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Abstract: Soil erosion after harvesting of forest plantations can create infertile colluvial soil, therefore,
seedlings used for site reforestation should be equipped against nutrient-poor edaphic conditions.
The oak genus is a suitable candidate for such reforestation efforts. Oak is an ectomycorrhizal
(ECM) tree genus known to grow under infertile environments. In this study, the initial stage of
tree growth in three species of oak seedlings inoculated with a spore suspension of ECM fungus
was monitored to evaluate the acceleration of seedling growth and nutrient uptake. I selected
Quercus acuta Thunb., Quercus glauca Thunb., and Quercus salicina Blume, as these are common,
evergreen, broad-leaved woody species commonly found in Southwestern Japan. The seedlings
were inoculated with Boletus reticulatus and planted in infertile colluvial soils collected from a site
that had undergone soil erosion. I also compared the ecophysiological characteristics of the potted
seedlings planted in colluvial soil and normal forest soil. After six months of cultivation, Q. glauca
with the ECM showed the highest growth rate in the fertile forest soil and had leaves with a higher
nutrient content. In contrast, root dry mass increased slightly in Q. acuta and Q. salicina planted in
colluvial soil. In all species, the seedling’s ECM colonization rate in colluvial soil was lower than
that in forest soil, yet the increase in nutrient uptake in the former was not obvious. The contents of
K and Ca in the roots of Q. acuta and Q. salicina increased with B. reticulatus infection. I concluded
that the inoculation with a B. reticulatus spore suspension effectively accelerated the growths in all
three Quercus species. Q. glauca favored a fertile environment, and Q. acuta and Q. salicina suitably
acclimated to both soil types. Thus, these species were selected as potential future candidates for
reforestation in such eroded sites.
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1. Introduction

To mitigate soil erosion and degradation in forest ecosystems, reforestation with native species
is an essential practice for the conservation of forest ecosystems [1,2]. Soil erosion is one of the
driving factors of soil degradation. The recent increase in monsoon rainfall in East Asia due to climate
change, have resulted in higher rates of erosion and corresponding soil degradation [3]. In Southwest
Japan, increasing rates of slope failure were observed in mountainous areas, as a result of torrential
rainfall [4,5]. This area of Japan also experienced an increase in the abandoned sites of reforestation
after clear-cutting the harvests of commercial plantations of Sugi-cedar (Cryptomeria japonica (Linn.fil)
D. Don) [6]. Severe soil erosion and landslides have become more common at these sites [7,8],
while colluvial soils accumulated by slope failure showed low fertility [5,9].
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Following Japan’s national strategy of biodiversity conservation, demand for reforestation species
has increased the population of indigenous broad-leaf species in this region [1]. Therefore, species chosen
for reforestation should be an adequate native species rather than economically important conifers.
Evergreen oaks are widely distributed in the warm temperate zone across Eastern Asia [10,11], of which
seven species are found on the Kyushu island of Japan [12]. According to these species’ distribution
pattern across Southwest Japan, Quercus acuta Thunb., Quercus glauca Thunb., and Quercus salicina
Blume can thrive in infertile habitats [12]. Therefore, I expect that three Quercus species showed good
reforestation results on sites with high soil erosion.

Oak species are known to form symbiotic relationships with ectomycorrhizal (ECM) fungi,
which protect their hosts from water and nutrient stresses [13–18]. The development of the external
hyphae of ECM fungi can accelerate to absorb a greater amount of phosphorus (P), nitrogen (N),
and water in woody species [19–21]. Based on this, researchers have hypothesized that ECM fungi
inoculation can accelerate growth and nutrient uptake in oak seedlings [14,15,17], as well as increase
host acclimation under infertile field conditions [14,17]. Therefore, Kayama and Yamanaka [22]
confirmed growth acceleration of Fagaceae seedlings inoculated with ECM fungi in infertile soil.
They successfully grew Quercus glauca, Q. salicina, and Castanopsis cuspidata seedlings inoculated with
ECM in infertile acid soil collected from a site of slope failure. Their ECM inoculation method was
applied to two species (Q. glauca and Q. salicina) at the site of land degradation [9], enabling the
researchers to establish the availability of hyphal fragments of ECM fungi (Astraeus hygrometricus and
Scleroderma cepa). Incubated mycelia were used as the inoculant; as the isolation and preparation of
hyphal fragments require special techniques. However, this inoculation method lacked convenience
for the local actors involved in reforestation efforts. Thus, I employed a simple method—using spore
suspension. Previous studies reported that seedling growth was accelerated by applying a spore
suspension of ECM fungi [14,23,24].

In Southwest Japan, Boletus reticulatus Schaeff. (Japanese summer cep) is a typical ECM fungus that
forms a symbiotic relationship with oak species in evergreen broad-leaved forests [25–27]. Large fruiting
bodies of B. reticulatus are abundant in the Quercus forests in July [28]. Therefore, a high density of spore
suspension could be obtained from one harvest, which accelerates the growth of woody species [28].
Research is yet to investigate the inoculation of B. reticulatus to oak species [15,18]. Previous research
indicates that B. reticulatus can increase tolerance against manganese (Mn) [29], an element known
to induce toxicity in acidic soils [30]. As this experiment used acidic soil, I expect that B. reticulatus
might show a high compatibility in acidic environment. Moreover, the inoculation test was performed
using the Boletus sp., and the method of inoculation by use of spore suspension was available [24].
Seedlings of Shorea balangeran was grown successfully by inoculation of the Boletus sp. in acidic
and infertile soil [24]. Based on previous research work, I hypothesize that seedlings of Q. acuta,
Q. glauca, and Q. salicina can inoculate by the use of spore suspension of B. reticulatus. Seedlings of three
Quercus species are predicted to accelerate their growth in infertile colluvial soils, by the inoculation
of B. reticulatus. ECM infection and activity are usually regulated by the nutrient availability [15,31];
however, there was no information on the acclimation capacity of nutrients for B. reticulatus [26].

This study aimed to examine the nutritional and physiological status of seedlings of three
Quercus species inoculated with B. reticulatus and assessed their suitability for future reforestation.
Seedlings were planted in fertile forest soil and infertile colluvial soil to compare the acclimation capacity
of nutrients for B. reticulatus. The seedlings’ ecophysiological traits were examined, including (1) the
growth characteristics of the seedlings, (2) percentage of ECM colonization, and (3) concentrations of
elements in various plant organs. From these results, the suitability of oak seedlings with inoculating
B. reticulatus for reforestation in eroded soils was examined.
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2. Materials and Methods

2.1. Preparations of Acorns of Oaks and ECM Fungus

Quercus acuta, Q. glauca, and Q. salicina were selected for this study; all three are widely distributed
in the evergreen broad-leaved forests of Southwestern Japan [32]. In December 2006, acorns of Q. glauca
were collected from a secondary evergreen broad-leaved forest (32◦15′ N, 130◦39′ E, 450 m a.s.l.)
located in Southwestern Kyushu, Japan. Acorns of Q. acuta and Q. salicina were collected from a natural
evergreen broad-leaved forest (32◦08′ N, 130◦30′ E, 500 m a.s.l.) in Kyushu Island, Japan, in December
2006. All collected acorns were stored in a refrigerator at 4 ◦C, before sowing for the experiment.

Boletus reticulatus was selected as an ECM fungus inoculum. This fungus had a large amount
of fruiting bodies in evergreen broad-leaf forest in Southwest Japan. B. reticulatus fruiting bodies
were collected from an oak forest at the Kyushu Research Center, FFPRI, in June 2007. Collected
fruiting bodies were observed in terms of the morphologies of pileus, hymenophore tubulate, and stipe;
these were then compared to that of B. reticulatus [33]. All fruiting bodies were identified as B. reticulatus.
The pilei of B. reticulatus were cut into 3 × 3 cm cross-sections and the samples were placed in cloth
bags (0.2 mm mesh, Toray, Tokyo, Japan). Each bag was immersed in sterilized distilled water and the
samples were squeezed to remove spores. The spore density was counted by use of hemocytometer
and microscope (TE2S-1, Nicon, Tokyo, Japan), and the value of the suspension was 6.8 × 105 spore
mL−1. The morphology of the spore was corresponded to the description of B. reticulatus [27,33].

2.2. Soil Collection and Analysis

I collected brown forest soil (F: dystric cambisols) and colluvial soil (C: alisols) from the same
site (32◦16′ N, 130◦38′ E, 580 m a.s.l.) in April 2007. The forest soil was collected from a horizon of a
plantation of Cryptomeria japonica, while the colluvial soil was collected from a collapsed slope located
near the C. japonica plantation, where the trees were harvested between 2001 and 2002 [7].

Both soil samples were sieved (2 mm) on-site, collected in 12 sandbags (10 kg per a sandbag).
I evaluated the samples’ soil properties, including pH and the concentrations of carbon (C), nitrogen (N),
exchangeable-phosphorus (P), base cations, aluminum (Al), manganese (Mn), and iron (Fe). Soil samples
were collected from five sandbags. Soil pH was measured using a pH meter (HM25R, DKK-TOA Co.,
Tokyo, Japan). Ten grams of fresh soil were mixed with 25 mL of distilled water and shaken for 1 h,
before obtaining a reading [34]. After the measurement, samples were dried at 105 ◦C for 24 h, then used
to determine the respective concentrations of C and N, using a CN analyzer (MT-600, Yanako New
Science Inc., Kyoto, Japan). Exchanged P was extracted using Bray No. 2 solution [35], by shaking
for 1 min. The concentration of P was determined by the molybdenum blue method [36], using a
spectrophotometer (UV-2500PC, Shimadzu, Kyoto, Japan). The concentrations of exchangeable-base
cations [calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na)] and Mn were determined
as follows—a 2.5 g dry soil sample was mixed with 50 mL of 1 M ammonium acetate solution and
shaken for 1 h [35]. The concentrations of the base cations were then analyzed using an atomic
absorption spectrophotometer (Z-2310, Hitachi High-Technologies Co., Tokyo, Japan). Solutions for
the measurement of exchanged Fe and Al were prepared by adding 50 mL of 1 M KCl to 2.5 g of dry
soil and shaken for 1 h [35]. The concentrations of Mn, Al, and Fe were determined using an ICP
analyzer (SPS 4000, Seiko Instruments Inc., Chiba, Japan).

Although organic substances were destroyed, the collected soil was sterilized using an autoclave
(KTS-2346B, Alp Co., Tokyo, Japan) at 120 ◦C for 20 min to remove other indigenous mycorrhizal
species, before planting the seedlings.

2.3. Pot Experiments

Acorns for each of the three Quercus species in pots were planted in April 2007. Before sowing the
acorns, they were sterilized with 5% H2O2 for 10 min and rinsed three times with sterilized distilled
water. The pots were then filled with the sterilized forest and colluvial soils (depth, 6.5 cm; diameter,
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5.5 cm; volume, 220 mL). In total, 90 pots were filled for each soil type. I sowed 60 acorns of Q. acuta,
Q. glauca, and Q. salicina, and 30 acorns for each species were buried separately in forest and colluvial
soils. Acorns were germinated in a naturally-illuminated phytotron (3S-135A; Koito Electric Industries
Ltd., Shizuoka, Japan) at the Kyushu Research Center (FFPRI). Each pot was irrigated with 10 mL of
distilled water per day.

After germination (May 2007), the seedlings were transplanted to individual pots (depth, 30 cm;
diameter, 15 cm; volume, 3.7 L) filled with sterilized forest and colluvial soil. Among the germinated
seedlings, 40 healthy seedlings were selected for each species, and these were planted on the two types
of soils. The seedlings were transported into two phytotron rooms, and the number of seedlings per
room was 20 for each species (Figure 1). These seedlings were raised until the end of October 2007.
The remaining seedlings were sampled at this time and dry mass was weighed.
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Figure 1. Schematic design of experimental treatment. In Room A, inoculation with B. reticulatus was
performed. In Room B, inoculation was not performed. Twenty seedlings of the three Quercus species
planted on forest or colluvial soils were put in a room.

After transplantation, each pot was irrigated with 100 mL of distilled water daily. The average
solar radiation during the experimental period was 16.9 MJ m−2 day−1 [37]. The air temperature in the
phytotron rooms was controlled at 30 ◦C (day) and 25 ◦C (night) from July 2007 to September 2007, and at
25 ◦C (day) and 20 ◦C (night) from May 2007 to June 2007 and in October 2007. These temperatures were
based on air temperature records in Kumamoto City, Japan [37]. The relative humidity was controlled
at 75%, also based on the above records. The position of the seedlings of groups ‘a’ and ‘b’, or ‘c’ and
‘d’ were exchanged every month to prevent the effect of nonuniform environment of solar irradiance in
a room (Figure 1), and the phytotron rooms were disinfected using ethanol, simultaneously.

In July 2007, ECM inoculation was performed after transplanting, as follows—10 mL of B. reticulatus
spore suspension was placed on the surface soil of pots planted with 20 seedlings of the three oak
species, in the phytotron room A (Figure 1). Phytotron room B was used to grow control seedlings
(Figure 1; those not inoculated with B. reticulatus).

Treatments and their abbreviation were as follows—seedlings inoculated with B. reticulatus grown
in forest soil (Figure 1; FB; Room A), non-ECM seedlings grown in forest soil (FN; Room B), seedlings
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inoculated with B. reticulatus grown in colluvial soil (CB; Room A), and non-ECM seedlings grown in
colluvial soil (CN; Room B). During the experimental period, I measured the dry mass of senescent
fallen leaves for each individual plant.

2.4. Photosynthetic Capacity

The photosynthetic rate at light saturation (Psat) at 37.0 Pa CO2 was measured in all seedlings in
October 2007. The third leaf counted from the top of seedling was used to measure Psat and stomatal
conductance (gs). Measurements were conducted using a portable gas analyzer (LI-6400, LI-COR
Biosciences, Lincoln, NE, USA), under steady-state conditions. The LED light source was adjusted to a
saturation light level of 1700 µmol m−2s−1 photosynthetic photon flux (PPF).

2.5. Seedling Growth

To determine the growth characteristics of seedlings for each Quercus species, I measured the dry
masses of leaves, stems and branches, and roots. Ten FB, FN, CB, and CN seedlings from each species
were harvested in November 2007. The roots of the harvested seedlings were washed twice with tap
water to remove any remaining soil, then washed again with distilled water. The washed seedlings
were divided into the respective components mentioned above. Each plant organ type was placed
into a separate envelope and oven-dried at 60 ◦C for four days, then the dry mass of each component
was determined.

2.6. Colonization Rate of ECM Fungus

To measure the proportion of roots with ECM fungal colonization, I selected five large clusters
of roots from the seedlings, at random, and from over 500 short roots (<5 mm long) diverging from
them. To assess the extent of the colonization of the ECM fungus, the seedling roots were harvested in
November 2007 and carefully washed to remove any remaining soil under gently flowing tap water.
The cluster roots were then soaked in distilled water and observed at 10×–40×magnification, under a
stereomicroscope (STZ-40TBIT, Shimadzu, Kyoto, Japan). The ECM short roots of B. reticulatus were
confirmed by the color, form, and size of the ECM, the presence of rhizomorphs, and the absence of
root hairs. The mantle on the ECM root of B. reticulatus was plectenchymatous, colorless, and lacking
in clamps [26]. The ECM root of B. reticulatus for three Quercus species [38] was identified by the
morphology of the mantle [26]. I did not confirm other types of ECM roots for three Quercus species [16].
The number of colonized and uncolonized short roots was counted and the percentage of ECM fungal
colonization was calculated, based on the proportion of the colonized short roots to the total number
of short roots [39].

2.7. Analysis of Element Concentrations in Plants

I measured the concentrations of N, P, K, Ca, Mg, and Al in the leaves and roots. Dried samples
were ground to a fine powder using a sample mill (WB-1; Osaka Chemical Co., Osaka, Japan).
The powdered samples were then digested in a Digesdahl® (Hach Company, Loveland, CO, USA),
using sulfuric acid and hydrogen peroxide [40]. The concentration of N was determined using the
indophenol method [41], with a spectrophotometer. The concentration of P was determined using
the molybdenum blue method using a spectrophotometer [36]. The concentrations of K, Ca, and Mg
were determined using an atomic absorption spectrophotometer (Z-2310, Hitachi High-Technologies
Co., Tokyo, Japan) [35]. The concentration of Al was analyzed using an ICP analyzer (SPS 4000,
Seiko Instruments Inc., Chiba, Japan) [35]. I analyzed the standard solutions of each element after
every 40th sample, to verify the reliability of the results.
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2.8. Statistical Analyses

All parameters were analyzed using analysis of variance (ANOVA) in Kyplot 3.0 (Kyens Lab.
Inc., Tokyo, Japan). The dry mass of each organ, Psat, gs, and the element concentrations in the leaves
and roots were examined for the effects of two types of soil, inoculation by ECM fungus, and their
interaction. The mean values of the soil chemical properties were compared between the forest and
colluvial soils. The mean values of ECM fungal colonization of the three Quercus species were compared
between the FB and CB seedlings.

3. Results

3.1. Soil Chemical Properties

Table 1 lists the chemical properties of forest and colluvial soils. Every soil examined in this study
had a pH of <5. The pH and the concentrations of various elements, such as C, N, P, Ca, Mg, K, Na,
Mn, and Fe, in colluvial soil were lower than those in the forest soil. In particular, Ca concentration
in colluvial soil was much lower than that in the forest soil, but the concentration of Al was not
significantly different between brown forest (F) and colluvial soil (C).

Table 1. Chemical properties of forest and colluvial soils used in this experiment (mean ± SD, n = 5).
All units (except pH) are in mmol kg−1. Asterisks indicate varying levels of significance in the difference
between the two types of soil (ANOVA). ** = p < 0.01 and *** = p < 0.001. n.s.: No significance.

Element Forest Soil Colluvial Soil Statistical Test

pH 4.67 ± 0.20 4.26 ± 0.14 **
C 5582 ± 573 550 ± 186 ***
N 466 ± 36 254 ± 11 ***
P 4.85 ± 1.05 0.46 ± 0.14 ***

Ca 26.8 ± 9.0 1.8 ± 0.3 ***
Mg 3.31 ± 0.75 1.15 ± 0.38 ***
K 3.85 ± 0.36 2.86 ± 0.21 ***

Na 1.95 ± 0.39 0.59 ± 0.04 ***
Al 11.0 ± 3.4 13.6 ± 0.5 n.s.
Mn 1.29 ± 0.57 0.08 ± 0.04 **
Fe 0.32 ± 0.03 0.17 ± 0.07 **

3.2. Growth Characteristics

Percentage germination was 70% for Q. acuta, 86% for Q. glauca, and 72% for Q. salicina.
The germination rate was not significantly different between seedlings grown in forest and colluvial
soil. After growing for six months, the FB seedlings of the three Quercus species showed increased dry
masses for each organ, particularly Q. glauca (Figure 2). The dry mass of each organ showed significant
difference by inoculation of the ECM fungus for the three Quercus species, except for the stem dry
mass of Q. acuta (Table 2, p < 0.05). The leaf and root dry masses of Q. acuta, and root dry mass of
Q. salicina did not show significant difference between the two types of soil. By contrast, dry masses
of each organ of Q. glauca were increased when inoculated by ECM fungus, for only the forest soil.
Therefore, dry mass of each organ showed significant interaction between the ECM fungus and the soil
types (p < 0.001).

FN and CN seedlings showed minimal growth. Moreover, FN and CN seedlings both had a
large amount of fallen leaves. The total dry mass of fallen leaves during the experimental period was
weighed (Table 3), and was found to be significantly different for the different conditions of inoculation
by ECM fungus (p < 0.001). Q. acuta and Q. salicina seedlings also showed significantly larger dry
mass of fallen leaves for the forest soil (p < 0.01), while in Q. glauca, the dry mass of fallen leaves was
significantly larger in colluvial soil (p < 0.01).
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Figure 2. Dry masses of leaf, stem and branch, and root for the three Quercus species examined in this
study (mean ± SD, n = 10).

Table 2. Statistical analysis tests on the dry mass of each organ (leaf, stem and branch, root. and fallen
leaf), Psat and gs for the three Quercus species. Asterisks indicate significant differences between the
inoculation of soil types, ECM fungus, and their interaction (S × E), calculated by ANOVA. * = p < 0.05,
** = p < 0.01, and *** = p < 0.001.

Parameter
Statistical Analysis

Q. acuta Q. glauca Q. salicina

Leaf

Soil n.s. *** ***

ECM *** *** ***

S × E n.s. *** ***

Stem and Branch

Soil * *** ***

ECM n.s. *** ***

S × E n.s. *** *

Root

Soil n.s. *** n.s.

ECM * *** **

S × E n.s. *** n.s.

Psat

Soil *** *** ***

ECM *** *** ***

S × E *** *** ***

gs

Soil *** *** ***

ECM ** *** ***

S × E n.s. *** **
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Table 3. The dry mass of the fallen leaves of the Quercus species seedlings during the experimental
period (mean ± SD, n = 10). Asterisks indicate significant differences between inoculation of soil types,
ectomycorrhizal (ECM) fungus, and their interaction (S × E), as calculated by ANOVA. ** = p < 0.01
and *** = p < 0.001.

Treatment
Dry Mass (g Plant−1) Statistical Analysis

Q. acuta Q. glauca Q. salicina Q. acuta Q. glauca Q. salicina

FB 0.326 ± 0.312 0.038 ± 0.121 0.308 ± 0.189
Soil ** ** **

FN 0.623 ± 0.255 0.241 ± 0.090 0.719 ± 0.268
ECM *** *** ***

CB 0.067 ± 0.078 0.192 ± 0.117 0.120 ± 0.132
S × E n.s. n.s. n.s.

CN 0.377 ± 0.216 0.357 ± 0.152 0.550 ± 0.199

3.3. Percentage of ECM Fungal Colonization

The percentage of ECM colonization was the highest in Q. glauca FB seedlings (73.4%, Table 4),
while those of Q. acuta and Q. salicina showed low ECM colonization rates. Contrastingly, the ECM
colonization rate in the CB seedlings was lower for Q. glauca (16.4%) than for Q. acuta and Q. salicina.
The ECM colonization rate was significantly higher in the FB seedlings of the three Quercus species
than in the CB seedlings (p < 0.01). I also confirmed the ECM colonization rate in several FN and CN
seedlings of the three Quercus species, although ECM colonization was below 1%.

Table 4. Percentage of ECM fungal colonization of seedlings of the three Quercus species (mean ± SD,
n = 10). Asterisks indicate varying levels of significance in the difference between the two types of soil
(ANOVA). ** = p < 0.01 and *** = p < 0.001.

Treatment Q. acuta Q. glauca Q. salicina

FB 64.6 ± 3.7 75.9 ± 9.1 60.2 ± 14.6

CB 41.9 ± 11.4 16.4 ± 11.8 42.6 ± 10.0

Statistical test *** *** **

3.4. Photosynthetic Capacity

The value of Psat for all three Quercus species was significantly higher in the FB seedlings (Figure 3).
The stomatal conductance (gs) of the three Quercus species showed a similar trend to Psat and was
significantly higher in the FB seedlings. Among the three Quercus species, the values of Psat and gs
were the highest in the FB seedlings of Q. glauca.

The values for Psat and gs for all three Quercus species showed significant differences for soil
types (Table 2, p < 0.001). Moreover, the values for Psat for the treatments of forest soil were clearly
increased when inoculated by the ECM fungus, whereas these trends did not confirm under colluvial
soil. Therefore, Psat and gs for three Quercus species showed significant interaction between ECM
fungus and soil types, except for gs for Q. acuta (p < 0.01).
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S × E n.s. n.s. n.s. CN  0.377 ± 0.216 0.357 ± 0.152 0.550 ± 0.199 

Table 4. Percentage of ECM fungal colonization of seedlings of the three Quercus species (mean ± SD, 
n = 10). Asterisks indicate varying levels of significance in the difference between the two types of soil 
(ANOVA). ** = p < 0.01 and *** = p < 0.001. 

Treatment Q. acuta Q. glauca Q. salicina 
FB 64.6 ± 3.7 75.9 ± 9.1 60.2 ± 14.6 
CB 41.9 ± 11.4 16.4 ± 11.8 42.6 ± 10.0 

Statistical test *** *** ** 

3.4. Photosynthetic Capacity 

The value of Psat for all three Quercus species was significantly higher in the FB seedlings (Figure 
3). The stomatal conductance (gs) of the three Quercus species showed a similar trend to Psat and was 
significantly higher in the FB seedlings. Among the three Quercus species, the values of Psat and gs 
were the highest in the FB seedlings of Q. glauca. 

 
Figure 3. The photosynthetic rate at light saturation (Psat) and stomatal conductance (gs) of the three 
Quercus species examined in this study (mean ± SD, n = 10). 
Figure 3. The photosynthetic rate at light saturation (Psat) and stomatal conductance (gs) of the three
Quercus species examined in this study (mean ± SD, n = 10).

3.5. Element Concentrations in the Leaves

The concentration of N and P in the leaves of three Quercus species was higher in the FB seedlings,
compared to those from other treatments (Table 5). All elements of the three Quercus species, except for
Al, showed significant difference between the two types of soil (p < 0.001). On the effects of ECM
fungus, the concentration of N for Q. salicina, the concentration of K for Q. glauca, and the concentration
of Ca for Q. acuta showed significant difference (p < 0.05), and these elements were increased by its
inoculation. The concentration of P for Q. acuta and Q. salicina showed significant difference in terms of
inoculation by ECM fungus (p < 0.001). However, these trends were obvious only for the FB seedlings;
therefore, the concentration of P for Q. acuta and Q. salicina showed significant interaction between the
ECM fungus and the soil types (p < 0.001). The concentration of Al for Q. glauca showed significant
difference in terms of inoculation by ECM fungus (p < 0.01), and Al was increased when inoculated.
However, differences in the concentrations of some elements were not evident, despite a significant
difference in the leaf dry mass.

To examine the total nutrient uptake by the leaves, the total element content was examined
(Table 6). The contents of N, P, Ca, and Mg for the three Quercus species showed significant difference
for soil types or inoculation by ECM fungus (p < 0.05). However, these contents were markedly
high values for FB seedlings, and showed significant interaction between soil types and ECM fungus
(p < 0.05). The K content for Q. acuta showed significant differences for inoculation by ECM fungus
(p < 0.001), and K was increased when inoculated.
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Table 5. Element concentration (in µmol g−1) in the leaves of the three Quercus species (mean ± SD,
n = 10). Asterisks indicate significant differences between inoculation of soil types, ECM fungus,
and their interaction (S × E), calculated by ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

Elements
Concentration (µmol g−1) Statistical Analysis

Q. acuta Q. glauca Q. salicina Q. acuta Q. glauca Q. salicina

N

FB
FN
CB
CN

2296 ± 477
925 ± 190
674 ± 238
852 ± 247

2279 ± 328
1751 ± 292
790 ± 203
840 ± 183

2136 ± 160
1326 ± 517
1469 ± 236
877 ± 504

Soil
ECM
S × E

***
***
***

***
**
**

***
***
n.s.

P

FB
FN
CB
CN

205 ± 126
47 ± 19
38 ± 9
47 ± 8

155 ± 39
91 ± 109
42 ± 12
41 ± 10

138 ± 17
73 ± 36
45 ± 10
49 ± 15

Soil
ECM
S × E

***
***
***

***
n.s.
n.s.

***
***
***

K

FB
FN
CB
CN

138 ± 36
156 ± 49
198 ± 40
202 ± 52

157 ± 26
133 ± 29
235 ± 50
212 ± 36

164 ± 21
285 ± 39
170 ± 30
202 ± 40

Soil
ECM
S × E

***
n.s.
n.s.

***
*

n.s.

***
***
***

Ca

FB
FN
CB
CN

305 ± 86
259 ± 35
232 ± 60
194 ± 17

583 ± 165
452 ± 103
182 ± 38
239 ± 53

429 ± 77
368 ± 68
212 ± 43
212 ± 54

Soil
ECM
S × E

***
*

n.s.

***
n.s.
**

***
n.s.
n.s.

Mg

FB
FN
CB
CN

45 ± 15
44 ± 11
26 ± 5
24 ± 7

109 ± 28
73 ± 23
43 ± 8
54 ± 10

91 ± 12
73 ± 16
48 ± 7

51 ± 10

Soil
ECM
S × E

***
n.s.
n.s.

***
*

***

***
n.s.
**

Al

FB
FN
CB
CN

35 ± 13
33 ± 17
25 ± 6
29 ± 15

26 ± 10
21 ± 12
36 ± 10
24 ± 6

32 ± 9
81 ± 20
41 ± 8

37 ± 12

Soil
ECM
S × E

n.s.
n.s.
n.s.

n.s.
**

n.s.

***
***
***

Table 6. Total element content (in µmol plant−1) in the leaves of the three Quercus species (mean ± SD,
n = 10). Asterisks indicate significant differences between inoculation of soil types, ECM fungus,
and their interaction (S × E), as calculated by ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

Elements
Content (µmol Plant−1) Statistical Analysis

Q. acuta Q. glauca Q. salicina Q. acuta Q. glauca Q. salicina

N

FB
FN
CB
CN

3334 ± 2253
298 ± 109
539 ± 214
270 ± 203

9666 ± 5407
899 ± 472
309 ± 188
301 ± 240

4336 ± 1820
329 ± 229

1178 ± 398
161 ± 122

Soil
ECM
S × E

**
***
**

***
***
***

***
***
***

P

FB
FN
CB
CN

263 ± 161
15 ± 8
30 ± 9
15 ± 9

593 ± 183
48 ± 62
15 ± 7
13 ± 8

276 ± 118
20 ± 21
36 ± 14

9 ± 5

Soil
ECM
S × E

***
***
***

***
***
***

***
***
***

K

FB
FN
CB
CN

201 ± 140
49 ± 15

161 ± 48
62 ± 40

647 ± 296
71 ± 43
84 ± 37
72 ± 50

331 ± 145
79 ± 54

132 ± 38
39 ± 25

Soil
ECM
S × E

n.s.
***
n.s.

***
***
***

***
***
**

Ca

FB
FN
CB
CN

435 ± 330
86 ± 35

192 ± 76
63 ± 38

2550 ± 1623
225 ± 120

65 ± 29
82 ± 62

870 ± 413
96 ± 52

169 ± 76
42 ± 28

Soil
ECM
S × E

*
***
*

***
***
***

***
***
***

Mg

FB
FN
CB
CN

59 ± 32
14 ± 7
21 ± 6
8 ± 6

462 ± 256
39 ± 25
16 ± 7

19 ± 14

185 ± 82
19 ± 13
38 ± 13
10 ± 7

Soil
ECM
S × E

***
***
**

***
***
***

***
***
***

Al

FB
FN
CB
CN

54 ± 47
11 ± 8
21 ± 7
8 ± 6

113 ± 70
10 ± 7
13 ± 7
8 ± 6

65 ± 32
20 ± 11
33 ± 11
7 ± 4

Soil
ECM
S × E

*
**

n.s.

***
***
***

***
***
n.s.
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3.6. Element Concentrations in Roots

The concentrations of P in the roots of all three Quercus species showed significant difference for
soil types or inoculation by ECM fungus (Table 7, p < 0.001). However, the concentration of P showed
markedly high values for the FB seedlings, and showed significant interaction between soil types and
ECM fungus (p < 0.001). Moreover, the concentrations of N, Ca, and Al in the roots of all three Quercus
species showed a significant difference between the two types of soil (p < 0.001). The concentrations
of N and Ca were high for the forest soil, whereas the concentration of Al was high for colluvial soil.
The concentrations of N in the Q. glauca roots showed significant difference in terms of inoculation by
ECM fungus (p < 0.001), and the value was increased when inoculated. However, many elements did
not show a clear trend in terms of inoculation by the ECM fungus.

Table 7. Element concentration (in µmol g−1) in the roots of the three Quercus species (mean ± SD,
n = 10). Asterisks indicate significant differences between inoculation of soil types, ECM fungus,
and their interaction (S × E), as calculated by ANOVA. * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

Elements
Concentration (µmol g−1) Statistical Analysis

Q. acuta Q. glauca Q. salicina Q. acuta Q. glauca Q. salicina

N

FB
FN
CB
CN

1199 ± 244
1115 ± 213
606 ± 163
603 ± 200

1004 ± 230
697 ± 189
638 ± 144
457 ± 53

1103 ± 211
892 ± 188
544 ± 168
553 ± 89

Soil
ECM
S × E

***
n.s.
n.s.

***
***
n.s.

***
n.s.
*

P

FB
FN
CB
CN

64 ± 24
24 ± 4
22 ± 3
17 ± 4

74 ± 35
26 ± 12
21 ± 5
20 ± 2

67 ± 18
25 ± 8
26 ± 5
23 ± 7

Soil
ECM
S × E

***
***
***

***
***
***

***
***
***

K

FB
FN
CB
CN

133 ± 40
109 ± 27
140 ± 28
147 ± 36

175 ± 50
146 ± 21
155 ± 18
166 ± 21

146 ± 40
145 ± 20
159 ± 28
176 ± 38

Soil
ECM
S × E

*
n.s.
n.s.

n.s.
n.s.
*

*
n.s.
n.s.

Ca

FB
FN
CB
CN

119 ± 18
120 ± 24
47 ± 11
33 ± 4

117 ± 9
141 ± 15

58 ± 5
53 ± 8

116 ± 19
135 ± 25
54 ± 11
51 ± 14

Soil
ECM
S × E

***
n.s.
n.s.

***
**
***

***
n.s.
n.s.

Mg

FB
FN
CB
CN

80 ± 32
75 ± 11
56 ± 08
54 ± 15

122 ± 15
114 ± 19
87 ± 13

100 ± 14

90 ± 26
94 ± 20
84 ± 13
84 ± 19

Soil
ECM
S × E

***
n.s.
n.s.

***
n.s.
*

n.s.
n.s.
n.s.

Al

FB
FN
CB
CN

314 ± 055
409 ± 125
579 ± 117
571 ± 156

370 ± 85
323 ± 57
486 ± 75
507 ± 62

364 ± 102
397 ± 96

545 ± 103
573 ± 166

Soil
ECM
S × E

***
n.s.
n.s.

***
n.s.
n.s.

***
n.s.
n.s.

I also examined the total element content in the roots (Table 8). The contents of K and Ca for
Q. acuta and Q. salicina, and the content of N for Q. salicina showed significant difference in terms of
inoculation by ECM fungus. The contents of these elements were increased when inoculated by the
ECM fungus. The contents of each element for Q. glauca showed significant difference for soil types or
inoculation by ECM fungus (p < 0.05). However, the contents of each element showed a markedly
high value for the FB seedlings, and showed a significant interaction between the soil types and ECM
fungus (p < 0.01).
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Table 8. Total element content (in µmol plant−1) in the roots of the three Quercus species (mean ± SD,
n = 10). Asterisks indicate significant differences between inoculation of soil types, ECM fungus,
and their interaction (S × E), as calculated by ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

Elements
Content (µmol Plant−1) Statistical Analysis

Q. acuta Q. glauca Q. salicina Q. acuta Q. glauca Q. salicina

N

FB
FN
CB
CN

1880 ± 1995
863 ± 252
504 ± 223
393 ± 232

4852 ± 3460
398 ± 171
317 ± 143
221 ± 74

1099 ± 705
602 ± 171
480 ± 196
295 ± 119

Soil
ECM
S × E

**
n.s.
n.s.

***
***
***

***
**

n.s.

P

FB
FN
CB
CN

102 ± 99
19 ± 7
18 ± 6
11 ± 4

287 ± 129
14 ± 5
10 ± 4
9 ± 3

71 ± 57
17 ± 7
23 ± 8
12 ± 6

Soil
ECM
S × E

**
**
*

***
***
***

**
**
*

K

FB
FN
CB
CN

202 ± 191
83 ± 21

116 ± 42
89 ± 26

761 ± 423
80 ± 21
76 ± 28
77 ± 15

157 ± 140
100 ± 34
136 ± 31
91 ± 32

Soil
ECM
S × E

n.s.
*

n.s.

***
***
***

n.s.
*

n.s.

Ca

FB
FN
CB
CN

165 ± 136
93 ± 33
40 ± 19
20 ± 5

629 ± 516
78 ± 21
28 ± 9
25 ± 4

110 ± 56
90 ± 18
47 ± 16
26 ± 8

Soil
ECM
S × E

***
*

n.s.

***
**
**

***
*

n.s.

Mg

FB
FN
CB
CN

133 ± 142
59 ± 20
47 ± 15
33 ± 9

625 ± 493
63 ± 19
44 ± 21
48 ± 16

96 ± 76
64 ± 23
73 ± 18
44 ± 17

Soil
ECM
S × E

*
n.s.
n.s.

***
**
***

n.s.
n.s.
n.s.

Al

FB
FN
CB
CN

447 ± 387
316 ± 109
478 ± 164
345 ± 112

2105 ± 2199
183 ± 72
243 ± 108
239 ± 63

376 ± 288
268 ± 78

471 ± 124
309 ± 136

Soil
ECM
S × E

n.s.
n.s.
n.s.

*
**
**

n.s.
*

n.s.

4. Discussion

4.1. Effects ECM Inoculation on Oak Seedling Growth

Seedling growth of all three Quercus species was accelerated by the inoculation of B. reticulatus
spore suspension, particularly when grown in nutrient-rich conditions (Figure 2). Interestingly,
the effects of inoculation with B. reticulatus on oak seedling growth differed between the forest and
the colluvial soils. In the fertile forest soil, ECM colonization was high (Table 4) and all three Quercus
species showed increased growth rate, photosynthetic and gs rate, and P and N concentration in the
leaves and roots (Figures 2 and 3; Tables 5 and 7). This suggests that the formation of ECM roots with
B. reticulatus was accelerated in forest soil, as compared to colluvial soil.

According to Kleczewski et al. [31], mycorrhizal growth and colonization relied on soil N and P
availability. Mycorrhizal growth and colonization were highest under intermediate N and P availability
conditions, whereby the nutrients still limited plant growth. Oliveira et al. [15] also reported that
Quercus ilex seedlings showed the highest value of ECM colonization, when grown in a fertile substrate,
without additional fertilization. From previous reports, mycorrhizal development in forest soil
appeared to be suitable for B. reticulatus, given the intermediate nutrient availability. During nutrient
absorption, enzymes and organic acids were exuded from the ECM roots [19,20,42], which was thought
to facilitate nutrient uptake in nutrient-poor soils.

In my study, nutrient content in the infertile colluvial soil was lower than that in the forest soil,
particularly Ca concentration (Table 1). Leaf dry mass of Q. acuta, and root dry mass of Q. acuta and
Q. saliciana were increased by the inoculation of B. reticulatus grown in the colluvial soil (Figure 2,
Table 2); however, growth acceleration was not obvious in the seedlings grown in the colluvial soil,
compared to those grown in the forest soil. CB seedlings of all three Quercus species showed a
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significantly low ECM colonization rate, compared to the FB seedlings (Table 4). The soil of the
low availability of soil N or P, mycorrhizal colonization and growth were suppressed because of the
limitation of photosynthates (=carbon) from the host plant [31]. The infertile colluvial soil had low
concentrations of N and P (Table 1), and much worse, their availability was probably low. As a result,
the colonization of B. reticulatus in oak seedlings was not accelerated in colluvial soils.

The N concentration in leaf and N content in root for Q. salicina was significantly different in terms
of inoculation by ECM fungus (Tables 5 and 8), and the CB seedlings confirmed their increase in the
colluvial soil. This trend was already confirmed by Kayama and Yamanaka [22], and the seedlings of
Q. salicina inoculated with Astraeus hygrometricus was accelerated in terms of uptake of N, under infertile
soil conditions. Q. salicina might have an inherent capacity of N uptake, even in adverse soil conditions.

Q. acuta was significantly increased in terms of the concentration of Ca in leaf and the content of
K in leaf (Tables 5 and 6). In addition, the seedlings of Q. acuta and Q. salicina showed significantly
higher contents of K and Ca in the roots, for the CB seedlings, compared to the CN seedlings (Table 8).
The ECM root of the CB seedlings of Q. acuta and Q. salicina could accumulate K and Ca in a low
environment. Kayama and Yamanaka [22] already reported that the seedlings of Q. salicina inoculated
with A. hygrometricus showed increased K concentration in roots, under infertile soil conditions.
K plays an important role in root growth, development of the root system architecture, and cellular
functions [43]. In pine trees, mycorrhizal roots interact with Suillus bovinus to accumulate Ca in the
interfacial apoplast [44]. Ca in apoplast can lead to the elongation of root hairs and secretion of
mucilage for the protection of meristems [45]. An increase in root K and Ca can improve root growth
and function in seedlings grown under adverse soil conditions. One of the reasons for these trends
could be attributed to the relatively high ECM colonization (40%, Table 4), as commonly found in
woody legumes [46] and pines in China [47].

In contrast, dry masses of each organ of Q. glauca showed significant interaction between soil types
and ECM fungus (Table 2), and the CB seedlings did not show any obvious increase when inoculated
by B. reticulatus. The nutrient contents in the leaves and roots for the seedlings of Q. glauca showed
significant interaction between soil types and ECM fungus (Tables 6 and 8), and the CB seedlings did
not show high values of nutrient contents. The ECM colonization of Q. glauca grown in colluvial soil
was low (Table 4); as a result, nutrient uptake was probably not boosted.

4.2. Growth Characteristics of Oak Seedlings without ECM Fungus Inoculation

Quercus seedlings under non-ECM (control) conditions did not grow well, even in forest soils
(Figure 2). This result suggests that symbiosis with an ECM fungus is essential for seedling growth
in these Quercus species. FN and CN seedlings showed low values of Psat and gs (Figure 3), a trend
that was also found in non-ECM infected seedlings [22]. ECM fungal inoculation generally increased
water uptake from the hyphae [21], but as FN and CN seedlings had no hyphae from the ECM fungus,
their capacity to absorb water was low, as compared to ECM seedlings. This indicated that the low
values of Psat and gs in the FN and CN seedlings result from stomatal closure, to avoid water loss
and, as a result, stomatal CO2 absorption was decreased. By contrast, the FB seedlings with ECM
showed high Psat and gs in all three Quercus species (Figure 3). As the FB seedlings showed more
than 60% of ECM colonization (Table 3), water uptake in the FB seedlings might be supported by the
developed hyphae.

The dry mass of fallen leaves increased in non-ECM seedlings compared to ECM seedlings,
particularly in Q. salicina (Table 3). Generally, woody species re-translocated various nutrients from
aged leaves [48]. In fact, leaf N concentration was typically low in the fallen leaves of the evergreen
Quercus species [49]. Resorbed nutrients might be allocated to the newly developing and remaining
leaves [48]; consequently, the differences in the concentration of leaf nutrients were small between the
ECM and non-ECM seedlings.
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4.3. Specific Differences in ECM Response between the Three Selected Species

Among the three Quercus species investigated in this study, the dry mass of each organ was highest
in the Q. glauca FB seedlings (Figure 2). Among the evergreen Quercus species, the seedlings of Q. glauca
grew the fastest [50]. However, there is limited information available regarding the relationship
between the growth of Q. glauca and soil fertility. This study further revealed that the growth of the
Q. glauca seedlings was accelerated in fertile soils. Moreover, the FB seedlings of Q. glauca showed
particularly high ECM colonization (Table 4), suggesting a facilitation of the ECM root system in fertile
forest soils. Contrastingly, the CB seedlings of the Q. acuta and Q. salicina showed large root dry mass
in infertile colluvial soil (Figure 2). Ito et al. [12] previously reported that Q. acuta was commonly
found in such habitats (e.g., ridge and upper slope) and that Q. salicina showed a high adaptation
capacity for various edaphic conditions. Based on these findings, Q. acuta and Q. salicina might have a
high inherent ability to adapt to infertile environments, even with a low ECM colonization rate.

4.4. Practical Success of the ECM Inoculation Method

This study found that the relationship with B. reticulatus had positive effects on the selected oak
seedling, despite previous reports claiming that inoculation with B. reticulatus had no effect on the
growth of the woody species [47]. Moreover, inoculation with other species of the genus Boletus were
known to increase host plant height [24,46] and root length [46], in woody seedlings. Osonubi et al. [46]
found that inoculation with B. suillus increased the biomass of some Fabaceae woody species. In my
study, the seedlings of three Quercus species showed high compatibility with the spore suspension
of B. reticulatus, together with a significant increase in the host plant dry mass, when inoculated
with B. reticulatus and grown in fertile soil conditions. Based on these results, the growth of Quercus
seedlings could be increased when the host oaks were inoculated with B. reticulatus.

5. Conclusions

Seedlings of Quercus acuta, Q. glauca, and Q. salicina inoculated with B. reticulatus, by spore
suspension, showed signs of accelerated growth. The inoculation method using spore suspension
of B. reticulatus was simple and convenient for the local actors involved in reforestation efforts.
This method was expected to contribute to a new method for reforestation in warm-temperature zones
of East Asia. As this experiment was carried out under controlled conditions with sterilized soils,
to spread this method for a revegetation technology, field experiments are needed to confirm the
generalizability of my findings.

I also confirmed that these host plants’ symbiosis with B. reticulatus was key to acquiring water
and nutrients. B. reticulatus preferred fertile substance such as the forest soil, and seedlings of the
three Querucs species inoculated with B. reticulatus showed particular growth acceleration in forest soil.
Among the three Quercus species, Q. glauca inoculated with B. reticulatus showed the highest growth
rate in the forest soil, suggesting that this species was the most suitable for revegetation in areas with
little to no soil erosion. In previously eroded infertile colluvial soils, Q. acuta and Q. salicina inoculated
with B. reticulatus showed slight increase of root biomass and the contents of K and Ca in the roots,
suggesting that these two species might be suitable for reforestation in sites with colluvial soil.

Author Contributions: M.K. conceived the experiments. M.K. raised all of seedlings and inoculated them with
ectomycorrhizal fungi. M.K. performed the experiments, measured photosynthetic rates, and analyzed various
nutrients. M.K. discussed the results, and wrote the paper. The author has read and agreed to the published
version of the manuscript.

Funding: This research was supported by a foundation of Japan Society for the Promotion of Science (No. 1888003:
Growth characteristics of evergreen Fagaceae species and application to revegetation technology at the abandoned
site of reforestation).



Forests 2020, 11, 870 15 of 17

Acknowledgments: I thank researchers from the Kyushu Research Center (FFPRI) for their encouragement.
For identification of B. reticulatus, I thank T. Akema. For the irrigation of seedlings, I also thank T. Kajimoto, H.
Nomiya, M.G. Araki, and M. Hatomura. Moreover, I thank N. Aoki and Y. Narimatsu for their help in analyzing
data from the Quercus seedlings. For analyses of the concentration of Al using an ICP analyzer, I am also grateful
to H. Kubotera of the National Agriculture and Food Research Organization.

Conflicts of Interest: I declare that the research has no conflict of interest.

References

1. Ishimaru, K.; Tokuchi, N.; Osawa, N.; Kawamura, K.; Takeda, H. Behavior of four broad-leaved tree species
used to revegetate eroded granite hill slopes. J. For. Res. 2005, 10, 27–34. [CrossRef]

2. Stokes, A.; Douglas, G.B.; Fourcaud, T.; Giadrossich, F.; Gillies, C.; Hubble, T.; Kim, J.H.; Loades, K.W.;
Mao, Z.; McIvor, I.R.; et al. Ecological mitigation of hillslope instability: Ten key issues facing researchers
and practitioners. Plant Soil 2014, 377, 1–23. [CrossRef]

3. Yagi, K.; Agus, F.; Arao, T.; Aulakh, M.S.; Bai, Z.; Carating, R.; Jung, K.; Kadono, A.; Kawahigashi, M.;
Lee, S.H.; et al. Regional Assessment of Soil Change in Asia. In Status of the World’s Soil Resources; Food and
Agriculture Organization of the United Nations, Ed.; Food and Agriculture Organization of the United
Nations and Intergovernmental Technical Panel on Soils: Rome, Italy, 2015; Chapter 10, pp. 287–329.

4. Kasama, K.; Jiang, Y.; Hiro-oka, A.; Yasufuku, N.; Sato, H. Geo- and hydro-mechanical evaluation of slope
failure induced by torrential rains in northern-Kyushu area, July 2009. Soil Found 2011, 51, 575–589. [CrossRef]

5. Wang, F.; Wu, Y.H.; Yang, H.; Tanida, Y.; Kamei, A. Preliminary investigation of the 20 August 2014 debris
flows triggered by a severe rainstorm in Hiroshima City, Japan. Geoenviron. Disasters 2015, 2, 17. [CrossRef]

6. Noda, I.; Hayashi, M. Characteristic differences of non-reforested land compared with reforested land in
Kumamoto, Kyushu. Bull. FFPRI 2004, 3, 29–32.

7. Miyabuchi, Y.; Tanaka, H. Slope failures in and around a large-scale abandoned forest after clear-cutting,
southern Kyushu, Japan. Jap. Soc. Erosion Cont. Engin. 2009, 62, 51–55. (In Japanese and English summary)

8. Kajisa, T.; Yoshida, S.; Nagashima, K.; Murakami, T.; Mizoue, N.; Sasaki, S.; Kuwano, Y.; Saho, K.; Shimizu, M.;
Miyazaki, J.; et al. Situation of erosion, landslide, and limiting factors of vegetation recovery on abandoned
clear-cut site in Kyushu region. J. Jpn. For. Soc. 2011, 93, 288–293. (In Japanese and English summary)
[CrossRef]

9. Kayama, M.; Yamanaka, T. Growth of Quercus seedlings inoculated by ectomycorrhizal fungi at an abandoned
site of reforestation. J. Jpn. Soc. Reveget. Tech. 2018, 44, 33–38. (In Japanese and English summary)

10. Kira, T. Forest ecosystems of east and southeast Asia in a global perspective. Ecol. Res. 1991, 6, 185–200.
[CrossRef]

11. Menitsky, Y.L. Oaks of Asia; Science Publishers: Enfield, NH, USA, 2005; p. 549.
12. Ito, S.; Ohtsuka, K.; Yamashita, T. Ecological distribution of seven evergreen Quercus species. Veg. Sci. 2007,

24, 53–63.
13. Tam, P.C.F.; Griffiths, D.A. Mycorrhizal associations in Hong Kong Fagaceae. III. The ontogeny of

mycorrhizal development, growth and nutrient uptake by Quercus myrsinaefolia seedlings inoculated
with Pisolithus tinctorius. Mycorrhiza 1993, 2, 125–131. [CrossRef]

14. Núñez, J.A.D.; Serrano, J.S.; Barreal, J.A.R.; González, J.A.S.O. The influence of mycorrhization with
Tuber melanosprum in the afforestation of a Mediterranean site with Quercus ilex and Quercus faginea.
For. Ecol. Manag. 2006, 231, 226–233. [CrossRef]

15. Oliveira, R.S.; Franco, A.R.; Vosátka, M.; Castro, P.M.L. Management of nursery practices for efficient
ectomycorrhizal fungi application in the production of Quercus ilex. Symbiosis 2010, 52, 125–131. [CrossRef]

16. Makita, N.; Hirano, Y.; Yamanaka, T.; Yoshimura, K.; Kosugi, Y. Ectomycorrhizal-fungal colonization induces
physio-morphological changes in Quercus serrata leaves and roots. J. Plant Nutr. Soil Sci. 2012, 17, 900–906.
[CrossRef]

17. Sebastiana, M.; Pereira, V.T.; Alcântara, A.; Pais, M.S.; Silva, A.B. Ectomycorrhizal inoculation with Pisolithus
tinctorius increases the performance of Quercus suber L. (cork oak) nursery and field seedlings. New For. 2013,
44, 937–949. [CrossRef]

18. Sousa, N.R.; Franco, A.R.; Oliveira, R.S.; Castro, P.M.L. Reclamation of an abandoned burned forest using
ectomycorrhizal inoculated Quercus rubra. For. Ecol. Manag. 2014, 320, 50–55. [CrossRef]

http://dx.doi.org/10.1007/s10310-004-0097-8
http://dx.doi.org/10.1007/s11104-014-2044-6
http://dx.doi.org/10.3208/sandf.51.575
http://dx.doi.org/10.1186/s40677-015-0025-6
http://dx.doi.org/10.4005/jjfs.93.288
http://dx.doi.org/10.1007/BF02347161
http://dx.doi.org/10.1007/BF00203858
http://dx.doi.org/10.1016/j.foreco.2006.05.052
http://dx.doi.org/10.1007/s13199-010-0092-0
http://dx.doi.org/10.1002/jpln.201100417
http://dx.doi.org/10.1007/s11056-013-9386-4
http://dx.doi.org/10.1016/j.foreco.2014.02.033


Forests 2020, 11, 870 16 of 17

19. Chalot, M.; Brun, A. Physiology of organic nitrogen acquisition by ectomycorrhizal fungi and ectomycorrhiza.
FEMS Microbiol. Rev. 1998, 22, 21–44. [CrossRef]

20. Plassard, C.; Dell, B. Phosphorus nutrition of mycorrhizal trees. Tree Physiol. 2010, 30, 1129–1139. [CrossRef]
21. Lehto, T.; Zwiazek, J.J. Ectomycorrhizas and water relations of trees: A review. Mycorrhiza 2011, 21, 71–90.

[CrossRef]
22. Kayama, M.; Yamanaka, T. Growth characteristics of ectomycorrhizal seedlings of Quercus glauca,

Quercus salicina, and Castanopsis cuspidata planted on acidic soil. Trees 2014, 28, 569–583. [CrossRef]
23. Duñabeitia, M.K.; Hormilla, S.; Garcia-Plazaola, J.I.; Txarterina, K.; Arteche, U.; Becerril, J.M. Differential

responses of three fungal species to environmental factors and their role in the mycorrhization of Pinus radiata
D. Don. Mycorrhiza 2004, 14, 11–18. [CrossRef]

24. Turjaman, M.; Santoso, E.; Susanto, A.; Gaman, S.; Limin, S.H.; Tamai, Y.; Osaki, M.; Tawaraya, K.
Ectomycorrhizal fungi promote growth of Shorea balangeran in degrand peat swamp forests. Wetl. Ecol. Manag.
2011, 19, 331–339. [CrossRef]

25. Umata, H.; Yagi, F.; Hata, K.; Iwai, H.; Fukumori, H. Mushroom of Kagoshima, Japan (1). Res. Bull. Kagoshima
Univ. For. 2009, 36, 39–51. (In Japanese)

26. Águeda, B.; Parladé, J.; Fernández-Toirán, L.M.; Cisneros, Ó.; de Miguel, A.M.; Modrego, M.P.;
Martínez-Peña, F.; Pera, J. Mycorrhizal synthesis between Boleus edulis species complex and rockroses
(Cistus sp.). Mycorrhiza 2008, 18, 443–449. [CrossRef]

27. Endo, N.; Kawamura, F.; Kitahara, R.; Sakuma, D.; Fukuda, M.; Yamada, A. Synthesis of Japanese Boletus
edulis ectomycorrhizae with Japanese red pine. Mycoscience 2014, 55, 405–416. [CrossRef]

28. Yoshioka, H.; Isobe, K.; Inui, H.; Kikuchi, J. Spatial distribution of sporocarps of ectomycorrhizal fungi in a
Quercus variabilis–Q. glauca stand. Bull. Ctr. Nat. Environ. Educ. Nara Univ. Educ. 2012, 13, 1–13. (In Japanese
and English summary)

29. Qi, Y.; Zhao, N.; Liu, J.; Huang, J. Biochemical responses of ten ectomycorrhizal fungal isolates to manganese.
Water Air Soil Pollut. 2016, 227, 477. [CrossRef]

30. Kitao, M.; Lei, T.T.; Nakamura, T.; Koike, T. Manganese toxicity as indicated by visible foliar symptoms of
Japanese white birch (Betula platyphylla var. japonica). Environ. Pollut. 2001, 111, 89–94. [CrossRef]

31. Kleczewski, N.M.; Herms, D.A.; Bonello, P. Effects of soil type, fertilization and drought on carbon allocation
to root growth and partitioning between secondary metabolism and ectomycorrhizae of Betula papyrifera.
Tree Physiol. 2010, 30, 807–817. [CrossRef]

32. Horikawa, Y. Atlas of the Japanese flora, an Introduction to Plant Sociology of East Asia; Gakken: Tokyo, Japan,
1972; p. 500.

33. Korhonen, M.; Liimatainen, K.; Niskanen, T. A new boletoid fungus, Boletus pinetorum, in the Boletus
section Boletus from Fennoscandia (Basidiomycota, Boletales). Karstenia 2009, 49, 41–60. [CrossRef]

34. Van Reeuwijk, L.P. Procedures for Soil Analysis, 6th ed.; International Soil Reference and Information Centre:
Wagningen, The Netherland, 2002; p. 100.

35. Sparks, D.L.; Page, A.L.; Helmke, P.A.; Loeppert, R.H.; Soltanpour, P.N.; Tabatabai, M.A.; Johnson, C.T.;
Sumner, M.E. Methods of Soil Analysis, Part 3. Chemical Methods; Soil Science Society of America Inc.: Madison,
WI, USA, 1996; p. 1390.

36. American Public Health Association; American Water Works Association; Water Environment Federation.
Standard Methods for the Examination of Water and Wastewater, 20th ed.; American Public Health Association:
Washington, DC, USA, 1998; p. 1220.

37. Japan Meteorological Agency. Climate Statistics. Available online: http://www.data.jma.go.jp/obd/stats/etrn/

index.php (accessed on 1 November 2007).
38. Akema, T. Ectomycorrhizae of Boleus reticulatus Infected with Roots of Quercus acutissima. Available online:

http://cse.ffpri.affrc.go.jp/akema/public/tips/optical/Boletus_mycorrhiza.jpg (accessed on 19 September 2006).
39. Quoreshi, A.M.; Timmer, V.R. Exponential fertilization increases nutrient uptake and ectomycorrhizal

development of black spruce seedlings. Can. J. For. Res. 1998, 28, 674–682. [CrossRef]
40. Hach Company. Digesdahl® Digestion Apparatus Instrument Manual; Hach Company: Loveland, CO, USA,

1999; p. 100.
41. Weatherburn, M.W. Phenol-hypochlorite reaction for determination of ammonia. Anal. Chem. 1967, 39, 971–974.

[CrossRef]

http://dx.doi.org/10.1111/j.1574-6976.1998.tb00359.x
http://dx.doi.org/10.1093/treephys/tpq063
http://dx.doi.org/10.1007/s00572-010-0348-9
http://dx.doi.org/10.1007/s00468-013-0973-y
http://dx.doi.org/10.1007/s00572-003-0270-5
http://dx.doi.org/10.1007/s11273-011-9219-1
http://dx.doi.org/10.1007/s00572-008-0192-3
http://dx.doi.org/10.1016/j.myc.2013.11.008
http://dx.doi.org/10.1007/s11270-016-3183-6
http://dx.doi.org/10.1016/S0269-7491(99)00332-2
http://dx.doi.org/10.1093/treephys/tpq032
http://dx.doi.org/10.29203/ka.2009.433
http://www.data.jma.go.jp/obd/stats/etrn/index.php
http://www.data.jma.go.jp/obd/stats/etrn/index.php
http://cse.ffpri.affrc.go.jp/akema/public/tips/optical/Boletus_mycorrhiza.jpg
http://dx.doi.org/10.1139/x98-024
http://dx.doi.org/10.1021/ac60252a045


Forests 2020, 11, 870 17 of 17

42. van Schöll, L.; Kuyper, T.W.; Smits, M.M.; Landeweert, R.; Hoffland, E.; van Breemen, N. Rock-eating
mycorrhizas: Their role in plant nutrition and biogeochemical cycles. Plant Soil 2008, 303, 35–47. [CrossRef]

43. Sustr, M.; Soukup, A.; Tylova, E. Potassium in root growth and development. Plants 2019, 8, 435. [CrossRef]
44. Bücking, H.; Kuhn, A.J.; Schröder, W.H.; Heyser, W. The fungal sheath of ectomycorrhizal pine roots:

An apoplastic barrier for the entry of calcium, magnesium, and potassium into the root cortex? J. Exp. Bot.
2002, 374, 1659–1669. [CrossRef]

45. Marschner, P. Mineral Nutrition of Higher Plants, 3rd ed.; Academic Press: Oxford, UK, 2012; p. 651.
46. Osonubi, O.; Mulongoy, K.; Awotoye, O.O.; Atayese, M.O.; Okali, D.U.U. Effects of ectomycorrhizal and

vesicular-arbuscular mycorrhizal fungi on drought tolerance of four leguminous woody seedlings. Plant Soil
1991, 136, 131–143. [CrossRef]

47. Lu, N.; Yu, M.; Cui, M.; Luo, Z.; Feng, Y.; Cao, S.; Sun, Y.; Li, Y. Effects of different ectomycorrhizal fungal
inoculates on the growth of Pinus tabulaeformis seedlings under greenhouse conditions. Forests 2016, 7, 316.
[CrossRef]

48. Killingbeck, K.T. Nutrient Resorption. In Plant Cell Death Processes; Noodén, L.D., Ed.; Elsevier Academic
Press: San Diego, CA, USA, 2004; pp. 215–226.

49. Kayama, M. Seasonal change of leaf litter fall of seven evergreen Quercus species planted on the same
plantation. Kanto J. For. Res. 2015, 66, 151–154. (In Japanese and English summary)

50. Ono, Y.; Suganuma, T. A comparison of seed germination and initial growth of current seedlings on three
species of Quercus. Jpn. J. Ecol. 1991, 41, 93–99. (In Japanese and English summary)

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11104-007-9513-0
http://dx.doi.org/10.3390/plants8100435
http://dx.doi.org/10.1093/jxb/erf011
http://dx.doi.org/10.1007/BF02465228
http://dx.doi.org/10.3390/f7120316
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparations of Acorns of Oaks and ECM Fungus 
	Soil Collection and Analysis 
	Pot Experiments 
	Photosynthetic Capacity 
	Seedling Growth 
	Colonization Rate of ECM Fungus 
	Analysis of Element Concentrations in Plants 
	Statistical Analyses 

	Results 
	Soil Chemical Properties 
	Growth Characteristics 
	Percentage of ECM Fungal Colonization 
	Photosynthetic Capacity 
	Element Concentrations in the Leaves 
	Element Concentrations in Roots 

	Discussion 
	Effects ECM Inoculation on Oak Seedling Growth 
	Growth Characteristics of Oak Seedlings without ECM Fungus Inoculation 
	Specific Differences in ECM Response between the Three Selected Species 
	Practical Success of the ECM Inoculation Method 

	Conclusions 
	References

