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Coordination between leaf water relations and leaf gas exchange
in two ecotypes of Fagus crenata tree

Akira UEMURAY", Hisanori HARAYAMA? and Atsushi ISHIDA?

Abstract

Fagus crenata Blume is a dominant species in late-successional, cool-temperate forests of Japan. F. crenata has
two ecotypes in Japan, one in the Japan Sea region and the other in the Pacific Ocean region. The trees at Nakoso
in the Pacific Ocean region suffer higher evaporative demand during the growing season than do those at Appi in
the Japan Sea region. This study aimed to determine how leaf morphology and leaf physiology are coordinated to
cope with air drought conditions. We investigated intra-crown leaf plasticity for adult trees growing in both regions.
The specific hypothesis was that the sun leaves of F. crenata at Nakoso would have a lower osmotic potential and
a larger vascular structure within their leaves than those at Appi and, as a result, would have a relatively higher leaf
mass per area (LMA) and lower carbon assimilation capacity. Relative to trees at Appi, the sun leaves at Nakoso
had a thicker lamina, a larger bundle sheath within the lamina, and a smaller compartment area circumscribed by a
bundle sheath extension. Even though LMA in the sun leaves at Nakoso was 1.74 times larger than that at Appi, the
area-based photosynthetic rates did not differ between sites. Leaf morphological acclimation to high evaporative
conditions at Nakoso included reduced mass-based nitrogen (N) content and the N/C ratio within the lamina as well
as reduced mass- and nitrogen-based assimilation rates. Our study indicates that drought tolerance at the leaf level
leads to variations in leaf water relations and in leaf morphology. This suggests a trade-off or coordination between

leaf water relations and leaf morphology or leaf gas exchange for drought tolerance.

Key words: intraspecific difference, LMA, Japanese beech, water relations, photosynthesis

Introduction

Plant leaves have morphological and physiological plasticity
to cope with unsuitable environments. During photosynthesis,
leaves lose water and, by necessity, try to acquire carbon
while reducing water consumption. As such, leaf and canopy
morphological traits are associated with plant water use. For
example, xeric sites favor high leaf mass per area (LMA)
(Abrams 1994, Abrams and Mostoller 1995, Mediavilla et al.
2001, Pita and Pardos 2001, Wright and Westoby 2002). The
high LMA results from the acquisition of hard tissue structures
formed of thick cell walls and a dense vascular system or
mesophyll tissue, which help lengthen leaf lifespan (Wright
and Westoby 2002, Ishida et al. 2007) and may help prevent
the collapse of xylem conduits under low leaf water potentials
(Hacke and Sperry 2001, Ishida et al. 2008). A high LMA
consequently results in high protein investment to leaf dry
mass (mainly, leaf structure) and a small fraction of nitrogen or
nutrients allocated to the photosynthetic apparatus (Hikosaka
et al. 1998, Poorter and Evans 1998, Reich et al. 1998,
Niinemets 1999, Mediavilla et al. 2001, Pons and Westbeek
2004, Takashima et al 2004, Ishida et al. 2008). Thus, plants
experience a trade-off or coordination between leaf structure
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and leaf physiology for drought adaptation (Wright and
Westoby 2002, Uemura et al. 2004, Ishida et al. 2008).

Fagus crenata Blume is the most abundant cool-temperate
deciduous tree species in Japan. The population is divided into
at least two ecotypes: the Pacific Ocean type and the Japan Sea
type (Hagiwara 1977). The canopy leaves of the Pacific Ocean
type are smaller and thicker (Koike and Maruyama 1998,
Tateishi et al. 2010, Ishii et al. 2018) and have photosystem
I, with a higher tolerance against strong sunlight (YYamazaki
et al. 2007) than those of the Japan Sea type. Despite Japan’s
narrow geographical area, many plant species in Japan have
ecotypes or varieties that are split between the Pacific Ocean
and Japan Sea regions, with special adaptations to each.
For example, plants have specialized morphologies and
physiologies for coping with heavy snow in winter in the
Japan Sea region (Kume and Ino 1993, Yamazaki et al. 2007)
or with high evaporative demand in summer in the Pacific
Ocean region (Uemura et al. 2004, Yamazaki et al. 2007).
Although cool-temperate forests in Japan have mesic soil
water conditions during the growing season, mature trees may
suffer water stress caused by a lack of balance between the
water loss from atmospheric evaporative demand and water
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196 Akira UEMURA et al.

supply from the soil. Tateishi et al. (2010) showed that, based
on an investigation of geographical variations in tree water
use in F. crenata, the interaction between physiological and
morphological status can allow trees to cope with diverse
environmental conditions across its geographical distribution.
However, it is still unknown how drought-adaptive changes
in leaf water relations are associated with variations in
morphology and gas exchange at the single leaf level.
Thus, an ecophysiological comparison of the two F. crenata
ecotypes should help explain how plants coordinate leaf water
relations, leaf morphology, and leaf gas exchange to cope with
unfavorable microclimates.

This study aimed to determine how leaf morphology and
leaf physiology are coordinated to cope with high evaporative
demand using the two F. crenata ecotypes in Japan. To do
this, we examined many traits related to photosynthesis,
water relations, and morphology at the single leaf level and
compared the canopy leaves of F. crenata adult trees in
the Japan Sea and Pacific Ocean regions. We selected the
following parameters: (1) leaf morphology and anatomy,
including LMA, leaf density, stomata, mesophyll tissue, and
vascular structure within leaves; (2) leaf physiology, including
leaf nitrogen (N) content and mass-, area-, and N-based
photosynthetic rates; and (3) leaf water relations, including leaf
pressure—volume curves and minimum conductance for water
vapor in both sun and shade leaves. Although several studies
have reported on the geographical clines of F. crenata (e.g.,
Hiura 1998, Hiraoka and Tomaru 2009), few have focused on
the plasticity of leaf properties (e.g., Yamazaki et al. 2007,
Bayramzadeh et al. 2008). Therefore, we compared individual
sun and shade leaves to evaluate differences in the plasticity of
leaf properties. Our specific hypothesis was that sun leaves in
the Pacific Ocean region would have large vascular structures
within the leaves, low osmotic potentials to cope with high
evaporative demand, and that these properties would result
in high LMA and low mass- and nitrogen-assimilation rates
in their canopy leaves. Additionally, we hypothesized that
shade leaves, which grow in conditions with low evaporative
demand, would be less stressed and, therefore, would not show

differences between the two ecotypes.

Materials and methods

Plant materials and study sites

Hagiwara (1977) divided F. crenata populations in Japan
into two ecotypes: the Pacific Ocean type and the Japan
Sea type. In contrast, Fujii et al. (2002) classified F. crenata
populations in Japan into three clades based on cpDNA
variations: the haplotype of clade I is distributed mainly along
the Japan Sea, whereas those of clades II and III occur chiefly

along the Pacific Ocean. The haplotypes of clade III have the
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southernmost distribution of the three clades.

We selected mature F. crenata trees growing in the two
ecotypes. Trees from the Pacific Ocean type (clade II) were
located at Nakoso (36°58'N, 140°36'E, altitude 700 m) in
Fukushima Prefecture. Trees from the Japan Sea type (clade
1) were located at Appi (40°00'N, 140°56'E, altitude 825 m) in
Iwate Prefecture. The distance between the two sites was 338
km. The study site at Appi (Appi site) was located in a mid-
cool-temperature forest, whereas the site at Nakoso (Nakoso
site) was located in a border area between cool-temperature and
warm-temperature forests, suggesting that the Nakoso site is
more xeric than the Appi site. The Andosol soil was classified
as a moderately moist brown forest soil. Canopy leaves of
one mature, adult tree were obtained with a scaffolding tower
at each site. The forest at the Nakoso site comprised many
winter deciduous tree species, such as Fagus japonica Maxim.,
Betula grossa Sieb et Zucc., Quercus serrata Thunb., Quercus
mongolica Fisher var. grosseserrata, Carpinus laxifolia
Blume.; this forest type is referred to as a Pacific Ocean type
beech forest. The forest at the Appi site consisted mostly of
F. crenata trees and a small number of winter deciduous tree
species, such as Tilia japonica Simon. and Q. mongolica; this
type of forest is referred to as a Japan Sea type beech forest.
The top canopy heights of the trees examined at the Nakoso
and Appi sites were 14 and 18 m high, respectively, and their
ages were approximately 100 and 70 years, respectively. At
both sites, F. crenata trees opened new leaves at the beginning
of May, which fell at the end of October. Exposed canopy
leaves at the uppermost crown were collected as sun leaves and
the lowermost crown leaves were collected as shade leaves.
In August, the amount of daily photosynthetic photon flux
(PPF) at the lowermost crown was approximately 7% of that
at the uppermost crown. Investigations of morphological and
physiological properties were conducted in August 2005, in the
middle of the growing season.

The Nakoso site had little snow cover during winter. At the
Appi site, the maximum snow depth was approximately 3 m
and snow covered the forest floor from November to May.
Microclimatological data, photosynthetic photon flux (PPF,
pmol m? s™), air temperature (°C), air relative humidity (%),
and precipitation (mm) at the top of the canopies were recorded
at 10-min intervals with a data logger (MES-UL120, Koito
Co., Tokyo, Japan) during the growing season (from April to
November). PPF values above the canopies were measured
with a solar sensor, L1190-SB (LI-COR Inc., Lincoln, NE,
USA) at the Appi site and with an IKS-25 (Koito Co.) at
the Nakoso site. Air temperature and relative humidity were
measured with HMP45D and HMP45A thin-film capacitance
sensors (Vaisala KK, Tokyo, Japan), respectively. Precipitation
was measured using a tipping bucket rain gage (Sato-keiryouki,
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Tokyo, Japan) at the top of the canopy. The annual mean
temperature was 2.4°C higher at the Nakoso site than at the
Appi site (Table 1). The warmth index was 17.1 higher at the
Nakoso site than at the Appi site.

Leaf gas exchange

Net photosynthetic rates (A) and stomatal conductance
were measured with an open, portable measurement system
(L1-6400, LI-COR) equipped with a leaf chamber with a
chlorophyll fluorescence meter (i.e., fluorometer cuvette, model
L1-6400-40). Five randomly selected, fully expanded, intact
sun and shade leaves were measured on a sunny day in August
between 08:00 and 11:00. The maximum photosynthetic
capacity (Ans) was measured under 1500 pmol m? s™ PPF,
370 pmol mol™ CO, concentration in the inlet gas stream, and
at 25°C leaf temperature and was expressed as an area-based
A, Mass-based A, and N-based A, (PNUE) values. The
parameters Vc,,,, and J,... (Farquhar et al. 1980) were estimated
from assimilation rates plotted against the intercellular CO,
concentration (C;) (A/C; curve) under 1500 umol m? s™ PPF
and 25°C leaf temperature. CO2 concentrations in the chamber
were adjusted to 50, 100, 150, 200, 300, 370, 500, 700, 1500,
1800, and 2000 pmol mol™. The values of VCmax and Jiax
are the “apparent” values for the maximum rate of ribulose
1,5 bisphosphate (RuBP) carboxylation and the maximum
rate of electron transport driving the regeneration of RuBP,
respectively. VC,,x was calculated by fitting the initial slope of
the A/C; curve (under C; < 300 pmol mol™). I, K, and K, were
assumed to be 41.9, 283, and 195 mmol mol™, respectively,
according to von Caemmerer et al. (1994). J,.., was calculated
by fitting a near-plateau of the A/C; curve (under C; > 1600
pmol mol™).

Leaf water relations
To measure leaf water relations, pressure-volume (P-V)

197

curves were constructed with measurements from a pressure
chamber (Model-3000, SoilMoisture Equipment Co., Santa
Barbara, CA, USA). Shoots were collected from the tree
canopies and the cut ends were immediately recut under
distilled water, covered with a plastic bag, and transported to
our laboratory. The shoots were fully rehydrated under dim
light and moist conditions overnight. Osmotic potentials at

sat

full turgor (w,™), leaf water potentials at the turgor loss point
("), the relative water content at the turgor loss point, the
bulk modulus of elasticity in cell walls, and the symplastic
water volume in leaves at full turgor (V,) were calculated from
the P-V curves. The maximum bulk modulus of elasticity in
the leaf cell walls was determined by linear regression between
the turgor potentials and free water contents at the points of the

steepest slope. The volume of leaf water (V,) was calculated as
V, = (water-saturated leaf mass) - (leaf dry mass) 1)

The number of osmoles in symplastic water within the leaf
(N) was calculated as

_ _yjosat VS
N= R (T +273.15) ' (2)

where R is the gas constant (8.314 J K mol™) and T is air
temperature (Tyree and Hammel 1972).

To examine cuticle development on the leaf surface or the
potential of stomatal closure, the minimum conductance for
water vapor (g,;,: m s™) was calculated from the rate of water
loss in detached leaves. Measurements were conducted under
dim light (<10 umol m? s PPF), at 28°C air temperature, and
at 40%-45% relative humidity in a laboratory. The leaf was
cut from the shoot, the petiole end was sealed with petroleum
jelly, and then the leaf was placed on a balance with 0.00001
g accuracy. The fresh leaves were weighed at 1-min intervals
for 10 min. The g,,, values were expressed on a water vapor

Table 1. Seasonal changes in microclimate. The monthly mean air temperature, cumulative photosynthetic

photon flux (PPF), and precipitation at the Appi and Nakoso sites are presented.

April May June July August  September  October ~ November
Air temperature (°C)
Appi 4.7 9.3 14 16.9 18 14.3 8.3 2.6
Nakoso 7.2 11.4 16.5 20 20.4 16.8 104 5.3
Cumulated PPF (mol m~2 month™)
Appi 1059 1103 1021 855 850 764 572 399
Nakoso 861 918 858 867 783 639 497 416
Precipitation (mm month™)
Appi 47 55 96 191 198 128 138 81
Nakoso 83 110 96 231 221 220 240 90

The mean values for 5 years (2001-2005) are shown.

| Bulletin of FFPRI, Vol. 21, No. 3, 2022
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concentration and total leaf area basis (2x the projected leaf
area), according to Kerstiens (1996).

Leaf morphological and biochemical properties

To estimate the individual leaf area, we collected 30 sun
leaves and 30 shade leaves at the Nakoso and Appi sites,
respectively. We used the allometric formula as follows:

LA =0.00621 x L x W (r* = 0.99) (3)

where LA is the leaf area (cm®), L is the lamina length (cm),
and W is the lamina width (cm). Individual leaf areas were
obtained with a digital scanner and image analysis software
(Image J, National Institutes of Health, Bethesda, MD, USA).
Only the regression line (equation 3) was used to estimate
individual leaf areas, because there was no significant difference
between the Appi and Nakoso sites and between the sun and
shade leaves in the relationship. For sun and shade leaves at
both sites, the area of 100 leaves attached to the branch was
estimated from this regression.

Leaf morphological and biochemical properties were
investigated in fully expanded leaves collected in August. LMA
(g m?). Leaf gas exchange was measured and then lamina
nitrogen and carbon contents were examined in those same
leaves with an N-C analyzer (Sumigraph NC-900, Sumika-
Bunseki Center, Osaka, Japan). Additionally, the lamina

thickness (um), leaf density (g cm™), stomatal density, stomatal
pore area, and compartment area of lamina circumscribed
by bundle sheath (compartment area, mm?®) were examined
(the number of measurements is shown in Table 2). Stomatal
observations were conducted by obtaining a replica of each
leaf surface with a celluloid plate. The stomata of F. crenata
are located on the abaxial side (hypostomatous) only. Stomatal
density (n mm™) was calculated from observations in a 0.25
mm?” field of view, avoiding veins, with a microscope, for five
sun and shade leaves. Stomatal pore area (um?) was calculated
by measuring five stomata per leaf; the distance between
the outside edges of the cuticular ledges that overarched the
pore was measured. Leaf cross sections were used to assess
the vascular structure within the lamina. The lengths of the
palisade and spongy parenchyma and the upper and lower
epidermis, including the cuticle layers, were measured using
fresh leaf cross sections and a microscope. To measure the
lamina vascular system, the compartment area circumscribed
by the bundle sheath extension was measured from digital

photographs of five leaves taken with a stereomicroscope.

Results
Seasonal changes in microclimate in 2005 are shown in Fig.
1. Although there was no large difference between both study
sites for the cumulated PPFs during the growing season, the
daily maximum values of air vapor pressure deficit (VPD)

Table 2. Mean values = 1 S.D. for morphological, anatomical, and biochemical parameters in the sun and shade leaves at the

Appi and Nakoso sites.

Appi Nakoso

Units n Sun Shade Sun Shade
Morphological properties
Leaf area cm? 100 26.2+70a 42 £13.0b 114 +39c 18.7+7.6d
Leaf mass per area gm2 10 61.6+79b 378+58a 1074 £56¢ 309+29a
Leaf density gem> 10 0.392 £ 0.030 a 0.307 £0.053 b 0.473 £0.017 ¢ 0.258 +0.022d
Stomatal density nmm? 5 200 £40b 128 + 16 a 248 £23 ¢ 126 £19a
Stomatal pore area pm? 5 63+8a 66 +12a 56 +7a 50 +5a
Compartment area mm? 0.084 +£0.0223 a 0.146 £ 0.0110 b 0.035 £0.0033 ¢ 0.097 £0.0141 a

Anatomical properties

Total thickness pum 5 151.3+15.8b
Upper epidermis pm 5 11.2+09a
Palisade mesophyll pm 5 504 +£52b
Spongy mesophyll pum 5 795+99a
Lower epidermis pum 5 10.1+0.8a
Biochemical properties

Mass-based nitrogen % 10 257 +0.06a
Area-based nitrogen gm? 10 158 +0.21a
Nitrogen per leaf gleaf! 10 505+123a
Nitrogen/carbon ratio 10 0.053 £0.0011 a
Lamina absorbance (400-700) 7 0.901 £ 0.003 a

1112 +8.7a 2074 +15.7¢c 97.1+72a
10.3+0.6a 146 +18b 81+10c
309+42a 946 +59c 248+27a
616 +6.1b 87.1+10.0a 57+4.1b

8.4+0.8b 111+0.7a 71+£03c
2.81+0.09b 211 +£0.09¢ 26 +0.06a
1.06 £0.17b 227 +0.13¢c 0.79 £0.06 d
447 £0.85ab 3.78 £0.66 b 1.87+£0.59¢

0.058 +0.0021 b 0.041 +£0.0017 ¢ 0.053 £0.0012 a
0.87 £0.007 b 0.902 + 0.005 a 0.876 +0.007 b

The different letters for each parameter show significant differences (P < 0.05) in a Tukey’s HSD test.
Compartment area refers to the lamina area surrounded by the bundle sheath.

TR BRI RIS 5 21 % 3 5, 2022
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were higher at the Nakoso site than at the Appi site throughout
the growing season. We speculate that the difference between
sun leaves and shade leaves on the leaf-to-air VPD was even
larger because of solar radiation. The daily maximum VPD at
the Nakoso site often exceeds 1.5 kPa. For Fagus sylvatica L.,
1.5 kPa is the threshold for stomatal closure (Lendzion and
Leuschner 2008, de Carcer et al. 2017). The total precipitation
during the growing season at the Nakoso and Appi sites was
1291 and 932 mm, respectively. Throughout the growing
season, the pre-dawn leaf water potential at the measured
height was high enough, suggesting that the trees at both sites
have little soil water stress. The maximum no-rain period was
about 1 week.

Individual leaf area and lamina thickness significantly

Fig. 1. Seasonal courses of the daily total photosynthetic
photon flux (A, PPF_, ), mean air temperature (B),
and daily maximum air vapor pressure deficit (C,
VPD,,..

tops. The thick and dotted lines represent values at

) in 2005. Data were measured at the canopy

Appi and Nakoso, respectively.

199

differed between the sun leaves (Na-sun) at Nakoso and those
at Appi (Ap-sun). The leaf area in Na-sun was 44% of that in
Ap-sun, and the lamina thickness in Na-sun was 137% of that
in Ap-sun (Table 2). The LMA in Na-sun was 1.74 times larger
than that in Ap-sun, resulting from the thick lamina and high
leaf density in Na-sun. The difference in lamina thickness was
mainly due to the difference in the thickness of the palisade
mesophyll layer, rather than the thickness of the spongy
mesophyll layer. The two layers of palisade parenchyma in
Na-sun were more expanded than in Ap-sun (Fig. 2). As a
result, the palisade tissue length/spongy tissue length ratio was
higher in Na-sun than in Ap-sun. The upper epidermis was
also thicker in Na-sun than in Ap-sun, and the bundle sheaths
were larger in Na-sun than in Ap-sun (Fig. 2 and Table 2).
The compartment area circumscribed by the bundle sheath
extension (i.e., compartment area) was smaller in Na-sun
than in Ap-sun. Stomatal density was 1.24 times larger in Na-
sun than in Ap-sun, but no significant difference in pore area
was found between Na-sun and Ap-sun. Most morphological
parameters showed no significant difference between the shade
leaves at Nakoso (Na-shade) and those at Appi (Ap-shade),
except that the individual leaf area in Na-shade was 45% of
that in Ap-shade and the leaf density in Na-shade was 85% of
that in Ap-shade.

(A) ©)

(B) (D)

Fig. 2. Micrographs of transverse sections of the lamina of
(A) sun leaves at Appi, (B) shade leaves at Appi, (C)
sun leaves at Nakoso, and (D) shade leaves at Nakoso
sites. The bar indicates 0.1 mm.

Table 3. Mean values £1 S.D. for the water relation parameters in the sun and shade leaves at the Appi and Nakoso sites.

. Appi Nakoso
Units Sun Shade Sun Shade

Osmotic potential at full turgor MPa —1.89 £0.02a —1.66 £0.00 b —2.12£0.00c —1.81 £0.13ab
Water potential at turgor loss point MPa -2.07 £0.03ab -1.85+0.05a —2.68 £0.04¢ —2.17 £0.14b
Relative water content at turgor loss point MPa 095 +001la 0.92 +£0.01 ab 092 +0.01ab  0.897 £0.02b
Maximum module of elasticity in the cell wall MPa 293 +44a 349 +98a 279+18a 279 +46a
Dry mass-based V, kg H,O kg™ 1.16 +£0.04 a 1.55 £0.05b 1.06 +£0.05a 146 +0.14b
V4/V, ratio 0.59 +0.04a 0.73 £0.03 ab 0.36 £0.06 ¢ 0.61 £0.10 ab
N/V; ratio Osmoles kg H,0! 0.46 +0.04 a 0.49 +0.02a 0.34 +0.03 b 0.45 +0.05a

Different letters in each parameter show significant differences (P < 0.05) in a Tukey’s HSD test.
V. = total water volume in leaves at full turgor; Vs = symplastic water volume at full turgor; N = number of osmoles in the cells.
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Na-sun had the lowest N on a mass basis but the highest N
on an area basis among the four types of leaves because of the
highest LMA (Table 2). The mass-based N values were higher
in the shade leaves than in the sun leaves, whereas the area-
based N values were lower in the shade leaves than in the sun
leaves at both sites. Na-sun had the lowest N/C ratio among
the four types of leaves.

The minimum conductance for water vapor of leaves (Qmin)
was the highest in Ap-sun among the four types of leaves (Fig.
3), indicating undeveloped cuticles or loose stomatal closure.
The values of g, ranged from 6.4 to 20.1 m st x 10°,

In leaf water relations, Na-sun had the lowest osmotic
potential at full turgor (w,™) and leaf water potential at turgor
loss point (,"") among the four types of leaves (Table 3),
indicating that Na-sun can have more negative leaf water
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Fig. 3. Minimum conductance for water vapor in detached
leaves (n = 5). Bars show £1 S.D. Different letters
show significant differences (P < 0.05) in a Tukey’s

HSD test.
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Fig. 4. Maximum rates of (top panel) RuBP carboxylation
(VCmay) and (bottom panel) electron transport driving
the regeneration of RuBP (J,..,) (n = 5). Bars show *1
S.D. Different letters show the significant differences (P
< 0.05) in a Tukey’s HSD test.
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potentials during daytime while maintaining turgor pressure.
There was no difference in y,™ or v, between Ap-sun and
Na-shade, indicating that the canopy leaves at Appi were not
experiencing severe drought. The values of w,," were smaller
for Na-shade than for Ap-shade. There was no difference for
the maximum modulus of elasticity among the four types of
leaves. Although there was no significant difference in total
water volume in leaves at full turgor (V,) per unit dry mass
between Na-sun and Ap-sun, the ratio of symplastic water
volume to total water volume within leaves (V/V, ratio) was
lower in Na-sun than in Ap-sun. The ratio of the number of
osmoles to total water volume (N/V, ratio) was lower in Na-sun
than in Ap-sun. There were no significant differences in the dry
mass-based V,, VJ/V, ratio, or N/V, ratio between Na-shade and
Ap-shade.

The leaf area-based assimilation capacity excluding the
effect of stomatal conductance was evaluated from the VC.
and J,..x parameters. There was no difference for the area-based
VCnax and J,. between Na-sun and Ap-sun (Fig. 4), but the
mass-based Ve, and Jy. were significantly higher in Ap-sun
than in Na-sun (data not shown), indicating a high investment
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Fig. 5. Daily maximum net photosynthetic rates (Any.) On
a (top panel) leaf area basis, (middle panel) leaf dry
mass basis, and (bottom panel) nitrogen basis (n
= 5). Bars show £1 S.D. Different letters show the
significant differences (P < 0.05) in a Tukey’s HSD
test.
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of resources to the photosynthesis apparatus within lamina in
Ap-sun. The area-based Vc,,, and J... values were higher in
the sun leaves than in the shade leaves in both sites.

Net photosynthetic rates (A,.), including the effect of
stomatal conductance, were measured under 370 umol mol™
CO, (Fig. 5). The differences for area-based A, among the
four types of leaves were similar to those of Vc,,, and J ..
Although the lamina thickness was higher in Na-sun than in
Ap-sun, no difference in the area-based A, between Na-sun
and Ap-sun was found. The mass-based A, and nitrogen-
based A,.. (PNUE) were the lowest in Na-sun among the four
types of leaves.

The daily maximum stomatal conductance was three times
higher in the sun leaves than in the shade leaves, but there was
no difference in the stomatal conductance between the sites

(Fig. 6).

Discussion

Generally, intra-crown leaf plasticity was higher for trees
in the Pacific Ocean than in the Japan Sea genetic lineages.
The top canopy leaves at Nakoso (the Pacific Ocean region)
suffered from a higher evaporative demand than those at Appi
(the Japan Sea region). Nevertheless, precipitation during the
growing season was higher at Nakoso than at Appi. For leaf
water relations and morphology, there were differences in
some properties in the shade leaves, but the differences were
more pronounced in the sun leaves, which grow and operate in
a harsher environment. In European beech, genotypes with a
low-rainfall origin (less than 900 mm (Peuke et al. 2002)) are
known to possess more drought-adaptive leaf water relations
than genotypes with a high-rainfall origin (Tognetti et al. 1995,
Peuke et al. 2002). Our study suggests that Japanese beech is
more sensitive to drought than European beech. In contrast,
Ishii et al. (2018) showed that intra-crown leaf plasticity is
lower for trees in the Pacific than in Japan Sea genetic lineages
of F. crenata. More investigations are needed to evaluate
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Fig. 6. Daily maximum stomatal conductance (n = 5). Bars
show £1 S.D. Different letters show the significant
differences (P < 0.05) in a Tukey’s HSD test.

adaptability to microenvironments in F. crenata genotypes,
because tree age (Niinemets 2006, Poorter et al. 2009, Lapok
et al. 2017) and height (Ambrose et al. 2009, Zhang et al.
2012, Coble and Cavaleri 2017, Azuma et al. 2019) also affect
leaf properties such as LMA.

Our observations showed that the leaf area-based
photosynthetic rate in Na-sun was the lowest, regardless of
the fact that LMA was the largest among the four leaf types.
Nitrogen (N) is a limited resource, so an investment of N in
the cell wall reduces its distribution to other areas, such as the
photosynthetic apparatus, that is, there is a trade-off between
N allocation to photosynthesis and to structural tissues (Onoda
et al. 2004, Takashima et al. 2004). The high LMA and low
N/C ratio in Na-sun resulted from a thick lamina, a thick cell
wall, and dense and large vascular systems within the lamina.
A dense vascular system in Na-sun would improve water
permeability. For F. sylvatica in Italy, Bussotti et al. (2005)
showed that trees at the southernmost area, where more xeric
conditions exist, have higher LMA and lower N/C ratios than
those in the more northern area, where more mesic conditions
exist. Negative correlations between wood density and daily
minimum water potentials in leaves are widely found across
species (Ackerly 2004, Bucci et al. 2004, Santiago et al. 2004,
Ishida et al. 2008), probably because hard tissue is needed
to avoid implosion of xylem conduits under low leaf water
potentials (e.g., Hacke and Sperry 2001). Similarly, high LMA
in Na-sun probably helps to tolerate low leaf water potentials
in the daytime.

The decrease in leaf osmotic potentials is due to the
accumulation of osmoles within leaves (i.e., osmotic
adjustment) and/or the decrease in VJ/V, (e.g., Harayama et al.
2006). In F. crenata, no significant difference in total water
volume (V,) per unit dry mass in the sun leaves between both
sites was found, and the V/V, and N/V, ratios were lower in Na-
sun than in Ap-sun (Table 3), indicating that a decrease in the
symplastic water fraction within leaves in Na-sun contributed
to having more negative y,” without an active accumulation
of solutes in cells. An increase in the elasticity of the cell wall
can also contribute to turgor maintenance. For example, Li
(1998) showed that the elasticity of the cell wall varies among
regions with different amounts of precipitation in Eucalyptus
microtheca F. Muell. In contrast, in our study, no significant
difference in the elasticity of the cell wall was found between
the sun leaves at the two sites (Table 3). The dense and large
vascular system and the small area of the lamina compartment
circumscribed by the bundle sheath extension in Na-sun might
result in a low V/V, ratio (Bussotti et al. 2005). As the numbers
of xylem conduits are positively related to leaf hydraulic
conductance (Sack and Frole 2006), the large and dense
vascular systems in Na-sun probably cause their leaves to have
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high hydraulic conductance.

Leaves under drought conditions usually have smaller and
more numerous stomata per unit leaf area than leaves under
well-irrigated conditions (Larcher 2003, Bacelar et al. 2004,
Pearce et al. 2006). Na-sun had higher stomatal density than
Ap-sun, whereas the stomatal density in the shade leaves was
the same (Table 2). The high stomatal density in Na-sun is
considered a xeromorphic acclimation (Abrams 1990, Abrams
1994, Bussotti et al. 2005). However, our study showed
that there was no difference in daily maximum stomatal
conductance. The minimum conductance for water vapor (i)
(cuticle transpiration) indicates the magnitude of the inevitable
water loss from the leaf (Burghardt and Riederer 2003). Values
of 9.in were considerably higher than values reported for F.
sylvatica (2.5-8 m s™) but were within the range of values
for winter deciduous tree species (Kerstiens 1996). 0., was
significantly lower in Na-sun than in Ap-sun, indicating a
reasonable acclimation. Kerstiens (1995) obtained a similar
result in F. sylvatica. Further studies are needed to determine
how minimum conductance is related to drought adaptation.
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Changes in the Cryptomeria japonica shoot transcriptome
after short-term treatments with different concentrations of CO,

Tokuko UJINO-IHARAY", Hiroyuki TOBITA? and Shin-lchi MIYAZAWA"

Abstract

A transcriptome analysis was conducted to identify and characterize the differentially expressed genes (DEGs)
in Cryptomeria japonica, a coniferous species endemic to Japan, after short-term treatments with different
concentrations of CO,. The de novo assembly of the obtained RNA reads resulted in 35,211 tentative transcripts.
The expression levels of 113 and 30 genes were increased in response to elevated (800 ppm) and lowered (200 ppm)
CO, concentrations, respectively. The deduced functions of these genes indicated that different molecular pathways
were activated in response to the two different CO, treatments. The expression levels of the gene transcripts
involved in the photosynthesis and photorespiration pathways were not affected by the CO, concentration, except
for a homolog of a chloroplast RNA polymerase subunit that is involved in the transcription of chloroplast
coding genes. Together with the enrichment of genes acting in chloroplasts among detected DEGs, adjusting the
transcription of genes related to chloroplast functions may be one of the earliest responses to change CO, at the

transcriptional level.

Key words : CO,, Cryptomeria japonica, transcriptome

Introduction

The atmospheric CO, concentration has increased due to
industrial activities and is expected to continue to increase in
the future (Prentice et al. 2001). CO, is one of the substrates
of photosynthesis; therefore, changes in the atmospheric CO,
concentration are expected to have a large impact on plant
growth. Plant species respond differently to CO, changes
through a complex network of proteins and other molecules. To
understand plant responses to CO, fluctuations at a molecular
level, we must identify the genes involved in such molecular
networks.

The effects of elevated atmospheric CO, concentration on
plants vary by species (Ainsworth and Long 2005, Wang et
al. 2012). Therefore, it is crucial that we understand how CO,
concentration affects each species. Cryptomeria japonica
is a coniferous species endemic to Japan. It is also widely
planted, constituting approximately 40% of the country’s
artificial forests. A free-air CO, enrichment experiment was
conducted to evaluate the physiological and growth changes
in C. japonica (Hiraoka et al. 2017). A two-year elevated CO,
(eCO,) treatment (550 ppm) was found to have positive effects
on the photosynthetic rate and promoted dry mass growth
for the whole plant and all organs but had negative effects on
stomatal conductance and the maximum carboxylation rate.
These observations suggest that carbon metabolism pathways
in C. japonica are adjusted in response to eCO,, but the genes

Received 2 July 2021, Accepted 12 May 2022

involved are largely unknown.

Transcriptome analyses have been conducted in many plant
species to identify the genes that respond to changes in CO,.
As the atmospheric CO, concentration (aCO,) is currently
increasing, most studies have focused on the effects of eCO,
on plants. In these studies, the differentially expressed genes
(DEGS) between eCO, and aCO, conditions were intensively
surveyed. Microarray technologies were used in the early
stages of these studies. However, these analyses require
genomic information of the target species, and this has led
to the Populus species becoming a very well-studied woody
species. After exposure for 3 and 6 years to eCO, (550 ppm),
8 and 28 DEGs were detected in the cDNA arrays of Populus
x euramericana carrying 38,223 genes, respectively (Taylor
et al. 2005). After exposure for 12 years to eCO, (560 ppm),
Populus tremuloides microarrays carrying 61,252 genes were
used to identify 539 DEGs (Wei et al. 2013). While 5,127 out
of 56,000 genes were differentially expressed when comparing
the transcriptomes of the leaves of triploid white poplar
((Populus tomentosa x P. bolleana) x P. tomentosa) after three
months of treatment with three different CO, concentrations
(385, 550, and 720 ppm, Liu et al. 2014), the number of DEGs
detected under eCO, in the Populus species was relatively
small.

In more recent years, high-throughput RNA sequencing
technologies (RNA-Seq) have become increasingly popular
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for detecting DEGs. RNA-Seq is advantageous compared
to microarray analysis, as it can be used to analyze a larger
number of genes. RNA-Seq analysis was conducted for poplar
seedlings grown under eCO, (560 ppm and 720 ppm) for 16
weeks in open-top chambers (Kim et al. 2021). Seedlings of
two clones (Populus alba x Populus glandulosa hybrid “Clivus”
and Populus euramericana “I-476") were tested, and only 26
and 15 genes were identified as likely to respond to the eCO,
for Clivus and 1-476, respectively. RNA-Seq can provide
tentative reference gene sets for target species; consequently,
DEG screening is more easily applicable in non-model
plant species, where there is no prior knowledge of the gene
transcripts. DEG analysis was therefore selected for use with
the coniferous species Abies koreana. By analyzing the needles
of three-year-old trees treated with eCO, for 21 days (Hwang
et al. 2019), 3,165 differentially expressed transcripts were
detected from 334,898 contigs.

The long-term effects of eCO, have primarily been
investigated in tree species, as the effects are thought to be
more important for perennial woody species. For this reason,
studies that focused on short-term CO, treatments and the
effects of low CO, concentrations (ICO,) have been limited.
However, the transcriptome from such treatments can also be
useful for a better understanding of the molecular pathways
involved in the response to CO,. It was reported that the
transcriptional changes in response to eCO, start within 2 h
in Arabidopsis (Higuchi-Takeuchi et al. 2020). Short-term
responses of the transcriptome using RNA-Seq have previously
been reported in the coniferous species, Pinus massoniana (Wu
et al. 2019). Genes expressed in the seedlings of P. massoniana
treated with eCO, for three different durations (6, 12, and 24
h) were compared with a control sample (0 h), and a total of
7,088 DEGs were detected among the 140,863 transcripts.
Although the DEGs may include circadian oscillation genes
as the gene expression was compared against a 0 h sample,
the results suggested that there were genes transcriptionally
regulated by the short-term eCO, treatment in this coniferous
species. The genes underlying quick CO, responses may be
captured by transcriptome analysis after short-term treatment.
Understanding the genes that respond quickly to CO, and
how they act in long-term treatments could provide useful
information to help elucidate CO, acclimation in tree species.
Transcriptomes from ICO, conditions are also useful as the
ICO, can cause contrasting responses to activity in the many
molecular pathways compared to eCO, (Liu et al. 2016).
For example, while photosynthesis activity is promoted,
photorespiration is suppressed, and stomatal closure is
promoted under eCO,, contrasting results were reported in
the ICO, conditions. Therefore, comparing the transcriptomes
between ICO, and eCO, conditions may help to highlight the
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important genes in response to carbon availability.

In this study, a transcriptome analysis of shoots from two-
year-old seedlings under short-term treatments with contrasting
CO, concentrations (ICO,: 200 ppm and eCO,: 800 ppm) was
conducted to identify the genes rapidly responding to the CO,
changes. The DEGs between the eCO, and ICO, treatments
were surveyed and annotated. The results will help us to
dissect the complicated molecular network controlling C.
japonica responses to CO,.

Materials and methods

Plant materials

In May 2017, two-year-old seedlings that had been
grown in a plastic greenhouse were transferred to day-light
phytotron chambers (Koitotron K30-1602-G; Koito Industries,
Yokohama, Japan). Both the greenhouse and the phytotron
are located at the Forestry and Forest Products Research
Institute in Tsukuba, Japan. Seedlings were cultured in pots
(1/5000-are Wagner pot, one individual per pot) filled with
Kanuma pumice and red granular soil (1:1 volume ratio) under
natural light conditions. Solid fertilizer (15 g per pot) was
applied on the soil surfaces in May 2017 (NexCOTE N-P-K =
16-7-12+Mg+TE, HYPONeX, Osaka, Japan). The plants were
watered twice a week until the water drained from the bottom
of the pots. The day/night air temperature and relative humidity
were set at 25°C/20°C and 60%/70%, respectively. CO,
concentration in the glasshouse was not controlled and was
monitored with a portable CO, sensor (TR-76Ui, T&D Corp.,
Matsumoto, Japan) at 10 min intervals from July to October
2017; the CO, concentration ranged from 351-761 ppm,
with the average of 467 £ 55 ppm (mean = SD, n = 15,731).
Plants were transferred from the glasshouse to a laboratory
the evening prior to the sampling date (Table 1). The shoots
were covered with aluminum foil before the CO, treatments to
prevent gene expression perturbations from the light exposure.
The seedlings were half-siblings derived from a single mother

Table 1. Sample abbreviations and treatment conditions

Individual ID CO, treatment abbsrzér\?ig{?onﬂ Sagg)tléng Sa_lr]?méng
A 200 ppm LA 2017-10-24  11:00
B 200 ppm L_B 2017-10-25  11:00
C 200 ppm LC 2017-10-26  13:00
D 200 ppm LD 2017-10-27  11:00
E 200 ppm LE 2017-10-31  11:00
B 800 ppm E B 2017-10-25  13:00
C 800 ppm EC 2017-10-26  11:00
D 800 ppm ED 2017-10-27 NOON
E 800 ppm E E1° 2017-10-31  NOON
E 800 ppm E E2° 2017-10-31  13:00

a. Samples were given designations with the prefixes of “E” and
“L” for eCO, (800 ppm) and ICO, (200 ppm), respectively.

b. E_E1 and E_E2 were sampled from different shoots of the
same individual.
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tree (a cultivar, Nakanojo-2).

RNA sampling and RNA sequencing (RNA-Seq)

The CO, treatments and the sampling were performed
on the 24, 25, 26, 27, and 31 of October, 2017. Current-
year shoots of the C. japonica were enclosed in a portable
CO,/H,0 gas exchange analyzer and exposed to a CO,
concentration of 800 ppm (eCO,) or 200 ppm (ICO,). A
cylindrical transparent chamber (Model 6400-05, Li-Cor,
Lincoln, NE, USA) was used in the experiment. The leaf
temperature and photosynthetically active photon flux density
radiated on the needles were controlled at 25°C and 800
umol m? s™, respectively, throughout the treatments. After
90 min of exposure to the respective CO, concentration, the
shoots in the chamber were harvested with a pair of scissors
and immediately frozen with liquid nitrogen. The 90 min
CO, treatments caused significant changes in the metabolite
concentrations in the C. japonica shoots (Miyazawa et al.
unpublished data). Five samples for each treatment were
harvested from five individuals (A, B, C, D, and E, Table 1).
The elevated CO, treatment was not conducted for individual
A, and instead, shoots on two branches of individual E were
treated with eCO,. One, two, and two samples treated with
eCO, were harvested at approximately 11:00, noon, and
approximately 13:00, respectively. All samples treated with
ICO, were harvested at approximately 11:00, except for the
sample of individual C harvested at approximately 13:00.
Sunrise at Tsukuba is at approximately 6:00 in late October;
thus the sampling was carried out 5-7 h after sunrise.

Total RNAs of the sampled shoots were extracted using
Agilent Plant RNA Isolation Mini Kit according to the
manufacturer’s instructions (Agilent Technologies, Santa
Clara, CA, USA) and then subjected to DNase digestion using
the Turbo DNA free kit (Thermo Fisher Scientific, Waltham,
MA, USA). RNA extraction was carried out twice for each
sample, and these two replicates were subjected to Illumina
sequencing. Samples were given designations with the prefixes
of “E” and “L” for eCO, and ICO,, respectively, and suffixed to
indicate the replicate number (rpl or rp2). For example, L_A_
rpl denotes replicate 1 of the ICO, treatment for individual A.
Library preparation was conducted using the NEBNext Ultra
RNA Library Prep Kit (New England Biolabs, MA, USA), and
paired-end sequencing of 150 bp fragments was conducted on
an Illumina HiSeq 4000 platform (lllumina, San Diego, CA,
USA) by Novogene (Beijing, China). The obtained raw reads
were deposited and are available in the DDBJ sequence read
archive under the accession number DRA012842.

Data processing and de novo assembly
Low-quality reads with quality scores of < 30 were trimmed

using prinseq-lite.pl v0.20.4 (Schmieder and Edwards 2011).
The remaining adaptor sequences were removed using cutadapt
v1.18 (Martin 2011). rRNAs were filtered using SortMeRNA
v2.1 (Kopylova et al. 2012), and the reads < 50 nt long were
removed using the lengthsort command of SolexaQA++
v3.1.7.1 (Cox et al. 2010). De novo assembly of the reads was
performed using Trinity v2.11.0, with a minimum contig length
of 150 bp and the ‘--include_supertranscripts’ option (Grabherr
et al. 2011). The resulting contigs were further combined
using cd-hit-est v4.7 (Fu et al. 2012) with a sequence identity
threshold of 98% (-c 0.98), alignment coverage for the shorter
sequence of 100% (-aS 1.0), and alignment coverage for the
longer sequence of 0.5% (-aL 0.005). Potential contamination
of other organisms in the obtained contigs was detected by
comparing the generated contigs to the nucleotide database
(nt) retrieved from The National Center for Biotechnology
Information (NCBI, https://ftp.nchi.nlm.nih.gov/blast/db/,
downloaded on August 4, 2020) using BLASTn v.2.10.1,
with the option to include or exclude Viridiplantae entries
and a cut off value of €. When one contig did not match the
Viridiplantae entries but matched the entry derived from non-
plant species, the corresponding contig was removed as a
possible contaminating sequence. To filter contigs with low
abundance, reads were mapped to the contigs using BWA-
MEM v0.7.17 (Li and Durbin 2009). The count data for each
contig was then obtained using featureCounts v2.0.3 (Liao
et al. 2014). Contigs were filtered when the total transcripts
per million (tpm) value of 20 libraries was < 10. The putative
coding regions of the remaining contigs were deduced using
a TransDecoder v.5.3.0 with -m 30 (https://github.com/
TransDecoder/TransDecoder/wiki). Contigs with predicted
coding sequences (CDS) were further clustered based on their
predicted peptide sequences using a cd-hit with a sequence
identity threshold of 98% (-c 0.98), alignment coverage for the
shorter sequence of 100% (-aS 1.0). The representative contigs
in each cluster by cd-hit were concatenated with contigs
having no CDS to make a tentative reference transcript set.
As the noncoding RNAs may be functional and differentially
expressed with the CO, concentrations, contigs without CDS
remained in the reference transcript set. The putative functions
of the transcripts were deduced using a BLASTx v.2.10.1+
search against Arabidopsis reference sequences (Araportll
genes.201606.pep.fasta) retrieved from The Arabidopsis
Information Resource (TAIR; https://www.arabidopsis.org/
index.jsp) and UniProtKB/Swiss-Prot database (uniprot_sprot.
fasta) retrieved from the UniProt Knowledgebase (https://
www.uniprot.org/downloads, Schneider et al. 2005), with
default parameters and a cut off value of ¢®. In addition, a total
of 174,396 mRNA sequences of C. japonica were obtained
from the NCBI nucleotide database (https://www.ncbi.nlm.
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nih.gov/nucleotide/, queried by “Cryptomeria japonica” and
“mRNA,” downloaded on August 4, 2020) and compared to the
tentative reference transcripts using BLASTn with the default

-20
parameters and a cut off value of e

DEG analysis and Gene Ontology (GO) annotation

To check for reproducibility, correlation coefficients between
the gene expression levels in two replicates of the same
individual were calculated using the cor.test function in the R
v4.0.2 package following the spearman method (https://stat.
ethz.ch/R-manual/R-devel/library/stats/html/cor.test.html, R
Core Team 2021). To calculate the correlation coefficient, tpm
was used as the expression value for each gene.

DEGs between eCO, and ICO, were then investigated using
DESeq2 v1.30.1 with a two-factor negative binomial GLM
to consider the effects of CO, and the individuals (Love et
al. 2014). In short, when gene expression was higher in one
condition than another, and the tendency was shared between
all tested individuals, it was identified as a DEG. One of the
two replicates of L_C (L_C_rp2) and two replicates of L_
A were excluded from the DEG analysis for the following
reasons: the expression profile of L_C rp2 deviated from the
rest of the samples, and the shoots treated by eCO, (E_A) were
not available from individual A. The difference in the gene
expression profiles was large between individuals, as described
later. Therefore, both the ICO, and eCO, samples of the same
individual should be included in the DEG analysis to consider
the effects of individuals. Otherwise, it would not be possible
to determine whether the expression value of a gene observed
under one condition in one individual is different from that
under another condition in the same individual.

Based on the annotation of the homologous Arabidopsis
genes, GO enrichment analysis was conducted using the web
application, g:Profiler (Raudvere et al. 2019). The GO term
was considered to be significantly enriched when the adjusted

p-value was < 0.05.

Results and discussion

Transcriptome sequencing and de novo assembly

The de novo assembly of the reads resulted in 35,211
tentative transcripts, with an average length of 1,982.44 bp and
Ns, of 2,783 bp. CDSs were predicted for 34,490 transcripts
but were not predicted for 721 genes. Based on the BLAST
search results, 25,467 of the contigs (72.3%) showed sequence
similarity to Arabidopsis genes. An additional 815 contigs had
similarity to proteins in the UniProtKB/Swiss-Prot database.
Therefore, 26,282 contigs (74.6%) were likely to be conserved
genes. These contigs were further compared against the
transcript sequences for C. japonica that were available in the
NCBI nucleotide database. The results showed that 25,682

TR BRI RIS 5 21 % 3 5, 2022

contigs (72.9%) had similarities to the mRNA of C. japonica.
The contigs obtained may include new transcripts expressed in
shoots that have not previously been sequenced.

Gene expression profiles of the samples under different
CO, concentrations

First, the correlation between the gene expression profiles of
two technical replicates was tested. The correlation coefficient
(r) range was 0.78-0.94 (Fig. S1, Table S1). The percentages of
rRNA in the total RNA were highly variable between samples
(2.1%-38.7%), and this may be one of the reasons for the low
correlation between replicates. The L_C replicates showed the
lowest r-value between the two technical replicates (r = 0.78).
The L_C_rp2 likely had a deviated expression profile when
compared to the rest of the samples, as the r-values between
L_C_rp2 and the other samples were relatively low (r = 0.66—
0.81).

Comparing the whole transcriptome profile by hierarchical
clustering showed that the gene expression profile was more
strongly affected by individuals than by the CO, treatments
(Fig. 1), as the samples appeared to be clustered by individuals
but not by CO, treatments. The result suggested that both
eCO, and ICO, treatments used in this study did not create a
strong stress effect on the seedlings. The differences between
the individuals could be due to both chronological and genetic
differences. Individual C (E_C and L_C) had a more distinct
expression pattern when compared with the other individuals
(Fig. 1). This was probably because sampling of the E_C
and L_C was done in the reverse order against the others as
described in the Materials and methods. Furthermore, as the

individuals were half-siblings, there were genetic differences

Fig. 1. Hierarchical clustering of samples based on the
expression patterns of the transcripts.
Prefix denotes CO, conditions, and the suffix indicates
the technical replicate number (rpl or rp2). L_C_rp2 was
excluded from the clustering analysis as it had a deviated
expression pattern from the rest of the samples.
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derived from their pollen parents. Variations caused by their
genetic backgrounds could be reduced in future studies by
using genetically identical samples, such as cuttings derived
from a single individual. Although reducing the differences in
the genetic background would allow us to detect DEGs with
smaller expression differences, the DEGs identified among
genetically different individuals may be more significant and
fundamentally important in CO, responses in C. japonica.

In order to consider the individual effect in DEG detection,
comparing samples treated with eCO, and ICO, within the
same individuals was desirable, as mentioned in Materials and
methods. L_A was removed from the DEG analysis because
the E_A sample (i.e., shoots treated by eCO, in individual A)
was unavailable. The deviated expression of the L_C_rp2 was
supported in the clustering analysis (Fig. S2); thus, L_C_rp2
was also removed from the later analysis.

DEGs under different CO, concentrations
As a result of DEG analysis, 143 transcripts were identified

as candidate DEGs between eCO, and ICO,. Among them,
113 and 30 genes had increased expression under the eCO,
and ICO, conditions, respectively (Fig. 2). It is of note that the
direction of transcriptional regulation could not be addressed in
this study, due to the lack of samples under aCO,. We assumed
that the gene expression levels at aCO, would be similar
between the shoots within an individual, as the condition was
thought to be almost the same before CO, treatment. When
the observed expression of a gene was higher with the ICO,
treatment than the eCO,, it could be a result of increased gene
expression under the ICO, and/or decreased gene expression
under eCO,, and vice versa. The gene expression under
aCo, should be analyzed to confirm the constancy of gene
expression under the aCO, and to elucidate the direction of
transcriptional regulation in the future.

The percentage of the DEGs detected in the analyzed genes
was less than 1% in this study (0.4%). The percentages also
tended to be small in the analyzed tree species regardless of the
duration of CO, treatment or the applied CO, concentration,

Fig. 2. Expression profiles of DEGs under different CO, concentrations.
Hierarchical clustering and heatmap of the relative expression levels of the detected DEGs. The sample
names are indicated at the bottom of the heatmap. The abbreviation for each sample is listed in Table 1,
and the suffix indicates the replicate number (rp1 or rp2). The color scale represents the relative expression
values. Blue represents a low level, and magenta represents a high level of transcript abundance.
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as described earlier in this manuscript. One of the exceptions
was triploid white poplar, as 9.1% of the analyzed genes were
detected as DEGs. The difference in growth temperatures of
each CO, treatment, however, may also contribute to a higher
percentage of DEGs (Wei et al. 2013). Another example is P.
massoniana, as 7.6% of the analyzed unigenes were detected
as DEGs in this species (Wu et al. 2019). It should be noted
that the DEGs may include circadian oscillation genes, and
thus the percentage might be an overestimate. The effects of
CO, fluctuation on transcriptional regulation might be small in
most of the expressed genes in C. japonica, as was reported in
other plant species (Kanani et al. 2010, Eisenhut et al. 2017).

Annotation of highly significant DEGs

Based on their homology to the known gene database,
113 of the 143 DEGs (79.0%) were identified as conserved
genes, whereas 30 genes did not show homology to the genes
in the searched database. All DEGs had a CDS of more than
30 amino acids, except for one DEG. To identify what genes
rapidly responded to the changes in CO, concentrations at
the transcriptional level, the functions of highly significant
DEGs were deduced from the homology search (Table 2). All
but one of the top 20 significant DEGs was more expressed
under eCO,, and eight DEGs, including the most significant,
were unknown genes. One of the key enzymes of the
photorespiration pathway in angiosperm, glutamine synthetase
2, is absent in coniferous species (Miyazawa et al. 2018). This
indicates that conifers might have specific carbon metabolism
regulation and unique genes involved in this pathway. Eleven
of the DEGs showed homology to Arabidopsis genes, but their

function in the CO, response was unclear.

Only 1 DEG that was expressed more in the ICO, group was
listed in the top 20 significant DEGs, and it was a homolog of
nine-cis-epoxycarotenoid dioxygenase 4 (NCED4). NCED4 is
an important enzyme associated with the synthesis of the plant
hormone, abscisic acid (ABA), which is involved in many plant
stress responses (Seo and Koshiba 2002). The downregulation
of an NCED4 homolog under eCO, was also observed in P.
massoniana (Wu et al. 2019). Thus, the abundance of NCED
transcripts under 1CO, observed in this study might be due to
the downregulation of NCED under eCO,. However, it is also
possible that ABA synthesis was upregulated under 1CO,, as
ABA participates in the acclimation to low CO, conditions (You
et al. 2020). Although further experiments are required, ABA
might have a common biological function in ICO, acclimation

Table 3. GO terms enriched in the eCO, or 1CO, conditions

adjusted Number

Enriched GO term p-value of genes

enriched under eCO,
molecular function

G0:0004478 methionine adenosyltransferase activity 0.008 2
biological process

G0:0009644 response to high light intensity 0.015 5
G0:0006556 S-adenosylmethionine biosynthetic process 0.017 2
G0:0046244 salicylic acid catabolic process 0.050 2
cellular component

G0:0005618 cell wall 0.029 11
G0:0030312 external encapsulating structure 0.035 1
enriched under 1CO,

biological process

G0O:0009813 flavonoid biosynthetic process 0.049 4
G0:0006949 syncytium formation 0.050 2
cellular component

G0:0009507 chloroplast 0.024 8
G0:0009536 plastid 0.030 8

Table 2. The top 20 significant DEGs in the eCO, and 1CO, conditions

Contig ID %d_{f;tjg '082(':: glzc/ié:ggr:)ge Bestmatch in Arabidopsis reference? e-value  score
Clcdiox014701 1.15E-7 -1.250 no blast hit

Clcdiox024976° 2.57E-7 -0.565 AT3G17611 RHOMBOID-like protein 14 1.00E-8 58.5
ClJcdiox033608° 2.74E-6 -0.684 AT3G17611 RHOMBOID-like protein 14 10.00E-12  66.2
ClJcdiox010378 2.43E-5 -1.481 AT4G27670 heat shock protein 21 1.00E-61 198
Clcdiox033941 6.29E-5 -0.555 AT3G29075 glycine-rich protein 2.00E-10 62
Clcdiox013528 8.68E-5 -0.736 no blast hit

CJcdiox029450 1.55E-4 -1.282 AT5G63130 Octicosapeptide/Phox/Bem1p family protein 1.00E-24  99.8
Clcdiox018740 2.73E-4 -0.510 AT1G64980 Nucleotide-diphospho-sugar transferases superfamily protein  3.00E-126 376
CJcdiox031766 9.04E-4 -0.665 AT4G15130 phosphorylcholine cytidylyltransferase2 5.00E-136 398
Clcdiox011737 1.15E-3 -1.025 no blast hit

Clcdiox023401 1.57E-3 -0.826 no blast hit

ClJcdiox023758 1.69E-3 -0.606 AT5G62390 BCL-2-associated athanogene 7 6.00E-17  84.7
CJcdiox009901 1.69E-3 0.760 AT4G19170 nine-cis-epoxycarotenoid dioxygenase 4 (NCED4) 0 603
Clcdiox014248 1.69E-3 -1.141 AT5G24530 2-oxoglutarate (20G) and Fe(l1)-dependent oxygenase 2.00E-58 202
CJcdiox032192 1.69E-3 -0.623 AT3G17390 S-adenosylmethionine synthetase family protein 0 729
Clcdiox032675 1.69E-3 -0.752 no blast hit

Clcdiox030771 1.72E-3 -0.752 no blast hit

Clcdiox002246 1.72E-3 -0.548 AT1G08200 UDP-D-apiose/UDP-D-xylose synthase 2 1.00E-118 369
ClJcdiox004009 1.85E-3 -0.769 AT2G25270 transmembrane protein 1.00E-139 431
Clcdiox014524 1.86E-3 -0.498 AT2G17840 EARLY-RESPONSIVE TO DEHYDRATION 7 1.00E-119 381

a. These two contigs did not share a significant sequence similarity (e-value < ¢?®).
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among seed plants.

GO enrichment analysis of the DEGs responding to CO,

GO term enrichment analysis was also conducted for
the detected DEGs (Table 3). Six GO terms were enriched
among the DEGs that were more highly expressed in the
eCO, conditions, whereas 4 GO terms were enriched among
the genes more highly expressed under ICO, conditions. The
enriched terms were different between the two CO, treatment
conditions, suggesting that different molecular pathways
were activated. Although they were statistically significant,
the number of genes annotated with enriched GO terms
was limited for biological process or molecular function. In
contrast, genes annotated with enriched GO terms as cellular
component were more frequent among the detected DEGs.

The functional roles of genes with enriched GO terms in
the eCO, response are unknown. In long-term eCO, treatment,
the genes related to cell wall loosening and cell expansion are
upregulated in the leaves of angiosperm species and contribute
to growth stimulation (Huang and Xu 2015). Genes annotated
with “cell wall” were also enriched under eCO, conditions in
this study, such as xyloglucan endotransglycosylase/hydrolase
and pectin esterase. They are involved in cell wall loosening
and may respond quickly to eCO, at a transcriptional level
in C. japonica as an angiosperm species. In contrast, among
the genes with enriched GO terms under 1CO,, one gene
with the GO term “syncytium formation” has roles in the
regulation of stomata opening (AT1G69530, Zhang et al.
2011). Stomatal opening is one of the quickest responses in
plants to low CO, conditions; therefore, increased expression
of these genes under ICO, conditions is plausible. Genes
annotated with “chloroplast” and “plastid” were also enriched
among the DEGs that were more highly expressed under the
ICO, conditions. Genes functioning in chloroplasts might be
subjected to regulation at the transcription level by short-term
CO, treatments.

DEGs in photosynthesis and photorespiration pathways
As photosynthesis and photorespiration are expected to
be regulated in opposite directions under eCO, and ICO,
conditions, the genes involved in these pathways were
surveyed among the detected DEGs. In Arabidopsis, there
are 221 and 40 genes annotated with GO terms related
to “photosynthesis” and “photorespiration,” respectively.
Approximately 70% of those genes were expressed in samples
analyzed in this study; however, only one DEG was annotated
with the GO term “photosystem stoichiometry adjustment.”
This suggested that the expression of most photosynthesis-
or photorespiration-related genes was not affected by short-
term treatments with either CO, concentration. The CO,

concentrations applied in this study are close to the natural
range of fluctuation and thus did not exert a strong stress
response in the seedlings. Another explanation may be that
they are regulated in a post-transcriptional manner to enable a
quick response to CO, fluctuations, as reported in angiosperm
species (Liu et al. 2016).

Only one DEG annotated with the photosynthesis-related
term was more highly expressed under 1CO, conditions
(p = 0.036). It was homologous to sigma factor 1 (SIG1,
AT1G64860), a nuclear-encoding subunit of chloroplast RNA
polymerase (Shimizu et al. 2010). The transcription level of
SIG1 is related to the transcription of the psaA, psbB, psbE,
rbcL, and rpoB operons encoded in the chloroplast (Macadlo
et al. 2020). The expression of these chloroplastic genes was
not significantly affected after 90 min of exposure to the CO,
conditions in the analyzed samples. It may have a role in
balancing photosynthesis against CO, fluctuations, but careful
analysis will be required in the future.

Conclusion

In this study, transcripts that quickly respond to eCO,
and ICO, concentrations in C. japonica were identified. The
observed differences in the expression levels between the
eCO, and ICO, conditions could arise from the downregulation
or upregulation of genes in each condition. Including
samples under aCO, will give a more precise estimation of
the transcriptional regulation of these genes. Furthermore,
the magnitude of the difference was not large in most cases
and varied among individuals. More samples with diverse
genetic backgrounds will be required to validate the observed
differences. Nevertheless, the results obtained in this study
provide the first view of the rapid response in the transcriptome
to CO, changes and will contribute to future studies aimed at
unraveling the molecular mechanisms of CO, adaptation in C.
japonica.
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Determination of production cost, installation cost
and examination of steps involved in bundled bamboo for drainage

Satoshi YAMAGUCHIY", Yoshiaki TANAKAY and Hidenori SUZUKI"

Abstract

To determine the unit work efficiency required to fabricate and install the bamboo strips as cross-drainage
ditches, the time required was calculated, and the fabrication and installation cost was determined. Based on the
number of working hours spent on the fabrication process, that were obtained via video recording, the efficiency
for unit work of the bamboo strips was estimated to be 0.032—-0.049 man/unit, and the efficiency for unit work of
the cross-drainage ditch including the installation stage was calculated to be 0.067-0.084 man/unit. The cost of the
cross-drainage ditches including the installation stage was estimated to be 1,886-2,398 yen/unit, and that of the
materials and fuel oil was estimated to be 1,137-1,649 yen/unit.

Key words : cross drainage facility, Moso bamboo, brush, production cost, working analysis, efficiency for unit
work
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Application of STH-PAS,
a novel chromatographic visualization system of PCR products
for rapid screening of male-sterile lines in Cryptomeria japonica

Momi TSURUTA"Y", Saneyoshi UENO", Tsuyoshi E. MARUYAMAY,
Tetsuji HAKAMATA? and Yoshinari MORIGUCHI?

Abstract

To construct a simple method for the genotyping MALE STERILITY 1 (MS1), a major causative gene of male
sterility in Japanese cedar (Cryptomeria japonica), this study attempted to reduce the labor required for the post-
PCR procedure using a single-stranded tag hybridization chromatographic printed array strip (STH-PAS), which
allows for visual confirmation of PCR products. PCR was performed using tagged DNA- or biotin-modified primers
to develop amplification products on stick membranes with complementary tags. After ~15 min the detection line
was colored and the MS1 genotype was determined. The diagnostic results were consistent with the electrophoresis
results. STH-PAS can significantly reduce the time and labor required for MS1 determination.

Key words : Cryptomeria japonica, DNA chromatography, male sterility, simple genotyping method, STH-PAS

Introduction

Since almost 40% of the population suffers from cedar
pollinosis in Japan (Matsubara et al. 2020), the use of pollen-
free (male-sterile) sugi (Japanese cedar, Cryptomeria japonica
(L.f.) D.Don) cultivars that do not release pollen is expected
as a countermeasure from the forestry field. However, the
number of cultivars available for breeding is limited (Saito
2010). DNA marker-assisted selection is an effective way to
search for breeding materials, namely, male-sterile trees or
heterozygotes of the causative gene for male sterility (Mishima
et al. 2018, Moriguchi et al. 2020). In addition to searching
for breeding materials, a large supply of male-sterile seedlings
is essential for its widespread use. Maruyama et al. (2022)
developed a method for mass propagation of pollen-free sugi
seedlings by somatic embryogenesis. Post-zygotic immature
seeds are cultured as explants to regenerate the plantlets.
During the process of somatic embryogenesis, it is necessary
to determine whether the cultured cell line is male-sterile
or fertile (Maruyama et al. 2020, Tsuruta et al. 2021). The
development of a simple and rapid marker diagnostic method
is necessary for the large-scale screening of breeding materials
and the detection of male-sterility in large numbers of cultured
cell lines.

Recently, MALE STERILITY 1 (MS1), a major causative
gene of male sterility in sugi was identified as a mutation in
the CJt020762 gene (Hasegawa et al. 2021, Wei et al. 2021).

Received 22 March 2022, Accepted 7 July 2022

While comparing alleles (msl) in male-sterile trees to those
in normal wild types (Msl), deletions of 4 bp in the first exon
or 30 bp in the third exon were observed and were designated
ms1-1 and msl-2, respectively. Based on these mutations,
DNA markers have been developed that can determine the
presence of male-sterile alleles with 100% accuracy (Hasegawa
et al. 2020). Currently, large-scale screening of sugi carrying
male-sterile alleles has been performed using these markers
(Moriguchi et al. 2020, Hasegawa et al. 2021, Watanabe et al.
2022). However, this method requires an expensive sequencer,
and is not suitable for laboratories with insufficient genetic
experiment equipment. Although Hasegawa et al. (2020)
further developed allele-specific PCR markers that can be
determined by agarose gel electrophoresis, discrimination is
still labor-intensive. Furthermore, the determination of MS1
genotype requires PCR amplification of the wild-type and
mutant alleles in separate tubes. Tsuruta et al. (2021) simplified
the extraction of DNA and developed a new marker that can
identify the MS1 genotype using a single PCR reaction and
electrophoresis with agarose gel (one-step indel genotyping
marker: ING marker).

This study attempted to simplify the post-PCR manipulation
by using a single-stranded tag hybridization chromatographic
printed array strip (STH-PAS, TBA Co., Ltd., Sendai, Japan)
to further simplify MS1 genotyping. This STH-PAS method is
an alternative to electrophoresis where the presence or absence

1) Department of Forest Molecular Genetics and Biotechnology, Forestry and Forest Products Research Institute (FFPRI)
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of PCR amplified products is visually confirmed by developing
the PCR product on a stick membrane (C-PAS). PCR is
performed using primers with a tag DNA. The complementary
tag DNA to the primer tag is fixed in a line (i.e., detection
line) on C-PAS, and when the PCR product is captured by the
tags the detection line turns blue. This method has been used
for various diagnoses such as detection of microorganisms
and identification of crop cultivars (e.g., Hayashi et al. 2013,
Monden et al. 2014, Tian et al. 2014, Sasai et al. 2017). Thus,
we applied STH-PAS to MS1 genotyping of sugi and compared
the results with conventional agarose gel electrophoresis to

confirm the utility of this new method.

Materials and methods

The applicability of STH-PAS for MS1 genotyping was
verified using ING markers. The ING marker amplifies the
Ms1 and/or ms1-1 allele-specific bands and a control band
(Tsuruta et al. 2021). STH-PAS was designed to detect each
allele-specific amplified product. A tag sequence was added
to the allele-specific primers of the ING marker (F1-tag:
Mt+rightPrimer_2_F, F4-tag: WT+leftPrimer_2_R), and the
common primers (Mt+rightPrimer_2_R and WT+leftPrimer_2_
F) were modified with biotin that binds to the colored beads
in the latex solution (Table 1). C-PAS4 (C-PAS with four
detection lines, TBA Co., Ltd.) was used to detect the tagged
PCR amplified products.

DNA extracted using the modified CTAB method from the
young leaves of sugi cultivars (‘Oi 7°: Msl/ms1-2, ‘Suzu 2:
Ms1/ms1-1) and somatic embryogenesis-derived cell lines
(SSD-18: ms1-1/ms1-1, SSD-100: msl-1/msl-1, FO7-141:
ms1-1/msl-2, and FO7-144: msl-1/ms1-2) whose genotype
of MS1 has already been determined (Hasegawa et al. 2021,
Tsuruta et al. 2021) were used in the experiments. Note that
the allele ms1-2 does not have a 4 bp deletion and is therefore
typed as Msl by the ING marker. A total of 20 pL of reaction
solution containing 10 pL of 2x QIAGEN Multiplex PCR
Master Mix (QIAGEN, Hilden, Germany), 0.2 uM of each
primer with a tag sequence or biotin modification, and template
DNA (1-10 ng) was reacted under the following conditions:
initial denaturation at 95°C for 15 min followed by 35 cycles
of 95°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec, and a
final extension at 72°C for 5 min.

Ten pL of PAS Dilution Buffer (Mod.) (TBA Co., Ltd.)
prepared to a NaCl concentration of 150 mM and 1 pL of pre-

vortexed latex solution (TBA Co., Ltd.) were added to 10 pL of
the PCR product. The C-PAS4 membrane stick was dipped into
the mixture. The developments were performed under three
conditions: 1) 26°C with 60% humidity, 2) 22°C with 38%
humidity of laboratory (Fig. 1A), and 3) humidified simple
developer bath (a 500 mL beaker filled with water about 5 mm,
Fig. 1B). The remaining 10 pL of the PCR reaction products

were loaded into a 1.5% agarose gel for electrophoresis.

Results and discussion

Approximately 15 min after the PCR product was developed
in C-PAS, the color of the detection line was observed and
the MS1 genotype was successfully determined (Fig. 2A, B).
The MS1 genotypes determined by STH-PAS were consistent
with agarose gel electrophoresis (Fig. 2C) and previous marker
analysis (Tsuruta et al. 2021). Although in electrophoresis,
insufficient separation of close bands sometimes happens due
to similar length of PCR products, in STH-PAS, the intervals
between the detection lines were sufficient to precisely
determine genotypes. Therefore, STH-PAS may be superior
to discriminate multiple alleles with similar or even the same
amplified fragment lengths. There were no differences in the
development time (data not shown) and genotyping results
depending on the experimental environment (Fig. 2A, B).
However, C-PAS were slightly bluish at the 38% humidity
condition (Fig. 2A). In low humidity (below 40%), non-
specific signals are reported to be occur (TBA Co., Ltd.). In

Fig. 1. An image of development of PCR products on a stick
membrane under laboratory condition (A) and the
humidified simple developer bath (B).

Table 1. Primer sequences and modifications for detecting Ms1 and ms1-1 alleles.

Primer name Sequence (5”to 3”) Modification
Mt+rightPrimer_2_F CTCACTGGCCACAGTCACAC F1-tag
Mt+rightPrimer_2_R TGCAGGCAACTTATAATTAAGCAC Biotin
WT+leftPrimer_2_F GACGTCTTCTGCAACAACAATGG Biotin
WT+leftPrimer_2_R ACCCTGCGTGGGTGTTGATG F4-tag
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those cases, using the simple developer bath was effective (Fig.
2B). When nonspecific bands appear, it is necessary to further
adjust the salt concentration of the PAS Dilution Buffer.
Agarose gel electrophoresis, the basic method for genetic
experimentation, is simple, but requires several steps; gel
preparation, loading, running, staining (in some cases), and
photography. In contrast, the STH-PAS system reveals the
results simply by mixing the developing solution with the PCR
product and placing a stick membrane on the tube. The time
required for results is also shorter than for electrophoresis
(20-40 minutes). In addition, because STH-PAS does not use
fluorescent dyes (toxic ethidium bromide or its substitutes)
required for DNA visualization in agarose gel electrophoresis,
it is advantageous and does not require waste liquid treatment.
In conclusion, STH-PAS can be applied to determine
MS1 genotypes by detecting deletions of 4 bp. In this report,
a combination of STH-PAS and ING marker was used to
detect two alleles of MS1 (Ms1 and ms1-1). Since C-PAS can
simultaneously detect the presence of up to 12 PCR amplified
products, it may be possible to construct a diagnostic system
for the presence of msl-2, another mutant allele of MS1,
and other male sterility genes, namely, MS2 to MS4 (Saito
2010, Hasegawa et al. 2018) simultaneously. STH-PAS has
also utilized for the detection of loop-mediated isothermal
amplification (LAMP, Notomi et al. 2000) products (Sasai et
al. 2017, Takabatake et al. 2018, Moonga et al. 2020, Takarada
et al. 2020). The LAMP system could be developed for MS1
(Hasegawa et al. 2020). To our knowledge, this is the first

Fig. 2. An example of STH-PAS diagnosis for the presence of
Ms1 and ms1-1 alleles under low humidity condition
(A) and developer bath (B) and the result of agarose
gel electrophoresis (C). Lane 1: ‘Oi 7’ (Ms1/ms1-2),
2: ‘Suzu 2’ (Ms1/ms1-1), 3: SSD-18 (msl1-1/msil-1), 4:
SSD-100 (ms1-1/msl-1), 5: FO7-141 (msl-1/msl1-2), 6:
FO7-144 (ms1-1/ms1-2), M: 100 bp ladder marker.

report on the use of STH-PAS in conifers. Consequently,
the results of this study can be considered as the first step
towards the ultimate goal of building a system that can identify
pollen-free sugi trees anywhere in the field using only simple
equipment.

Acknowledgments
This research was supported by the research program on
development of innovative technology grants (28013BC)
from the Bio-oriented Technology Research Advancement
Institution (BRAIN).

References

Hasegawa, Y., Ueno, S., Matsumoto, A., Ujino-lhara, T.,
Uchiyama, K., et al. (2018) 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, 13,
€0206695.

Hasegawa, Y., Ueno, S., Wei, F. J., Matsumoto, A., Uchiyama,
K., et al. (2021) Identification and genetic diversity
analysis of a male-sterile gene (MS1) in Japanese cedar
(Cryptomeria japonica D. Don). Sci. Rep., 11, 1496.

Hasegawa, Y., Ueno, S., Wei, F. J., Matsumoto, A., Ujino-
lhara, T., et al. (2020) Development of diagnostic PCR
and LAMP markers for MALE STERILITY 1 (MS1) in
Cryptomeria japonica D. Don. BMC Res. Notes, 13, 457.

Hayashi, M., Natori, T., Kubota-Hayashi, S., Miyata, M.,
Ohkusu, K., et al. (2013) A new protocol to detect
multiple foodborne pathogens with PCR dipstick DNA
chromatography after a six-hour enrichment culture in
a broad-range food pathogen enrichment broth. BioMed
Res. Int., 2013, 295050.

Maruyama, T. E., Tsuruta, M., Ueno, S., Kawakami, K.,
Bamba, Y. and Moriguchi, Y. (2022) An improved and
simplified propagation system for pollen-free sugi
(Cryptomeria japonica) via somatic embryogenesis.
Front. Plant Sci., 13, 825340.

Maruyama, T. E., Ueno, S., Hirayama, S., Kaneeda, T. and
Moriguchi, Y. (2020) Somatic embryogenesis and plant
regeneration from sugi (Japanese cedar, Cryptomeria
japonica D. Don, Cupressaceae) seed families by marker
assisted selection for the male sterility allele ms1. Plants,
9, 1029.

Matsubara, A., Sakashita, M., Gotoh, M., Kawashima, K.,
Matsuoka, T., et al. (2020). Epidemiological survey of
allergic rhinitis in Japan 2019. Nippon Jibiinkoka Gakkai
Kaiho, 123, 485-490.

Mishima, K., Hirao, T., Tsubomura, M., Tamura, M., Kurita,

M., et al. (2018) Identification of novel putative causative

| Bulletin of FFPRI, Vol. 21, No. 3, 2022



226 Momi TSURUTA et al.

genes and genetic marker for male sterility in Japanese
cedar (Cryptomeria japonica D. Don). BMC Genom., 19,
277.

Monden, Y., Takasaki, K., Futo, S., Niwa, K., Kawase, M., et
al. (2014) A rapid and enhanced DNA detection method
for crop cultivar discrimination. J. Biotechnol., 185, 57—
62.

Moonga, L. C., Hayashida, K., Kawai, N., Nakao, R.,
Sugimoto, C., et al. (2020) Development of a multiplex
loop-mediated isothermal amplification (LAMP)
method for simultaneous detection of spotted fever
group rickettsiae and malaria parasites by dipstick DNA
chromatography. Diagnostics, 10, 897.

Moriguchi, Y., Ueno, S., Hasegawa, Y., Tadama, T., Watanabe,
M., et al. (2020) Marker-assisted selection of trees with
MALE STERILITY 1 in Cryptomeria japonica D. Don.
Forests, 11, 734.

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T.,
Watanabe, K., et al. (2000) Loop-mediated isothermal
amplification of DNA. Nucleic Acids Res., 28, ¢63.

Saito, M. (2010) Breeding strategy for the pollinosis preventive
cultivars of Cryptomeria japonica D. Don. J. Jpn. For.
Soc., 92, 316-323.

Sasai, R., Monden, Y., Tahara, M. and Takasaki, K. (2017)
Assessment of simplified cultivar identification method in
azuki processed products using single tag hybridization
(STH) chromatographic printed array strip (PAS). DNA
polymorphism, 25, 88-91.

Takabatake, R., Kagiya, Y., Minegishi, Y., Futo, S., Soga, K.,

TR BRI RIS 5 21 % 3 5, 2022

et al. (2018) Rapid screening detection of genetically
modified crops by loop-mediated isothermal amplification
with a lateral flow dipstick. J. Agric. Food Chem., 66,
7839-7845.

Takarada, Y., Kodera, T., Kobayashi, K., Nakajima, C.,
Kawase, M. and Suzuki, Y. (2020) Rapid detection of
rifampicin-resistant Mycobacterium tuberculosis, based on
isothermal DNA amplification and DNA chromatography.
J. Microbiol. Methods, 177, 106062.

Tian, L., Sato, T., Niwa, K., Kawase, M., Tanner, A. C. and
Takahashi, N. (2014) Rapid and sensitive PCR-dipstick
DNA chromatography for multiplex analysis of the oral
microbiota. BioMed Res. Int., 2014, 180323.

Tsuruta, M., Maruyama, T. E., Ueno, S., Hasegawa, Y. and
Moriguchi, Y. (2021) Marker-assisted selection for pollen-
free somatic plants of sugi (Japanese cedar, Cryptomeria
japonica): A simple and effective methodology for
selecting male-sterile mutants with ms1-1 and ms1-2.
Front. Plant Sci., 12, 748110.

Watanabe, M., Ueno, S., Hasegawa, Y. and Moriguchi, Y.
(2022) Efficient low-cost marker-assisted selection of
trees with MALE STERILITY 1 (MS1) in Japanese cedar
(Cryptomeria japonica D. Don) using bulk DNA samples.
Tree Genet. Genomes, 18, 29.

Wei, F. J., Ueno, S., Ujino-lhara, T., Saito, M., Tsumura, Y.,
et al. (2021) Construction of a reference transcriptome
for the analysis of male sterility in sugi (Cryptomeria
japonica D. Don) focusing on MALE STERILITY 1 (MS1).
PLoS ONE, 16, e0247180.



Application of STH-PAS for rapid screening of MS1 227

B AFRBEOREGHRICHET
%7 PCR FEEIRI#RIL > X 7 L STH-PAS D&

(RS /ST RN S = E NPT T e 1t T N N =37

wE

AF OIEVERFR DA EAL T MALE STERILITY 1 (MS1) D5 H3E L2 L9 % 7c8, PCR Wz HH
THEF T & 3 single-tag hybridization chromatographic printed array strip (STH-PAS) % H\»C PCR 1% D#{E
DENNMEZRB Tz, 2 TR F RN T I A4~ =2\ T PCR 21T\, HIEEY) Z il &
THEMEENTABIRO AV T LU ICER LTz BRZE IS5 THRIES A VARG L, MSLE R I
ETCER, PRI BELRIKEFEE L~ L., STH-PAS AVHIEIC A B R RER] & 551 %2 KIgIC Ik e iE 7z C &
WRENT

F—U—F I AF B/ T IT 40— AR, BB TRHEE. STH-PAS

JERSZA  BAT4ME3 A 22 H EREZIN : AM4ETHATH

1) BRARAR AT BEAR ) TR 2% EIE

2) i VL R AREL N BT 22 AT ARAK - PRIERTSE 2 > 2 —

3) MiH A AR BT H AR AR

* IR GBI SR TR T 305-8687 ZKIRIR D < IXTHMOE 1, E-mail: mtsuruta@fFpri.affre.go.jp

| Bulletin of FFPRI, Vol. 21, No. 3, 2022






[RARER AT ATATZSE ) (Bulletin of FFPRI) Vol. 21-No. 3 (No. 463) 229-238 September 2022 229

&R (Research record)

o hbEEMC Ebh S B EBF D5 AR
—SZAEDIF YT - 7 H—MD5|ERE - #O—T D5 ELIF—

A L, KR v

w5

AR TTHEMOEM TH %5k « 7 H—Hhi - i —T1c DT, ZNFNH o -« 51&kE - 5]
& LW OmRE R i Uiz, BWIBRUBAEMO AL L THIREN TS E DD, ST D i imEIc
IR T LI 66 NS 396 N EIED D -T2, REODEWT Y h—FIHEE « £ « IKFEOWVTND
HThalEREmENREL, MEEERETREECOME LI RERMERLE, 7V hH—h
ERDICHERIGEDIZINEEDLEE LD & KELG[EIREREER LD, BO—TBEZ207
VAH—RUTRID TR B K S IR —T & 7V A—REES 24T % C & RR#EROWERE L

TXT e,

FoU— koKl ShvUh, PEEAGH T A/ vy

1.1ILBIC
BIE. =R 7 (Cervus nippon, DURS/ 7)) I3 -
MELBICE - L EFATMEE L 72> THED (K
PER 2021, MREFT 2021), EEILA OIREIC & > TR E xfE
BEL IR T 5, ANOMEICENTEAF - /FA
THDORIIC & B R OAMAEFENRAICZ>TVEED
D, RRBOEEHICH > THAD Y B X B EBEN
HRKEZZ5ED0H 5, FlEicE T3> hicksm
AREHEZBSTzHIC, RAl, HARRELEM, XU
EME Vo T T EIE AR E S b TR EM
WEEMH - REMHE B IC—RINICOAEH TN TV S,
A — N IVRIBRE T Tl IC kg - ey Mz
HY O 40 TR O 44 JE 2 PR T 5 EMHE . B%ah@ D o
BeaeZ T XTSI S O A B PR L 5 2 &
WNCEHEAYEOMRE SV ENRFEN S, L LERE
I, REBOWHEICK>TYH - HEVAMIALE
RICHEA G W B2 Z T M D 2D 5 ehmiEEh
TWa (@l - 54 1988, 8 2018), FisEtA RS %
JRA & U THIARRE A &V - e LI OERIC & %35
BLHNZ. TDEMCTHBL TRy R RS, B
FEM RS TR SNTT Y A—Hihk % & oz
LBatdsd. TNETICEYORAERZ#RE LT
. BiEM TSR E ER > T HDRAZETFT LN
%< (BIF 2001), A/ ¥ DM B LTz LT
HAMREAT B VST EhVbNTWS (HF - EIR
2018), BAEMIHE 2 i O ANZEE & LI G E & B o
TH2ZF NS RIICHHENS O TEHDIFIIRD

PRI RIAEA 8 F SRR R4S 17 H
1) FRPREA YT P ST

LI LIenWe TATH B P, REOBICIT RN
k2 N CTHESTZHEBORIENH 0 BIR 7% < R %
EF23TEHRVOPEIRTH S,

ZOXITIRMICTBNTE, KO LRTHEIIDEN
Migmtz Hi5 L C. AFREREM 2> 7z TRDH 7=
ARG - RIS N TV D ( ZHIRKERFZEFT 2016,
% - I 2017, PHEFRAAE RS 2019, Sk (it > 2 —
2020, /NEF: - B 2021), BUK T EMEH OBLEME &
LTETEIERESHLEMMNTIRENTED, ThFE
MR OSRIE N R 5 L PRI NS, FHmICITS
AENDT U H—HTIE, TEOBNVICK > THIEK
FARREMERLEEMEEINS, BURTHEHEINT
WA IEMN ED XK S K THEEZ LS IcE K. 2D
MEREZ UEE LTV L Feodicid, shnicst U Chh#EM o
DT 7EmEEZ S > TWBO0M, HASHOSEIC
Ko THHEMHEE Z K T X 2 RN H 2 DO ZiEN DT
BABEND %5, HHOBBOREL THICKZ BN
ZEREILTHL T id, MEFEEDBGORMNICHED
BN TR 2T 572DICEBEICEDTEA D,

Z T TAMTIE, BEMOSHERT U h—hikwnw-o iz
BT OWT RN ERMERM Uz, I%bb, L
BB EROREOHT O thF s, 2. BRSO v
H—hi - TE - 50RO MEDT > h—hi5 | X E5E,
BEU 3. BHREM Rzt Uiz, MEOT7 v h—hita—
TrEBEZEGEOO—T5E LR EICDOWTERO
LT E BT R D THIET %,

* KR EHTZEAT PUE ST T 780-8077 MU SIS A PEHT 2-915
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2. R L S5k

2.1 DI Y Bl FEER

AR O HFRRERIC B 72 o TIE 7 OB E =
L7z (Table 1)o T 5 DOEGHIELE A — HHDVRE U T f#
FHESO B2« MRt ich bS53, v IV A R E
T TBAERMSZ AT ). TRAREM S AE) & LTIRGEENT VD
& D&M Uz B G IZEATIYE ST NI B0 T
(EHIR R, WRIEC R EEDERCE ). B 10 A&
TOZEEICEEZ V. TCEHBIDF TTIAVY =TT AV F

Table 1. 1 O #hiFsRBRIC A U 72 SSAEDRHY

(Warn Industries Inc., Drill Winch 340kg) CThl &AM 50—
RE)V (A< X. ZTA-SW1-5000N) T5| - ik O faf & 7% ]
5E L7z (Fig. 1a), S BIIEENEEZE DD, M LD
BEMN18mMITAD XD ICHIEICHT BIAAR, B HED
RIS T A Y= F AN 20 ERigOMETHI) % &
N, R ERBVUARETOHEENS NS 6m &xb00
BIC YA RE Uz, SOV ARITE YA F ORI
0— RV s, 51>k D faf #H 2 # KT IC 1/100 7 &
EWHE Lz A YF Do DIEFI T TV &L

2AT M K URE EE (mm)ye 2E (mm)? AJE (mm)P HE (g)

A FRPP., B@ISHE, ST ¢ 35 2,700 2;35(?%;5;{?)) 1,237
W, ROBEE. Joimnins 04 (HEDH)

B (RO R ) 25 2,100 0.9 (WHEET ) 575

Cc iE. AtfseE. Joinin T 31.8 2,100 05 (HiTDH) 899
W R AR, T : : 0.9 (BFEE)

D . HOBHSHE. SeiinT 33 2,100 g:zgﬁggg; 1,136

E s, WER L, mimbEAL o Bkl Wnmo 38 (SZAE) 1,800 (3ZAE) 0.5 (37FF) 1,107 (3£#F)
TS (FT) ~ 25 f4 (1) 990 (#711) 1.6 (1) 838 (#1)
M, OB TN L B g () 2000 (2KE) 08 (BB 1441 (SHE)

P\ BIRHRESTE (51) 26 (#1) 900 (#1) 20 (HEET) 542 (1)
( =5k Ll DB AT )e S
Fril LD E NIz E5ERm Oisf, ¥ 40x25

©  mmL. sl (il xmm) 2 0 5,98

a) BEA =N DA 2T REE, b) YA A= KB IHME, c) FHED T (n = 4), d) T BABPTUVK
NIRRT DO TV S e) BlE X — 71 TORGERD RGNS A TR W FICARD R Z L LT,

Fig. 1. SZFEPT 0 lF kT & O 7 > —hin | Z P& ikl G2k
Q) XAEDTEE (FE 1.8m) ICT A Y —ZWI TH O T 2. b) 7 > —FiZzK s [ &4k < .
c) Beb 45 FICH | & BXU d) EEICH | R LGS OMEZRE LTz,

TR BRI RIS 5 21 % 3 5, 2022
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FEDS U 7% O SIS ST DY D 148 5 2 W g A ]
WINICEIL T 2729, WIRE I AN EERE TO
BAREAT O MR & Ule, £ R0MED S e
RETOIAVY—DEHhNEEIZ AT Y —TllE LT,
BLe ZHENDERDOE & F XA TITDOVTIE. ETHIE
AN BIAR, KICHFR ) 528 E MR
RG> TS, TNHIZDVWTIE. FNTN
HHME L TIRGFEEN TV A HiZ ] I 50 cm A3Z2E H
BEITH BIAATL, Fie XN TR E R > THBDX
FHOREN22mH %247 F TR, IHEHTCEEL
Hifih S 1.8 m B MBI AV —hFc, EHBICF
2A T TRELETEEIMBERCER LZD, KD
SARIEIHOELE TOMEZIE L, KO D 5 AIF M
DHZAY ) — MITECHEL T 18 mDEX TME
NI THRE CORAMEZLERLE F 217 ) G
2 A TOWHIR G A S O EADRE NI EAETH
18, oY FENEAZ T 26 D & Bz
e Dz R ORIE LTz, 202146, THBXU10H
IZ ERdoidliE B T ix o 1z,

227V H—mD5| EREHER

7V H—HO5|ERERBRICH 2o TIE 4 FEO B,
ZHAE LK (Table 2)0 WINEEBMETOMAZEL
THGEEN TV S E DT, FEMHI ) OBGEMHC A e
LTHRFEENTVBEDEZTATNS, HIESTEOR
7% 3WHNCIBVT (Table 3), &7 > H—HizEKFE, 7
45 &, BRUEEICT | R BEDT 58 D i H Z2 fiid
EARRICE— R THIE L 7z (Fig. 1b, c & d)e 77 2/ /1—
PLOTEFAHIE & A U IR % £ TEEICTT BIAK,
JEEICT AV =T TI A FTHE, & DRI
il Ul — K)ol -8R D R 2 RIS JIE L 7z,
7Y A—RAHEA 55 EkiTE, £RETINSETO

Table 2. 5l & Z ikt Lz 7 o —WHioORHd

RAMERG | EIREEE L Uz, KRB X URID 45 I
FIEHR LGB IAMBILZ IR e Uy Bl 45 [EDGHEIC
B7 2 h—H eI AROHBICHRE Uz = ogEE N L
7z (Fig. 1b & ¢)o EEICHIERLSHZEIET Y —HiDHE L
K=ERELTC, a— RV F 2R LT3N
& U7z (Fig. ), ZNFNDGEFRT 2T ¥ A—hiDfE
- gl REAMOMAGDLEDZNZENICDONT 5
TOMOK LTz, LEORIEIMT 720, ThTh
DG I TBEAGHC X 2MEE BT RoTz, %%
Fr3meOERINKHHEEAG (XA =727 /7 —
>, H-60N. 7%#E 2 kg, ™ KE 60 cm) O E AMED 40
emBETZETHRITL., VA MK FROGFH & BIC
ERZTEDE AR (cm drop™, S8 ) OFEEEFEH Lz,
2021 fF 11 A KT 2022 FF 1 AW NS TEHEH
MR TzDE, FRloilizis ko,

T — X fEATICIE R 4.0.5 ZffiH L 7z (R Core Team 2021),
T VA —RIOF [ ERE BRI KIET ARG B2,
I EHERE R ISELR, 5IEHRE TN, T V=D
M, BRUGMZHHER L Ule— I 7L 2 i
EUT (Im B, Z DR, 51 SIREZMED MDD H
WKR> T3 EED NI, Box-Cox ZHuc k> T
IEFEE 7 i {5 U 7= (car 3.0-13, powerTransform BE%(, A
=0.3324), SatHZ B DR R 2 57 B ATIC K - TEMI L
(anova BEE(). 77 2 A —HIOFHICOWTIZ L EIEZ 5
T 75 7= (multcomp 1.4-19. glht BI%%. Tukey . a =0.05
L)),

2IBHBT VA—MTEEAcA—TD51E LR

PGS EMARE S NS HG. 305 4 m b
DSFERNTER > 7B > b R (98) D1 — 7 245K
DT VA—MTHBEZ B EDN—WRINTHZH. lile
W5 & 75 2 B DRk & U TSR O BREE> 7 > 71—

1T BB L O ek EE - Rmmy SR mmy | R
: 1?44?:7\ ‘;g \i/oﬁm%b%j‘\%% 47;\;&/ AL 22 x 210 400 114
1 S mmomang h M 0 12 a00 50
I g;éjg%ﬁﬁ\mé\%ésmm H 7 16 x 15 430 68
W TIAF v E R GESTIM i - .

DG 4 Hf

a) JGEARE E 2 3 IOV TR b) &EKOHLEERDM, ¢) A—AREKDAZTTfE, d) ERMEDOTE (n = 4),

Table 3. 7 > A1 —hHiD5 | Z ki Z il 2 92 U 7 Yai DR

2Lkl HE 15 LB G
PUESZATREN (Bl )  JEEROE WFRE T O K+ (3R t) 52 [a], 0.74 + 0.43 cm
EHIRAEETOHAM  wRERS EEE T O e+ 63 [A] , 0.63 + 0.62 cm
EBiRESwmosioh  {EEPsS EEECOE L (FE 1) 57 [A], 0.68 + 0.72 cm

a) BRI HBEAGT O/ RS 40 cm ICHE T % £ TOITREDO VMM, BRU 1TRHIOH AR (SiH) D1

il &REHE(R 2 2 0d (#5557 3 IRt ).
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MDA EDENTVWBGEEND D, TDH, B
TRADT VH—HAEEL LIZGEIC, BB Z0%)
RO ENZFEZLT 2025 L7z (Fig. 2)o AIRD T >~
H—HB | ERERBE B RS TG0 S B, FHBE
WFZEAT Y E SRS N 35 & OB IR IR S 1A A M o 2
MAMCHEWNT, 3mBIETT > A—HZERELTE6 mm
DRV ZF LY=o a—TEECTDI R, Zoa—
ThEBEZZEHIT, 2K, HBWVIZ4ERDT > I1—H
ZEMBRICITR LU (1 m S X0 60 cm Rk ). wium 7
VH—HOmRAE T — T R EEICT]E EJCHiE &
O—7ORMB L U5 & I REEZRE LR, @E RO
FERICEI N, Ry a0k 5N % HER
DAL 20 H'5 30 cm OFIFHTH S EETNTWVB (il
5 2016), FDI¥, O—THHIEIC O - 72 D DU - iREE
MHBIRAICHE BT, i & OBREA 10 cm, 20 cm,
30cm, BXU 35N 5 40 cm & 75 5 i E TO R A EHE
ZTRlbk Uiz, £, BRpicBLTr—751& LITEH
MO BIAATZRN, 1. o7 E#hixw, 2. 3
EAMICFE LA, BXU 3 25 &R
7. OWVWTNOREEZER LIz Zidik Uiz, 39X TOMR
FICBVT, BRI miEEn—7%25& FiFs e
TERSOWED 5 B07% L L& Flofhseic s &k
F7DT, oK Tida—7%3505 40 cmialE k
FTwgnhoviheiciiitiz &L Uik, wid &
B, ZHh 500 T ryFEIXUva— RV 7z
W7z (Fig. 2)o 1 m [EFEI XU 60 cm BIRED 7 > A1 —Hif]
BROFNZHICDOWVT, FHHT5ETORIT LIz, T
DIBRICH Tz > TE, FHRD T > A —Hig| KXk T

o aiTnucd < MEBTHEHENTWE LD
2WAALTTDOT VA—HizEEH Lz, WINOBEAT
E 2021 4F 12 HICBH MO R HiWz0b, Eidoik
i lrolz,

3. MR & B

3.1 DI BT EER

7RO Z > THIBEE TO5 >R D MEORKA
i, 9%xbbHbiFEEztkL/zE A, FRPEH
DAZALTHE > L EHKEERM (396 45 N, FIfE +
SD) %, D, E. BXUGHXATMHNZENICKR 250 H 5
300 N FREEODfiEi % (JIEIC 257 £ 58 N, 272+ 10 N, 293 + 30
N), BBXUFXATHBONLUFDOE - & E/NSinfiik
AULT- (66115 N BXTU 71 £10 N, Fig. 3a), REPER
MEIFAFD CHBXU D XA T T, WENLOAER
D ZA T DiF 5 WAZHT O i ssE 2R LTz (JEIC 138
+39 N, 257 +58 N, Table 1, Fig. 3a), F X7 /' Cldbi&
CHRISEZIT O T EEE LD & XD ZAEIC
EE LIzha (F) DIE S WREREZ/R LU (JEIC 71 £
12 N, 114 £ 12 N)o RA[WHRZETE. T5bDBHHEE T
SRS (MEOER &) B ENIZ ERBE) LTz D%
BEHADE. AZALTHERKD L5 +£02m &7k 7z (Fig.
3b)e DED A XA TIEIHEHHT % F TICAETEHRA 1.5 m
BEITAIEZE LGB ENTEREVSETHD, X
FAMIC E. F. BXU G XA 7Tl 0.6 m KHGOEMNET
WHENB T o7, BHEMNATKZT 2L, AXAT T
RN BN T CHE A S > THREENF 2 LiTh 5
J£. BRF XA S TEFFTHEHSZGIK LN BRET

Fig. 2. (7 v I —WTEE 2 T-a—7 045 & FFiRRO IRk
3m ORIEZ S THlitEZEE Lica— 7%, a)d KDT VY H—HTHBE 2728
£ (60 cm PR ). BRUT bR ATEBE A 5E @ m k) iOWT, a—7h
A FEEICF S BB REERE Lz,

TR BRI RIS 5 21 % 3 5, 2022
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H%, ADPS D BIXUFEALT (FEEL)ITOVTIE,
B2 S & U CSEB K CHEARD TN - 723, E
2 A T TIRTFENEBOFIO L, 377b B ZAETED D
130 cm OhiE TN - 7z, (F & A E DB TIHA
W T > IRITIIMIRIONE IR ETER IS T D
TE2LDD, G XA T TIIAAWNICE LIZEICD
ESICHITHT B ICE R AMTED 8 15 9 HIFEE DM H
TN BRENH 5 Tz (Fig. 4). G A 7Tl EITTHANIC
Gl S IR Tt o 7283, BJ5ics Wiz
BEFHIE A S 50 cm A5 1 m 1E E DE A 90 RN
MHHIN > 7z,

BBXUF XA TZ2EWH O HEMSZAEE U TG
2027 A DB ZEDOD, BERX—HTRAOHN
TEBNTWVWA 28 (Table 1), ZH DI LERTHHD
HHFSRIED TN K S 72, G XA SIZEHHOSEA v > 2
it sZ4E & U CHGEE N THE D HEEMIC/E S I D
DERMNH DN, MOBG & I3 RE 0 HEAMEICK >
TRAMNCZEIE LIz LT ZDRICLEREL., B3
BEEZLLEOBRICRTC LAt £2bN5, EX
AT TR OETREDOXE S DENIEFIT/NHE L, 104K
TR TH SR DHIE ONLE THh D o 7z, B

a
[=]
Q_E

TAEDIT Y Al IFEE (N)
300
—e—
ol
e

100
o
lof

1.0

S LEEOERE (M)

05
1

R EROLE L]

Fig. 3. SCHET O BT sk BR DFS L
a) SCAEDHT O thiF iR (HHEE TORKG 25RO fif
H), b) AR L TO5[ >R D Zi g, XD XA
TTEICI0AKRT D, ZRELFEFBIXUTFIZDODWVTIE
S5ATORME LTz (A ZSROCT L), @
WM, b IR A RS

e L THGeE N TV A LD (MmN E TR ) 185
BAICIZES>TED, TTRISTIDERFLTHIBET 5729
A0 T REOR 5D EMENDORE LD /TN E
DEEZLND, HITHRDE 24 T3 28R 5 e
DENE ZATIIFRBEENLRPTVEEZALND LD
D, A XA TITEHNRD &7 0 T IRERIEIE R TOZENT
BHNNE WD, HEARELDICHRET SHE T RND
BEHTHAD, TNENOWBRREZ L U THEYNC i 3#
MziEd 2 e s, BIICH D &EHE D OEEE
REXRZCEMRBEND,

327V H—MmD5 | EREHR

7V H—HO5 | R ERABZ I LT 3 HFTCDNT,
THEAGHC X B MERSHRZ Fig. 5 1SR Uiz, HABD
HE 40 emIET HETOEDE NI BXU SHEDFE
EETIX 3DATICKREREN VIRV E DD (Table 3),
FRAAKE BRI L FTIU [ ST N O RGBS R T T E 10
M5 40 cm F TLHUEEIIC —E LT S 1 cm A& OME%A R
I DITHK LT (Fig. 5a). Az OfER G, B &
OB RN OJRE M O RBR TIEEE 15 cm £ THE
SEMVEETHZEDD 1505 20 cm X D HEENHD T
IESME 0.5 cm i EDFEWWTHEE Ko7z (Fig. 5b & ¢). 7z
72 U AR A LB O BT ld 30 em DE T 1T 755
TESH2emIFEDRLHPWIHENALNZEHEH -
7z VUESZFRREN D3GR 1 TR ER D B T E >
TWBDICH L, =DM O R Tl 15 cm FREE
DEWTEO MCE L Kik o e gt DA TS

a
o
S |
<
o
S |
N
z
o 4
rg TTTTTTITTI T I T T I T I T T T T T T T T T T T T T T T I T T T T T T T I T I TTTT T T
=
¥ g | b
NS
o
o
S |
N
o
TTTTTTITTIT T T T I T I T T I T T T T T T T T T T T T T T T T I T T T T T T T T T T T T TTIT T T
0 10 20 30 40 50 60

RERE ()

Fig. 4. AT O HFZRER T 5[ 5 3k O fof G2l O—451
) A ZRALT, BXU D) G ZATITDNT, A—
FE)UTHIE L7z 1100 B T & D550k D fmf O
RZALD— % RT, AZA T TIEF[-EDTED
RIS U TSR U icd & 1135 55RO fif
HIYOICEDZD, GEA T TRESHEERLTY
BARMICZEE LI Cioblict, oI
FHT B3 EZ DT B 0EN D - Tz,
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NH5EeMRENG, SIH0.7cm & R 3 EHAERD
HENNEHZFE EHEHE - LBEEEINZDT (HA
WS 2000), DO KHMOBIE R 20 cm & b FEW
FHEMARDEICHET 21Z EENE VWA B,
FIEEE M, 7 h—HoOMEE., BXUERT LRI
5l &R ZMEx Fig. 6 1SR LTz, 5l &L EMERIGEE
B, 7 A—HOEE - 51 EEE M - GRS
& LT —HIEE T IVIC K B0 Tlk. W NOFIAZ
BT | SREMEICHRIGEEL (Mo F =178, 5]
EHEHMF =109, B{WATF =910, WINE p<0.001),
Table 4 DIREHEEEZ G2, £, HERNCTFEINS
MERE T 20, Bl 45 EICs|EHR LB AT
(703 £ 301 N, Ml + sd), EEICTIZHRIIFHETIZE
REmENHEIC/NE < (496 + 235 N), /K TEDHAEITIE
FICKEM o T (1,127 £ 387 N), 7 > 1 —HizKFIC
IR TG A EIHOBHMMDHEICHA SN, BT AR
THOWIENEC 57z 24T BXUTCONTRERZNEN
1 ARDBARNVIEZFHENTH O, HIEEHR O —H D KRIE
RO ARDHARTH > = DITH L, XA TMH B\
IV TEBIAKD FRES T OHHEINT N OLGHTTE A
St (HIC 2 BK U 3AR), HIDBHRL 2HA T D5|
EIREMBER YT HE 1,423+337N(n=7) &b, C
OFEE DR ENHLOHN T & EfISHhH D EHDEEEL
IBEWVZ D, RIS, TV H—HOFEINC T Eh &5k
JE2 ZEEE U TSR, IO RE x24T 1 (893 +
412 N) & ZA 71 (924 + 445 N) I xf LT, FEfHD/NE
2 A1 (617 £352 N) & XA IV (649 £ 325 N) DX 5

Fig. 5. 77 > 1 —hig| E i Zidliz g Uiz 3 hinic B %
TIEEAGHS X ek
a) MK WS E S FTREIN (=TT, AR T
O RGEHEGERL T ). b) BRRIEASA TSR ({8
el G 1T ). B XU ¢) mAIRAEIFETRBIVE I (ifE
EREE ). TNZTNOEAT 3 mOHEEI T
R, B R TERR Uz, IREiEsRAE S i 0.7
cm Z/RY

TR BRI RIS 5 21 % 3 5, 2022

I ENTz, RiBIC, WA K 3 2DV TIEEHRET
S O EM (734 £ 361 N) I HEA BRMRER ST
SZFTHEN (889 + 443 N) Tid 5 | TR ETMENARICKEL.
SRRSOk (696 + 397 N) TIIHAEICHE LS LI

|2 P
A?H }N | it
ﬁ i i! 1t
P p,

7 v h—IniEsE

Fig. 6. 7 > 1 —hiy | Z Hh Z kR DA
a) TEEJTIA, b) FID 45 ., BXU ) IKFEITMHDT]
TR EHRMOMERZ RS, @M E LTI E
SRR (ROFRE C DR EER T ). OS5 R TAh
SR RHL (fERAEHE ). BT AFERRIIEKR
H (MAREREE ) TNENDERT - 7 2 —Hh
DWW T | E 36 Z00E DO ME S K UHEE R 2 727
o TNTNDT T T THHEND X r —)VhE % T
CITHE (RO LT X DI ORERRRIZIE U
fli533 N #/"9, TTT533N LA/ ohaf
THB LIF %77 (FAHAREMZS > X — 2016) IC

Y93 ).
Table 4. 77 > B —Hi5 | &k EikiO —BHVHET VIC K B
TRBLDHEE HE IR
Z8 HEEAH + FEMERLE tfl pfl
YiF 24.2 +0.67 36.4 <0.001
VA R i) e
ZATN -3.63+0.66 -5.5 <0.001
ZA7M  0.34+0.66 05 0.6
ZA TN -3.02+0.66 -45 <0.001
S
VUESZFTREN 188 +0.58 3.3 <0.01
SIETRAY  -0.59 +0.57 -1 03
5l EEE M
Ml -3.05 +0.57 -5.3 <0.001
K 464 +0.58 8 <0.001

FHEEE I 12 = 058, Fruz4 = 36.7. p < 0.00L, 7 2 H1—HiD
FFEICOWTIR A AT 1 &2, BN OV TREE LRI
7, BIEREAECTOVTIIRND 45 FRHEHE L U TR
R,
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WA Eho Tz,

FlEREBENRZNZA T T BICMDTREEEN
400 M LA EdH B DICH U, 5l EHRETWMENNT N E A
THHBIOCNTEEED 400 mm Al TH - 7z (Table 2).
AT VL AZIRA TR AT Tl RIS T, REIC
FIERLSIGHICE T EREMEIFNECHAHI L. FDHIC
FIEHR LGB BICEIHED ZRICHHIT ST EARENT
W5 (KREDH 2006), ARiRERTlE & 7 &IV TEBTmHE
RMZERCTRATNMORENNDIZIF 125 THO
(Table 2), FEHEF|EKEDGHFITIE XA TMOH| R E 7R
& (FHIME 637 N) & A TV (372 N) DFBE L Z 1.7 %, #
Bl ERHEDLHHIICIEZA T (877 N) B ZA TV (598
N) DBEXZ L5 5L E> T, T OFSFIEHTIR DRI SZ R
CIEIATLE—HLEVEDOD, FiEEZELTSTED
BEEREROOLNS, lEHOZEEDORRIC DOV TITERMN
WICRHT % 2 LIETERWVA, &S 10 mm OZEERNA DN
TeRAT TIN5 mmERMZEDXATMED & KERT]
EREMERRT DI Tah > 7 (Table 2 & 4),

T —HO5 &R EREZ, BECORELTHDS
FHRTERME 0 EWFREC O MM Th 2 B s
VY E SR REN CTrh o 7z (Table 3 & 4), FiZ FEEIC
51 &4 L GH DORRIE 26 2 i K I EE ) (Lo fliE
EhEDEED) BESEYOLEICHDND XS R AR
DDA L O AKTRE CRHMETE 2 T LARE
NTHEO (P - wilE 1986). DD E D> TV

6

10 14 18

| S S I I N N N |

o

e

—e—
——
——o6—
f—e—H

2

5l & L IF#E (x 100N)
8
1

10cm 20cm 30cm

WEREE A—7 & DRE

Fig. 7. #8887 > h—hiTE X A Tza—T7 D51 & LIFo
(AP S
a) ARMHR S WFZEATPUE SRS N (PRI U O RG+5
R ) B R T b) SIETHA M ({5 75 H ).
OMmigZETE Lz3moa—"77% 24 1 miEk)
DT V=M TBETATGE., BLXU@ 44 (60 cm
k&) THBEARGG. TNENDOEHT - BEICD
WTHIE RIFRIED VIl K OB 227K,
TNFNDT T T THUEMD A r —)VinEix % T ki
B (REOBIHRIC DWW T Fig. 6 DIERESIR ),

35—40cm

WHER ISRV EE OGBSI ARREDZ  Z+0
WEBEEE A TR S MENIDH-S TR EEZ 5N 5,
KRB CBIER SN EEIC K 35 Z_EBED BHVIE,
WIS N ERE LRV OEC D - LTI
I EIREREN T O, — 4 THHRER T 0 ML TRy
T ORI INC K > THIEREMEN LN > 7= ENFERA
DULDOEEZLND, BifEMORE SICENT, 7
Y H—HDF| IR ERE R E G La N 5 i) x84 7 158
RIBICiE. LEEAGCMETE 2RI I TIEEL
THICOW T OB REICIZ 50 B FINEL,

33EHT VH—MTHEEAA—TD3|E LIFEHER

FRMFR B WFZE T VU E S TR N 36 K TR T AR AL B
D2HFFTH, B—75& FIFRES Fig. 7121 LTz,
EBELDEMTEMEE DR ZKELT21FE5]Z 1
FHEEAKELL AYa—7%30cm5|&E 5 F CORK
KB & LR E O BRRER S W2 AT Y [ SZ AT N
T3 1,337 £558 N, SiATRBYME I TIE 577 £ 168 N 2
MUTze 72720, §XRTOBEFICBNTZE ORI TIEM
MOWBEDT >V H—FE i EEFADEEHD 5,
HBVIFKTTED (Fig. 8). ZNLLEICHZ B TE 30
em B S E CORANRELRBZ S 3oz, PUES
FITREPUNC EERTRAKIC 7 > A —HiD 5 | E R Z RN E
WSIRTIRRIE O T lX (Fig. 6, Table 4), 10 cm 51& |
F. BXU 20 em 51 & RIFRERICBWT, 1 m kL 60

Fig. 8. 857 V —hiTE X A Ten—7 D5 & LWFiT
DD %)
O— 75| & EFERMROmMBEICH BIAAE 2 KD T
VA—WOEE T, FNEFNOEHT - {7 HiAAM
b« HIZR I & DFRINIC DWW T 10 KT DR LTz, a)
AR AT P E ST N (FIE U 0 R+
). BET b) SiaTHBIE A ({ERG S ),
O ZEE Liz3mboa—"77% 2 A& (1 mEkE)
DT VM THEIATEE. BXU@ 44K (60 cm
M) THBEAREG, SENEELRVK I KD
L9956 LTERL,
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cm BIBRC T > h—WiEH > 158051 & I REO DN
KEL, 20em51E E T 1 mEFEA 368 + 79 N I %
L 60 cm [BIB@AY 593 + 142 N TH - 7z (Fig. 7b)e THUCLE
NT. ARG IZEATPYE SRS Tl 20 em 51 & B
i cos & FREE T v —FT ARSI X > TK
L BB oz (Fig. 7a), 7272 L. 20 cm 5| & LU
MTOFE FFHEREESIETHOBFMKME D &m0 KE
< 1mERETIE 777 £ 369 N, 60 cm [EfETld 1,127 + 535
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cm [EBRDIE 5 W ITHIDRIT 5 T & DV Fig. 8 B R T
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Tests for deer-proof fence components
: pole bending strength, anchor pile pull-out resistance
and lifting load of lower-end rope

Tatsuya OTANIY" and Reiji YONEDA"

Abstract

Strength tests for components of deer-proof fences were conducted for pole bending, anchor pile pulling-out,
and lower-end rope lifting. Although all of 7 pole products were marketed as anti-animal fence poles, the mean
pole-bending strength for each product ranged from 66 N to 396 N. Two types of longer anchor piles exhibited the
greatest resistances for all horizontal, diagonal, and vertical directions of pull-out tests, and anchor piles showed
higher pull-out resistance in the developed clay soil than in the forest soil. The resistances of anchor pile pulling-out
for diagonal direction were larger than those for vertical direction, thus we proposed improving deer-proof fences
by connecting the lower-end rope and anchor pile tops so that the anchor piles receive a diagonal pulling force,
increasing their resistance over receiving a vertical pulling force.

Key words : load cell, sika deer, soil penetrometer, soil property, wild boar
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ILBERBEFBEIAMICE T ZRIBMGHRRE=2U T
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A RS E O, AR M=

JEHEE SR 2 7 I RIS B 2 R iR 2 69 FERIE =2V > 7 LTz, ZTO#ER, WO
BEBORQEE O ERZRL, HEREHBEEMNIEHO G- T, —H. IR Z BRISTIARARBIZ
A EREREABONEY ) TR E > 7HPIRICZ L L Tz, TNEDT END, AMITD K S5 5E
FA T, RO MBI —EDOKETHR L TLZEL TWE X IICAZTE, ZTONER TR
PRI WV S TERIT RIS LA E TV S T EAVRENT,

F—U—F:EfTE=X2Y 7, Eim, MHoREE.

1L IETHIC

JLHEE D KIS BNTlE, BIRLLOR, KM AEFED T
HONEE ST E UTIRIDTTbN T E Tz, TDORBMIR
RIE¥ETT> T o3, ia HEEE LU
VDD OREBRHIEEDNRER ENRETH B D
i E Tl ZD\D 0 Tldah o7z, 2Dz, Jt
HRE ORI FED 55% 7% (5 &b, KIS 2 FIHH >
TEREARTIE, 1950 R0 5 Y RO ILEE N 5 HFk
JR DRI E 20875 £ 72 HIN & U7z [E i sl i 2 2%
BWNICREL., xR IT> TE T, ZD%., 1990 F10E
TIKIF L A EDOFERHIIBELIL S Nz, ZFDO—EBIEHRMK
WO LEE TS | E M E | AEZHIT TS (A
G 2011) o AT, ZD S BIHWTILEKBENICH S
TR R IRFR R R R E A BRI 351 B 69 4E DI AR,
R2MET 5,

2. F—=R L)k
2.1 EERH D=

TR R IR R R E A B & JbiiE AR PR
IV 8 AR B2 2 1 I [R5 PK 4047 ARBIEV Y/ INBIE (Jb#E
43°27'52", HiFE 144°14'32") ICH B, T DikBRHZ, [HiF
INEMR DN RIERO N ER, MRS K UM iSO H#
Bz iR MG Uy MESERT i O HHEER &3 572,
BNIT 1950 A B 1954 I U TR 72 30 it Dt
i (HILEMR 1974) D5 BD 1 i TH %,

BRI 1950 (HEAT 25) FERKICERE SN, mikElE 1 ha,
JEARIE 100 m x 100 m DIEAE T, #& 520 m. TR
20° DILEFERIANCH % (Fig. 1) » DB TIRDT A&
AT =R (1991 -~ 2020 FEDOFIH ) IC kB &, FH

JERISZ A - B4 4Es H 12 1 THI44ETH S H
1) AR TR Ll <A

2) B BEFERT BV ST

3) ARIRFR T BIZLRT ARMRSEE - Bt Ise e

4) TUARMIR TSR JLHEE IR

JERAZ B
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1950 D EABRIER AR, S I IHF IR E MR, (Hk
HEEMRHIAE MR K-> TiThbN T E A, 1989
FEOMEERBICREBHIIFEILL SNz, LHLENS,
Bz 0 A MRS N, FAREEZR (R - -5 E ik
KM THZ T D, S%DRKIIMBIHED i ZEMZEIC
B B0, MG U biEE A i &2 5 | E ik
T EEl. 2000 F it ZITo TE T,

22IPET R EEHAE
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HoO 11 AL 7z, iR O st (Ll 5
1.3 m) 5 cm LA EDORENTRIZDWT, 1989 4D 6 [0 HiH
LA 2 em FERY AL (R ). 2000 4E0> 7 A1 HERH A LA
BRIk 1 mm HAL (ERRER) T, ARERBID 5 Z et
DMEZTT> Tz (ARMOLEETIE 2 om FERYHALIH— L
72)o 722U, LEEMNS 3RHMREX Tl JHEAMEAK
TEoTF—23EbN, PRIV, TV, JLERH]
D 2 cm FERIEERE S & DR T — 2 DORBIHET %,
e, 4EBENS 6 BIHFEE T, RAAARMEAT— X
EHcE00, REMOTICEFEHIE N TVEVIEHR
AKBH O, ESIHRMEE ST E L > 72 7
FHBAEICBO T, BSILDHE UIEAAER S DAIH &
BADD > Tzlch, 2TORHBEAROMAGRBIDE [ Z kS
Tholce, TNHDT NS, ARBHIIC BV TR, B
Hir Bl B IEE T b 0 R Rl & ORI X il 42 kI D
ThRYY, TV, JRBERBHNCHEG U 72 IARARE
M MBI ERATRETH B H, 6 BIHHAELRTD T — &
Tl PRI R FERE BCORIPE R, R ROHRENTE &
WeEWSHlfIND B

BB, AMTRSHAER O S BEICHENMTDbNY
HOMEFELLIE, KEMM E RSB 3 -DHiFEDOE
st Lz,

222 BH1R

SIAROBMIE L, BAFHRIC K ESNEEEE L,
R HARIC K DB U eiEic X 0 2 ZRBEMAEER (F
JNERRR 1961) BRIz, e EdhRiE 2004 FE0 8 [aIH
AERICEEZMHAETEL, PRy, VY, L
BN AERL L 72,

e AR EE. AT, RERMEBICELEET 2
Nésulund X ( L5 PRESs 1983) Zflif L 7z,

D2

H =13+ CEAT)E

CCC. HIKfE (m). D: M&EER (cm) . a0 b lE&E

BMTH5, BHEXKS DT —2BBIUNRTA—R7%
Table 1. iEh#RZ Fig. 2 1ICR9,

Fig. 2. KIFRDX 501 Dk i ittt
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Table 1. SRR 5y il st S5 A — &

BIfEX 7— 28 a b PUERE
kR 29 2.4117814 0.1731209 0.95
VY 45 3.0500394 0.1431978 0.91
JEEER 34 1.7158221 0.1920916 0.85

223 HEEARDFRERE

7EIHD S 11 EHBFAEFEICBO TR, 4 DORFAGIIR
WIS HE U T s 35 om UL (FREE IR 0 4257
R ) ORBRIEARICDOWT, HIHEARICIT 2 MIEERER
FoEk UTze ASSEIERELE TR7RGN T TR CHT A THR
RO D4Ry E Ulee VARRETHR2EHEK-> T 5S
MFEARZ YR, BTN T0E E DD S B
MAEE 1 m EOKIEARZ TN, 1 mANZ T
e & Ule ¥, Tk (dFA AR TORM
ThHb., ZOMHBNTHIEYY [Ikihn) TH->TB.
Z0% lghing FCZBL L TV BAHEENS %,

23 AFEEDER

AT AROBEEREZ 6 cm T < b THmEE
s & U, Bz Z O IRETIERRT %5, 72& 2
PR IE RS 8 em 1& 5 cm LA E 11 em K. 14 cm & 11 cm
DL 17 em Kz R L, 62cm=1d 59 cm L EERT, &
Too BRIXS & LT NEARD (M 226 8 cm. 14
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JEHEE AR I RIS B0 5 RO EE=2Y 7

3. R LB
I e W TR £

ENIARABOHERL 2 Fig. 3. MEE

FH(UUTBA LT D)
BREEARE 16 %% Fig. 4

WRUTe, Fz.
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7 [ H A LA DM 36K 1% Table 2.
69 fE R DR FERE K D22 k7% Table 3 IR Lz,

Table 2. A3 #fiRIF (1999 4F ~ 2019 4E )
1999 2004 2009 2014 2019
Fagid ) 229  (47) 245  (48) 257  (52) 305  (57) 294 (58)
VEARAREY (hat) JRBERS 262  (53) 268  (52) 241 (48) 232 (43) 214 (42)
it 491 513 498 537 508
Fa ) 270  (79) 270  (78) 280  (78) 276 (77) 247 (74)
BA (m2-ha?) TGRS 71 (21) 7.7 (22 78 (22 8.1 (23 85  (26)
At 34.2 34.7 35.8 35.8 33.2
FaRaa) 303.1 (84) 3035 (83) 3167 (84)  310.6  (83) 2752  (80)
IR FE (m3-hat) [k 559  (16) 603  (17) 616  (16) 645  (17) 68.1  (20)
it 359.0 363.8 378.3 375.1 3433
F i) 253  (81) 20.7  (84) 224 (80) 206  (84)
B * (m3ha?) LR 58 (19 41  (16) 58  (20) 40  (16)
i 31.2 24.8 28.2 24.6
Fape) 26 (43) 22 (38) 16 (42) 36 (64)
RFEARALY (hat) [ Gkt 35  (57) 36 (62) 22 (58) 20  (36)
af 61 58 38 56
Fg ) 254 (93) 79  (73) 29.1  (91) 56.1  (99)
KER (m3-ha?) JLBERS 1.9 ) 28  (27) 3.0 9) 05 1)
il 27.3 10.7 321 56.6
FaRian) 42  (51) 34 (79) 64  (83) 25 (93)
HESRARALY (hat) RS 41 (49) 9  (21) 13 (17) 2 (7)
i 83 43 77 27
* KigEmZz 2 LI WHKE R, WAROERAMEIE S £X0,
) SR O 72 DEFOMEN—E L 7E WV EEDN D %,
() NIGFRERENC 5D 581G, BN - %
Table 3. lffiRE R DZAL
K547 AL (ha) BA (m? - ha') Bk (m - ha)
1950 1974 1999 2019 1950 1974 1999 2019 1950 1974 1999 2019
NN 84 (23) 56 (16) 75 (15) 140 (28) 6.6 (19) 4.5 (12) 4.2 (12) 3.3 (10) 59.0 (16) 40.7 (10) 38.0 (11) 26.0 (8)
WAl 159 (43) 158 (45) 154 (31) 154 (30) 22.6 (67) 25.7 (71) 22.8 (67) 21.4 (64) 261.8 (73) 302.6 (77) 265.2 (74) 249.2 (73)
PHE/BEE 243 (66) 214 (61) 229 (47) 294 (58) 29.2 (86) 30.2 (83) 27.0 (79) 24.7 (74) 320.8 (89) 343.3 (87) 303.1 (84) 275.2 (80)
Y - 1 (0) 0.0 (0) 0.1 (0)
NFY 6 (1) 6 (1) 03 (1) 04 (1) 20 (1) 36 (1)
vH)¥ 29 (6) 28 (6) 24 (7) 29 (9) 20.7 (6) 248 (7)
il 6 (1) 4 (O 03 (1) 03 (1) 22 (1) 24 ()
YR AN 10 2 7 (O 04 (1) 05 (2 28 (1) 41 (1)
oy 21 (4) 14 (3) 02 (0) 03 (1) 08 (0) 18 (1)
Aeay 18 (4 9 (2 15 (4) 1.6 (5) 129 (4) 138 (4)
I 7 6 (1) 5 (1) 03 (1) 02 (1) 1.9 (1) 1.8 (1)
ARy 10 3 (1 0.0 (0) 0.1 (0) 03 (0) 07 (0)
NFFIHLT 23 (5) 32 (6) 02 (1) 03 (1) 1.0 (0) 1.7 (1)
9N ¥ 24 (5) 8 (2 02 (1) 01 (0) 1.0 (0) 03 (0)
7 1 (0) 0.0 (0) 0.0 (0)
L NiVIY 65 (13) 75 (15) 1.0 3) 14 (4 79 (2) 96 (3)
UAEUVIES 19 (@) 5 (1) 02 (1) 02 (1) 1.1 (0) 1.6 (0)
R eIV 70 5 (U 0.0 (0) 0.1 (0) 02 (0) 04 (0)
HIRN 3 (1) 5 0.0 (0) 0.1 (0) 01 (0) 03 (0)
N yavE 23 5) 7 () 02 (1) 02 (0) 08 (0) 11 (0)
JRIERTRE 2 127 (34) 138 (39) 262 (53) 214 (42) 4.8 (14) 6.2 (17) 7.1 (21) 85 (26) 38.9 (11) 50.5 (13) 55.9 (16) 68.1 (20)
et 370 352 491 508 34.0 36.4 34.2 33.2 359.7 393.8 359.0 3433
*1LI) A )7, 3 )

*2 1950 4RI JAZERMBIR DR #EA 7R < |

kliz,

71 1) BB D T2 8
2) () NIZEHEIE.

AT 9

1974 FII LR O 5 BEHFGARHOEENEE L TV B 28, LS

%1’0){@75‘;% LBEWEEDRH %,

it
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1) IREDOMIR

2019 4 D VAR AL 508 A ha’. BA I 33.2 m*+ha™.
WAL 343.3 m*eha’ 725 7z (Table 2) . T 0D BA &#f
IIMREOEUMIE . FAKRED L Kbk & U CTIERER (A
K& 2011) DM & D/INE WD, THUIAMS TiE Bk
OBV RENTZH EMDHNS (Photo 1) , Kl
RIEMBERT1B3%EZYS YN ESD, PRV EHD
H80% ZRHERIN D TVBMN, VAR THZ LY
<V 30%. bRV 28%DIEH. RN EEIT)L
BERY 42% 72 0. BHEERE. JAIERIDNFITE L ORI T
% (Table 3) o JLUFHED LRI, BEHhE <%
WKONIAFT, V7 /35 EDOIREEILEER DA U,
TV 2 BRI EHEERI DG I U C i S M B EER AR
BAT9 % (WNR 1971) . A I MEET 2 Hlg50
AT PEILER R L TH D SHAREASMIEK D EERIic)r
BLTWSEALND,

2) MO EEDZE L

69 M OMOMBEDHBE 2 H D &, B L Fid
HBEDOD, 300~ 400 m*-ha’ DR EHE L TEH., #
ek TtHrnEBBEREEWVEN T, KEREHME
BMIEHNOE->TWVD EWVWZ S (Fig. 3. Table2) , &
7z, BA I & KMl 36.8 m*-ha™ (1979 4 ) M 5 /)il 34.0
m’sha™ (1950 4F ) DR DT, KXW EEICHER L 7z
(Fig. 3) o VIARAREE RINTEZIRIZ/NE WA, 1989 7
5 1999 FEIC I T BN U 7z (Fig. 3) » T 4UE. bt
NORIBWDICAE: Tl pitEfic g Lz Ny av >+, 7
YNy FEED BB N RN O R TEAR BN HEFTIRIC
HH LR NHPER L2 R ERENTH D,
1999 4F D I = E R BE AR TR BT 2 ILEER NMEAR DI
mcd5bHbN TS (Fig. 4) o

69 MDD N Ry, TV~ Y, ILHERH] OBTERE KD
Zlbehhb e, TVVIIIIAARE, BA, MOMBEORE
REIEFICRKRERZEASNTZVOICH L, F R
NEARAREDEEINT B 7. BA. MOMEIZEAD L TED.
JRBERHIIARALL, BA, MOMEETXTTHEML T\
(Table 3) » THUZE. k K=Y, JRIER & SITHERARIC K
BAIARABOHENNSHZEDD, N R VIFREARE T
e UTMIEARDN SR LEL TV BT TH %,
MEEREARB M DOE A D L, TV DIME
ARWVLEMICHNTEH O, JFUKMEZEM (A1 2021) &
B BHATH S (Fig. 4) » UL, PUKFEEMKTIZEIAR
WAL, BICHEAERCENZHKET 2V IY (E
H 1984) X LA EHBTE RV, AMDTIE N R
V. LYV KBEAROMIED O TRV SN TE
D, TNHEDOFEKRERRED YV R IV YHH
Wi, ERL TS EAREND (Photo 2) o FTz. 69
ERIOMD RO S EREE RO 2 H 5 &, /I
BERDEML TH I FRD MBI E > T THD.
MEIZAE L T Wiz (Fig. 4) o
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OIS, AR K S IREEFK (B 2003) ICBW
TiE. EHMTHS L. MO 2R TOME® BAIZIEK
EREHNELSLEZELTNBKIICHZTE, BEMEK
R &0 S TR RS IC LR E T WD T &, BE
(ARG 2011) &k, AMDICB N TERE NI,

3) AEBRRFEARDFEE & Z DAAE

Table 4 121 7 [ HFHALF OB EMRICH T2 F F
V. IR JRERRIOREE (MEEEE 35 om L)
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BHIARICBWT 10~ 16 AFRELTHD., ZOEREESE
AR EBEAR TH D &, IMND 62%, #irh (st
Tz Z8) A 26%. kDAY 12% T, VMNAREZ
Mo Tz (Table 4) o 7272 U AIAS MO ARENZ x5 Tz DI,
2014 ~ 2019 ‘EDFRAE IR N O =V < Y W EEH
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ARIZKR A BERETRHIBI A BEL TS T EARE NI,
RIEARD 5 B, 7z & ZAEVIAE AT = B S 72 1
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TRV 3 3 (14)
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Hoothn = kR 0 (0)
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Long-term stand growth of an old-growth forest
in Teshikaga, eastern Hokkaido

Satoshi ISHIBASHI"", Naoyuki FURUYA®, Gen TAKAQO?,
Masayoshi TAKAHASHI? and Shozo SASAKI"

Abstract

The stand growth of an old-growth forest in Teshikaga, eastern Hokkaido (northern Japan), was monitored over
69 years. There was little change in stand volume throughout the period; growth and stand mortality were almost
balanced. However, the number of broad-leaved trees increased and the diameter-at-breast height class distribution
changed to an inverted J shape. These results suggest that, in old-growth forest stands, the species composition and
stand type change despite long-term stability in terms of the overall stand volume.

Key words : long-term monitoring, old-growth forest, stand structure, stand volume
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