, and
northwestern regions. In contrast, the IOD led
precipitation in the southern, central, and
northeastern regions by three months. Overall, the
modes of climate variability exerted stronger control
over precipitation variability in southern and central
Mozambique, and weaker control in northern
Mozambique, particularly in the northwestern

region.
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(Development of high-precision forest information utilization technology for

the promotion of a new forest management system)
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Study on the effect of particle shape on mechanical properties of soil
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