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ABSTRACT
truffles, belonging to the genus Tuber, are ectomycorrhizal (ecM) fungi that form underground 
ascocarps and primarily establish symbiosis with oaks and hazels. the cultivation of Tuber spp. 
involves transplanting inoculated seedlings that have formed ectomycorrhiza with Tuber 
species, with mulching being effective for truffle cultivation. in this study, we investigated the 
effects of mulching on the mycelial growth of four Tuber species (T. himalayense, T. koreanum, 
T. melanosporum, and T. borchii) in the Korean natural environment, highlighting the potential 
for Korea as a truffle cultivation site. We developed and tested species-specific primers for 
quantifying the soil mycelial biomass of Tuber spp. by qRt-PcR, determined the superior 
mulch color for mycelial growth, and identified the Tuber species exhibiting the highest 
growth rate in the Korean field environment. Our results demonstrated that white mulch 
significantly enhanced mycelial growth in Tuber species than black mulch, likely owing to its 
ability to maintain low soil temperatures, control weeds, and improve host plant growth. 
among the Tuber species, T. himalayense showed the greatest growth potential in the Korean 
natural environment. additionally, a significant and positive correlation was observed between 
the mycelial biomass of Tuber species and the growth of inoculated seedlings, as measured 
by the total stem length and the number of leaves, thereby indicating the importance of 
symbiosis between ecM fungi and host plants. this study provides valuable insights into 
truffle cultivation in Korea and highlights the potential of using white mulch to promote 
mycelial growth, thereby contributing essential data for understanding the appropriate 
environmental conditions for Tuber spp. cultivation in Korea. Further study is needed to assess 
the long-term impact of mulching and to explore the effectiveness of other mulching 
materials.

1.  Introduction

Truffles, hypogeous ascocarps produced by the genus 
Tuber (Ascomycota, Pezizales), are highly valued for 
their unique flavor and aroma [1–4]. This genus 
includes 180–230 species worldwide [5,6], primarily 
forming ectomycorrhizal (ECM) association with oak 
and hazel trees [7]. Tuber species have been poorly 
studied. Only five species have been reported to date 
in Korea, including T. aestivum subsp. uncinatum,  
T. borchii, T. himalayense, T. huidongense, T. koreanum, 
and T. indicum [8–12].

Tuber spp. is typically cultivated by transplanting 
seedlings inoculated with Tuber species in the field 
[13]. However, regarding the formation of fruiting 
bodies, these fungi require specific environmental 
conditions, including calcareous soil with alkaline pH, 
stable and moderate soil temperatures, and a weed-free 
environment [14,15]. Mulching is a useful method for 
controlling these environmental conditions [16] as it 

reduces extreme soil temperature fluctuations, main-
tains soil moisture, and inhibits weed growth [15, 
17–19]. Additionally, mulching affects the growth of 
ECM fungi [20]. For example, different mulch colors 
and compositions can affect the mycelial growth of  
T. melanosporum, wherein a double-layer white woven 
polypropylene fabric was found to be the most suit-
able for growth [18,21].

In this study, we investigated the effects of black 
and white mulches on the mycelial growth of two 
Korean truffle species (Tuber himalayense and Tuber 
koreanum) and two European truffle species (Tuber 
borchii and Tuber melanosporum). The quantification 
of truffle mycelial growth in soil is primarily con-
ducted using quantitative real-time PCR (qRT-PCR), 
which requires species-specific primers. Due to the 
lack of available primers for Tuber species, our study 
aimed to develop these primers. Therefore, the 
objectives of this study were to develop species-specific 
primers for quantifying the soil mycelial biomass of 
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Tuber spp. via qRT-PCR, determine the superior 
mulch color for mycelial growth, and identify the 
Tuber species that exhibit the greatest growth in the 
Korean field environment.

2.  Materials and methods

2.1.  Experimental site and mulching design

The study was conducted in a field at the Korea 
National University of Education in Cheongju, Korea 
(36°36′26.7″N, 127°21′44.9″E). Lime was applied to 
the experimental site to maintain a soil pH of 
approximately pH 8. Subsequently, 16 rows of ridges 
were created that were alternately mulched with a 
double layer of either black or white woven polypro-
pylene fabric (Poolanna, Daegu, Korea). The soil 
characteristics of the experimental sites are analyzed 
by Cheillab (Seoul, Korea) and summarized in Table 
1. To measure the atmospheric temperature and rel-
ative humidity, a data logger (RXW-THC-922, Onset 
Computer Corporation, Bourne, MA) was installed 
at the experimental site. The soil temperature was 
measured using an additional data logger (HT.w sen-
sor, SensorPush, New York, NY) placed at a depth of 
15 cm (Figure 1). Both data loggers recorded data at 
30-minute intervals throughout the study.

2.2.  Preparation of seedlings inoculated with 
truffles

Quercus acutissima seeds were collected from 
Cheongju, Korea, washed with distilled water, and 
surface-sterilized with 10% sodium hypochlorite for 
10 min. To promote germination, the seeds were 

placed in a 280 mL pot filled with sterilized vermic-
ulite and maintained in a greenhouse for six months 
under a 12-h photoperiod, with a relative humidity 
of 55 ± 5% and a temperature of 24 ± 1 °C. The asco-
mata of T. himalayense and T. koreanum were col-
lected from Danyang and Gyeongju, respectively 
[12,22], whereas T. melanosporum and T. borchii 
were purchased from the Chiko Corporation in 
Korea. The ascomata were washed with distilled 
water and 70% ethanol for 10 min and then ground 
in sterile water to produce a spore suspension. The 
six-month-old Q. acutissima seedlings were inocu-
lated with a 1.4 × 106 spore/mL suspension. The 
inoculated seedlings were then transplanted into a 
280 mL pot filled with a sterilized mixture of ver-
miculite and perlite at a 1:1 ratio. They were main-
tained in a greenhouse for an additional six months 
under the same conditions as mentioned above. 
After 6  months, ECM formation was confirmed by 
observing roots under dissecting microscope. 
Genomic DNA from the ECM was extracted using 
the HiGene™ Genomic DNA Prep Kit (Biofact, 
Daejeon, Korea). The ribosomal DNA (rDNA) region 

Table 1. Soil compositions in the experimental site.
Parameter black mulch White mulch

pH [1:5] 8.38 8.28
Total nitrogen 0.21 0.17
Available phosphorus (mg/kg) 228.6 253.7
Exchangeable potassium (cmol/kg) 0.16 0.08
Exchangeable calcium (cmol/kg) 19.93 9
organic matter (%) 4.44 4.43
Water contents (%) 15.25 15.25
Sand (%) 75.3 73.7
Silt (%) 14.1 14.7
clay (%) 10.6 11.6
Soil texture Sandy loam Sandy loam

Figure 1. Soil temperature at the experimental site.
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containing the internal transcribed spacer (ITS) was 
amplified via PCR by using the ITS1F and ITS4 
primers [23]. PCR conditions were 95 °C (2 min), 
followed by 35 cycles of 95 °C (20 s), 50 °C (40 s), 
and 72 °C (1 min), and 72 °C (5 min). Electrophoresis 
was performed on 1.5% agarose gel for 20 min. 
Sequence analysis was conducted by Solgent (SolGent 
Co. Ltd., Daejeon, Korea), and sequence similarity 
was identified using BLAST.

2.3.  Transplantation of inoculated seedlings

Twenty inoculated seedlings of each Tuber species 
were selected. In March 2022, five inoculated seed-
lings per ridge were transplanted, with a gap of 
80 cm between seedlings (Figure 2). For the experi-
mental units, ten inoculated seedlings were trans-
planted into black and white mulch.

2.4.  Soil sampling and growth measurement

Soil sampling and growth measurements of the inoc-
ulated seedlings were performed every three months 
following transplantation. Soil samples were collected 
at depths of 5 and 20 cm at three points, located 
5 cm away from the host plant, using a soil corer 
with a diameter of 14 mm. Before processing, the 
soil samples were placed in polyethylene bags and 
stored at −35 °C. DNA from the soil samples was 
extracted using the DNeasy PowerSoil Pro Kit 
(Qiagen, Hilden, Germany) after air-drying at room 
temperature and passing the soil through a 2-mm 

Table 2. Primer name, sequences, size of PcR products, and annealing temperature (ta).
Tuber species Primer name Sequence 5′− 3′ Product size (bp) Ta (°c)

T. borchii TK-f1 cATTgcgcccTTTggTATTc 131 62
T. koreanum TK-r8 AccATggTccAcTTcTcTggc
T. melanosporum TM-f1 ggcATgAAcgAcggAcTTTA 116 62

TM-r1 cTgATTcgAggTcAAcccATAg

Figure 2. Transplantation of inoculated seedling.

Figure 3. Standard curves of Tuber spp. (A) Tuber borchii; (b) Tuber himalayense; (c) Tuber koreanum; and (D) Tuber 
melanosporum.
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sieve. The growth of the inoculated seedlings was 
measured by recording the total stem length and the 
number of leaves every three months after 
transplantation.

2.5.  Quantification of mycelial biomass via 
qRT-PCR

Specific primers for T. koreanum, T. borchii, and  
T. melanosporum were designed for the ITS2 region of 
rDNA using primer-BLAST (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/) (Table 2). To confirm primer 
specificity, DNA was extracted from the soil samples at 
the experimental site before the transplantation of the 
inoculated seedlings and from the ascocarps of seven 
Tuber species (T. aestivum, T. borchii, T. himalayense,  
T. indicum, T. koreanum, T. magnatum, and T. melano-
sporum). Sequence analysis was conducted by Solgent 
(SolGent Co. Ltd., Daejeon, Korea), and the obtained 
sequences were identified using BLAST. DNA was 
extracted from the soil samples using PowerSoil Pro 
Kit (Qiagen, Hilden, Germany) and ascocarps of Tuber 
spp. standards using a HiGene™ Genomic DNA Prep 
Kit (Biofact, Daejeon, Korea) and amplified using 
qRT-PCR (LineGene Mini S, Bioer, Zhejiang, China). 
DNA for the standard curve was extracted from the 
ascocarps of Tuber spp. using HiGene™ Genomic DNA 
Prep Kit (Biofact, Daejeon, Korea). The concentration 
of the extracted DNA was measured using Nabi UV/
Vis Nano Spectrophotometer (MicroDigital Co., Ltd., 
Seongnam, Korea). Four serial 10-fold dilution of first 
extraction was conducted. Serial 10-fold dilution from 
10° to 10−4 was used for amplification (Figure 3). The 
TK-f1/TK-r8 primers developed in this study were 
used to amplify the mycelia of T. koreanum and T. bor-
chii in soil, whereas the TM-f1/TM-r1 primers were 
used to amplify the mycelium of T. melanosporum. 
Primers indi-fw/ITS4LNG [24,25] were used to amplify 
the mycelium of T. himalayense in the soil. The 
qRT-PCR had a total volume of 20 µL, including 10 µL 
of BioFACT™ Real-Time PCR master mix, 6 µL of 
nuclease-free water, 1 µL of each primer (10 pmol/µL), 
and 2 µL of template DNA. The PCR conditions were 
as follows: initial denaturation at 95 °C for 15 min and 
40 cycles (95 °C for 20 s, annealing for 30 s, and 72 °C 
for 30 s); the annealing temperatures were 60 °C for 

Figure 4. PcR products amplified with iTS1F/iTS4 primers 
(A), TK-f1/TK-r8 primers (b), and TM-f1/TM-r1 primers (c). 
lane 1, Tuber koreanum; lane 2, Tuber borchii; lane 3, Tuber 
melanosporum; lane 4, Tuber himalayense; lane 5, Tuber 
indicum; lane 6, Tuber aestivum; lane 7, Tuber magnatum; 
and lane 8; soil of the experimental site before transplanta-
tion; M, Solgent™ 100 bp Plus DNA ladder.

Figure 5. Melting curve analysis via qRT-PcR using specific primers. (A) Tuber borchii; (b) Tuber koreanum; and (c) Tuber 
melanosporum.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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indi-fw/ITS4LNG and 62 °C for TK-f1/TK-r8 and 
TM-f1/TM-r1. A melting curve analysis was performed 
by heating the samples to 95 °C for 15 s, followed by 
cooling to 60 °C for 1 min, and then heating at 95 °C 
for 15 s. All reactions were performed in triplicate.

2.6.  Statistical analysis

Statistical analysis was performed by Statistical Package 
for Social Sciences for Windows software, version 
12.0 (IBM, Chicago, IL). A one-way ANOVA was 
conducted to confirm the effect of mulching on 
mycelial growth of Tuber spp. and difference in myce-
lial biomass among Tuber species. Mann–Whitney test 
and student’s t-test are conducted to confirm the 
effect of mulching on growth of inoculated seedlings. 
Linear regression analysis was conducted to confirm 
the relationship between mycelial biomass of Tuber 
spp. and the growth of inoculated seedlings. p Value 
below 0.05 is statistically significant.

3.  Results

Negative controls were amplified with the ITS1F/
ITS4 primers (Figure 4(A)) but not with the TK-f1/
TK-r8 primers (Figure 4(B). The TK-f1/TK-r8 

primers exclusively amplified the ascocarps of T. 
koreanum and T. borchii (Figure 4(B)), revealing an 
expected DNA band of 100–200 bp in size. BLAST 
analysis demonstrated a sequence similarity of 
98.06% with T. borchii MF686459 and 98.23% with 
T. koreanum OM049190. Regarding the qRT-PCR, 
one peak appeared in the melting curve analysis 
(Figure 5(A,B)). Negative controls were amplified 
with the ITS1F/ITS4 primers (Figure 4(A)) but not 
with the TM-f1/TM-r1 primers (Figure 4C). The 
TM-f1/TM-r1 primers specifically amplified the 
ascocarp of T. melanosporum, revealing an expected 
DNA band of approximately 100 bp in size (Figure 
4(C)). BLAST analysis revealed a 98.67% similarity 
with T. melanosporum EU200420. Regarding the 
qRT-PCR, one peak appeared in the melting curve 
analysis (Figure 5(C)). The TK-f1/TK-r8 primers 
were specific for T. borchii and T. koreanum, whereas 
the TM-f1/TM-r1primers were specific for T. 
melanosporum.

White mulching significantly enhanced the myce-
lial growth of T. himalayense, T. koreanum, and T. 
borchii, yielding a higher mycelial biomass than black 
mulching (Figure 6). Although mycelial growth of T. 
melanosporum did not increase over time with either 
mulch type, it was greater under the white mulch 

Figure 6. Mycelial biomass of Tuber spp. under black mulch and white mulch. (A) Tuber borchii; (b) Tuber himalayense;  
(c) Tuber koreanum; and (D) Tuber melanosporum. Mean values ± standard error. Different letters above the bars show  
significant differences (lSD tests, p < 0.05).
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than under the black mulch in both June and 
September. The growth rate was measured in terms 
of changes in the total stem length and number of 
leaves of seedlings and were compared between white 
and black mulches (Figures 7 and 8). For the inocu-
lated seedlings of T. borchii, it was found that under 
white mulch, both rates of stem length and leaf num-
bers increased significantly more than under black 
mulch. However, no significant difference in the 
growth rate was observed between black and white 
mulch for the inoculated seedlings of T. himalayense, 
T. koreanum, and T. melanosporum.

The mycelial biomass was compared at six months 
post-transplantation. The order of abundance for the 
mycelial biomasses between both types of mulches is 
as follows: T. himalayense, T. borchii, T. koreanum, 
and T. melanosporum. A significant difference was 
observed in the mycelial biomass depending on the 
Tuber species (Figure 9). T. himalayense had a sig-
nificantly higher mycelial biomass than the other 
Tuber species under both types of mulches. 
Conversely, T. melanosporum showed a significantly 
lower mycelial biomass than the other Tuber species 

under both types of mulches. Among the native spe-
cies, T. himalayense showed a significantly higher 
mycelial biomass than T. koreanum; however, among 
non-native species, T. borchii had a significantly 
higher mycelial biomass than T. melanosporum.

The total stem length of the inoculated seedlings 
was significantly and positively correlated with the 
mycelial biomasses of T. borchii, T. himalayense, and 
T. koreanum (Figure 10). The number of leaves on 
the inoculated seedlings showed a significant and 
positive correlation with the mycelial biomasses of T. 
borchii, T. himalayense, T. koreanum, and T. melano-
sporum (Figure 11).

4.  Discussion

The observation of Tuber spp. mycelium growth in 
the Korean natural environment suggests that truffle 
cultivation is possible in Korea. In this study, we 
observed differences in Tuber spp. mycelium devel-
opment depending on the mulching technique used. 
The mycelial biomass of Tuber spp. was significantly 
higher under white mulch than under black mulch, 

Figure 7. Rate of change in total stem length of inoculated seedlings by Mann–Whitney test. (A) Tuber borchii; (b) Tuber 
himalayense; (c) Tuber koreanum; and (D) Tuber melanosporum. Different letters above the bars show significant differences 
(p < 0.05).
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which is consistent with previous studies that found 
white mulch to be beneficial for Tuber spp. mycelial 
growth [18,21]. White mulches maintain lower soil 
temperatures than clear and black mulches [26–28]; 
our study confirmed that the average soil tempera-
ture of white mulch was 1.4 °C lower than that of 
black mulch. Moreover, maintaining soil moisture 
under white mulch has proven to be more successful 
than overhead irrigation [21]. Mulching is an effec-
tive way to control weeds [29], with single-layered 
black, double-layered black, and double-layered white 
mulches having the lowest percentage of weeds over 
three years [18]. This study confirmed the beneficial 
effects of white mulch on the mycelial growth of 
Tuber spp. compared to those of black mulch. To the 
best of our knowledge, this is the first study to con-
firm the effects of mulching on T. borchii, T. hima-
layense, and T. koreanum. The advantages of using 
white mulch in preventing extreme soil tempera-
tures, maintaining soil moisture, controlling weeds, 
and improving the growth of host plants likely have 
a positive effect on the mycelial growth of these 
Tuber species.

Tuber spp. exhibit differences in mycelial biomass 
depending on their environmental preferences and 
adaptations, resulting in significant species-specific 
variations. This study revealed that T. himalayense, 
which is widely distributed in Asia [30], has the 
greatest growth rate among other Tuber species in the 
Korean natural environment. However, T. melanospo-
rum, a typical Mediterranean species [16,31], prefers 
the Mediterranean climate and has an environmental 
habitat opposite to that of Korea [32], resulting in low 
mycelial biomass in this study. The pH preference for 
mycelium growth also varies depending on the  
species [14,33]; in this study, T. koreanum, a native 
species previously described to have optimal myce-
lium growth at a pH of 6.0 [34], showed low mycelial 
biomass at the experimental site, which had a pH of 
8. In contrast, T. borchii has a wide host range and 
adaptability to various environmental conditions  
[35–37], as well as the potential for cultivation in areas 
where it has not previously been found. By simultane-
ously comparing multiple species, we found that  
T. himalayense and T. borchii have the greatest myce-
lial growth potential for cultivation in South Korea.

Figure 8. Rate of change in the number of leaves of inoculated seedlings by Student’s t-test. (A) Tuber borchii; (b) Tuber 
himalayense; (c) Tuber koreanum; and (D) Tuber melanosporum. Mean values ± standard error. Different letters above the 
bars show significant differences (p < 0.05).
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A significant and positive correlation was observed 
between the mycelial biomass of Tuber spp. and the 
growth of inoculated seedlings, likely resulting from 
the symbiosis between ECM fungi and host plants. 
Previous studies have reported a relationship between 
host plant growth and Tuber spp.; the larger the root 
collar diameter, the richer the mycelial biomass of 
Tuber spp. and the higher the truffle production 
[7,21,38–40]. In this study, we used the total stem 
length and the number of leaves as growth measures of 
host plants and found that they had a significant and 

positive correlation with the soil mycelial biomass of 
Tuber spp. Therefore, these growth measures can be 
used as the indicators of mycelial biomass of Tuber spp.
In conclusion, this study highlights the effect of mulching 
on the mycelial growth of Tuber spp. Specifically, white 
mulch had a greater positive effect on the mycelial bio-
mass than black mulch. This finding supports those of 
previous studies suggesting that double-layered white 
mulch is beneficial for the growth of Tuber spp. 
Additionally, white mulch helps prevent extreme soil tem-
peratures and maintain soil moisture, leading to an 

Figure 9. Mycelial biomass of Tuber spp. 6 months after transplantation under black mulch (A) and white mulch (b). Mean 
values ± standard error. Different letters above the bars show significant differences (lSD test, p  <  0.05).

Figure 10. linear regression analysis of Tuber spp. mycelial biomass and the inoculated seedling total stem length. (A) Tuber 
borchii; (b) Tuber himalayense; (c) Tuber koreanum; and (D) Tuber melanosporum.



180 J.-M. lee aND a.-h. eOM

improved growth pattern of host plants and weed control. 
Mycelial biomass varied depending on the Tuber species 
and their preferred environmental conditions. T. himalay-
ense showed the greatest growth potential among the 
other Tuber species in the Korean natural environment. A 
significant and positive correlation was observed between 
the mycelial biomass of Tuber spp. and the growth of 
inoculated seedlings, indicating the importance of symbi-
osis between ECM fungi and host plants. The total stem 
length and the number of leaves are useful indicators of 
the mycelial biomass of Tuber spp. However, further 
long-term studies are needed, as the study period of six 
months may not fully capture the impact of mulching on 
Tuber spp. growth. Further investigations are necessary to 
examine the impact of other environmental factors on the 
mycelial biomass of Tuber spp. and investigate the effec-
tiveness of other mulching materials.This work was sup-
ported by the Korea Institute of Planning and Evaluation 
for Technology in Food, Agriculture, Forestry and Fisheries 
(IPET) funded by the Ministry of Agriculture, Food and 
Rural Affairs (MAFRA) (IPET319106052HD050).
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