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Abstract

Many ectomycorrhizal (ECM) fungi produce commercially valuable edible sporocarps. However, the effects of nitrogen
(N) application on ECM fungal sporocarp formation remain poorly understood. In this study, we investigated the effect
of application of various N concentrations (0, 5, 25, 50, 100, and 200 mg/L) on the growth of Laccaria japonica mycelia
in vitro for 1 month. The results showed that L. japonica mycelial biomass was highest in the 50 mg/L treatment and was
significantly inhibited at N concentrations higher than 200 mg/L. Next, we investigated the effects of N application on mycor-
rhizal colonization and sporocarp formation in L. japonica colonizing Pinus densiflora seedlings in pots. The seedlings were
watered with nutrient solutions containing 0, 5, 25, 50, or 100 mg N/L. The biomass, photosynthetic rate, and mycorrhizal
colonization rates of the seedlings were measured at 45 days (first appearance of primordia), 65 days (sporocarp appearance
on the substrate surface), and 4 months after seedlings were transplanted. The numbers of primordia and sporocarps were
recorded during the experimental period. Total carbon (C) and N content were determined in seedlings at 4 months after
transplantation, and in L. japonica sporocarps. Both mycelial growth and sporocarp production reached their maximum at
an N application concentration of 50 mg/L, suggesting that the most suitable N concentration for ECM fungal sporocarp
formation can easily be estimated in vitro during mycelial growth. This finding may help determine the most suitable N
conditions for increasing edible ECM fungus sporocarp production in natural forests.
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Introduction

Ectomycorrhizal (ECM) fungi commonly form symbiotic
relationships with various higher plant species (Smith and
Read 2008). ECM fungi gain carbon (C) and other essen-
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tial organic substances from plants; in return, they help
their host plants to take up minerals, water, and metab-
olites (Genre et al. 2020). Many ECM fungi produce
edible sporocarps, including the ascomycete Tuber spp.
(true truffles), basidiomycete Amanita caesarea (Scop.)
Pers., Boletus edulis Bull., and Tricholoma matsutake
(Ito & Imai) Singer. These sporocarps are considered
culinary delicacies with high medicinal and nutritional
value (Wang et al. 2012). However, a number of high-
demand, commercially valuable ECM sporocarps, such as
T. matsutake, cannot be produced artificially, and instead
are collected only in the wild (Sakamoto 2018; Guerin-
Laguette 2021).
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Culinary demand for edible sporocarps has stimulated
research to understand the mechanism of sporocarp forma-
tion, improve the yield of edible ECM fungi in the wild, and
derive techniques for the cultivation of edible ECM fungi
(Guerin-Laguette 2021). Environmental factors including
temperature, light, and soil humidity, as well as soil nutri-
ent availability and interactions with other microbes, are of
fundamental importance for the growth and sporocarp for-
mation of ECM fungi (Sharma 2017; Zhang et al. 2019). For
example, T. matsutake primordia usually begin to form after
mid-August when soil temperatures reach 16—19 °C in Japan.
However, primordia are aborted at soil temperatures of > 19 °C
or< 15 °C (Wang et al. 1997). Ambra et al. (2004) reported
that blue light inhibits Tuber borchii ascocarp growth. Soil
microorganisms also have an important influence on the
growth and development of ECM fungi. For example, ECM
fungi deliver plant photosynthates to mycorrhizosphere bac-
teria (Gorka et al. 2019), whereas bacteria promote ECM
fungal mycelial growth by producing growth stimulators,
such as vitamins (Aslani et al. 2020), and facilitate the pro-
duction of ECM fungal sporocarps (Obase 2020). ECM
fungi tend to co-occur on the same host plant, resulting in
competition; various effects of such competition on sporo-
carp formation in Laccaria japonica Popa &Nara have been
reported (Zhang et al. 2019). Cenococcum geophilum and
Suillus luteus were reported to exert a negative impact on spo-
rocarp formation in L. japonica but Pisolithus sp. had no effect
(Zhang et al. 2019).

A lack of soil nutrients is a critical signal for sexual
reproduction in sporocarp-forming fungi (Sakamoto 2018).
Soil nitrogen (N) availability has been reported to signifi-
cantly affect ECM fungal sporocarp production, depending
on the amount and duration of N addition (Velmala 2014).
Previous studies have reported that N fertilization reduced
sporocarp production in Suillus hirtellus in Pinus taeda
plantation (Menge and Grand 1978), and reduced Laccaria
bicolor colonization in container-grown jack pine seedlings
(Godbout and Fortin 1992). Generally, ECM fungal sporo-
carp production is more sensitive to increased N supply than
ECM colonization of root tips or the growth of extramatrical
ECM hyphae (Lilleskov et al. 2011, 2018). Numerous field
studies have shown that N addition and deposition reduce
photosynthate allocation from the host plant to ECM fungi
(Kjgller et al. 2012; Hasselquist and Hogberg 2014; Franklin
et al. 2014). Host plants may selectively allocate photosyn-
thate to roots under limited nutrient absorption conditions to
form beneficial fungal partnerships; these relationships may
change with shifting environmental conditions (Victoroff
2020). ECM fungi that produce medium-distance, fringe
exploration hyphae, including some Tricholoma and Corti-
narius species, show greater reductions in abundance with N
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addition (Hobbie and Agerer 2010; Victoroff 2020). There-
fore, ECM fungal genera that require greater C allocation
from their host plants may be more significantly affected by
N addition or deposition (Victoroff 2020). However, Trappe
et al. (2009) reported that three Cortinarius species [Corti-
narius depressus Fr., Cortinarius gentilis (Fr.) Fr., and Corti-
narius montanus Kauffman] appear to favor sites with higher
levels of total C and N, suggesting that the responses of ECM
fungal sporocarps to N application may depend on whether
the ECM taxa are ‘nitrophobic’ or ‘nitrophilic’ (Lilleskov
et al. 2001; Karst et al. 2021; Wang et al. 2021). Many recent
studies on the responses of ECM fungi to N application have
focused on ECM fungal abundance, conservation, commu-
nity composition, and the mechanism by which ECM fungi
obtain N (Albarracin et al. 2013; Lilleskov et al. 2018; Karst
et al. 2021), whereas studies examining how N application
affects ECM fungal sporocarp formation are rare. It remains
unclear whether the sporocarp formation of nitrophilic spe-
cies requires more N, or whether nitrophobic species require
lower N concentrations. In addition, relative to N, the effects
of other soil nutrients, such as phosphorus and potassium,
on ECM fungal productivity have been poorly studied, espe-
cially with respect to sporocarp production (Victoroff 2020;
Frank and Garcia 2021).

Laccaria species widely distribute in the world except
for tropical South America and sub-Saharan Africa (Wilson
et al. 2017). Nine edible Laccaria spp. have been reported
from 17 countries and consumed worldwide, including L.
amethystina, L. amethysteo-occidentalis, L. bicolor, L. edu-
lis, L. farinacea, L. laccata, L. proxima, L. vinaceoavellanea
and L. scrobiculatus (Flores et al. 2002; Zhang et al. 2015;
Kaliyaperumal et al. 2018). Laccaria japonica is sym-
biotically associated with deciduous and coniferous
trees in the Pinaceae, Fagaceae, and Salicaceae families in
Japan (Vincenot et al. 2012, 2017). In our laboratory, the
mycorrhizas of L. japonica were easily formed within one
week after inoculation and the sporocarps were produced
within three months under controlled conditions (Zhang
et al. 2019). Thus, L. japonica was used to study the effect
of nitrogen application on the sporocarp formation in this
study.

Most edible ECM fungi cannot be cultivated artificially;
as such, the effects of soil nutrients on sporocarp formation
and yield remain largely unknown. Therefore, the establish-
ment of suitable soil nutrient content guidelines for rapid
prediction of sporocarp formation is crucial for cultivating
ECM fungi and improving the sporocarp yield in the wild.
The main objective of this study was to evaluate how N
supply influences mycelial growth in L. japonica, as well as
sporocarp formation in L. japonica-colonized seedlings of P.
densiflora under controlled conditions. We investigated the
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effects of different N levels on L. japonica mycelial growth
in vitro, L. japonica mycorrhizal formation and sporocarp
formation in L. japonica-colonized Pinus densiflora seed-
lings under controlled conditions.

Materials and methods
Preparation of seedlings colonized by L. japonica

In this study, we used the ECM fungus L. japonica, an
ideal model material of studing the mechanism of spo-
rocarp formation, and its host plant P. densiflora (Zhang
et al. 2019). We maintained L. japonica on modified
Melin—Norkrans (MMN) agar medium (Marx 1969). Seeds
of P. densiflora were collected in Iwate Prefecture, Japan
and surface-sterilized as previously described (Zhang et al.
2019).

At 45 days after germination, non-mycorrhizal P. densi-
flora seedlings were inoculated with fresh L. japonica—agar
plugs (ca. 2 cm X2 cm) containing mycelia. Seedlings that
were not inoculated with L. japonica were also prepared as
the control. All seedlings were cultivated in a temperature-
controlled greenhouse with a 16-h day (25 °C)/8-h night
(20 °C) cycle.

During cultivation, a few seedlings were randomly sam-
pled and their root tips were observed under a stereomicro-
scope (SZXT7; Olympus, Tokyo, Japan). Further experiments
were performed when the L. japonica mycorrhizal coloniza-
tion rate reached > 90%.

Experimental setup

Experiment 1: In vitro L. japonica mycelial growth
at different N concentrations

Laccaria japonica mycelia were cultured on MMN medium
at 25 °C in the dark. After 4 weeks, a 9-mm-diameter agar
plug was cut from the actively growing margin of an L.
Jjaponica colony and transferred to a petri dish (diameter:
9 cm) containing a new 20-mL MMN agar media covered
with cellophane film (Bio-Rad Laboratories, Hercules, CA,
USA) with different N concentrations (0, 5, 25, 50, 100, or
200 mg/L), using NH,NO; as the N source. All treatments
had three biological replicates.

After 1 month, the growth area of L. japonica mycelia
was measured using a planimeter (X-plan 380F; Kantum
Ushikata, Yokohama, Japan). The mycelia were collected
using tweezers and washed gently with deionized water to
remove the residual solution. The mycelia were patted dry
using absorbent paper and then oven-dried at 60 °C for 48 h
prior to dry weight measurements.

Experiment 2: Effects of N application on mycorrhizal
colonization and sporocarp formation in L. japonica
colonizing P. densiflora seedlings

Seedlings were transplanted into polypropylene pots
(volume: 600 mL; bottom diameter X upper diame-
ter Xdepth=6 cm X9 cm X 14 cm), which were surface-sterilized
with 70% v/v ethanol and filled with an autoclaved soil mixture
composed of 30 g of vermiculite (Nittai, Osaka, Japan) and
360 g of pumice (diameter: 3—6 mm; Komeri, Niigata, Japan)
per pot. We transplanted three non-mycorrhizal seedlings into
each control pot, and one seedling inoculated with L. japonica
and two non-inoculated seedlings into each treatment pot
(Table 1). The seedlings were watered with tap water until
1 week after transplanting. Subsequently, we weekly added
30 mL of the nutrient solutions (50 pM KH,PO,, 100 pM
K,SO,, 100 pM CaCl,-2H,0, 125 pM MgSO,-7H,0, 10 pM
FeNa-EDTA, 12.5 uyM H;BO;, 1 uM MnCl,-4H,0, 1 pM
ZnS0,-7H,0, 0.25 uM CuSO,-5H,0, 0.25 pM Na,Mo0,-2H,0,
0.25 pM CoCl,-6H,0) (Cumming and Weinstein 1990) with dif-
ferent N concentrations (0, 5, 25, 50, or 100 mg N/L) into each
pot during the experimental period. Nitrogen was supplied with
NH,NOj; and the N/P (weight) ratio in the nutrient solution with
each N concentration ranged from O to 64.3 (Table 1). Finally,
the total N amounts added into each pot with the concentrations
of 0, 5, 25, 50, or 100 mg N/L were 0, 3.15, 15.8, 31.5 and
63.5 mg, respectively (Table 1). The solution pH was adjusted
to 4.8 with H,SO,. Each N treatment had 15 replicates and the
control seedlings had 9 biological replicates. The total amounts
of N added to each treatment at different sampling periods in
experiment 2 are listed in Supplementary Table S1.

Samples were harvested at three time points, as described
in our previous study (Zhang et al. 2019). Briefly, these

Table 1 The experimental setup of pot experiment

Concentration No. of seedlings per pot ~ Total N Total P N/P

(N'mg/L) Control Ectomycorrhiza ;I::tg)/ I(Jr:)ltg)/ ratio
NM@3) Lj(h)+NM©2) 0 0.98 0

5 NM@3) Lj(1)+NM(2) 3.15 0.98 3.21

25 NM@3) Lj(1)+NM(2) 158 0.98 16.1

50 NM@3) Lj(1)+NM(2) 315 0.98 32.1

100 NM @) Li(D+NM2) 63.0 0.98 64.3

Seedlings of Pinus densiflora were used in all treatments. Each con-
trol pot contained three non-mycorrhizal (NM) seedlings, and each
treatment pot contained one seedling inoculated with Laccaria japonica (L)
and two formerly non-inoculated seedlings. Five N treatments, ie. O,
5, 25, 50, 100 mg N/ were conducted. Total N and Total P indicate
the final amounts of N and P added into each pot at 4 months after
transplanting. N/P ratio of nutrition solution for each N treatment
used was the same during the experiment period
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time points were the first appearance of L. japonica pri-
mordia (45 days after transplanting), the first appearance
of L. japonica sporocarps (65 days after transplanting), and
4 months after transplanting. Seedlings were harvested from
three control pots and five treatment pots per N treatment in
each sampling period.

In situ seedling photosynthetic rates

Seedling photosynthetic rates were measured immediately
before each sampling period, as described previously (Zhang
et al. 2019). Briefly, all seedling needles were placed inside the
conifer chamber of an LI-6400 photosynthetic system under
natural light with 400 ppm CO, at 25 °C. Three control pots and
five treatment pots were randomly selected, and photosynthetic
rates were measured in one control seedling, one non-inoculated
treatment seedling, and one inoculated treatment seedling.

Tracking the appearance of primordia
and sporocarps in L. japonica

Structures with and without a distinct cap and stipe were
defined as sporocarps and primordia, respectively (Zhang
et al. 2019). Once the L. japonica sporocarp emerged at
the soil surface, we began to record sporocarp numbers in
each pot. Sporocarps longer than 5 mm were collected every
3—4 days until the end of the experiment. The collected spo-
rocarps were oven-dried at 60 °C for 48 h and then weighed.

Quantification of ECM colonization rates
and seedling biomass

Among the collected seedlings, we randomly selected two
non-mycorrhizal seedlings in each control pot and two
formerly non-inoculated seedlings in the treatment pots
to determine mycorrhizal colonization rates. All root tips
were observed under a stereomicroscope and the mycorrhi-
zal colonization rate was calculated as follows:

Colonization rate (%) = (Number of mycorrhizal root tips/
Total number of root tips per seedling) x 100.

After mycorrhizal colonization was observed, all sampled
seedlings were divided into shoot and root parts, dried at
60 °C for 48 h, and weighed. Prior to the experiment, we
randomly selected six control and L. japonica-inoculated
seedlings to calculate their initial dry weights, as follows:

Increase in dry weight (mg/plant) =Measured dry weight
— Initial dry weight.

Quantification of total N and C content in L. japonica
mycelia and sporocarps and P. densiflora seedlings

In experiment 1, after dry weight measurements, pure myce-
lia of L. japonica were thoroughly ground using a grinder
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(MS-100; TOMY Seiko, Tokyo, Japan). About 6—10 mg of
ground mycelium powder was used to analyze the concentra-
tions (%, dry weight) of total C and N using an NC analyzer
(Sumigraph NC-22F; Sumika Chemical Analysis Service,
Osaka, Japan).

In experiment 2, after dry weight measurements, seed-
ling samples at 4 months after transplanting and L. japonica
sporocarps were used to determine total C and N concentra-
tions. We thoroughly ground two seedlings from each of
three randomly selected control pots and two formerly non-
inoculated seedlings from each of three randomly selected
treatment pots using a mortar and pestle (shoots and roots
were separated). Approximately 15 mg of ground powder
was used to determine total C and N using an NC analyzer.

Statistical analyses

We evaluated the effects of N application levels on mycelial
growth, total N content, total C content, and the C/N ratio
of L. japonica in vitro using paired f-tests. Treatment pots
containing dead seedlings at sampling were not used for fur-
ther analysis, except for the 0 mg N/L treatment. Two-way
analysis of variance (ANOVA), with five levels of N treat-
ment X control or L. japonica treatment, was performed to
determine significant differences in growth (dry weight and
photosynthetic rate), total N content, total C content, and
the C/N ratio of P. densiflora seedlings. We evaluated the
effects of N concentrations on P. densiflora seedling bio-
mass, photosynthetic rate, mycorrhizal colonization rate,
total N content, total C content, and the C/N ratio in control
and L. japonica treatment plants using paired -tests; signifi-
cance was evaluated at P < 0.05 following adjustment using
the Benjamini—-Hochberg method.

Correlations among biological parameters (dry weight,
photosynthetic rate and mycorrhizal colonization rate) in P.
densiflora seedlings, and the numbers and dry weight of L.
Jjaponica sporocarps, were evaluated using Spearman’s rank
correlation. All statistical analyses were performed using R
3.5.1 software (R Core Team 2018).

Results

In vitro L. japonica mycelial growth at different N
concentrations

After 1 month, the color of cultured L. japonica mycelia var-
ied among N treatments (Fig. 1). In petri dishes treated with
0 and 5 mg N/L, the mycelial color changed from white to
light grey, and remained constant over 1 month of culture. In
petri dishes treated with 25 mg N/L, mycelial color changed
gradually from purple to white, light grey, and finally brown
(Fig. 1). In petri dishes treated with 50, 100, and 200 mg N/L,
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covering cellophane film, under
different nitrogen (N) concen-
trations (0, 5, 25, 50, 100, and

55 #}.’ - L 3 b

200 mg N/L). The background i
isa l-cm grid 7d ay s
1/
14 days J(_
1
n
One month

the mycelia remained purple over 1 month of culture after the
color change (Fig. 1).

The area of L. japonica mycelial growth was signifi-
cantly larger in petri dishes treated with 50 mg/L than in
all other treatments and was significantly inhibited at N

concentrations higher than 100 mg/L (n=3; P <0.05; paired
t-test; Fig. 2a). Mycelial dry weight also increased as the
N concentration increased to 50 mg/L, remained constant
at N concentrations of 50-100 mg/L, and then markedly
decreased at 200 mg N/L (Fig. 2b).
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Mycelial total C content reached a maximum at
25 mg N/L (n=3; P<0.05; paired ¢-test; Table 2), whereas
total N increased as the N treatment concentration increased
to 50 mg N/L. The C/N ratio decreased as N levels increased
to 50 mg/L (Table 2).

Laccaria japonica primordium and sporocarp
formation

Laccaria japonica primordia were first observed in pots
treated with 5 and 25 mg N/L at 45 days after transplanting.
Thereafter, primordia were observed at 47 and 49 days in
the 50 and 100 mg N/L treatments, respectively. Sporocarps
first appeared at 65 days after transplanting in the 25 and
50 mg N/L treatments, and then at 70 and 87 days after
transplanting in the 100 and 5 mg N/L treatments, respec-
tively. Primordia and sporocarps were not observed in L.
Jjaponica + formerly non-inoculated seedling pots receiv-
ing no N treatment, or in control pots throughout the study
period (Table 3).

(a)

40- a
P
© 30 b
— bc
o&‘ - == cd q
= ==
£ = %
o
(o))
o 10+ %
=z
0 L L IA T
25+ a a (b)
Ko
3 20- —I_
Q b T b
€ T
= 154 C
o g
S 104
'S
2 5
o
o
0 -

0 5 25 50 100 200
N treatments (mg N/L)

Fig.2 Mycelial extension area (a) and dry weight (b) of Laccaria japonica
after 1 month of growth on MMN media culture under different N treat-
ments (0, 5, 25, 50, 100, and 200 mg N/L). Values are means + standard
deviations (SD; n=3). Different letters indicate significant differences
among different treatments (P<0.05 after Benjamini—-Hochberg adjust-
ment; paired #-test)
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Table 2 The total C and N contents in the mycelia of Laccaria japon-
ica in vitro

Treatments (N C (%) N (%) C/N
mg/L)

40.25+0.90 ¢ 2.46+0.06 c 16.35+0.01 a
5 42.57+0.74 b 2.56+0.09 ¢ 16.68 +0.90 a
25 45.02+0.86 a 352+0.21b 12.81+0.63 b
50 42.55+0.23b 4.07+0.14 a 10.47+0.29 ¢
100 43.24+0.45b 4.18+0.28 a 10.38+0.74 ¢
200 43.31+0.39b 4.25+023a 10.21+£0.57 ¢

Values are means =+ standard deviations (SD; n=3). Different letters
indicate significant differences among different treatments (P <0.05
after Benjamini—-Hochberg adjustment; paired r-test)

The total number of sporocarps increased with N sup-
ply (Fig. 3a). Sporocarp dry weight was highest in the
50 mg N/L treatment (Fig. 3b). The average dry weight of
sporocarps ranged from 6.16 mg (25 mg N/L treatment)
to 1.15 mg (100 mg N/L treatment) (Fig. 3c). Most spo-
rocarps formed in the 100 mg N/L treatment were small,
with lengths within 2—3 mm after pileus formation (Fig. 3c).
Immature small sporocarps changed in color from purple to
white within 3—4 days and wilted at 1 week after formation.

Mycorrhizal colonization of seedlings

Mycorrhizal roots were not observed in control seedlings
throughout the experimental period. In pots containing L.
Jjaponica-inoculated and formerly non-inoculated seedlings
without N treatment (0 mg N/L), L. japonica mycorrhizal
root tips were not observed in formerly non-inoculated
seedlings at 45 or 65 days after transplanting, and only a
few mycorrhizal root tips were observed (colonization
rates < 1%) at 4 months after transplanting (Fig. 4). In the
5 mg N/L treatment, mycorrhizal colonization rates gradu-
ally increased from 45 days (5%) to 4 months (73%) after
seedling transplantation (Fig. 4). In the remaining treatments

Table 3 The first appearing time of primordia and sporocarps of Lac-
caria japonica

Treatments (N mg/L) First appearance after transplanting

(days)
Primordium Sporocarp
None None

5 45 87

25 45 65

50 47 65

100 49 70

The primordium and sporocarp of L. japonica were not observed in
the treatment of 0 mg N/L during the experimental period
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Fig.3 Total number (a), corresponding dry weight (b) and average
dry weight (¢) of sporocarps formed under different N treatments (0,
5, 25, 50, and 100 mg N/L) at 4 months after Pinus densiflora seed-
ling transplantation. Each control pot contained three non-mycorrhizal
(NM) seedlings, and each treatment pot contained one seedling inoculated
with Laccaria japonica (Lj) and two formerly non-inoculated seedlings.
Values are means+standard deviations (SD; n=3-5). Different letters
indicate significant differences among different treatments (P<0.05
after Benjamini—-Hochberg adjustment; paired -test)

(25, 50, and 100 mg N/L), higher mycorrhizal colonization
rates (90%, 81%, and 69%, respectively) were observed at
45 days after transplanting. The mycorrhizal colonization
rate was significantly lower in the 100 mg N/L treatment
than 25 and 50 mg N/L treatments at 4 months after trans-
plantation (P <0.05; Fig. 4).

Growth and photosynthetic rates of P. densiflora
seedlings

At 4 months after transplanting, reddish discoloration of the
needles of control seedlings was observed in all N treatments

flora seedling growth in both the control and L. japon-
ica + non-inoculated seedling pots (P < 0.05; two-way
ANOVA; Supplementary Table S2). Seedlings colonized
by L. japonica had higher biomass than non-mycorrhizal
seedlings in control pots at 4 months after transplanta-
tion (Fig. 5; Supplementary Table S2). Control seed-
lings showed no significant differences in shoot bio-
mass according to N treatment (Fig. 5). In pots of L.
japonica-inoculated + non-inoculated seedlings, shoot
biomass showed no differences according to N treatment
at 45 or 65 days after transplantation. However, shoot
and root biomass were significantly higher in the 50
and 100 mg N/L treatments than all other treatments at
4 months after transplanting (Fig. 5).

Photosynthetic rates (per dry needle weight) of non-
mycorrhizal seedlings did not differ among control pots
except at 65 days after transplanting, when those of the 50
and 100 mg N/L treatments were significantly higher than
those of the 0 and 5 mg N/L treatments (P < 0.05; Fig. 5). In
pots of L. japonica-inoculated + non-inoculated seedlings,
photosynthetic rates increased significantly in formerly non-
inoculated compared to non-mycorrhizal seedlings in the
control pots at 65 days and 4 months after transplantation,
in a manner dependent on N supply (Fig. 5; Supplementary
Table S2).

@ Springer



458 Mycorrhiza (2022) 32:451-464

200 200 a (b) 5
1] —
% 5
53 55 2o 2
»w Eo £ 399
> 2210 99 100 b s£8
3 g% 50 g g 50 E% g E
— =
. , = 3 =

Con Lj+NM
(d) (e)

250+ 250+ s
2 <
6 3 200- s 5 200 £ o
s TS 6, =
@ géﬁo- §§150- §§=§,
[} S £ c 2 €T o
T £ 100 55100- ?38
8 35 s 3 S 5 s 3
S 8

0 0 2

400+ (9) 400- a a (h) s
- a . g
2 8 3001 a 28 3004 7 -
» E E t L %/,/ Lo 2
£ 3 o 7 £2 | i
t 22200 b, bl £ 5200 / )
o £ 2 1mm? --% £E % 288
E 33w|[[TE = 5 8 10 =
<=ladlen o

Con Lj+NM
10 5 = 25 50 — 100 mg N/L

Fig.5 Total increases in shoot, root, and net photosynthetic rates in
control and treatment Pinus densiflora seedlings in different N treat-
ments (0, 5, 25, 50, and 100 mg N/L) at 45 days (a—c), 65 days (d-f),
and 4 months (g-j) after transplanting. Primordia and sporocarps were
first observed at 45 and 65 days after transplanting, respectively. Each
control pot contained three non-mycorrhizal (NM) seedlings and each

Total N and C content of P. densiflora seedlings
and L. japonica sporocarps

In both the control and L. japonica-inoculated + non-inoc-
ulated seedling pots, N supply rates were associated with
increasing total C content (%) in shoots, but not in roots
(Fig. 6). Total N content and the C/N ratio in shoots and
roots of P. densiflora seedlings significantly increased with
N supply up to 50 mg N/L (P <0.05; Fig. 6). We observed
no difference in seedling C/N ratios between the 50 and
100 mg N/L treatments (Fig. 6).

Laccaria japonica sporocarps had significantly higher
total C content in the 5 mg N/L treatment than 25 and
100 mg N/L treatments (P < 0.05; Table 4). Sporocarp total
N content was significantly higher in the 5-50 mg N/L treat-
ments and stabilized at higher N concentrations. Sporocarp
C/N ratios were significantly lower at N concentrations of
5-50 mg/L, with no significant differences between the 50
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treatment pot contained one seedling inoculated with Laccaria japonica (L)
and two formerly non-inoculated seedlings. Values are means+stand-
ard deviations (SD; n=3-5). Different letters indicate significant differ-
ences among different treatments (P<0.05 after Benjamini-Hochberg
adjustment; paired #-test)

and 100 mg N/L treatments (Table 4). The total N contents
in sporocarps ranged from 2.8% to 5.1% that were signifi-
cantly higher than those in the seedlings (0.5-3.8%) (Fig. 6,
Table 4).

Correlation between L. japonica sporocarp biomass
and P. densiflora seedling growth

Total sporocarp numbers were positively correlated with
the dry weight of shoots (R=0.83; P<0.001) and roots
(R=0.85; P<0.001), photosynthetic rates in formerly non-
inoculated seedlings (R=0.74; P=0.002), and total N content
in shoots (R=0.94; P <0.001) and roots (R=0.94; P <0.001)
at 4 months after transplantation (Table 5). Total sporocarp
numbers were negatively correlated with C/N in shoots
(R=-0.93; P<0.001) and roots (R=—0.93, P<0.001)
(Table 5). A similar relationship was observed between
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Fig.6 Total C and N content, and C/N ratios, in shoots and roots of
Pinus densiflora seedlings in different N treatments (0, 5, 25, 50, and
100 mg N/L) at 4 months after transplanting. Each control pot con-
tained three non-mycorrhizal (NM) seedlings and each treatment pot
contained one seedling inoculated with Laccaria japonica (Lj) and

sporocarp dry weight and P. densiflora seedling growth
(Table 5).

Discussion
This study provides the first evidence that the most appro-

priate N supply for L. japonica mycelium growth in vitro
(50 mg N/L) is the same as that for L. japonica sporocarp

Table4 The total C and N contents in the sporocarps of Laccaria
Jjaponica

Treatments C (%) N (%) C/N

(N mg/L)

0 - — —

5 44.71+0.55 a 2.80+0.15¢ 16.01+0.69 a
25 41.74+1.43b 3.89+0.27b 10.74+042b
50 42.76+0.65 ab 5.09+0.40 a 8.43+0.69 ¢
100 42.02+1.30b 5.01+0.20 a 8.39+0.40 ¢

“The primordium and sporocarp of L. japonica were not observed in
the treatment of 0 mg N/L during all experimental periods. Values are
means +standard deviations (SD; n=3). Different letters indicate signif-
icant differences among different treatments (P <0.05 after Benjamini—
Hochberg adjustment; paired #-test)

Cclm

= 25

Lj+NM

50 E3 100 mgNIL

two formerly non-inoculated seedlings. Values are means =+ standard
deviations (SD; n=3). Different letters indicate significant differences
among different treatments (P<0.05 after Benjamini—-Hochberg a
djustment; paired #-test)

formation. This finding suggests that suitable N concentra-
tions for ECM fungus sporocarp formation may easily be
estimated by determining the optimal concentrations of
corresponding nutrients for mycelial growth in vitro. To
our knowledge, this is the first study to investigate the rela-
tionship between the effects of N concentration on myce-
lium growth in vitro and sporocarp formation in an ECM
fungus colonizing P. densiflora seedlings under controlled
conditions.

In this study, N concentration clearly affected mycelium
growth, in terms of both growth area and dry weight. Myce-
lial biomass increased with increasing N supply, from 50 to
100 mg N/L, and significantly decreased at higher N concen-
trations (200 mg N/L; Fig. 2). Growth suppression through
high N application was previously reported in some ECM
fungal mycelia. For example, Wallander and Nylund (1992)
demonstrated that the growth of extramatrical mycelia of L.
bicolor and Suillus bovinus was completely restrained at high
N supply, with mycelial death observed under excess N supply
(200 mg/L). Similar results were reported in a study of Paxil-
lus involutus and S. bovinus (Arnebrant 1994). Therefore, in
N-deficient soils, L. japonica mycelia growth can be enhanced
by suitable N supply, but inhibited by excess N.

The growth of our seedlings colonized by L. japonica
was significantly higher than that of control seedlings,
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Table 5 Correlations between

Biological parameter Spearman’s rho P value
sporocarp numbers and coefficient
biological parameters of Pinus
densifiora seed!ings at 4 months The total Total net increase dry weight of shoot /pot 0.83 <0.001
after transplanting numbers of Total net increase dry weight of root /pot 0.85 <0.001
Sporocarps Lj-mycorrhizal rate /pot 0.51 <0.05
Net photosynthetic rate of formerly NM-seedling 0.74 <0.01
TN content of shoot 0.94 <0.001
C/N of shoot -0.93 <0.001
TN content of root 0.94 <0.001
C/N of root -0.93 <0.001
The dry weight ~ Total net increase dry weight of shoot /pot 0.69 <0.01
of sporocarps  Total net increase dry weight of root /pot 0.81 <0.001
Lj-mycorrhizal rate /pot 0.85 <0.001
Net photosynthetic rate of formerly NM-seedling 0.91 <0.001
TN content of shoot 0.75 <0.01
C/N of shoot -0.74 <0.01
TN content of root 0.74 <0.01
C/N of root -0.77 <0.001

The Spearman’s rank correlation rho was performed to calculate coefficient and P value (n=12). NM, L;j
represented non-mycorrhizal seedling and Laccaria japonica-colonized seedling, respectively

which remained non-mycorrhizal 4 months after transplan-
tation; there was a significant increase in total dry weight
among shoots (F=27.15; P<0.001) and roots (F=52.12;
P <0.001) (Fig. 5; Supplementary Table S2; Supplementary
Figure S1). These results are consistent with those of previ-
ous studies (Lilleskov et al. 2001; Smith and Read 2008;
Pena and Polle 2014; Zhang et al. 2019), indicating that
ECM fungi improve the nutrient acquisition ability of the
host tree and enhance tree growth. Total sporocarp num-
bers were positively correlated with the seedling total bio-
mass and photosynthetic rate (Table 5). Thus, N fertiliza-
tion improved host tree growth and increased the amount
of photosynthate allocated to ECM fungi. Previous studies
found that host tree growth was strongly affected by sporo-
carp formation (Hogberg et al. 2001; Kuikka et al. 2003).
Godbout and Fortin (1992) reported a positive correlation
between jack pine (Pinus banksiana) biomass and Laccaria
bicolor sporocarp biomass in an N fertilization experiment.
The photosynthetic rate of P. strobus seedlings colonizing
L. bicolor and L. bicolor sporocarp growth rate was also
found to be positively correlated (Lamhamedi et al. 1994).
These findings suggest that the effect of N on ECM fungus
growth and development is mediated by host tree growth,
and that healthy host tree growth is beneficial for sporo-
carp formation and development. Therefore, to increase the
production of edible ectomycorrhizal fungi, the first step is
to ensure healthy growth of the host plant. However, soil
fertilization also affects the growth of soil extraradical myce-
lia, and excessive fertilization inhibits extraradical mycelial
growth, which presents a major challenge to ECM fungus
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production. In this study, P. densiflora seedling biomass
peaked at 50 and 100 mg N/L, so the additional 50 mg N/L
had no effect on seedling growth. Our results also showed
that 50 mg N/L is a favorable N concentration for mycelial
growth in vitro (Fig. 2). Previous studies reported that ECM
fungal mycelial growth was directly related to the N status
of the host tree (Nilsson and Wallander 2003). We speculate
that L. japonica and P. densiflora may have reached a state
of balance in terms of their mutual benefits, and that similar
ranges of N concentration may be suitable for the growth of
both organisms. Whether this phenomenon occurs in other
ECM fungi requires further study.

Mycorrhizal colonization was significantly inhibited
under the no N application (0 mg/L) and limited N applica-
tion (5 mg/L) conditions (Fig. 4). This restriction of myc-
orrhizal colonization was alleviated by N accumulation
(3.15 mg/pot) in the 5 mg N/L treatment, whereas excess N
accumulation (100 mg N/L, 63 mg/pot) depressed mycor-
rhizal colonization after 4 months of N application (Sup-
plementary Table S1; Fig. 4). Similarly, ECM coloniza-
tion was reduced at high N application rates in forest and
pot experiments (Newton and Pigott 1991; Termorshuizen
and Ket 1991; Arnebrant and Soderstrom 1992; Wallander
1995), indicating that N is required for mycorrhizal forma-
tion, but that mycorrhizal colonization may depend on the
N supply. In this study, sporocarp numbers were weakly
positively correlated with mycorrhizal colonization rates
following N application (Table 5). Mycorrhizal colonization
rates appeared to have an indirect influence on sporocarp
formation, suggesting that sporocarp yield did not depend
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on the number of ECM fungal root tips. These results are
consistent with those of our previous study (Zhang et al.
2019) and earlier reports, in which high colonization rates
were not necessarily required for high sporocarp fruiting in
Laccaria species (Nylund 1988; Godbout and Fortin 1992).
Some studies have also demonstrated that the amount and
activity of ectomycorrhizae do not reflect sporocarp forma-
tion (Wallander 1995; Nara et al. 2003).

In this study, L. japonica sporocarp formation occurred
earlier with lower N supply (5 and 25 mg N/L) than in other
treatments (Table 3). Similarly, a previous study found
that initial sporocarp formation in the ECM fungus Lac-
caria proxima colonizing P. banksiana seedlings generally
occurred at low fertilization levels (30 mg N/L), but rarely at
higher levels (60 and 120 mg N/L) (Danielson et al. 1984).
N starvation may also be an important factor for inducing
sporocarp formation among saprophytic and ECM fungi
(Sakamoto 2018). The highest N concentration applied in
the present study was 100 mg N/L, corresponding to a total
N application amount of ca. 63 mg/pot (ca. 21 mg/seed-
ling) at 4 months after transplanting (Table 1). Godbout
and Fortin (1990) showed that the sporocarp formation in
L. bicolor associated with container-grown P. banksiana
seedlings was enhanced by a short photoperiod and low
fertilization rate (6.6 mg N/seedling); Godbout and Fortin
(1992) also observed that L. bicolor sporocarps occurred at
5-6 mg N/seedling but decreased with lower or higher N
supply under both short and long photoperiods. Numerous
studies have concluded that Laccaria is a nitrophilic taxon
(Lilleskov et al. 2001, 2002, 2011; Corrales et al. 2017).
Laccaria japonica appears to be more nitrophilic than L.
bicolor, suggesting that the responses of ECM sporocarps
to N supply may be dependent on the ECM fungal taxon
(Corrales et al. 2017).

In this study, sporocarp numbers were enhanced by N
application; however, L. japonica sporocarp dry weight was
not linearly related to sporocarp number (Fig. 3). Interest-
ingly, the 100 mg N/L treatment was associated with more
sporocarps, but lowest average dry weight of sporocarps
(1.15 mg) (Fig. 3c). Most sporocarps in this treatment
stopped growing after formation, suggesting that carbon
supply per primordium was much less at 100 mg/L than
at 50 mg/L. Similar L. japonica sporocarp performance
was observed by Teramoto et al. (2012), perhaps due to
a decrease in C flux to sporocarps. Although Teramoto
et al. (2012) did not focus on the effects of N application
on sporocarp formation, they demonstrated that recently
produced photosynthates were mainly transferred to sporo-
carps of L. japonica (referred to as L. amethystina). Previous
studies have reported a strong correlation between C and
N dynamics in symbiosis, as well as host tree regulation
of photosynthate allocation to ECM fungi, depending on
plant N status (Hogberg et al. 2010; Hasselquist et al. 2012;

Franklin et al. 2014). Lilleskov et al. (2002) reported that
the sporocarp 8'°N of ECM fungi became more enriched
relative to the foliage of host trees with increasing soil inor-
ganic N in a field investigation. The similar trend also was
observed in our study that the N enrichment of sporocarps
of L. japonica was much larger than those in shoots and
roots of the plant hosts with the increasing of N concentra-
tion in the soils under controlled conditions (Fig. 6, Tables 2
and 4). Although the mycelia and sporocarps of L. japonica
enriched higher N with the increasing of N concentration,
the change of N contents and C/N ratios in mycelia and spo-
rocarps had a much narrower range compared to the N/P
ratios of nutrient solutions supplied (Fig. 6, Tables 1, 2,
and 4). Phosphorus how to affect the N absorption by myce-
lia and sporocarps of L. japonica needs to be further inves-
tigated. High N fertilization decreases C flux to ECM fungi,
which may result in decreased C flux to sporocarps (Hobbie
et al. 2019). Marx et al. (1977) found that high levels of
soil N decreased the sucrose content of short roots in P.
taeda, thereby decreasing their susceptibility to ectomycor-
rhizal development by Pisolithus tinctorius; they speculated
that this was caused by the stress of high N concentrations,
which can induce mass sporocarp formation. High N levels
can disrupt continuous transport of carbohydrate from the
host to ECM fungi, preventing the development of initial
sporocarps (Victoroff 2020). The mechanisms driving these
phenomena require further study. Field study also shown that
increasing N availability significantly reduced ECM spo-
rocarp production, however, these general responses were
strongly dependent on the application rate and duration of N
additions (Hasselquist and Hogberg 2014). In contrast to the
high N treatment (100 kg N ha=! yr™!), which almost elimi-
nated the production of sporocarps of ECM fungi, the pro-
duction of ECM sporocarps in the low N (20 kg N ha™! yr™)
plot was roughly 20% greater compared to the unfertilized
control plot (Hasselquist et al. 2012), suggesting that mod-
erately low concentration of nitrogen fertilizer can improve
ECM fungal sporocarp production in the field.

Thus, our findings indicate that excessive N application
does not increase sporocarp yield but inhibits sporocarp
development. We conclude that determination of the most
appropriate N supply is essential for the cultivation of edible
ECM fungi. Our in vitro and pot experiments yielded the
same optimal N concentration (50 mg N/L) for L. japonica
sporocarp formation (Figs. 2 and 3). Lilleskov et al. (2002)
also reported that ECM fungal taxa with different responses
to nitrogen deposition in the field study also differed in pure
culture organic and inorganic nitrogen utilization. However,
the physiology and growth of an ECM fungus is quite dif-
ferent in a symbiotic association as compared with a non-
symbiotic phase of the fungus. Whether these patterns are
common in other ECM fungi needs to be further confirmed.
Moreover, our study of L. japonica mycelial growth in vitro
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had several limitations, including the lack of a field host
plant experiment, which did not allow us to examine the
effects of complex environmental factors. Although until
now the similar studies have not been reported, our findings
may be applicable to the management of soil N to increase
the production of economically important edible sporocarps
of ECM fungi that cannot be artificially cultivated at present,
and instead are collected in natural forests.

N fertilization may also increase substrate pH and influ-
ence the uptake of other soil nutrients, such as phosphorus
and potassium, by both the host tree and ECM fungus (Kiies
and Liu 2000; Nilsson and Wallander 2003; Trappe et al.
2009; Kennedy 2010). These factors also may influence spo-
rocarp formation and development (Guerin-Laguette 2021).

Conclusions

In this study, we determined that N nutrition plays key roles
in mycelial growth and mycorrhizal and sporocarp formation
in the ECM fungus L. japonica. An N supply of 50 mg N/L
was favorable for mycelial growth in vitro and was also suit-
able for the sporocarp formation of L. japonica in pot experi-
ments. This study is the first to demonstrate that the same
range of N supply was optimal for sporocarp formation, veg-
etative growth, and mycorrhizal formation in L. japonica.
Although these trends are common in other ECM fungi needs
to be further confirmed, our study provides insights into the
production management of unartificial edible ECM mush-
rooms by controlling the nutrients in the soils.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00572-022-01085-2.
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