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Abstract: Leptographium ginlingensis is a fungal symbiont of the Chinese white pine beetle (Dendroc-
tonus armandi) and a pathogen of the Chinese white pine (Pinus armandii) that must overcome the
terpenoid oleoresin defenses of host trees to invade and colonize. L. ginlingensis responds to monoter-
pene flow with abundant mechanisms that include the decomposing and use of these compounds
as a nitrogen source. Target of Rapamycin (TOR) is an evolutionarily conserved protein kinase that
plays a central role in both plants and animals through integration of nutrients, energies, hormones,
growth factors and environmental inputs to control proliferation, growth and metabolism in diverse
multicellular organisms. In this study, in order to explore the relationship between TOR gene and
carbon sources, nitrogen sources, host nutrients and host volatiles (monoterpenoids) in L. ginlingensis,
we set up eight carbon source treatments, ten nitrogen source treatments, two host nutrients and
six monoterpenoids (5%, 10% and 20%) treatments, and prepared different media conditions. By
measuring the biomass and growth rate of mycelium, the results revealed that, on the whole, the re-
sponse of L. ginlingensis to nitrogen sources was better than carbon sources, and the fungus grew well
in maltose (carbon source), (NHy4),C,0O4 (inorganic nitrogen source), asparagine (organic nitrogen
source) and P. armandii (host nutrient) versus other treatments. Then, by analyzing the relationship
between TOR expression and different nutrients, the data showed that: (i) TOR expression exhibited
negative regulation in response to carbon sources and host nutrition. (ii) The treatments of nitrogen
sources and terpenoids had positively regulatory effects on TOR gene; moreover, the fungus was
most sensitive to B-pinene and 3-carene. In conclusion, our findings reveal that TOR in L. ginlingensis
plays a key role in the utilization of host volatiles as nutrient intake, overcoming the physical and
chemical host resistances and successful colonization.

Keywords: Leptographium qinlingensis; Target of Rapamycin gene; carbon sources; nitrogen sources;
host nutrition; terpenoids

1. Introduction

Bark beetle is a common pest that affects conifers [1,2], which is often associated with
specific fungi. These fungi live in the special structure (reservoir) of the bark beetle or
on the body surface [3,4]. In terms of killing host trees, there is an inevitable connection
between them that follows certain rules. First, it is observed that the trees killed by bark
beetles are stained [5,6], and symbiotic fungi can help bark beetles overcome the resistance
system of host trees [7]. The reason is that the bark beetles destroy the dredging cells, block
the resin tubes of host trees, kill epithelial cells, and disrupt the nutrient metabolism and
water-use efficiency of hosts, finally leading to the death of host trees [8-10]. At the same
time, the associated fungi provide more adequate nutrition for bark beetles and change the
nutrition of host trees, which is conducive to the development, settlement and excavation
of bark beetles [11,12]. In addition, these symbiotic fungi are also conducive to the chemical
communication of bark beetles [13,14].
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Chinese white pine beetle, Dendroctonus armandi Tsai and Li (Coleoptera: Curculion-
idae: Scolytidae), is the most harmful bark beetle species in the natural forest ecosystems in
Northwest China [15,16]. It has mainly invaded and endangered the healthy Pinus armandii
Franch grown in the Qinling Mountains for more than 30 years, resulting in the rapid
decline of the tree potential and resistance, consequently leading to the occurrence of other
diseases and pests [17,18]. It has become a major obstacle to the sustainable development
of the forest ecosystem and the construction of the ecological environment in the Qinling
Mountains. Controlling the invasion harm and population reproduction of D. armandi in
the forest ecosystem, especially the implementation of population density regulation, has
become an urgent theoretical and practical problem to effectively control the occurrence
and harm of D. armandi [16,19,20].

Leptographium ginlingensis strain Tang and Chen is a symbiotic fungus residing in
the adults of D. armandi [18]. When D. armandi invades the healthy host trees, L. ginlin-
gensis is inoculated into the sapwood tissues of the phloem and xylem of trees to jointly
endanger and utilize the nutrition of the host trees [20,21]. Furthermore, three toxins
(6-methoxymethyleugenin, maculosin and cerevisterol) synthesized by L. ginlingensis are
phytotoxic to the P. armandii seedlings [13]. In addition, inoculation with L. ginlingensis in-
creases the concentrations of monoterpenes and sesquiterpenes in the phloem and xylem of
the P. armandii seedlings [22-24]. These terpenoids play an important role in the settlement
of D. armandi on P. armandii.

Dendroctonus ponderosae carrying Grosmannia clavigera has caused a rapid, large-scale
decline of Pinus contorta in western North America [23,25]. Lodgepole pine also dies when
inoculated at a high density of pathogenic fungi, such as Leptographium longiclavatum,
without the beetles [23]. G. clavigera can survive independently and is induced by exposure
to the lodgepole pine phloem extract (LPPE) [26] or oleoresin terpenoids [24,27]. Therefore,
L. ginlingensis and G. clavigera belong to relative species.

Since the discovery of the Target of Rapamycin (TOR) protein in yeast cells, it has
also been found in other eukaryotes such as fungi, Drosophila, plants and mammals. The
function of the TOR signaling pathway is conservative among these eukaryotes, and TOR
signaling is important for organism growth and development [28]. Rapamycin (Rap) is a
large intracyclic ester immunosuppressant derived from Streptomyces hygroscopicus [29]; it
can directly act on the TOR protein and inhibit its activity, so as to reduce the pathogen’s
immune response [30]. In medicine, rapamycin is often used in the clinical treatment of
allograft rejection [31,32]. In an in-depth study of the role of Saccharomyces cerevisiae, it was
found that Rap can bind to and inhibit FK506-binding protein [33,34], irreversibly inhibit
the G1 phase of the cell cycle, and control cell growth [35,36]. There are two TOR protein
(70% homology) encoding genes in S. cerevisiae [37]. TOR1 or TOR2 gene can also change in
the FKBP protein function-deficient strain of S. cerevisine with Rap resistance. Knockout
of TOR1 or TOR2 gene and Rap treatment inhibit the growth of yeast cells [38]. Therefore,
TOR1 and TOR?2 are considered to be the targets of the FKBP Rap complex that can inhibit
TOR activity [39].

TOR is a key regulator of eukaryotic cell growth and has a large molecular weight
(about 280 kDa). It is a highly conserved Serine/Threonine (Ser/Thr) protein kinase from
yeasts to mammals [40] and belongs to the phosphatidylinositol kinase-related kinases
(PIKKS) family [41]. The TOR signaling pathway is involved in regulating the initiation and
extension of translation, ribosome production, protein biosynthesis, amino acid transport,
and the transport of a variety of metabolic enzymes in eukaryotes [42,43]. It has also
been found that TOR regulates intracellular metabolism, stress response, autophagy and
other signaling pathways, which can affect the growth and development of fungi [44].
TOR proteins of all eukaryotic species have similar domains, and the HEAT repeats, FAT,
FRB, kinase and FATC are arranged from the N-terminal to C-terminal, respectively. The
N-terminal is composed of two HEAT repeat motifs. Heat repeats can form a pair of
antiparallel interactions o- Helix, and HEAT repeats are the regions where the TOR complex
subunit binds [45]. The FAT domain at the center and the FATC domain at the end of the
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C-terminal are members of the PIKK family. The interaction of these two domains may be
involved in regulating kinase activity [46]. The conserved C-terminal FATC domain, as the
“rapamycin target” of the kinase, is important for its own regulation and is considered to
contain a peripheral membrane anchor [47]. The FRB domain is the binding region of the
FKBP Rap complex. All Rap resistance caused by TOR mutation is the destruction of FRB
domain [48].

Target of rapamycin complex1 (TORC1) is a highly conserved protein kinase complex
and can be used as a central controller in response to environmental cues [49]. In various
input signals, amino acids are effective activators and can promote a variety of anabolic
reactions [50]. The TORCI exists universally in various eukaryotes, but there are two kinds
of TORC1 and TORC2 (target of rapamycin complex2) in yeasts [51]. TORC1 is composed
of TOR, Raptor and LSTS, and is sensitive to rapamycin (because there is an FRB subunit in
TOR, which is the binding site of rapamycin) [52,53]. Moreover, TORC1 is mainly regulated
by nutrient and energy utilization and participates in the process necessary to regulate
protein translation and cell growth [54]. The mutation of LSTS can affect cell growth
and development but has no lethal effect on cells. It can stabilize the structure of TOR
kinase [55].

In S. cerevisiae, TORC1 promotes cell growth in response to the availabilities of nitrogen
and amino acids [56]. The regulation of the chromatin state is an effective strategy to quickly
and reversibly control cell growth in response to the fluctuational environmental conditions;
the chromatin state globally stimulates protein expression by activating ribosome biogenesis
and protein translation through the AGC family kinase Sch9 [57]. This Sch9 kinase is similar
to the S6 kinase (56K1/2) in mammals and is directly phosphorylated by the TORC1 on the
vacuolar membrane [58]. On the contrary, TORC1 inhibits the degradation of large proteins
through the phosphorylation of Atgl3 to prevent its association with the Atgl, thereby
inhibiting the induction of macrophages [59]. It is proposed to show that TORC2 may have
a direct impact on nuclear and chromatin function [60,61], and it is necessary for chromatin-
mediated gene silencing and sub-telomere heterochromatic domain assembly [62,63].

The purpose of this study is to explore the expression patterns of the TOR gene in
the symbiotic fungus L. ginlingensis of D. armandi, as well as the physiological roles of the
TOR gene in helping bark beetle overcome host resistance. This study also provides new
insights into the underlying molecular mechanism of L. ginlingensis infection in P. armandii.

2. Materials and Methods
2.1. Tested Strain

The tested strain in this study is Lepfographium ginlingensis (NCBI Taxonomy ID:
717526), which was isolated from the blue transformed woody part of P. armandii after
being invaded by D. armandi and was deposited at the College of Forestry, Northwest A&F
University (Yangling, Xi’an, China).

The tested strain was inoculated on solid PDA medium for induction. After dark
culture for 7 d, holes were drilled along the edge of the colony with a 1 cm punch, and then
purified on a new MEA (0.83% malt extract powder and 0.75% technical agar, overlaid with
cellophane, and the pH was adjusted to 5.5.) medium for subsequent experiments [26].

2.2. Main Materials

The main reagents, primers and sources used in this study were shown in Table 1.

2.3. TOR Gene Cloning

The TOR (Target of Rapamycin) amino acid sequence of the relative species (G. clavig-
era: a fungal associate of D. ponderosae) of L. ginlingensis and S. cerevisiae in the NCBI can
be downloaded (https://www.ncbinlm.nih.gov (accessed on 14 January 2022)). Based
on these sequences, the degenerate primers were obtained by the j-CODEHOP software
(http:/ /4virology.net (accessed on 14 January 2022)). EF1 was selected as the reference
gene to normalize transcript levels of TOR gene in L. ginlingensis, as it has been proven
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as the most stable reference gene in previous studies. Therefore, the synthesis of gene
fragment sequence primers and qRT-PCR primers were referred as to the previous re-
port [21]. The purified mycelial cultures of L. ginlingensis were conducted for total RNA
extraction, and then the first-strand cDNA synthesis, PCR amplification, and sequencing
were essentially performed.

Table 1. Description of the main reagents and primers used in this study.

Key Reagents

Reagent Source

Total RNA Extractor (Trizol)
DHS5 o« Competent cell

Sangon Biotech (Shanghai) Co., Ltd.
Sangon Biotech (Shanghai) Co., Ltd.

HiScript® 1T 1st Strand cDNA Synthesis Kit (+gDNA wiper) Vazyme Biotech Co., Ltd.
HiScript® III RT SuperMix for qPCR (+gDNA wiper) Vazyme Biotech Co., Ltd.
ChamQ Universal SYBR qPCR Master Mix Vazyme Biotech Co., Ltd.
Trelief™ SoSoo Cloning Kit Ver.2 Tsingke Biotechnology Co., Ltd.

E.Z.N.A. Gel Extraction Kit
DMSO/ turpentine
(+)-a-pinene/(—)-o-pinene
(—)-B-pinene/(+)-3-carene

Omega Bio-Tek Co., Ltd.

Moklin Biotechnology Co., Ltd.

Shanghai Aladdin Bio-Technology Co., Ltd.
Shanghai Aladdin Bio-Technology Co., Ltd.

(+)-limonene/mix-monoterpene Shanghai Aladdin Bio-Technology Co., Ltd.

P. armandii Franch

P. tabuliformis Carr

Gene (Primer)

TOR: Fragment amplification

Northwest A&F University (Yangling, China)
Northwest A&F University (Yangling, China)

F: GGAACTTCTCCCGGGTCATG Sangon Biotech (Shanghai) Co., Ltd.

R: GGTGGCCATCCTGTGGCACG Sangon Biotech (Shanghai) Co., Ltd.
q-PCR F: TCTCCTTAACATTGAGCACCG Sangon Biotech (Shanghai) Co., Ltd.

R: ATAGCCAAACACCTCCACC Sangon Biotech (Shanghai) Co., Ltd.
EF1: Fragment amplification

F: GCTGCTGTCCGTGTTGAA Sangon Biotech (Shanghai) Co., Ltd.

R: GGTTGTAGCCGACCTTCTIT Sangon Biotech (Shanghai) Co., Ltd.
q-PCR F: CTTGGTGGTGTCCATCTTGTT Sangon Biotech (Shanghai) Co., Ltd.

R: CCGCTGGTACGGGTGAGTT Sangon Biotech (Shanghai) Co., Ltd.

2.4. Nutritional Treatments
2.4.1. Medium Types

(1) Carbon Sources

In order to explore the effects of different carbon source treatments on the physiological
phenotype and TOR gene expression of L. ginlingensis, 8 media were set up as follows [24,26]:
CK: 1% glucose, 0.67% amino free yeast, pH = 5.5; Processing group: replaced glucose
with sucrose /maltose/fructose /lactose /amylum/sorbitol/mannitol, other conditions were
the same.

(2) Nitrogen Sources

In order to investigate the effects of different nitrogen sources on the physiological
phenotype and TOR gene expression of L. ginlingensis, 16 media were set up (6 inorganic
nitrogen sources, 4 organic nitrogen sources and 2 host nutrients) as follows [24,26,27]: CK:
0.3% NH4NO3, 0.17% amino free yeast, 0.1% potassium hydrogen phthalate, 1% maltose,
pH =5.5; processing group: replaced NH4NO3; with (NH4),C,04/NH4Cl/(NHy),HPO,4/
(NH4),S04/(CO(NH>),), other conditions were the same.

Note: 4 organic nitrogen sources were treated in the same way as inorganic nitrogen,
host nutrient medium (10% P. armandii, 10% P. tabuliformis), other conditions were consistent.

2.4.2. Effects of Different Nutritional Treatments on L. ginlingensis Mycelial Biomass in
Liquid Culture

First, 100 mL liquid medium was placed into a 250 mL triangular flask, two fungal
cakes were inoculated in each bottle and cultured in a shaking table at 28 °C and 120 r/min
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for 7 d. The mycelium was filtered and collected and washed with tap water 3 times, dried
it at 80 °C to constant mass, and then the dry mass (biomass) of the mycelium was weighed.
Five repetitions per treatment were prepared.

2.4.3. Effects of Different Nutritional Treatments on L. ginlingensis Mycelial Growth Rate on
Solid Medium

First, 1.5% agar was added to make solid medium. Before inoculation, each medium
was overlaid with cellophane. One fungal cake (1 cm in diameter) was inoculated in the
center of the medium and incubated at 28 °C in the dark for 15 d, The colony diameter was
measured every 5 d by the cross method, and the average growth rate of mycelium was
calculated. Five repetitions per treatment were prepared.

2.4.4. Effects of Different Nutritional Treatments on the L. ginlingensis TOR Gene Expression

In the super clean workbench, the mycelium cultured for 15 d on solid medium was
gently scraped with tweezers into the RNA enzyme-free 1.5 mL centrifuge tubes and
then placed at —80 °C for subsequent total RNA extraction and gene expression analysis.
Five repetitions per treatment were prepared.

2.5. Terpenoid Treatments
2.5.1. Medium Types

Different terpenoids (concentrations of 5%, 10%, and 20% for each terpenoid treatment)
were prepared in different medium formulations as follows [24,26]: CK: 5% DMSO, 0.83%
maltose, 0.75% agar, pH = 5.5; processing group: replace DMSO with (%)-a-pinene/(—)-f3-
pinene/(+)-3-carene/(+)-limonene/turpentine /mix-monoterpene, other conditions were
the same.

(£)-a-pinene ((+)-a-pinene: (—)-o-pinene = 1:1), monoterpene mixture ((+)-limonene:
(+)-3-carene: (£)-o-pinene: (—)-p-pinene = 5:3:1:1).

2.5.2. Effects of Different Terpenoid Treatments on L. ginlingensis Mycelial Growth Rate

First, 200 pL of the above different terpenoids were added to the MEA medium
overlain with cellophane, respectively, and spread evenly with spreader, connecting it
to one fungal cake, and then cultured in the dark for 15 d, and the colony diameter was
measured every 5 d to determine the average growth rate of mycelium. Five repetitions per
treatment were prepared.

2.5.3. Effects of Different Terpenoid Treatments on the L. ginlingensis TOR Gene Expression

The specific methods, operations and precautions used were the same as the Section 2.4.4
in nutritional treatments.

2.6. Statistical Analysis

The mycelial biomass, mycelial growth rate, and TOR gene expression level were statis-
tically analyzed in this study. Five repetitions were set for each treatment, and 3 repetitions
were measured to take the average values. The relative expression of TOR gene after qRT-
PCR was calculated by 2722CT the 27A2CT yalue was (log2) transformed and subjected
to one-way analysis of variance (ANOVA), and Tukey’s honest significant difference test
(HSD) was also used to compare treatment differences. Excel 2019 (Microsoft Office), SPSS
23.0 (IBM SPSS Statistics, Chicago, IL, USA) and SigmaPlot 12.5 software (Systat Software
Inc, San Jose, CA, USA) were used for statistical analyses and plotting, respectively.

3. Results
3.1. Sequence Similarity and Phylogenetic Analysis of TOR Gene in Fungi Species
3.1.1. Sequence Similarity of TOR Gene

The amino acid sequence (greater than 300aa) derived from the verified TOR gene
of L. ginlingensis was compared with other fungal TOR proteins in the NCBI by BLASTp
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search to obtain the similarity between the TOR protein sequence of L. ginlingensis and the
homologous protein sequence from other fungi species. The results were shown in Table 2.

Table 2. Amino acidic identity of the TOR gene from L. ginlingensis, with the relative sequences in

other fungi.

Blastp Matches in Gene Bank

Gene Species Accession No. Identity’%

TOR2-kinase Ophiostoma piceae EPE03876.1 93.35
TOR-kinase Sporothrix brasiliensis XP_040620360.1 92.75
TOR-kinase Grosmannia clavigera XP_014169801.1 88.22
TOR-kinase Sporothrix insectorum OAA65494.1 88.22
TOR2-kinase Fusarium culmorum PTD02212.1 84.89
TOR2-kinase Fusarium graminearum PCD20916.1 84.89
TOR2-kinase Colletotrichum chlorophyti OLN94152.1 85.50
TOR2-kinase Fusarium oxysporum KAG7412775.1 84.59
TOR-kinase-like Trichoderma longibrachiatum PTB77317.1 85.50
TOR 2-kinase Colletotrichum tanaceti TKW85705.1 85.80
TOR 2-kinase Colletotrichum incanum KZL74444.1 85.50
TOR-kinase Trichoderma parareesei OTA01228.1 85.50
TOR 2-kinase Colletotrichum aenigma XP_037171942.1 85.50
TOR 2-kinase Colletotrichum asianum KAF0318508.1 85.50
TOR 2-kinase Colletotrichum shisoi TQN71010.1 85.80
TOR-kinase-like Trichoderma reesei XP_006964956.1 85.50
TOR 2-kinase Colletotrichum siamense XP_036488359.1 85.50
TOR 2-kinase Colletotrichum viniferum KAF4919045.1 85.50
TOR 2-kinase Colletotrichum camelliae KAHO0430715.1 85.50
TOR 2-kinase Colletotrichum incanum OHW92381.1 85.50

3.1.2. Phylogenetic Analysis of TOR Genes from Fungi Species

As shown in Figure 1, the phylogenetic tree of the TOR gene with the known amino
acid sequences and other fungal TOR protein sequences was established by the Maximum

likelihood method (Tree model: LG + G + I, —In L. = 42,370.551, G = 2.04).

97

9

60

33

Sporothrix schenckii
Sporothrix brasiliensis

Ophistoma piceae

Grosmannia clavigera

91

98

Sporothrix insectorum

Phialemoniopsis curvata

XP_016590692.1

XP_040620360.1

EPE03876.1

XP_014169801.1
OAA65494.1

XP_031000439.1

Colletotrichum chlorophyti  OLN94152.1

Fusarium beomiforme

Fusarium pseudograminearum KAF0635322.1

KAF4331640.1

Leptographuim qinlingensis ~ TOR

Figure 1. Phylogenetic analysis of the TOR genes from L. ginlingensis and other fungi with the amino

acid sequences. The maximum likelihood tree was performed using the amino acidic substitution
model LG + G + I (—InL = 42,370.551, G = 2.04). The TOR amino acid sequence of L. ginlingensis

are underlined.

According to the analysis of amino acid sequence similarity and phylogeny, the
TOR gene of L. ginlingensis has the highest similarity (>90%) with Ophiostoma piceae and
Sporothrix brasiliensis. In the current study, L. ginlingensis has high similarity and homology
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(>50%) with Phyalemoniopsis curvata, Fusarium beominiforme, Colletrichum chlorophyti and
Grosmania clavigera.

3.2. Nutritional Treatments
3.2.1. Effects of Different Nutritional Treatments on L. ginlingensis Mycelial Biomass in
Liquid Medium

The results were shown in Figure 2. In Figure 2A: fructose (a) > maltose (b) > amylum
(c) > glucose (d) > mannitol (e) > lactose/sorbitol (f) > sucrose (g), there were significant
differences among carbon source treatments (p < 0.01), and fructose supply (0.2877) was
significantly greater than sucrose treatment (0.0077). Figure 2B: NH4Cl (a) > NH4NO3 (b) >
(NH4),HPO4/(NH4)2C204 (c) > (NH4)2S04 (d) > (CO(NH>),) (e), there were significant
differences among inorganic nitrogen source treatments (p < 0.01), and NH,Cl treatment
(0.3080) was significantly greater than (CO(NH,;),) treatment (0.0085). Figure 2C: asparagine
(a) > peptone (b) > acid hydrolyzed casein (c) > tryptone (d) > P. armandii/P. tabuliformis (e),
there were significant differences among organic nitrogen and host nutrition treatments
(p <0.01), and asparagine supply (0.2097) was significantly greater than P. tabuliformis
treatment (0.0463). However, P. armandii addition is slightly higher than P. tabuliformis
addition, but there is no significant difference between them.

035 035
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Figure 2. Effects of different nutritional treatments on mycelial biomass. Mycelial biomass is ex-
pressed as the mean =+ S.E, and the different letters above the bars indicate significant differences
(p < 0.01, Tukey’s HSD test). Eight biological replicates in carbon sources (A), 6 biological replicates in
inorganic nitrogen sources (B), 4 biological replicates in organic nitrogen sources and 2 host nutrition
biological replicates (C); 5 technical replicates for each biological treatment.
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Opverall, under the liquid culture conditions, the response of L. ginlingensis to inorganic
nitrogen was better than others, and NH4ClI (0.3080) > fructose (0.2877) > asparagine
(0.2097) > P. tabuliformis (0.0463). Therefore, the mycelial biomass under inorganic nitrogen
treatments was greater than carbon, organic nitrogen and host nutrition sources.

3.2.2. Effects of Different Nutritional Treatments on L. ginlingensis Mycelial Growth Rate in
Solid Medium

The results were shown in Figure 3. In Figure 3A: maltose (a) > amylum (b) > sorbitol
(c) > lactose/mannitol (d) > sucrose (e) > fructose (f) > glucose (g), there were significant
differences among carbon source treatments (p < 0.01), and maltose treatment (0.1398)
was significantly greater than glucose treatment (0.0524). Figure 3B: (NHy4),Cy04 (a) >
NH4ClI (b) > (NHy4),HPOy (c) > (NH4)2SO4 (d) > NH4NOs3 (e) > (CO(NH;),) (e), there
were significant differences among inorganic nitrogen source treatments (p < 0.01), and
(NH4)2C,04 supply (0.1288) was significantly greater than (CO(NH;),) supply (0.0000).
Figure 3C: asparagine (a) > peptone (b) > tryptone (c) > P. tabuliformis /acid hydrolyzed
casein (d) > P. armandii (e), there were significant differences among organic nitrogen and
host nutrition treatments (p < 0.01), and asparagine treatment (0.1370) was significantly
greater than the supply of P. armandii (0.0888).
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Figure 3. Effects of different nutritional treatments on mycelial growth rate. Mycelial growth rate
is expressed as the mean + S.E (mm/h), and the different letters above the bars indicate significant
differences (p < 0.01, Tukey’s HSD test). Eight biological replicates in carbon sources (A), 6 biological
replicates in inorganic nitrogen sources (B), 4 biological replicates in organic nitrogen sources and 2
host nutrition biological replicates (C); 5 technical replicates for each biological treatment.
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The relative expression of TOR

In general, under the solid culture conditions, the response of L. ginlingensis to organic
nitrogen was better than others, and maltose (0.1398) > asparagine (0.1370) > (NHy)2,CpO04
(0.1288) > P. armandii (0.0888). Thus, the mycelial growth rate under carbon source treat-
ments was greater than inorganic nitrogen, organic nitrogen and host nutrition sources.

3.2.3. Effects of Different Nutritional Treatments on the L. ginlingensis TOR Gene Expression

The results were shown in Figure 4. In Figure 4A: lactose (a) > sucrose (b) > sorbitol
(c) > mannitol (d) > fructose/maltose/amylum (de) > glucose (e), there were significant
differences among carbon source treatments (p < 0.01), and lactose (30.3634) was signifi-
cantly greater than glucose (0.7819). Figure 4B: (NH4)2C204 (a) > NH4NO3 /(NHy),HPO,
(b) > (NH4)2504/NH4Cl (bc) > (CO(NHy),) (c), there were significant differences among
inorganic nitrogen source treatments (p < 0.01), and (NHy4),C,O4 treatment (6.8893) was
significantly greater than (CO(NH,),) treatment (0.0000). Figure 4C: P. armandii (a) > pep-
tone/asparagine (b) > acid hydrolyzed casein (bc) > P. tabuliformis /tryptone (c), there were
significant differences among organic nitrogen and host nutrition treatments (p < 0.01), and
supply of P. armandii (8.4987) was significantly greater than tryptone treatment (0.4178).
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Figure 4. Effects of different nutritional treatments on the relative expression of TOR. The relative
expression of TOR is expressed as the mean £ S.E, and the different letters above the bars indicate
significant differences (p < 0.01, Tukey’s HSD test). Eight biological replicates in carbon sources (A),
6 biological replicates in inorganic nitrogen sources (B), 4 biological replicates in organic nitrogen
sources and 2 host nutrition biological replicates (C); 5 technical replicates for each biological treatment.



Microorganisms 2022, 10, 503

10 of 17

Broadly, under the solid culture conditions, the expression of TOR gene in L. gin-
lingensis was highly responsive to the carbon source treatment, and lactose (30.3634) >
(NH4)2,C,04 (6.8893) > P. armandii (8.4987) > tryptone (0.4178). In short, the expression
level of TOR gene in L. ginlingensis was highest under carbon source treatments, higher
than inorganic nitrogen, host nutrition and organic nitrogen source treatments.

3.3. Terpenoid Treatments

3.3.1. Effects of Different Terpenoid Treatments on L. ginlingensis Mycelial Growth Rate in
Solid Medium

As shown in Figure 5, under 5% terpenoid concentration: 3-pinene (a) > o-pinene/3-
carene/limonene (b) > turpentine (c) > DMSO (d) > mix-monoterpene (e), there were signif-
icant differences among 5% concentration treatments (p < 0.01), and (3-pinene (0.0950) was
significantly greater than mix-monoterpene (0.0614). Under 10% terpenoid concentration: 3-
pinene (a) > a-pinene/3-carene (b) > limonene (c) > turpentine (d) > mix-monoterpene (e) >
DMSO (f), there were significant differences among 10% concentration treatments (p < 0.01),
and f3-pinene treatment (0.1390) was significantly greater than DMSO treatment (0.1112).
Under 20% terpenoid concentration: DMSO/mix-monoterpene (a) > 3-carene/limonene (b)
> a-pinene (c) > p-pinene/turpentine (d), there were significant differences among 20%
concentration treatments (p < 0.01), and DMSO treatment (0.1108) was significantly greater
than turpentine treatment (0.0804).
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Figure 5. Effects of different terpenoid treatments on mycelial growth rate. Mycelial growth rate is
expressed as the mean + S.E, and the different letters above the bars indicate significant differences
(p <0.01, Tukey’s HSD test). Showing 5%, 10% and 20% concentration treatment, 7 biological
replicates (DMSO as CK) and 5 technical replicates for each biological treatment.

According to data from Figure 5, we can find that, under 5% concentration treatment,
the mycelial growth rate of L. ginlingensis was higher than the CK group (DMSO treatment),
except that mix-monoterpene was lower than the CK group. Under 10% concentration
treatment, all treatment groups were higher than the CK group. Under 20% concentration
treatment, except that mix-monoterpene was consistent with the CK group, the other
treatment groups were lower than the CK group, indicating the occurrence of the inhibitory
effect. In general, under the three terpenoid concentration treatments, the mycelial growth
rate of L. ginlingensis was weak under 5% terpenoid treatment. With an increase in terpenoid
concentration, the growth rate of mycelium reached the highest under 10% terpenoid
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treatment and decreased significantly after 20% terpenoid treatment. However, the mycelial
growth rate under 20% terpenoid treatment was still higher than 5% terpenoid supply.

3.3.2. Effects of Different Terpenoid Treatments on the L. ginlingensis TOR Gene Expression

As shown in Figure 6, under 5% concentration: 3-carene (a) > turpentine (b) >
limonene/mix-monoterpene/ 3-pinene (bc) > x-pinene/DMSO (c), there were significant
differences among 5% concentration treatments (p < 0.01), and 3-carene supply (2.0788) was
significantly greater than DMSO treatment (2.0788). Under 10% concentration: 3-carene
(a) > B-pinene (ab) > turpentine (b) > limonene/ x-pinene /mix-monoterpene/DMSO (c),
there were significant differences among 10% concentration treatments (p < 0.01), and
3-carene supply (41.6659) was significantly greater than the DMSO group (0.8343). Under
20% concentration: 3-carene (a) > 3-pinene (b) > mix-monoterpene (c) > x-pinene (cd) >
turpentine (d) > DMSO (de) > limonene (e), there were significant differences among 20%
concentration treatments (p < 0.01), and 3-carene supply (16.8437) was significantly greater
than limonene treatment (0.3118).
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Figure 6. Effects of different terpenoid treatments on the relative expression of TOR. The relative
expression of TOR is expressed as the mean =+ S.E, and the different letters above the bars indicate
significant differences (p < 0.01, Tukey’s HSD test). Showing 5%, 10% and 20% concentration treatment,
7 biological replicates (DMSO as CK) and 5 technical replicates for each biological treatment.

Based on Figure 6, we can conclude that, under 5% concentration treatment, the
expression of TOR gene in L. ginlingensis was higher in the treatments of 3-carene and
turpentine than the CK treatment, but there was no significant difference in other treatment
groups. Under 10% concentration treatment, except for 3-carene and turpentine, supply
of 3- pinene was also higher than the CK group. Under 20% concentration treatment,
except for the results that are consistent with those of 10% concentration treatment, mix-
monoterpene treatment also showed a higher effect on the L. ginlingensis TOR expression
than the CK group.

In short, the expression of TOR gene in L. ginlingensis in the treatment group was
higher than the CK group at all concentrations. The difference was that the expression of
TOR was lower at 5% terpenoids. At the concentration of 10% terpenoids, the expression
of TOR reached the maximum. The expression of TOR in the 3-carenen treatment was
much higher than other treatment groups. The expression of TOR decreased sharply at 20%
terpenoids, but the overall level of TOR expression was still higher than 5% terpenoids.
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3.4. The Relationships between Different Nutrients and TOR
3.4.1. Relationships between Carbon Source, Host Nutrition and TOR

Combined with Figures 2A, 3A and 4A, after treatments of fructose, maltose and amy-
lum, the mycelial biomass and growth rate of L. ginlingensis were higher, but the expression
of TOR was lower in L. ginlingensis, suggesting that TOR showed a negatively regulatory ef-
fect with the carbon source as the sole nutrition. Similarly, in Figures 2C, 3C and 4C, when
the P. armandii and P. tabuliformis were applied as the host nutrition, the mycelial biomass
and growth rate of L. ginlingensis were low, whereas the expression of TOR was high in
L. ginlingensis. Therefore, these results revealed that TOR expression showed negative
regulation during carbon source and host nutrition treatments.

3.4.2. Relationship between Nitrogen Source and TOR

Integrating Figure 2B,C, Figure 3B,C and Figure 4B,C, we can conclude that either
inorganic nitrogen ((NH4)>C204, NH4Cl, and NH4NOj3) or organic nitrogen (asparagine
and peptone) were the sole nutrient treatment, the mycelial biomass and growth rate of
L. ginlingensis were higher, and the expression of TOR was also higher in L. ginlingensis. It
is indicated that the TOR gene in L. ginlingensis may play a positive regulatory role in the
nitrogen source treatments.

3.5. Relationship between Terpenoids and TOR

Based on Figures 5 and 6, the data showed that, with the continuous increase in
terpenoid concentrations (from 5% to 20%), the mycelial growth rate of L. ginlingensis in-
creased, reached peak value, and then decreased, but after the treatment of 20% terpenoids,
the growth rate of L. ginlingensis was still higher than the supply of 5% terpenoids, while
the expression of TOR is consistent in L. ginlingensis. However, when terpenoids were
treated as the sole nutrition, the expression of TOR showed a positive correlation with the
increased terpenoids. It was further concluded that TOR could operate in L. ginlingensis
to consume the host volatiles (such as terpenoids) as nutrition in order to overcome host
resistance and to successfully colonize trees.

4. Discussion

In this study, the L. ginlingensis cultures were treated with the different nutrient ele-
ments and host-driven monoterpenoids, including carbon sources, nitrogen sources, host
nutrition and terpenoids. Through comprehensive analysis by measuring the mycelial
biomass, mycelial growth rate and TOR gene expression level in L. ginlingensis, we obtained
that, under any nutrient treatment, the mycelium showed a positive growth effect. However,
at different levels, there are differences in the mycelial biomass and growth rate of L. ginlin-
gensis, which is consistent with the view of previous reports by Jiippner et al. [36,37,64],
that is, TOR is highly conserved and responsive to nutrition in all eukaryotes, regulating
cell cycle for growth. This process plays an important and ancient role in adapting to
nutritional conditions, and the TOR signaling pathway is the main channel of these nutrient
signals [37,65,66].

By analyzing the relationship between different nutritional treatments and TOR ex-
pression, we found that there was a negative regulation on TOR expression after carbon
source and host nutritional treatments. In addition, we wonder why the mycelium of
L. ginlingensis grew well, but the expression of TOR is low at the molecular level, which
is in contradiction with the fact that TOR is the key factor that regulates carbon source
and promotes cell growth and metabolism [41]. This is because carbon and nitrogen are
two basic nutrient sources of all cellular organisms, which provide precursors for energy
metabolism and metabolic biosynthesis [52]. In S. cerevisiae, different sensing and signaling
pathways have been described to regulate gene expression in response to the quality of
carbon and nitrogen sources [67,68]. However, in the study on the adoptive regulation of
the amino acids in S. cerevisiae, the regulatory role of carbon catabolism repression (CCR)
was clarified. When carbon and nitrogen sources exist at the same time, carbon is used as
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the corresponding basis for regulating the nitrogen source in order to regulate the TOR
signaling pathway, and the mechanism of CCR regulating amino acid osmotic enzyme was
determined [49,66,68]. In our study, only a single carbon source treatment was set up; thus,
there was a “false” negative regulation of TOR.

For the host nutrition treatment, we used the phloem sawdust of P. armandii and P. tab-
ulaeformis to make different medium types. The results were that the mycelial biomass and
mycelial growth rate of L. ginlingensis showed a positive response. It can be concluded that
the pathogenic fungi can successfully infect and colonize in P. armandii and P. tabulaeformis.
In addition, under solid culture conditions, the mycelial growth rate of L. ginlingensis in
P. tabuliformis treatment was faster than the P. armandii supply. As the first host of the fungus,
the results were surprising. We thus speculated that there may exist novel mechanisms
conducive to this situation. However, under host nutrition treatment, the expression of
TOR was low in L. ginlingensis, and this was different from the characteristics of mycelial
growth. Therefore, we propose that when the host phloem sawdust was treated as the sole
nutrition treatment, there was no coordination of other substrates, and the key regulatory
elements on the promoter of TOR gene failed to be activated; therefore, it showed a negative
regulatory role.

TORCI plays a central role in controlling cell growth. Nutrients activate evolutionarily
conserved TORC1 through different molecular mechanisms. Nitrogen is an essential
macro-nutrient element for the synthesis of amino acids, nucleotides and other cellular
components [54]. In eukaryotes, there are two ways to activate the TORCI: (i) in cells, the
amino acids and other nutrients stimulate their activity through Rag/Gtr GTPase, triggering
the signal of Rag/Gtr dependent TORC1 activating amino acid uptake [67]; (ii) in yeast cells,
TORCT reacts to nitrogen sources through a potential mechanism and can sense and absorb
several different nitrogen sources. The quality of nitrogen sources is defined by their ability
to promote cell growth and glutamine accumulation, which is directly related to the ability
to activate the TORC1 determined by Sch9 phosphorylation [57,58]. The preferred nitrogen
source stimulates rapid and sustained Sch9 phosphorylation and glutamine accumulation.
Inhibition of glutamine synthesis can reduce the activity of TORC1 and cell growth. Poor
nitrogen sources stimulated rapid but transient Sch9 phosphorylation. Gtrl deletion can
prevent the transient stimulation of TORC1 but does not affect the sustained activity
of TORC1. Therefore, nitrogen sources and Gtr/Rag activate TORC1 through different
mechanisms [67]. In our study, during different carbon source and host nutrition treatments,
mycelial growth and TOR expression of L. ginlingensis tended to be similar after nitrogen
source treatment, which showed positive regulation. However, whether the TORC1 in
L. ginlingensis follows rule (i) or (ii) as above, or whether it has its own unique regulation
mechanism, needs to be further studied in future.

Insects can choose autonomously their own host, but trees as sessile organisms cannot
avoid these insects. Therefore, as a long-lived static organism, conifers must resist the
attacks of different and multiple attackers in their life. Consequently, conifers produce
a variety of compounds resistant to diseases and pests [69]. Plant secondary chemistry
is determined by both genetic and environmental factors [11]. When invaded by insects
or pathogens, a large number of the secondary metabolites [9], such as terpenes, will
be synthesized and released. Terpenes are organic compounds used to resist invasion
and bring toxicity to insects and pathogens [23,26]. Especially in conifers, with such a
large number of terpenoids and phenols, they will be resistant to various herbivores and
microorganisms. Therefore, the content of terpenoids is usually used to measure the
strength of plant disease resistance [15,24,70].

For this reason, in order to explore the relationship between the TOR gene and monoter-
penoids, we designed a culture medium containing six monoterpenoids. Under the treat-
ments of three concentrations of terpenoids [15,24], the mycelial growth of L. ginlingensis
was positively correlated with the expression of TOR (see Figures 5 and 6). With the con-
tinuous increase in terpenoid concentration, the mycelial growth first increased and then
decreased, and the expression of TOR was consistent with this growth rate. The results
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showed that the expression of TOR in L. ginlingensis was positively correlated with the
concentration of monoterpenoids. In summary, our results showed that terpenoids could
induce the expression of TOR in the phytopathogenic fungus to promote the growth of
mycelial organisms, overcoming the host physiological resistance, and then assisting the
pathogens to invade and colonize successfully into trees.

5. Conclusions

Through different types of nutritional treatments to explore the expression patterns
and roles of the TOR gene in L. ginlingensis, we obtained that the TOR gene is highly
conserved in L. ginlingensis. When treated with single carbon source and host nutrition, the
TOR gene was active and mycelia growth was also accelerated; however, under nitrogen
source treatment, the mycelia grew slowly, and the expression of TOR was weak in L. gin-
lingensis. In order to explore the potential mechanism of the TOR gene in helping fungus
overcome host resistance, we used host-volatile monoterpenoids in the main components
to treat the L. ginlingensis. The results showed that the mycelial growth rate and TOR
expression showed a synchronous trend, and that they were promoted at low concentration
and inhibited at high concentration, reaching the optimum at 10% terpenoids; moreover,
the fungi were highly sensitive to both 3-pinene and 3-carene. In conclusion, our findings
reveal that the fungal TOR gene can help L. ginlingensis to enhance its growth ability to
overcome the physical and chemical host resistances and to colonize successfully into
host trees.

Author Contributions: Conceptualization, H.A. and H.C.; methodology, H.A.; software, H.A_; in-
vestigation, H.A.; writing—original draft preparation, H.A.; writing—review and editing, H.A;
supervision, T.G., M.T. and H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 31870636.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This study was supported by the National Natural Science Foundation of China.
We thank Xianan Xie for his valuable comments and suggestions on the revision of the thesis,
especially in language and style.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hlésny, T.; Konig, L.; Krokene, P.; Lindner, M.; Montagné-Huck, C.; Miiller, J.; Seidl, R. Bark beetle outbreaks in Europe: State of
knowledge and ways forward for management. Curr. For. Rep. 2021, 7, 138-165. [CrossRef]

2. Huo, L.; Persson, H.J.; Lindberg, E. Early detection of forest stress from European spruce bark beetle attack, and a new vegetation
index: Normalized distance red & SWIR (NDRS). Remote Sens. Environ. 2021, 255, 112240. [CrossRef]

3.  Paine, T.D.; Raffa, K.F.,; Harrington, T.C. Interactions among scolytid bark beetles, their associated fungi, and live host conifers.
Annu. Rev. Entomol. 1997, 42, 179-206. [CrossRef] [PubMed]

4. Six, D.L. Niche construction theory can link bark beetle-fungus symbiosis type and colonization behavior to large scale causal
chain-effects. Curr. Opin. Insect Sci. 2020, 39, 27-34. [CrossRef]

5. Hofstetter, R.W.; Dinkins-Bookwalter, J.; Davis, T.S.; Klepzig, K.D. Symbiotic Associations of Bark Beetles. In Bark Beetles, Biology
and Ecology of Native and Invasive Species; Elsevier Inc.: Amsterdam, The Netherlands, 2015; Volume 6, pp. 209-245. [CrossRef]

6.  Lehenberger, M.; Benkert, M.; Biedermann, P.H. Ethanol-enriched substrate facilitates ambrosia beetle fungi, but inhibits their
pathogens and fungal symbionts of bark beetles. Front. Microbiol. 2021, 11, 3487. [CrossRef] [PubMed]

7. Hulcr, J; Barnes, I.; De Beer, Z.W.; Duong, T.A.; Gazis, R.; Johnson, A.].; Villari, C. Bark beetle mycobiome: Collaboratively
defined research priorities on a widespread insect-fungus symbiosis. Symbiosis 2020, 81, 101-113. [CrossRef]

8.  Chen, H,; Tang, M. Microstructure of blue-stain fungi (Leptographium terebrantis) associated with Dendroctonus. armandi in the

xylem tissue of Pinus armandi. Acta Bot. Boreali-Occident. Sin. 2002, 22, 1391-1395. (In Chinese)


http://doi.org/10.1007/s40725-021-00142-x
http://doi.org/10.1016/j.rse.2020.112240
http://doi.org/10.1146/annurev.ento.42.1.179
http://www.ncbi.nlm.nih.gov/pubmed/15012312
http://doi.org/10.1016/j.cois.2019.12.005
http://doi.org/10.1016/B978-0-12-417156-5.00006-X
http://doi.org/10.3389/fmicb.2020.590111
http://www.ncbi.nlm.nih.gov/pubmed/33519728
http://doi.org/10.1007/s13199-020-00686-9

Microorganisms 2022, 10, 503 15 0f 17

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Pu, X.J.; Chen, H.; Wang, S.J. Influences of Leptographium qinglingensis on metabolism of Pinus armandi. ]. Northwest For. Univ.
2008, 23, 109. Available online: http:/ /xblxb.paperopen.com/oa/darticle.aspx?type=view&id=80225 (accessed on 14 January
2022). (In Chinese)

Hysek, S.; Lowe, R.; Turéani, M. What happens to wood after a tree is attacked by a bark beetle? Forests 2021, 12, 1163. [CrossRef]
Kandasamy, D.; Gershenzon, J.; Andersson, M.N.; Hammerbacher, A. Volatile organic compounds influence the interaction of the
Eurasian spruce bark beetle (Ips typographus) with its fungal symbionts. ISME ]. 2019, 13, 1788-1800. [CrossRef]

Koontz, M.].; Latimer, A.M.; Mortenson, L.A.; Fettig, C.J.; North, M.P. Cross-scale interaction of host tree size and climatic water
deficit governs bark beetle-induced tree mortality. Nat. Commun. 2021, 12, 1-13. [CrossRef]

Li, X.J.; Gao, ] M.; Chen, H.; Zhang, A.L.; Tang, M. Toxins from a symbiotic fungus, Leptographium qginlingensis associated with
Dendroctonus armandi and their in vitro toxicities to Pinus armandi seedling. Eur. J. Plant Pathol. 2012, 134, 239-247. [CrossRef]
Mergl, V.; Zemanek, T.; guénjar, M.; Kleparnik, ]. Efficiency of harvester with the debarking head at logging in spruce stands
affected by bark beetle outbreak. Forests 2021, 12, 1348. [CrossRef]

Dai, L.; Gao, H.; Chen, H. Expression levels of detoxification enzyme genes from Dendroctonus armandi (Coleoptera: Curculionidae)
fed on a solid diet containing pine phloem and terpenoids. Insects 2021, 12, 926. [CrossRef] [PubMed]

Ning, H.; Tang, M.; Chen, H. Impact of climate change on potential distribution of Chinese white pine beetle Dendroctonus armandi
in China. Forests 2021, 12, 544. [CrossRef]

Dai, L.; Ma, M.; Wang, C.; Shi, Q.; Zhang, R.R.; Chen, H. Cytochrome P450s from the Chinese white pine beetle, Dendroctonus
armandi (Curculionidae: Scolytinae): Expression profifiles of different stages and responses to host allelochemicals. Insect Biochem.
Mol. Biol. 2015, 65, 35-46. [CrossRef] [PubMed]

Hu, X;; Yu, J.; Wang, C.; Chen, H. Cellulolytic bacteria associated with the gut of Dendroctonus armandi larvae (Coleoptera:
Curculionidae: Scolytinae). Forests 2014, 5, 455-465. [CrossRef]

Chen, H.; Tang, M. Spatial and temporal dynamics of bark beetles in Chinese white pine in Qinling Mountains of Shaanxi
Province, China. Environ. Entomol. 2007, 36, 1124-1130. [CrossRef]

Tang, M.; Chen, H. Effect of symbiotic fungi of Dendroctonus armandi on host trees. Sci. Silvae Sin. 1999, 35, 63-66. Available
online: http://www.linyekexue.net/CN/Y1999/V35/16/63 (accessed on 14 January 2022). (In Chinese)

Dai, L.; Chen, H.; Li, Z,; Yu, J.; Ma, M.; Zhang, R.; Pham, T. The CYP51F1 gene of Leptographium ginlingensis: Sequence
characteristic, phylogeny and transcript levels. Int. J. Mol. Sci. 2015, 16, 12014-12034. [CrossRef]

Pham, T.; Chen, H.; Yu, J.; Dai, L.; Zhang, R.; Trang Vu, T.Q. The Differential effects of the blue-stain fungus Leptographium
ginlingensis on monoterpenes and sesquiterpenes in the stem of Chinese white pine (Pinus armandi) saplings. Forests 2014, 5,
2730-2749. [CrossRef]

Lee, S.; Kim, J.J.; Breuil, C. Pathogenicity of Leptographium longiclavatum associated with Dendroctonus ponderosae to Penvironmenti-
nus contorta. Can. J. For. Res. 2006, 36, 2864-2872. [CrossRef]

Dai, L.; Zheng, J.; Ye, J.; Chen, H. Phylogeny of Leptographium ginlingensis cytochrome P450 genes and transcription levels of six
CYPs in response to different nutrition media or terpenoids. Arch. Microbiol. 2021, 204, 1-14. [CrossRef] [PubMed]

Wong, B.; Leal, I; Feau, N.; Dale, A.; Uzunovic, A.; Hamelin, R.C. Molecular assays to detect the presence and viability of
Phytophthora ramorum and Grosmannia clavigera. PLoS ONE 2020, 15, €0221742. [CrossRef] [PubMed]

DiGuistini, S.; Wang, Y.; Liao, N.Y,; Taylor, G.; Tanguay, P.; Feau, N.; Henrissat, B.; Chan, S.K.; Hesse-Orce, U.; Alamouti, S.M.
Genome and transcriptome analyses of the mountain pine beetle-fungal symbiont Grosmannia clavigera, a lodgepole pine pathogen.
Proc. Natl. Acad. Sci. USA 2011, 108, 2504-2509. [CrossRef] [PubMed]

Liu, Y;; Anastacio, G.R.; Ishangulyyeva, G.; Rodriguez-Ramos, J.C.; Erbilgin, N. Mutualistic Ophiostomatoid fungi equally benefit
from both a bark beetle pheromone and host tree volatiles as nutrient sources. Microb. Ecol. 2021, 81, 1106-1110. [CrossRef]
[PubMed]

Lushchak, O.; Strilbytska, O.; Piskovatska, V. The role of the TOR pathway in mediating the link between nutrition and longevity.
Mech. Ageing Dev. 2017, 164, 127-138. [CrossRef] [PubMed]

Nicolaou, K.C.; Chakraborty, T.K.; Piscopio, A.D.; Minowa, N.; Bertinato, P. Total synthesis of rapamycin. J. Am. Chem. Soc. 1993,
115, 4419-4420. [CrossRef]

Feng, Y,; Chen, L.; Gao, L.; Dong, L.; Wen, H.; Song, X.; Wang, ]. Rapamycin inhibits pathogen transmission in mosquitoes by
promoting immune activation. PLoS Pathog. 2021, 17, €1009353. [CrossRef]

Zhang, Y.; Zhang, ].; Wang, S. The role of rapamycin in health span extension via the delay of organ aging. Ageing Res. Rev. 2021,
70,101376. [CrossRef]

Akman, O.; Briggs, S.W.; Mowrey, W.B.; Moshé, S.L.; Galanopoulou, A.S. Antiepileptogenic effects of rapamycin in a model of
infantile spasms due to structural lesions. Epilepsy 2021, 62, 1985-1999. [CrossRef]

Abraham, R.T.; Wiederrecht, G.J. Immunopharmacology of rapamycin. Annu. Rev. Immunol. 1996, 14, 483-510. [CrossRef]
Moirangthem, R.; Kumar, K.; Kaur, R. Two functionally redundant FK506-binding proteins regulate multidrug resistance gene
expression and govern azole antifungal resistance. Antimicrob. Agents Chemother. 2021, 65, €02415-20. [CrossRef] [PubMed]

Xu, J.; Shi, P.; Zhao, X.; Shen, P.; Feng, Y.; Lu, E; Shi, D. Cell synchronization by Rapamycin improves the developmental
competence of buffalos (Bubalus bubalis) somatic cell nuclear transfer embryos. Reprod. Domest. Anim. 2021, 56, 313-323.
[CrossRef] [PubMed]


http://xblxb.paperopen.com/oa/darticle.aspx?type=view&id=80225
http://doi.org/10.3390/f12091163
http://doi.org/10.1038/s41396-019-0390-3
http://doi.org/10.1038/s41467-020-20455-y
http://doi.org/10.1007/s10658-012-9981-9
http://doi.org/10.3390/f12101348
http://doi.org/10.3390/insects12100926
http://www.ncbi.nlm.nih.gov/pubmed/34680695
http://doi.org/10.3390/f12050544
http://doi.org/10.1016/j.ibmb.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26319543
http://doi.org/10.3390/f5030455
http://doi.org/10.1093/ee/36.5.1124
http://www.linyekexue.net/CN/Y1999/V35/I6/63
http://doi.org/10.3390/ijms160612014
http://doi.org/10.3390/f5112730
http://doi.org/10.1139/x06-194
http://doi.org/10.1007/s00203-021-02616-9
http://www.ncbi.nlm.nih.gov/pubmed/34894279
http://doi.org/10.1371/journal.pone.0221742
http://www.ncbi.nlm.nih.gov/pubmed/32023247
http://doi.org/10.1073/pnas.1011289108
http://www.ncbi.nlm.nih.gov/pubmed/21262841
http://doi.org/10.1007/s00248-020-01661-z
http://www.ncbi.nlm.nih.gov/pubmed/33404818
http://doi.org/10.1016/j.mad.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28315697
http://doi.org/10.1021/ja00063a093
http://doi.org/10.1371/journal.ppat.1009353
http://doi.org/10.1016/j.arr.2021.101376
http://doi.org/10.1111/epi.16975
http://doi.org/10.1146/annurev.immunol.14.1.483
http://doi.org/10.1128/AAC.02415-20
http://www.ncbi.nlm.nih.gov/pubmed/33722894
http://doi.org/10.1111/rda.13868
http://www.ncbi.nlm.nih.gov/pubmed/33219627

Microorganisms 2022, 10, 503 16 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

Li, L.; Zhu, T,; Song, Y.; Luo, X.; Datla, R.; Ren, M. Target of rapamycin controls hyphal growth and pathogenicity through FoTIP4
in Fusarium oxysporum. Mol. Plant Pathol. 2021, 22, 1239-1255. [CrossRef] [PubMed]

Arifio, R.; Hall, M.N. Target of rapamycin (TOR) in nutrient signaling and growth control. Genetics 2011, 189, 1177-1201.
[CrossRef]

Barve, G.; Manjithaya, R. Cross-talk between autophagy and sporulation in Saccharomyces Cerevisiae. Yeast 2021, 38, 401-413.
[CrossRef] [PubMed]

Heitman, J.; Movva, N.R.; Hiestand, P.C.; Hall, M.N. FK 506-binding protein proline rotamase is a target for the immunosuppres-
sive agent FK 506 in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 1991, 88, 1948-1952. [CrossRef]

Kim, D.; Kwon, W.; Park, S.; Kim, W,; Park, ] K.; Han, J.E.; Choi, S.K. Anticancer effects of veratramine via the phosphatidylinositol-
3-kinase/serine-threonine kinase/mechanistic target of rapamycin and its downstream signaling pathways in human glioblastoma
cell lines. Life Sci. 2021, 288, 120170. [CrossRef]

Arifio, J.; Velazquez, D.; Casamayor, A. Ser/Thr protein phosphatases in fungi: Structure, regulation and function. Microb. Cell
2019, 6, 217. [CrossRef]

Dennis, P.B.; Fumagalli, S.; Thomas, G. Target of rapamycin (TOR): Balancing the opposing forces of protein synthesis and
degradation. Curr. Opin. Genet. Dev. 1999, 9, 49-54. [CrossRef]

Layoun, A.; Goldberg, A.A.; Baig, A.; Eng, M.; Attias, O.; Nelson, K.; Schmeing, T.M. Regulation of protein kinase Co nuclear
import and apoptosis by mechanistic target of rapamycin complex-1. Sci. Rep. 2019, 9, 1-13. [CrossRef] [PubMed]

Schmelzle, T.; Hall, M.N. TOR, a central controller of cell growth. Cell 2000, 103, 253-262. [CrossRef]

Fingar, D.C,; Blenis, J. Target of rapamycin (TOR): An integrator of nutrient and growth factor signals and coordinator of cell
growth and cell cycle progression. Oncogene 2004, 23, 3151-3171. [CrossRef] [PubMed]

Sommer, L.A.M.; Dames, S.A. Characterization of residue-dependent differences in the peripheral membrane association of the
FATC domain of the kinase ‘target of rapamycin’ by NMR and CD spectroscopy. FEBS Lett. 2014, 588, 1755-1766. [CrossRef]
Reinke, A.; Chen, ].C.Y.; Aronova, S. Caffeine targets TOR complex I and provides evidence for a regulatory link between the FRB
and kinase domains of Torlp. J. Biol. Chem. 2006, 281, 31616-31626. [CrossRef]

Kasahara, K. Physiological function of FKBP12, a primary target of rapamycin/FK506: A newly identified role in transcription of
ribosomal protein genes in yeast. Curr. Genet. 2021, 67, 383-388. [CrossRef]

Morozumi, Y.; Shiozaki, K. Conserved and divergent mechanisms that control TORC1 in yeasts and mammals. Genes 2021, 12, 88.
[CrossRef]

So, Y.S.; Lee, D.G.; Idnurm, A.; Ianiri, G.; Bahn, Y.S. The TOR pathway plays pleiotropic roles in growth and stress responses of
the fungal pathogen Cryptococcus neoformans. Genetics 2019, 212, 1241-1258. [CrossRef]

Werth, E.G.; Mcconnell, E.W.; Lianez, I.C. Investigating the effect of target of rapamycin kinase inhibition on the Chlamydomonas
reinhardtii phosphoproteome: From known homologs to new targets. New Phytol. 2019, 221, 247-260. [CrossRef]

O’Leary, B.M.; Oh, G.G.K; Lee, C.P,; Millar, A.H. Metabolite regulatory interactions control plant respiratory metabolism via
Target of Rapamycin (TOR) kinase activation. Plant Cell 2019, 32, 666—682. [CrossRef] [PubMed]

Julien, C.; Faiza, T.; Jaideep, M.; Adnane, S. Integration of growth and cell size via the TOR pathway and the Dot6 transcription
factor in Candida albicans. Genetics 2019, 211, 637-650. [CrossRef]

Jessica, J.; Umarah, M.; Andrea, L.; Camila, C.; Andrew, W,; Dirk, S.; Patrick, G. The target of rapamycin kinase affects biomass
accumulation and cell cycle progression by altering carbon/nitrogen balance in synchronized Chlamydomonas reinhardtii cells.
Plant ]. 2018, 93, 355-376. [CrossRef]

Maegawa, K; Takii, R.; Ushimaru, T. Evolutionary conservation of TORC1 components, TOR, Raptor, and LST8, between rice and
yeast. Mol. Genet. Genom. 2015, 290, 2019-2030. [CrossRef] [PubMed]

Tanigawa, M.; Yamamoto, K.; Nagatoishi, S.; Nagata, K.; Noshiro, D.; Noda, N.N.; Maeda, T. A glutamine sensor that directly
activates TORC1. Commun. Biol. 2021, 4, 1-11. [CrossRef]

Deprez, M.A.; Eskes, E.; Winderickx, J.; Wilms, T. The TORC1-Sch9 pathway as a crucial mediator of chronological lifespan in the
yeast Saccharomyces cerevisiae. FEMS Yeast Res. 2018, 18, foy048. [CrossRef]

Novarina, D.; Guerra, P.; Milias-Argeitis, A. Vacuolar localization via the N-terminal domain of Sch9 is required for TORC1-
dependent phosphorylation and downstream signal transduction. J. Mol. Biol. 2021, 433, 167326. [CrossRef]

Fukuda, T.; Shiozaki, K. The Rag GTPase-Ragulator complex attenuates TOR complex 1 signaling in fission yeast. Autophagy 2018,
14, 1105-1106. [CrossRef]

Laribee, R.N.; Weisman, R. Nuclear functions of TOR: Impact on transcription and the epigenome. Genes 2020, 11, 641. [CrossRef]
Waullschleger, S.; Loewith, R.; Oppliger, W. Molecular organization of target of rapamycin complex 2. J. Biol. Chem. 2005, 280,
30697-30704. [CrossRef]

Cohen, A.; Habib, A.; Laor, D.; Yadav, S.; Kupiec, M.; Weisman, R. TOR complex 2 in fission yeast is required for chromatin-
mediated gene silencing and assembly of heterochromatic domains at subtelomeres. J. Biol. Chem. 2018, 293, 8138-8150. [CrossRef]
[PubMed]

Locke, M.N.; Thorner, J. Regulation of TORC2 function and localization by Rab5 GTPases in Saccharomyces cerevisiae. Cell Cycle
2019, 18, 1084-1094. [CrossRef] [PubMed]

Neufeld, T.P. TOR-dependent control of autophagy: Biting the hand that feeds. Curr. Opin. Cell Biol. 2010, 22, 157-168. [CrossRef]
[PubMed]


http://doi.org/10.1111/mpp.13108
http://www.ncbi.nlm.nih.gov/pubmed/34288333
http://doi.org/10.1534/genetics.111.133363
http://doi.org/10.1002/yea.3556
http://www.ncbi.nlm.nih.gov/pubmed/33608896
http://doi.org/10.1073/pnas.88.5.1948
http://doi.org/10.1016/j.lfs.2021.120170
http://doi.org/10.15698/mic2019.05.677
http://doi.org/10.1016/S0959-437X(99)80007-0
http://doi.org/10.1038/s41598-019-53909-5
http://www.ncbi.nlm.nih.gov/pubmed/31772273
http://doi.org/10.1016/S0092-8674(00)00117-3
http://doi.org/10.1038/sj.onc.1207542
http://www.ncbi.nlm.nih.gov/pubmed/15094765
http://doi.org/10.1016/j.febslet.2014.03.031
http://doi.org/10.1016/S0021-9258(19)84075-9
http://doi.org/10.1007/s00294-020-01142-3
http://doi.org/10.3390/genes12010088
http://doi.org/10.1534/genetics.119.302191
http://doi.org/10.1111/nph.15339
http://doi.org/10.1105/tpc.19.00157
http://www.ncbi.nlm.nih.gov/pubmed/31888967
http://doi.org/10.1534/genetics.118.301872
http://doi.org/10.1111/tpj.13787
http://doi.org/10.1007/s00438-015-1056-0
http://www.ncbi.nlm.nih.gov/pubmed/25956502
http://doi.org/10.1038/s42003-021-02625-w
http://doi.org/10.1093/femsyr/foy048
http://doi.org/10.1016/j.jmb.2021.167326
http://doi.org/10.1080/15548627.2018.1444313
http://doi.org/10.3390/genes11060641
http://doi.org/10.1074/jbc.M505553200
http://doi.org/10.1074/jbc.RA118.002270
http://www.ncbi.nlm.nih.gov/pubmed/29632066
http://doi.org/10.1080/15384101.2019.1616999
http://www.ncbi.nlm.nih.gov/pubmed/31068077
http://doi.org/10.1016/j.ceb.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20006481

Microorganisms 2022, 10, 503 17 of 17

65.

66.

67.

68.

69.

70.

Hernansaiz-Ballesteros, R.D.; Foldi, C.; Cardelli, L.; Nagy, L.G.; Csikdsz-Nagy, A. Evolution of opposing regulatory interactions
underlies the emergence of eukaryotic cell cycle checkpoints. Sci. Rep. 2021, 11, 1-10. [CrossRef]

Morozumi, Y.; Hishinuma, A.; Furusawa, S.; Sofyantoro, F; Tatebe, H.; Shiozaki, K. Fission yeast TOR complex 1 phosphorylates
Psk1 through an evolutionarily conserved interaction mediated by the TOS motif. J. Cell Sci. 2021, 134, jcs258865. [CrossRef]
Stracka, D.; Jozefczuk, S.; Rudroff, E; Sauer, U.; Hall, M.N. Nitrogen source activates TOR (target of rapamycin) complex 1 via
glutamine and independently of Gtr/Rag proteins. J. Biol. Chem. 2014, 289, 25010-25020. [CrossRef]

Peter, G.J.; Diiring, L.; Ahmed, A. Carbon catabolite repression regulates amino acid permeases in Saccharomyces cerevisiae via the
TOR signaling pathway. J. Biol. Chem. 2006, 281, 5546-5552. [CrossRef]

Keeling, C.I.; Bohlmann, ]. Genes, enzymes and chemicals of terpenoid diversity in the constitutive and induced defence of
conifers against insects and pathogens. New Phytol. 2006, 170, 657-675. [CrossRef]

Ott, D.S.; Yanchuk, A.D.; Huber, D.P.W.; Wallin, K.F. Genetic variation of lodgepole pine, Pinus contorta var. latifolia, chemical
and physical defenses that affect mountain pine beetle, Dendroctonus ponderosae, attack and tree mortality. J. Chem. Ecol. 2011, 37,
1002-1012. [CrossRef]


http://doi.org/10.1038/s41598-021-90384-3
http://doi.org/10.1242/jcs.258865
http://doi.org/10.1074/jbc.M114.574335
http://doi.org/10.1074/jbc.M513842200
http://doi.org/10.1111/j.1469-8137.2006.01716.x
http://doi.org/10.1007/s10886-011-0003-8

	Introduction 
	Materials and Methods 
	Tested Strain 
	Main Materials 
	TOR Gene Cloning 
	Nutritional Treatments 
	Medium Types 
	Effects of Different Nutritional Treatments on L. qinlingensis Mycelial Biomass in Liquid Culture 
	Effects of Different Nutritional Treatments on L. qinlingensis Mycelial Growth Rate on Solid Medium 
	Effects of Different Nutritional Treatments on the L. qinlingensis TOR Gene Expression 

	Terpenoid Treatments 
	Medium Types 
	Effects of Different Terpenoid Treatments on L. qinlingensis Mycelial Growth Rate 
	Effects of Different Terpenoid Treatments on the L. qinlingensis TOR Gene Expression 

	Statistical Analysis 

	Results 
	Sequence Similarity and Phylogenetic Analysis of TOR Gene in Fungi Species 
	Sequence Similarity of TOR Gene 
	Phylogenetic Analysis of TOR Genes from Fungi Species 

	Nutritional Treatments 
	Effects of Different Nutritional Treatments on L. qinlingensis Mycelial Biomass in Liquid Medium 
	Effects of Different Nutritional Treatments on L. qinlingensis Mycelial Growth Rate in Solid Medium 
	Effects of Different Nutritional Treatments on the L. qinlingensis TOR Gene Expression 

	Terpenoid Treatments 
	Effects of Different Terpenoid Treatments on L. qinlingensis Mycelial Growth Rate in Solid Medium 
	Effects of Different Terpenoid Treatments on the L. qinlingensis TOR Gene Expression 

	The Relationships between Different Nutrients and TOR 
	Relationships between Carbon Source, Host Nutrition and TOR 
	Relationship between Nitrogen Source and TOR 

	Relationship between Terpenoids and TOR 

	Discussion 
	Conclusions 
	References

