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Summary

The Chinese black truffle Tuber indicum is commer-
cially valuable. The main factors influencing the suc-
cess or failure of a truffle crop include the
mycorrhizal colonization rate and host plant quality.
The effects of a plant growth regulator (uniconazole)
and plant growth management technique (root-tip
cutting) on T. indicum colonization rate and Pinus
armandii seedling growth were assessed under
greenhouse conditions. The results indicated that
10 mg l�1 uniconazole or the combination of
5 mg l�1 uniconazole and root-tip cutting constitutes
an effective method for ectomycorrhizal synthesis
based on an overall evaluation of colonization rate,
plant biomass, plant height, root weight, stem cir-
cumference and antioxidant enzyme activities (SOD
and POD) of P. armandii. The abundance of Pro-
teobacteria in the rhizosphere of colonized seedlings
might serve as an indicator of stable mycorrhizal
colonization. This research inspires the potential
application of uniconazole and root-tip cutting treat-
ments for mycorrhizal synthesis and truffle cultiva-
tion.

Introduction

Pinus armandii Franch., an indigenous Chinese pine, is
widely distributed in central and western China where it
typically forms ectomycorrhizae with the Chinese black
truffle Tuber indicum Cooke & Massee (Geng et al.,
2009; Li et al., 2017). The ectomycorrhizal fungus
T. indicum produces hypogeous fruiting bodies and is
considered to be a culinary delicacy due to their unique
flavours (Liu, 2007; Liu et al., 2012; Cullere et al., 2013;
Vita et al., 2015). As a delicious edible fungus,
T. indicum is becoming more and more popular among
consumers in Asia. Ectomycorrhizae of P. armandii with
T. indicum were previously successfully synthetized in a
greenhouse, preliminary steps to cultivating truffles
(Geng et al., 2009). Owing to decreases in wild truffle
yield as a result of vegetation destruction, forest fires,
improper harvesting and other human factors, the syn-
thesis of truffle-infected plants and truffle cultivation have
attracted increasing attention in recent years. The effi-
cient synthesis of ectomycorrhizae is considered to be
the basis for the successful cultivation of truffles (Li
et al., 2017).
Root-tip cutting is an effective technique used in plant

growth management. It can alter the morphology,
growth, root distribution, and architecture of the plant,
and even increase the tolerance of the plant to abiotic
stress (Mashela and Nthangeni, 2002; Chen et al., 2014;
Chen et al., 2015). It was reported that a combination of
root cutting and gibberellin A increases reproductive bud
production in the conifer Picea mariana (Smith and
Greenwood, 1995). Root redistribution via root cutting in
agroforestry systems has confirmed that root cutting can
serve as a potential tool for managing belowground com-
petition when trees and crops are grown together
(Wajja-Musukwe et al., 2008). However, how root-tip cut-
ting affects the colonization rate of the host plant by
ectomycorrhizal fungi under greenhouse conditions
remains unknown. Uniconazole is a well-known plant
growth regulator (Jiang et al., 1998; Jiang et al., 2008;
He et al., 2017) that regulates plant endogenous hor-
mone levels and gene expression (Sasaki et al., 2013;
Liu et al., 2015). The morphology and biomass allocation
of Salvia miltiorrhiza was reportedly altered by unicona-
zole (Gao et al., 2015). Uniconazole also plays an
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important role in improving crop production, increasing
starch accumulation and enhancing primary root elonga-
tion and bolting delay (Huang et al., 2015). Leaf-spraying
with uniconazole constitutes an important cultivation
technique used in controlling flowering and improving the
fruit setting of Litchi chinensis, as well as in enhancing
the tolerance of soya bean to water deficit stress (Zhang
et al., 2007; Wei et al., 2017). Proteomic and transcrip-
tome analysis has revealed that key enzymes involved
in endogenous hormone and chlorophyll biosynthesis,
the regulation of flowering genes, and the expression
levels of various transcription factors are regulated by
uniconazole (Kojima et al., 1996; Wijayanti et al., 1996).
The effect of uniconazole on mycorrhizal synthesis has
not been previously reported.
Soil microorganisms, particularly rhizosphere microor-

ganisms, play important roles in plant growth and devel-
opment (Wang et al., 2015; Esmaeili Taheri et al., 2017;
Mitter et al., 2017). They can promote the growth of
plants, increase the uptake of mineral elements and
enhance the tolerance of plants to stress including
drought stress, high salinity stress and disease stress
(Abiala et al., 2015; Bell et al., 2015; Alegria Terrazas
et al., 2016; Baldrian, 2017). Bacteria in the soil or asso-
ciated with truffle ascocarps were found to play impor-
tant roles in truffle maturation and production of volatile
organic compounds (Barbieri et al., 2005; Antony-Babu
et al., 2014; Splivallo et al., 2015; Vahdatzadeh et al.,
2015). Mycorrhiza helper bacteria (MHB) are a group of
organisms that could stimulate the formation of mycor-
rhizal symbiosis (Deveau and Labb�e, 2006). Proteobac-
teria was found to be the largest and most diverse group
in the ectomycorhizosphere of truffles (Li et al., 2017).
Pseudomonas fluorescens belonging to this group has
been examined in previous studies to improve mycor-
rhization of truffle and plant growth (Dominguez et al.,
2012).
In this paper, the effects of different concentrations of

uniconazole and root-tip cutting treatments on the
growth, morphology, distribution of dry biomass, antioxi-
dant system and colonization rate of P. armandii seed-
lings by T. indicum were assessed. The effects of
uniconazole and root-tip cutting treatments on the bacte-
rial community of the rhizosphere were also assessed.
This paper provides useful insights on the potential
application of uniconazole and root-tip cutting treatments
in ectomycorrhizal synthesis and the cultivation of com-
mercial ectomycorrhizal fungi.

Results

Effects of Tuber indicum inoculation on seedling growth

Six months after spore inoculation, mycorrhization was
successfully detected in P. armandii seedlings based on

morphological and molecular evidence (KY296094 ITS
sequence in GenBank; Fig. S1), while the 60 control seed-
lings were not colonized by truffles. The effects of
T. indicum inoculation on the activities of root antioxidant
enzymes (SOD and POD), plant height, stem circumfer-
ence, biomass (dry weight, dw), root weight (dw), root–
shoot ratio, dehydrogenase activity as index of the root
activity and chlorophyll content of P. armandii seedlings
were assessed in this paper (Fig. 1). SOD and POD activ-
ity, plant height and root–shoot ratio did not differ signifi-
cantly between P. armandii seedlings inoculated with
truffle and the control seedlings (Figs 2 and 3). Root activ-
ity and chlorophyll content decreased significantly in P. ar-
mandii seedlings after inoculation with truffle as compared
with the control seedlings (P < 0.05). Inoculation of truffles
on P. armandii seedlings exhibited a positive effect on the
stem circumference, biomass and root weight, and was
significantly higher compared to the control (P < 0.05).

Effects of uniconazole on seedlings

The antioxidant enzyme activities of the roots of P. ar-
mandii colonized by T. indicum varied with the concentra-
tion of uniconazole (0, 5, 10, 20 and 30 mg l�1). Both SOD
and POD activities decreased initially and then increased
with the increase in uniconazole concentration (Fig. 2). The
activity of SOD reached its lowest when the seedlings were
sprayed with uniconazole at a concentration of 10 mg l�1

and then increased significantly when the concentrations
of uniconazole reached 20 or 30 mg l�1 (P < 0.05). POD
activity reached the minimum under the treatment of
5 mg l�1 uniconazole and increased significantly under 10
or 20 mg l�1 uniconazole treatment (P < 0.05).
The plant height, stem circumference and root activity

of P. armandii seedlings colonized by T. indicum
decreased significantly when uniconazole was applied
(P < 0.05; Fig. 3). However, treatment with uniconazole
displayed positive effects on the root–shoot ratio and
chlorophyll content of the colonized seedlings, which
increased with the concentration increase of unicona-
zole. Root biomass also increased under uniconazole in
comparison to the untreated seedlings colonized by
T. indicum. The biomass of P. armandii seedlings signifi-
cantly decreased under uniconazole treatment, except at
the concentration of 10 mg l�1. The colonization rate of
P. armandii seedlings increased first and then decreased
with increasing concentrations of uniconazole and
peaked when the concentration was 10 mg l�1.

Combined effects of root-tip cutting and uniconazole
treatment on seedlings

Superoxide dismutases (SOD) are a class of enzymes
that catalyse the dismutation of superoxide into oxygen
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and hydrogen peroxide. As such, they constitute an
important antioxidant defence in nearly all cells exposed
to oxygen. The root-tip cutting treatment significantly
reduced SOD activities of colonized roots compared with

the control roots and uncut colonized roots (P < 0.05;
Fig. 2), with the exception of uncut colonized roots with
10 mg l�1 uniconazole application. The POD activity of
the colonized roots from both uncut and cut seedlings

Fig. 1. Morphological changes of Pinus armandi seedlings (7 months old) colonized by Tuber indicum under root-tip cutting treatment and uni-
conazole treatment in the greenhouse. Control, P. armandi seedlings without T. indicum partner; U, P. armandi seedlings colonized by
T. indicum sprayed with uniconazole (mg l�1); U_RC, P. armandi seedlings colonized by T. indicum treated with uniconazole (mg l�1) and root-
tip cutting.

Fig. 2. Effects of root-tip cutting and different concentrations of uniconazole treatment (mg l�1) on superoxide dismutase (SOD) and peroxidase
(POD) activities in roots of Pinus armandi seedlings (7 months old) colonized by Tuber indicum under greenhouse conditions. Control, P. ar-
mandi seedlings without T. indicum partner; U, P. armandi seedlings colonized by T. indicum sprayed with uniconazole (mg l�1). Each value is
the mean of 10 replicates (�SD). Values followed by different lowercase letters indicate significant differences (P < 0.05) between samples.
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decreased initially and then increased with an increase
in uniconazole concentration, with the lowest activity
recorded at a uniconazole concentration of 10 mg l�1.
The plant height, biomass, root weight and root activity

of P. armandii seedlings with cut root tips colonized by
T. indicum and without uniconazole application
decreased significantly compared with uncut colonized
seedlings (P < 0.05; Fig. 3). The stem circumference,
root–shoot ratio and chlorophyll content of the colonized
seedlings without uniconazole application were not sig-
nificantly affected by root-tip cutting. Root-tip cutting had
a positive effect on the colonization rate (P < 0.05).
A combined treatment of root-tip cutting with

10 mg l�1 uniconazole application significantly reduced
the biomass, root weight and colonization rate of P. ar-
mandii seedlings in comparison to those treated only
with uniconazole (P < 0.05; Fig. 3). The root activity of
P. armandii seedlings treated with root cutting and
10 mg l�1 uniconazole was significantly improved com-
pared with those treated with only uniconazole, at all
concentrations (P < 0.05). Root-tip cutting treatment and
uniconazole treatment at concentrations of 20 or
30 mg l�1 significantly reduced the chlorophyll content of
the seedlings compared with those treated with unicona-
zole, at corresponding concentrations (P < 0.05).

Combined effects of root-tip cutting and uniconazole
treatment on the bacterial diversity of the rhizosphere
soil

Based on the Chao1 and ACE indices, the bacterial spe-
cies richness in the rhizosphere soil of colonized seed-
lings decreased in comparison to those not inoculated
with T. indicum, but this was not significant (Table 1).
Conversely, a significant decrease (P < 0.05) in the Shan-
non diversity index was observed in the rhizosphere soil
of the colonized seedlings compared to uninoculated
seedlings. The Chao1 and species richness indexes were
significantly reduced in the rhizosphere soil of colonized
seedlings (P < 0.05) when the concentration of unicona-
zole reached 10 mg l�1 or higher in comparison with the
rhizosphere of those not sprayed with uniconazole. The
ACE index was significantly lowered (P < 0.05) in the rhi-
zosphere soil of the seedlings under 30 mg l�1 unicona-
zole treatment compared to untreated plants. Root-tip
cutting and non-cutting seemed to have no significant
effect on the diversity of microorganisms in rhizosphere
soil of colonized seedlings.

Taxonomic analyses of bacterial communities

Each bacterial 16S rRNA gene sequence was taxonomi-
cally assigned from the level of phylum to genus based
on the RDP 3 classifier (Fig. S2). A total of 34 phyla
were identified in the rhizosphere soil of P. armandii
seedlings with or without T. indicum, of which 21 were
observed in all 18 samples (Fig. 4A). Four phyla, namely
Proteobacteria, Actinobacteria, Chloroflexi and Acidobac-
teria were dominant across all samples with average
abundances of 45.8%, 11.4%, 10.3% and 9.5% respec-
tively. The abundance of these phyla exhibited no signifi-
cant differences between the rhizosphere soil of cut
colonized seedlings and that of uninoculated uncut seed-
lings. Proteobacteria constituted the most abundant phy-
lum in the rhizosphere soil of cut colonized seedlings
treated with 10 mg l�1 uniconazole, and its abundance
decreased significantly when the uniconazole concentra-
tion was increased to 30 mg l�1 (P < 0.05).
Of the 59 classes detected, Alphaproteobacteria,

Deltaproteobacteria, Betaproteobacteria and Anaerolin-
eae were most abundant across all samples, with
respective average values of 23.5%, 9.2%, 9.1% and
7.7% (Fig. 4B). The relative abundance of Deltapro-
teobacteria was significantly greater in the rhizosphere
soil of colonized seedlings than the control seedlings
(P < 0.05), while the cut colonized seedlings sprayed
with 10 mg l�1 uniconazole contained the most
Alphaproteobacteria.
A total of 486 genera were detected, of which 145

were common to all samples (Fig. 5). Rhodoplanes (av-
erage 3.25%) and Devosia (2.63%) were most prominent
in all samples, and Devosia was significantly more abun-
dant in the rhizosphere soil of the control seedlings than
colonized seedlings (P < 0.05). Pseudomonas was sig-
nificantly more abundant in the rhizosphere soil of colo-
nized seedlings than the control seedlings (P < 0.05).
The cut colonized seedlings sprayed with 10 mg l�1 uni-
conazole contained the highest relative abundance of
Pseudomonas.
The differences in bacterial community compositions

between the samples were visualized using nonmetric
multidimensional scaling (NMDS) analysis. The bacterial
community structure of the rhizosphere soil of the colo-
nized seedlings sprayed with different concentrations of
uniconazole differed significantly compared with the con-
trol treatments (Fig. 6), implying that the combination of
root-tip cutting and uniconazole treatment resulted in

Fig. 3. Effects of root-tip cutting and different concentrations of uniconazole treatment (mg l�1) on plant height (A), stem circumference (B), bio-
mass (C), root dry weight (D), root activity (E), root–shoot ratio (F), chlorophyll content (G) and colonization rate (h) of Pinus armandi seedlings
colonized by Tuber indicum under greenhouse conditions. Control, P. armandi seedlings without T. indicum partner; U, P. armandi seedlings
colonized by T. indicum sprayed with uniconazole (mg l�1). Each value is the mean of 10 replicates (�SD). Values followed by different lower-
case letters indicate significant differences (P < 0.05) between samples.
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changes in the bacterial communities of the rhizosphere
soil, which were initially from air and water.

Discussion

The symbiosis of ectomycorrhizae has been well docu-
mented (Hogberg et al., 2010; Torres-Aquino et al.,
2017). Ectomycorrhizal fungi have been well studied,
which could increase plant primary biomass and
increase plant tolerance to stress (Abiala et al., 2015;
Bell et al., 2015). (Boroujeni and Hemmatinezhad,
2015). In the present study, the effect of inoculation with
T. indicum on the growth of seven-month-old P. armandii
seedlings under greenhouse conditions was assessed.
Inoculation of T. melanosporum has been proven to
improve the growth and nutrient uptake of Pinus
halepensis seedlings (Dominguez et al., 2012). This is

consistent with the results of this study whereby truffle
inoculation was found to exhibit a positive effect on the
stem circumference, biomass and root weight of P. ar-
mandii seedlings. Interestingly, inoculation with
T. indicum reduced the root activity and chlorophyll con-
tent of the host seedlings under greenhouse conditions.
An explanation for this negative effect on host physiol-
ogy requires further analysis.
Uniconazole is a triazole chemical that is used as a

plant growth retardant. It is active on a wide range of
plants and acts by inhibiting the production of gibberellins
(Liu et al., 2015). In the present study, a colonization rate
increase was observed in uncut colonized seedlings
under 10 mg l�1 uniconazole treatment. Conversely, a
concentration of 30 mg l�1 reduced the colonization rate.
The uniconazole-induced increase in root–shoot ratio, root
length, increased root tips and increased root surface area

Table 1. Community richness and diversity indexes of bacteria in rhizosphere soil of P. armandii seedlings colonized by Tuber indicum under
treatment with root-tip cutting or different concentrations of uniconazole (mg l�1).

Treatment Sample Observed species Chao1 ACE Simpson Shannon

Control CK 1974 � 72 a 1367 � 67 a 1692.22 � 161.75 a 0.99 � 0.00 a 8.40 � 0.03 a
Root-tip cutting 0U 1872 � 37 ab 1180 � 75 ab 1649.13 � 144.94 a 0.99 � 0.00 ab 7.78 � 0.15 b

5U 1834 � 31 ab 1055 � 48 bc 1401.96 � 124.03 ab 0.98 � 0.01 c 7.40 � 0.20 b
10U 1525 � 101 c 977 � 91 c 1274.84 � 193.18 bc 0.98 � 0.01 abc 7.59 � 0.17 b
20U 1644 � 169 bc 974 � 48 c 1261.22 � 102.00 bc 0.98 � 0.01 bc 7.44 � 0.15 b
30U 1445 � 23 c 880 � 37 c 1012.79 � 89.29 c 0.98 � 0.02 ab 7.52 � 0.09 b

Uncut root 0U 1789 � 36 ab 1122 � 41 ab 1628.72 � 144.94 a 0.99 � 0.00 ab 7.84 � 0.11 b
5U 1657 � 82 bc 1061 � 94 bc 1381.36 � 124.03 ab 0.98 � 0.00 c 7.56 � 0.09 b
10U 1532 � 85 c 909 � 58 c 1287.21 � 193.18bc 0.98 � 0.00 c 7.32 � 0.12 b
20U 1558 � 127 c 893 � 38 c 1190.06 � 102.00 bc 0.98 � 0.00 c 7.25 � 0.23 b
30U 1497 � 87 c 824 � 77 c 990.03 � 89.29 c 0.98 � 0.00 c 7.05 � 0.22 b

CK, P. armandii seedlings without T. indicum; Root-tip cutting, P. armandii seedlings colonized by T. indicum treated with root-tip cutting; Uncut
root, P. armandii seedlings colonized by T. indicum without root-tip cutting; U, P. armandii seedlings colonized by T. indicum treated with uni-
conazole (mg l�1). Each value represents the mean of three replicates (�SD). Values followed by different lowercase letters indicate significant
differences (P < 0.05) between samples in the same line.

Fig. 4. Effects of root-tip cutting and different concentrations of uniconazole treatment (mg l�1) on bacterial communities in rhizosphere soil of
Pinus armandi seedlings colonized by Tuber indicum in the greenhouse at the phylum (A) and class (B) levels. CK, P. armandi seedlings with-
out T. indicum partner; root-tip cutting, P. armandii seedlings colonized by T. indicum treated with root-tip cutting; uncut root, P. armandii seed-
lings colonized by T. indicum without root-tip cutting; U, P. armandii seedlings colonized by T. indicum treated with uniconazole (mg l�1). Each
value is the mean of three replicates.
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(Fig. S1) under certain concentration was considered to
be closely associated with the observed increase in colo-
nization rate. The decrease in plant height and increase in
chlorophyll content caused by uniconazole observed in
this study is consistent with previous literature (Itoh et al.,
2005; He et al., 2017). Biomass, root weight and antioxi-
dant system (POD and SOD) activities of P. armandii
inoculated with T. indicum were not significantly affected
by 10 mg l�1 uniconazole treatment, which suggests
potential application for the harvest of both plant (wood or
fruit) and truffle (ascocarp). This increased colonization
rate could be applied to the study of mycorrhizal synthesis
and material exchange between mycorrhizal fungi and
host plants. The effect of uniconazole on the artificial culti-
vation of truffle and fructification requires further verifica-
tion in the field. Although 30 mg l�1 uniconazole
treatment further increased the root–shoot ratio, the signif-
icant decrease in host plant height and biomass limited
the increase in truffle colonization rate, as ectomycor-
rhizae rely on the host plant as a carbon source. Accord-
ing to previous research, the colonization rate and the

quality of the host plant constitute the primary factors con-
tributing to the success or failure of a truffle crop (Andres-
Alpuente et al., 2014).
Root-tip cutting is an efficient technique used in plant

growth management. Its effects on the morphology,
growth and colonization rate of the host plant were
assessed in this paper. The results demonstrated that
root-tip cutting alone had a positive effect on colonization
rate. The proliferation of secondary trophic roots caused
by root-tip cutting was also considered to be one of the
main reasons for the increase of colonization rate. How-
ever, the significant decrease in plant height, biomass,
root weight and root activity of root tip-cut P. armandii
seedlings colonized by T. indicum raises concerns about
its further application in truffle cultivation. The activities
of SOD and POD are considered to be important indica-
tors for stress resistance in plants (Liu et al., 2017; Tan-
veer and Shah, 2017), and in this study, these
antioxidant enzymes were significantly reduced by root-
tip cutting. However, the combined treatment of 5 mg l�1

uniconazole and root-tip cutting presents an alternative

Fig. 5. Heat-map analysis of the 30 most abundant bacterial genera in rhizosphere soil of Pinus armandi seedlings colonized by Tuber indicum
in the greenhouse. CK, P. armandi seedlings without T. indicum partner; root-tip cutting, P. armandii seedlings colonized by T. indicum treated
with root-tip cutting; uncut root, P. armandii seedlings colonized by T. indicum without root-tip cutting; U, P. armandii seedlings colonized by
T. indicum treated with uniconazole (mg l�1). Each value is the mean of 3 replicates. The relative abundance of the sample at genus level
increased with the colour block changing from green to red.
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approach for mycorrhizal synthesis and was associated
with relatively high colonization rates, biomass, plant
height, root–shoot ratio, root weight and stem circumfer-
ence of P. armandii seedlings.
Rhizosphere soil microorganisms play important roles

in promoting plant growth and improving tolerance to dis-
ease and abiotic stress (Angela et al., 2018). It was pre-
viously reported that the bacteria associated with truffle
ascocarps contribute towards truffle volatile compositions
(Splivallo et al., 2015). Dominguez et al. (2012) reported
that the additional inoculation of P. fluorescens CECT
844 doubled the rate of mycorrhization of T. melanospo-
rum in comparison to a simple inoculation. The com-
bined inoculation of P. fluorescens and
T. melanosporum was found to improve the growth and
nutrient uptake of the seedlings (Dominguez et al.,
2012). To further assess the effects of uniconazole and
root-tip cutting treatment on bacterial communities in the
rhizosphere soil of the colonized seedlings, a high-
throughput sequencing method was used to analyse the
rhizosphere soil bacterial community of the colonized
seedlings under these treatments. Root-tip cutting, uni-
conazole treatment and inoculation of T. indicum
reduced the microbial diversity in the rhizosphere soil of
P. armandii seedlings, particularly on some indicators,
including the observed species, Chao1 and Shannon
indexes. Our previous study found that inoculation of
T. indicum decreased microbial diversity in the

rhizosphere soil of P. armandii seedlings under the
same conditions (Li et al., 2017). Of all the major bacte-
rial communities detected, three phyla, namely Pro-
teobacteria, Actinobacteria and Chloroflexi, were
dominant in all samples. Alphaproteobacteria and
Deltaproteobacteria (both in the phylum Proteobacteria)
were found to be more abundant in the rhizosphere soil
of root tip-cut or 10 mg l�1 uniconazole-treated colonized
seedlings than in control rhizosphere soil. Previous stud-
ies also found that a-Proteobacteria and c-Proteobacte-
ria comprised the predominant components of the
bacterial communities of truffles (Barbieri et al., 2007;
Vahdatzadeh et al., 2015; Li et al., 2017). Previous stud-
ies have demonstrated that Pseudomonas fluorescens
(Proteobacteria) improved the establishment and func-
tioning of ectomycorrhizal symbiosis (Dominguez et al.,
2012). The close association of these communities with
the presence of truffle mycelia is thought to be important
for the growth and mycorrhizal synthesis of truffles (Li
et al., 2017). The high abundance of Proteobacteria in
the rhizosphere soil of root tip-cut or 10 mg l�1 unicona-
zole-treated colonized seedlings may be used as an indi-
cator of colonization of ectomycorrhizal fungi and
inspires potential application in ectomycorrhizal fungi cul-
tivation.
In summary, T. indicum inoculation exhibits a positive

effect on the stem circumference, biomass and root
weight of P. armandii seedlings. 10 mg l�1 uniconazole

Fig. 6. Nonmetric multidimensional scaling (NMDS) analysis of bacterial communities in rhizosphere soil of P. armandii seedlings colonized by
Tuber indicum under different concentrations of uniconazole treatment (mg l�1). CK, P. armandi seedlings without T. indicum partner; root-tip cut-
ting, P. armandii seedlings colonized by T. indicum treated with root-tip cutting; uncut root, P. armandii seedlings colonized by T. indicum without
root-tip cutting; U, P. armandii seedlings colonized by T. indicum treated with uniconazole (mg l�1). All experiments were conducted triple.
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or the combination of 5 mg l�1 uniconazole and root-tip
cutting constitutes an improved method for truffle ecto-
mycorrhizal synthesis, which was associated with rela-
tively high colonization rates, biomass, plant height,
root–shoot ratio, root weight and stem circumference of
P. armandii seedlings. Root-tip cutting, uniconazole
treatment and inoculation of T. indicum reduced the
microbial diversity in the rhizosphere soil of P. armandii
seedlings, particularly on some indicators, including the
observed species, Chao1 and Shannon indexes. How-
ever, the high abundance of Proteobacteria presented in
the rhizosphere soil of root tip-cut or 10 mg l�1 unicona-
zole-treated colonized seedlings may be used as an indi-
cator of colonization of truffle. This research inspires the
potential application of uniconazole and root-tip cutting
treatments for ectomycorrhizal synthesis and truffle culti-
vation.

Experimental procedures

Pinus armandii seedling cultivation and root-tip cutting
treatment

Pinus armandii seedlings were cultivated in a green-
house according to our previously described method (Li
et al., 2017). Briefly, P. armandii seeds, purchased from
a local seed company (Tianhe seed company, Lianyun-
gang, Jiangsu), were surface sterilized with 30% H2O2

for 30 min and washed three times with sterile water.
Surface-sterilized seeds were sown in plastic containers
filled with sterilized substrate (vermiculite, perlite and
water at a ratio of 1:1:1, v/v/v), which were autoclave-
sterilized for 90 min at 121°C to prevent contamination.
One month later, P. armandii seedlings of approximately
the same height and exhibiting healthy growth were
selected to test the effects of root-tip cutting on plant
growth and mycorrhizal synthesis. They were removed
from the plastic container, taking care to maintain root
integrity, and the distal part of taproots (1 cm in length)
was excised using sterilized scissors. The root tips of
the control treatment were left unaltered. Both the treat-
ment and the control seedlings were transplanted into
containers with 1 L sterilized substrate (peat, vermiculite,
organic soil and water at a ratio of 1:1:1:0.9, v/v/v/v) for
T. indicum inoculation and uniconazole treatment. The
organic soil used in this experiment was purchased from
Klasmann-Deilmann China Ltd. (Shanghai, China). The
final pH of the homogenized substrate was adjusted to
7.5 by adding calcium hydroxide (Geng et al., 2009).

Truffle inoculation and uniconazole treatment

Truffle inoculation was performed according to our previ-
ously described method (Li et al., 2017). Briefly, the
spore inoculum of T. indicum was obtained by blending

the ascocarps, which had been surface sterilized with
75% alcohol, and soaking in sterile water. The asco-
carps were collected from the field when they were com-
pletely mature and were then identified by morphological
and ITS-rDNA sequence analysis (Wang et al., 2006).
Five millilitre sterile water mixed with 2 g spore powder
was inoculated to the root surface of seedlings through
sterile syringes (about 2 9 107 spores per plant). Sixty
P. armandii seedlings without pruned roots and watered
with 5 ml sterile water served as controls. The remaining
600 seedlings were inoculated with truffle spores (includ-
ing 300 with pruned root tips and 300 without pruned
roots) and sprayed with different concentrations of uni-
conazole (0, 5, 10, 20 and 30 mg l�1). Wettable powder
(5%), which has been shown to have no effect on plant
growth (Kabir et al., 2016), was used to improve the uni-
formity of the uniconazole in distilled water. Total vol-
umes of 10 ml of different concentrations of uniconazole
were sprayed on the needles of each seedling, and each
treatment consisted of sixty seedlings. All pots were
maintained in the greenhouse under uniform conditions
(the daytime temperature of the greenhouse was 20–
25°C; the night temperature was 18–20°C; natural light;
air humidity was 60–80%), with 5 m distance between
different treatment groups. The seedlings were initially
watered 7 days following uniconazole spraying, after
which they were watered every 3 days. No fertilizers
were added to the plants. After 6 months, the mycor-
rhizae of the P. armandii seedlings colonized by
T. indicum were detected by morphological and molecu-
lar analysis using a microscope and ITS-rDNA sequence
analysis (Geng et al., 2009; Li et al., 2017). The seed-
lings, roots and rhizosphere soil were harvested for
antioxidase activity assay (SOD and POD), plant mor-
phometry (plant height, stem circumference and root–
shoot ratio), root activity (dehydrogenase activity),
chlorophyll content, colonization rate detection and soil
microbial community determination using high-throughput
sequencing.

Determination of antioxidant enzyme activity in the roots

Harvested P. armandii roots (0.1 g for each seedling)
were first ground in liquid nitrogen with a pestle and the
resultant paste soaked in 100 mM phosphate buffer (pH
7.5) containing 1 mM EDTA and 1% polyvinylpyrrolidone
(w/v) at 4°C. The homogenate was centrifuged at
8000 g at 4°C for 10 min, and then, the supernatant was
centrifuged at 12 000 g at 4°C for 20 min. This final
supernatant was used to measure the enzyme activity.
SOD activity of root extracts was determined by the

inhibition of the photochemical reduction of nitroblue
tetrazolium (NBT) following the method of Fridovich
(2011). Peroxidase (POD) activity was measured using a

ª 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 13, 535–547

Root cutting improves truffle colonization rate 543



peroxidase assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China) according to the man-
ufacturer’s instructions. Using a spectrophotometer
(MODEL U-3900/3900H; Hitachi High-Technologies Cor-
poration, Tokyo, Japan), one unit of enzyme activity
(1 U) was defined as the change in 0.01 absorbance
units per minute at 460 nm.

Determination of plant growth and colonization rate

The plant height and stem circumference of P. armandii
seedlings were measured using ruler and vernier caliper
respectively. The biomass of each plant was assessed
based on the aboveground and belowground dry matter
weight. For dry weight determination, the seedlings were
first washed to remove any substrate attached to the
roots, after which they were oven-dried at 105°C for
30 min to halt respiration and then oven-dried at 75°C to
achieve constant weight (Maunoury-Danger et al., 2010).
The dry weight of the shoots and roots was measured
once the material had cooled. The root–shoot ratio was
expressed as the ratio of dry weight between the below-
ground and aboveground parts of the plant.
Root activity was measured using the triphenyl tetra-

zolium chloride (TTC) method (Zhang et al., 2012).
When TTC is added to a tissue, it can be reduced by
dehydrogenase, primarily succinate dehydrogenase.
Briefly, 0.1 g fresh root material for each seedling was
immersed in 10 ml of a mixed solution comprising equal
volumes of 0.4% TTC solution and phosphate buffer.
The mixture was kept in the dark at 37°C for 2 h, after
which 2 ml of 1 M H2SO4 was added to stop the reac-
tion in the roots. The roots were blotted with filter paper
and then transferred into a mortar and ground to a fine
powder in 3–4 ml ethyl acetate. The resulting red pow-
der was transferred into a volumetric flask, and ethyl
acetate was added to adjust the total volume to 10 ml.
The absorbance of the extract at 485 nm was measured.
Root activity was expressed as the TTC reduction inten-
sity. Root activity = amount of TTC reduction (µg)/fresh
root weight (g) 9 time (h) (Zhang et al., 2012).
The chlorophyll content was measured using a hand-

held chlorophyll meter (SPAD-502; Konica Minolta Com-
pany, Tokyo, Japan, measuring area: 2 9 3 mm). The
same sections of the needles taken from the centre of
the seedlings were selected for analysis. About 15 nee-
dles were analysed for chlorophyll content for each
seedling.
Root colonization by T. indicum under different treat-

ments was quantified. The root segments colonized by
T. indicum were counted under a stereoscope based on
the mycorrhizal fungal structures. A total of 30 root seg-
ments (each segment was about 1 cm long) were ran-
domly selected and observed for each seedling (Andres-

Alpuente et al., 2014). Mycorrhizal colonization rate was
expressed as: mycorrhizal colonization rate (%) = (root
segments colonized by T. indicum/total root segments
observed) 9 100 (Benucci et al., 2012).

Soil microbial DNA extraction and HiSeq sequencing

Soils at the interface with the ectomycorrhizae or non-
mycorrhizal roots (soil adhering to the root tip) were col-
lected using needles and forceps. About 0.2 g of rhizo-
sphere soil was taken from each seedling, and all
experiments were conducted in triplicate. Total DNA of
the microorganisms in the rhizosphere soil of P. armandii
was extracted using a soil DNA kit (D5625-01; Omega
Bio-tek Inc., Norcross, GA, USA) according to the manu-
facturer’s instructions. The concentration and integrity of
the extracted DNA were monitored on 1% agarose gels
and determined using a Qubit � 2.0 fluorometer (Invitro-
gen, Shanghai, China). The DNA was diluted to
1 ng ll�1 using sterile water.
The 16S V4 genes of all the samples were amplified

using the universal primers 515F-806R with the barcode
as a marker for distinguishing samples (Fu et al., 2016;
Li et al., 2017). PCRs were conducted according to Li
et al. (2017) using Phusion� High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, UK). PCR prod-
ucts obtained from three technical replicates were com-
bined in equimolar ratios for each sample and purified
with a Qiagen Gel Extraction Kit (Qiagen, Holden, Ger-
many). PCR amplicon libraries were generated using a
TruSeq� DNA PCR-Free Sample Preparation Kit (lllu-
mina, San Diego, CA, USA) in accordance with the
instructions, and index codes were added. The library
quality was assessed on a Qubit� 2.0 fluorometer
(Thermo Scientific, Shanghai, China) and Agilent Bioan-
alyzer 2100 system. Sequencing was carried out on an
Illumina HiSeq 2500 platform. All the experiments con-
tained three biological repeats.

Sequencing data analysis

The sequence reads were assigned to samples based
on their respective barcodes and truncated by cutting off
the barcode and primer sequence (BioProject:
PRJNA391233). Reads that overlapped, which were
generated from the opposite end of the same DNA frag-
ment, were merged using FLASH (Magoc and Salzberg,
2011). Quality filtering of the raw tags (Caporaso et al.,
2010; Bokulich et al., 2013) was performed under filter-
ing conditions that were selected to obtain high-quality
clean tags according to the QIIME quality control pro-
cess (Table S1). The tags were compared with the refer-
ence database using the UCHIME algorithm to detect
and remove chimeric sequences (Edgar et al., 2011).
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Sequences were assigned to the same operational taxo-
nomic units (OTUs) with ≥ 97% similarity using UPARSE
software (Edgar, 2013). Taxonomic information of the
OTUs was annotated using the Greengenes Database
based on Ribosomal Database Project (RDP) 3 classifier
(Cole et al., 2009). Rarefaction curves were used to esti-
mate coverage. Alpha Diversity (species richness,
Chao1), ACE (http://www.mothur.org/wiki/Ace), Simpson
and Shannon indexes, and beta diversity were calcu-
lated with QIIME (version 1.7.0). The differences in bacte-
rial community compositions between the samples were
visualized by nonmetric multidimensional scaling
(NMDS) analysis (Schneider and Bissett, 1981) using R

software.

Statistical analysis

The data of this study are presented as means � stan-
dard deviation (SD) of at least three biological replicates
for each treatment. Statistical analysis was carried out
by multivariate analysis of variance using SPSS 19.0
(Armonk, NY, USA). Least significant difference (LSD)
was performed to test if the results of multivariate analy-
sis of variance between the different treated groups were
significant at P < 0.05.

Acknowledgements

This work was supported in parts by the Key Technology
R&D Program of Sichuan (2016NYZ0040, 2017NZ0011)
and Sichuan Mushroom Innovation Team.

Conflict of interest

None declared.

References

Abiala, M.A., Odebode, A.C., Hsu, S.F., and Blackwood,
C.B. (2015) Phytobeneficial properties of bacteria isolated
from the rhizosphere of maize in Southwestern Nigerian
soils. Appl Environ Microbiol 81: 4736–4743.

Alegria Terrazas, R., Giles, C., Paterson, E., Robertson-
Albertyn, S., Cesco, S., Mimmo, T., et al. (2016) Plant-mi-
crobiota interactions as a driver of the mineral turnover in
the rhizosphere. Adv Appl Microbiol 95: 1–67.

Andres-Alpuente, A., Sanchez, S., Martin, M., Aguirre, A.J.,
and Barriuso, J.J. (2014) Comparative analysis of different
methods for evaluating quality of Quercus ilex seedlings
inoculated with Tuber melanosporum. Mycorrhiza 24
(Suppl 1): S29–S37.

Angela, S., G€unter, B., Nikolaus, P., Doris, G., and Birgit,
M. (2018) The contribution of plant microbiota to economy
growth. Microb Biotechnol 11: 801–805.

Antony-Babu, S., Deveau, A., Van Nostrand, J.D., Zhou, J.,
Le Tacon, F., Robin, C., et al. (2014) Black truffle-

associated bacterial communities during the development
and maturation of Tuber melanosporum ascocarps and
putative functional roles. Environ Microbiol 16: 2831–2847.

Baldrian, P. (2017) Forest microbiome: diversity, complexity
and dynamics. FEMS Microbiol Rev 41: 109–130.

Barbieri, E., Bertini, L., Rossi, I., Ceccaroli, P., Saltarelli, R.,
Guidi, C., et al. (2005) New evidence for bacterial diver-
sity in the ascoma of the ectomycorrhizal fungus Tuber
borchii Vittad. FEMS Microbiol Lett 247: 23–35.

Barbieri, E., Guidi, C., Bertaux, J., Frey-Klett, P., Garbaye,
J., Ceccaroli, P., et al. (2007) Occurrence and diversity of
bacterial communities in Tuber magnatum during truffle
maturation. Environ Microbiol 9: 2234–2246.

Bell, T.H., Cloutier-Hurteau, B., Al-Otaibi, F., Turmel, M.C.,
Yergeau, E., Courchesne, F., and St-Arnaud, M. (2015)
Early rhizosphere microbiome composition is related to
the growth and Zn uptake of willows introduced to a for-
mer landfill. Environ Microbiol 17: 3025–3038.

Benucci, G. M., Bonito, G., Baciarelli Falini, L., and Ben-
civenga, M. (2012) Mycorrhization of pecan trees (Carya illi-
noinensis) with commercial truffle species: Tuber aestivum
Vittad. and Tuber borchii Vittad. Mycorrhiza 22: 383–392.

Bokulich, N.A., Subramanian, S., Faith, J.J., Gevers, D.,
Gordon, J.I., Knight, R., et al. (2013) Quality-filtering
vastly improves diversity estimates from Illumina amplicon
sequencing. Nat Methods 10: 57–59.

Boroujeni, D.S., and Hemmatinezhad, B. (2015) Review of
application and importance of ectomycorrhiza fungi and
their role in the stability of ecosystems. Biosci Biotechnol
Res Asia 12: 153–158.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335–336.

Chen, A.Y., Zhao, C.X., Wang, Y.F., Feng, K., and Wang,
M.L. (2014) Effects of root cutting under different seedling
conditions on root system distribution and senescence
character of peanut. Ying Yong Sheng Tai Xue Bao 25:
1387–1394.

Chen, X.C., Liu, Y.G., Zeng, G.M., Duan, G.F., Hu, X.J., Hu,
X., et al. (2015) The optimal root length for vetiveria
zizanioides when transplanted to Cd polluted soil. Int J
Phytoremediation 17: 563–567.

Cole, J.R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Far-
ris, R.J., et al. (2009) The Ribosomal Database Project:
improved alignments and new tools for rRNA analysis.
Nucleic Acids Res 37: D141–D145.

Cullere, L., Ferreira, V., Venturini, M. E., Marco, P., and
Blanco, D. (2013) Potential aromatic compounds as mark-
ers to differentiate between Tuber melanosporum and
Tuber indicum truffles. Food Chem 141: 105–110.

Deveau, A., and Labb�e, J. (2006) Mycorrhiza helper bacte-
ria. In Molecular mycorrhizal symbiosis. Martin, F. (ed.).
Hoboken, NJ: Wiley-Blackwell.

Dominguez, J.A., Martin, A., Anriquez, A., and Albanesi, A.
(2012) The combined effects of Pseudomonas fluo-
rescens and Tuber melanosporum on the quality of Pinus
halepensis seedlings. Mycorrhiza 22: 429–436.

Edgar, R. C. (2013) UPARSE: highly accurate OTU
sequences from microbial amplicon reads. Nat Methods
10: 996–998.

ª 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 13, 535–547

Root cutting improves truffle colonization rate 545

http://www.mothur.org/wiki/Ace


Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., and
Knight, R. (2011) UCHIME improves sensitivity and speed
of chimera detection. Bioinformatics 27: 2194–2200.

Esmaeili Taheri, A., Chatterton, S., Gossen, B., and McLa-
ren, D. (2017) Metagenomic analysis of oomycete com-
munities from the rhizosphere of field pea on the
Canadian prairies. Can J Microbiol 63: 758–768.

Fridovich, I. (2011) Superoxide dismutases: anti- versus pro-
oxidants? Anticancer Agents Med Chem 11: 175–177.

Fu, Y., Li, X., Li, Q., Wu, H., Xiong, C., Geng, Q., et al.
(2016) Soil microbial communities of three major Chinese
truffles in southwest China. Can J Microbiol 62: 970–979.

Gao, S.R., Zhao, Z.G., Hou, J.L., Wang, W.Q., Song, Y.,
Yan, B.B., and Jin, Y.Q. (2015) Effects of plant growth
regulator uniconazole on plant morphology and biomass
allocation of Salvia miltiorrhiza. Zhongguo Zhong Yao Za
Zhi 40: 1925–1929.

Geng, L.Y., Wang, X.H., Yu, F.Q., Deng, X.J., Tian, X.F.,
Shi, X.F., et al. (2009) Mycorrhizal synthesis of Tuber
indicum with two indigenous hosts, Castanea mollissima
and Pinus armandii. Mycorrhiza 19: 461–467.

He, J., Lin, L., Ma, Q., Liao, M., Wang, X., Lai, Y., et al.
(2017) Uniconazole (S-3307) strengthens the growth and
cadmium accumulation of accumulator plant Malachium
aquaticum. Int J Phytoremediation 19: 348–352.

Hogberg, M.N., Briones, M.J., Keel, S.G., Metcalfe, D.B.,
Campbell, C., Midwood, A.J., et al. (2010) Quantification
of effects of season and nitrogen supply on tree below-
ground carbon transfer to ectomycorrhizal fungi and other
soil organisms in a boreal pine forest. New Phytol 187:
485–493.

Huang, M., Fang, Y., Liu, Y., Jin, Y., Sun, J., Tao, X., et al.
(2015) Using proteomic analysis to investigate unicona-
zole-induced phytohormone variation and starch accumu-
lation in duckweed (Landoltia punctata). BMC Biotechnol
15: 81.

Itoh, R.D., Nakahara, N., Asami, T., and Denda, T. (2005)
The leaf morphologies of the subtropical rheophyte
Solenogyne mikadoi and its temperate relative S. bel-
lioides (Asteraceae) are affected differently by plant hor-
mones and their biosynthesis inhibitors. J Plant Res 118:
181-186.

Jiang, S., Honma, T., Nakamura, T., Furukawa, I., and
Yamamoto, F. (1998) Regulation by uniconazole-P and
gibberellins of morphological and anatomical responses of
Fraxinus mandshurica seedlings to gravity. IAWA J 19:
311–320.

Jiang, S., Xu, K., Wang, Y.Z., Ren, Y.P., and Gu, S. (2008)
Role of GA3, GA4 and uniconazole-P in controlling gravit-
ropism and tension wood formation in Fraxinus mand-
shurica Rupr. var. japonica Maxim. seedlings. J Integr
Plant Biol 50: 19–28.

Kabir, M.H., Abd El-Aty, A.M., Kim, S.W., Lee, H.S., Rah-
man, M.M., Lee, Y.J., et al. (2016) Residual determination
and risk assessment of buprofezin in plum (Prunus
domestica) grown in open-field conditions following the
application of three different formulations. Biomed Chro-
matogr 30: 1721–1727.

Kojima, K., Goto, A., and Nakashima, S. (1996) Effects
of uniconazole-P on abscission and endogenous
ABA, IAA, and GA-like substances levels of satsuma

mandarin fruitlet. Biosci Biotechnol Biochem 60: 901–
902.

Li, Q., Zhao, J., Xiong, C., Li, X., Chen, Z., Li, P., and
Huang, W. (2017) Tuber indicum shapes the microbial
communities of ectomycorhizosphere soil and ectomycor-
rhizae of an indigenous tree (Pinus armandii). PLoS ONE
12: e0175720.

Liu, J. K. (2007) Secondary metabolites from higher fungi in
China and their biological activity. Drug Discov Ther 1:
94–103.

Liu, R.S., Li, D.C., Li, H.M., and Tang, Y.J. (2012) Evalua-
tion of aroma active compounds in Tuber fruiting bodies
by gas chromatography-olfactometry in combination with
aroma reconstitution and omission test. Appl Microbiol
Biotechnol 94: 353–363.

Liu, Y., Fang, Y., Huang, M., Jin, Y., Sun, J., Tao, X., et al.
(2015) Uniconazole-induced starch accumulation in the
bioenergy crop duckweed (Landoltia punctata) I: transcrip-
tome analysis of the effects of uniconazole on chlorophyll
and endogenous hormone biosynthesis. Biotechnol Biofu-
els 8: 57.

Liu, M., Chen, J., Guo, Z., and Lu, S. (2017) Differential
responses of polyamines and antioxidants to drought in a
centipedegrass mutant in comparison to its wild type
plants. Front Plant Sci 8: 792.

Magoc, T., and Salzberg, S.L. (2011) FLASH: fast length
adjustment of short reads to improve genome assemblies.
Bioinformatics 27: 2957–2963.

Mashela, P.W., and Nthangeni, M.E. (2002) Osmolyte allo-
cation in response to tylenchulus semipenetrans infection,
stem girdling, and root pruning in citrus. J Nematol 34:
273–277.

Maunoury-Danger, F., Fresneau, C., Eglin, T., Berveiller, D.,
Francois, C., Lelarge-Trouverie, C., and Damesin, C.
(2010) Impact of carbohydrate supply on stem growth,
wood and respired CO2 delta13C: assessment by experi-
mental girdling. Tree Physiol 30: 818–830.

Mitter, E.K., de Freitas, J.R., and Germida, J.J. (2017) Bac-
terial root microbiome of plants growing in oil sands recla-
mation covers. Front Microbiol 8: 849.

Sasaki, E., Ogura, T., Takei, K., Kojima, M., Kitahata, N.,
Sakakibara, H., et al. (2013) Uniconazole, a cytochrome
P450 inhibitor, inhibits trans-zeatin biosynthesis in Ara-
bidopsis. Phytochemistry 87: 30–38.

Schneider, B.A., and Bissett, R.J. (1981) The dimensions of
tonal experience: a nonmetric multidimensional scaling
approach. Percept Psychophys 30: 39–48.

Smith, R., and Greenwood, M. (1995) Effects of gibberellin
A(4/7), root pruning and cytokinins on seed and pollen
cone production in black spruce (Picea mariana). Tree
Physiol 15: 457–465.

Splivallo, R., Deveau, A., Valdez, N., Kirchhoff, N., Frey-
Klett, P., and Karlovsky, P. (2015) Bacteria associated
with truffle-fruiting bodies contribute to truffle aroma. Envi-
ron Microbiol 17: 2647–2660.

Tanveer, M., and Shah, A.N. (2017) An insight into salt
stress tolerance mechanisms of Chenopodium album.
Environ Sci Pollut Res Int 24: 16531–16535.

Torres-Aquino, M., Becquer, A., Le Guerneve, C., Louche,
J., Amenc, L.K., Staunton, S., et al. (2017) The host plant
Pinus pinaster exerts specific effects on phosphate efflux

ª 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 13, 535–547

546 X. Li et al.



and polyphosphate metabolism of the ectomycorrhizal
fungus Hebeloma cylindrosporum: a radiotracer, cytologi-
cal staining and (31) P NMR spectroscopy study. Plant
Cell Environ 40: 190–202.

Vahdatzadeh, M., Deveau, A., and Splivallo, R. (2015) The
role of the microbiome of truffles in aroma formation: a
meta-analysis approach. Appl Environ Microbiol 81:
6946–6952.

Vita, F., Taiti, C., Pompeiano, A., Bazihizina, N., Lucarotti,
V., Mancuso, S., and Alpi, A. (2015) Volatile organic com-
pounds in truffle (Tuber magnatum Pico): comparison of
samples from different regions of Italy and from different
seasons. Sci Rep 5: 12629.

Wajja-Musukwe, T.N., Wilson, J., Sprent, J.I., Ong, C.K.,
Deans, J.D., and Okorio, J. (2008) Tree growth and man-
agement in Ugandan agroforestry systems: effects of root
pruning on tree growth and crop yield. Tree Physiol 28:
233–242.

Wang, Y.J., Tan, Z.M., Zhang, D.C., Murat, C., Jeandroz,
S., and Tacon, F.L. (2006) Phylogenetic and populational
study of the Tuber indicum complex. Mycological Res
110: 1034–1045.

Wang, X., Mavrodi, D.V., Ke, L., Mavrodi, O.V., Yang, M.,
Thomashow, L.S., et al. (2015) Biocontrol and plant
growth-promoting activity of rhizobacteria from Chinese
fields with contaminated soils. Microb Biotechnol 8: 404–
418.

Wei, Y., Dong, C., Zhang, H., Zheng, X., Shu, B., Shi, S.,
and Li, W. (2017) Transcriptional changes in litchi (Litchi
chinensis Sonn.) inflorescences treated with uniconazole.
PLoS ONE 12: e0176053.

Wijayanti, L., Fujioka, S., Kobayashi, M., and Sakurai, A.
(1996) Effect of uniconazole and gibberellin on the flower-
ing of Pharbitis nil. Biosci Biotechnol Biochem 60: 852–
855.

Zhang, M., Duan, L., Tian, X., He, Z., Li, J., Wang, B., and
Li, Z. (2007) Uniconazole-induced tolerance of soybean to

water deficit stress in relation to changes in photosynthe-
sis, hormones and antioxidant system. J Plant Physiol
164: 709–717.

Zhang, X.Q., Huang, G.Q., Bian, X.M., and Zhao, Q.G.
(2012) Effects of nitrogen fertilization and root separation
on the plant growth and grain yield of maize and its rhizo-
sphere microorganisms. Ying Yong Sheng Tai Xue Bao
23: 3369–3376.

Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the arti-
cle.

Fig. S1. Roots of Pinus armandii seedlings colonized by
Tuber indicum under root-tip cutting and different concentra-
tions of uniconazole treatment (mg l�1). Control, P. armandi
seedlings without T. indicum partner; U, P. armandi seed-
lings colonized by T. indicum sprayed with uniconazole
(mg l�1); U_RC, P. armandi seedlings colonized by
T. indicum treated with uniconazole (mg l�1) and root-tip
cutting.
Fig. S2. Rarefaction curves for bacterial operational taxo-
nomic units (OTUs) in different samples (cut-off value at
97% similarity). In the rarefaction curves, the number of
OTUs increased with sequencing reads. Control, P. armandi
seedlings without T. indicum partner; RC, P. armandi seed-
lings colonized by T. indicum treated by root-tip cutting;
U_RC, P. armandi seedlings colonized by T. indicum trea-
ted with uniconazole (mg l�1) and root-tip cutting. All experi-
ments were conducted triple.
Table S1. Throughput and quality of Hiseq sequencing of
bacterial communities in rhizosphere soil of Pinus armandi
seedlings colonized by Tuber indicum in the greenhouse.
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