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Abstract
Tru�es are the fruiting bodies of hypogeous fungi in the genus Tuber. Some tru�e species usually grow
in an area devoid of vegetation, called brûlé, which knowledge about the microbial composition and
structure is still limited. Here, we investigated the bacterial and fungal communities of Tuber indicum
ascocarps and soils inside and outside a characteristic brûlé from a poplar plantation with no tru�e
production history in northeastern China using a high-throughput sequencing approach. A predominance
of bacterial phylum Proteobacteria was observed in all samples, with Bacillus among the main genera in
the ascocarps, while members of Lysobacter and unidenti�ed Acidobacteria were more abundant in the
soil. In addition, Gibberella, Fusarium and Absidia were the dominant fungi in the ascocarps, while Tuber
were enriched in the ascocarps and soils inside the brûlé. Soil samples from inside the brûlé had a lower
bacterial diversity and a greater fungal diversity than did those from outside the brûlé. Furthermore, some
mycorrhization helper bacteria (Rhizobium) and ectomycorrhiza-associated bacteria (Lysobacter) were
detected, indicating their potential roles in the complex development of underground fruiting bodies and
brûlé formation. These �ndings may contribute to the protection and cultivation of tru�es.

Introduction
Tru�es are the hypogeous fungi belonging to the genus Tuber (Ascomycota) that grow in symbiosis with
speci�c plants and then produce underground fruiting bodies (FBs). The sites where ascocarps are
collected usually appear burned (commonly referred to by the French word ‘brûlé’). T. indicum, known as
Chinese black tru�e, is one of the most appreciated tru�e species with high value in the international
market, commercial sales of which are based mainly on wild harvesting in natural habitats. However,
increasing demand and overharvesting have resulted in decreased production and habitat destruction of
wild tru�e globally.

To reverse this trend, many efforts have been focused on modifying soil and growing conditions and
using seedlings inoculated with speci�c tru�e species to establish plantations in Europe (Le Tacon et al.
2014; Selosse et al. 2017; Piñuela et al. 2021). With the successful cultivation of T. melanosporum
orchards in France, many tru�e orchards have been established worldwide, including in European
countries (i.e., France, Italy and Spain) and countries on other continents (i.e., Australia, USA and New
Zealand) (Hall and Haslam 2012; Reyna and García-Barreda 2014; Bach et al. 2021). At present, over 80%
of the tru�es harvested in France are from arti�cially inoculated orchards (Murat 2015). However, as
production yields are often lower than expected, a great deal of effort has focused on improving the
productivity and sustainability of tru�es and to better understand their life cycle (Rubini et al. 2011;
Molinier et al. 2016). Most studies on tru�es have focused on ectomycorrhizal (ECM) fungal diversity
and nutrient exchange between ascocarps and host trees (Paolocci et al. 2006; Guerin-Laguette et al.
2013; Le Tacon et al. 2015; De la Varga et al. 2017; Deveau et al. 2019). However, a few studies have
investigated microbial communities in tru�e grounds. For instance, in two studies, the fungal
communities inside and outside brûlé in T. melanosporum tru�e grounds located in France were
compared (Napoli et al. 2010; Mello et al. 2011). The results revealed clear differences in these fungal
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communities and indicated a competitive effect of T. melanosporum on other ECM fungi. Mello et al.
(2013) observed that the bacterial communities in the same �elds were also affected by tru�e brûlé.
Among them, Firmicutes, Actinobacteria and Cyanobacteria were more enriched inside the brûlé, while
Pseudomonas and Flavobacteriaceae had greater relative abundances outside. These �ndings have
contributed a great deal to an understanding of the tru�e brûlé microbial community.

Using high-throughput sequencing technology, the bacterial compositions of ascocarps, ECM and soil in
natural habitats have been further analyzed, allowing for speculation as to their potential roles. Antony-
Babu et al. (2014) previously observed that the ascocarps of T. melanosporum and T. aestivum provided
a habitat for complex bacterial communities that were clearly differentiated from those of the
surrounding soil. In addition, the composition of these communities was shown to be dynamic and
evolve during the maturation of the ascocarps. Chen et al. (2019) con�rmed that more speci�c bacterial
taxa were enriched in the FBs of T. indicum than in the soil adhering to ECM. The FBs of T. aestivum were
also evaluated using sequencing and culture-based methods, resulting in the identi�cation of nine
bacterial phyla and six fungal species belonging to three phyla (Perlińska-Lenart et al. 2020). Marjanović
et al. (2020) compared the root-associated mycobiomes of three different tru�e-producing habitats and
showed that ECM fungi were a dominant functional guild. However, these studies focused mainly on
bacterial diversity and rarely assessed fungal diversity in natural habitats.

Tuber indicum is distributed mainly in China. In the last decade, our knowledge of the phylogeny (Wang
and Liu 2009; Chen et al. 2011; Kinoshita et al. 2018), population genetics (Feng et al. 2016; Qiao et al.
2018) and mycorrhizal synthesis (Geng et al. 2009; Deng et al. 2014; Zhang et al. 2019; 2020) of T.
indicum has considerably increased. However, only a few studies have assessed the microbial
communities of soils in natural habitats of T. indicum. The community compositions of bacteria (Deng et
al. 2018) and fungi (Fu et al. 2016) of T. indicum collected from southwestern China have been
investigated. Chen et al. (2019) studied the bacterial community of ECM, the soil adhering to ECM and
ascocarps sampled from nine geographical sites in China and concluded that the microbial communities
of ascocarps are in�uenced by geological locations and soil characteristics. In addition, the quantity of
mycorrhizae and the growth of mycorrhizal seedlings were facilitated after being inoculated with
Pseudomonas spp., Streptomyces spp. and Variovorax paradoxus on P. armandii (Wang et al. 2015).
However, despite these studies, the bacterial and fungal compositions of ascocarps and soils and the
connection between them remain poorly characterized. To the best of our knowledge, T. indicum has been
poorly studied in northeastern China compared to southwestern China, a better understanding of which
will bene�t tru�e protection and cultivation. Therefore, the main objectives of the present study were to
increase our knowledge of the soil bacterial and fungal communities between the inside and outside of
the tru�e brûlé of T. indicum growing in association with poplar and to elucidate whether the microbial
community of the ascocarp is closely related to the associated soil using high-throughput sequencing.

Material And Methods
Sampling Site
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The studied habitat was naturally infected, and T. indicum was observed in a plantation in northeastern
China. There was no tru�e production history based on the experience of the manager. The site is located
in Fuyu County, Qiqihar city, Heilongjiang Province, China, lat 48°00′14.47″ N, long 124°30′35.05″ E,
altitude 200 m above sea level (ASL). The plantation, which covers 55 ha, is near to natural with respect
to the structure of vegetation cover that remained preserved. Chinese poplar (12-15 years old) that were
not arti�cially inoculated were the host trees investigated in the present study. The sampling area
was approximately 120 m2 with 18 trees planted (Fig. 1) and ground showed a characteristic brûlé, the
only one that we observed in the studied plantation.

Sample Collection

All samples were collected in autumn. Soil samples were collected from four different points in four
directions, with four samples from inside and four from outside of the brûlé (eight soil samples in total).
Twenty-two FBs were found and collected from the brûlé. All samples were stored on ice during transport
to the laboratory. After removing litter and roots, soil samples from the same direction were air dried,
mixed and sieved through a 2-mm sieve to homogenize them as much as possible. The ascocarps were
brushed under water to remove soil particles and dried with absorbent paper. Then, four healthy FBs and
eight soil samples were processed for microbial community sequencing.

DNA Extraction and Sequencing

Total genomic DNA was extracted from the gleba (0.05-0.1 g fresh weight excised from the central part of
the gleba) of each FB and 0.5-1 g of soil using the CTAB/SDS method (Bruns and Gardes 1993). DNA
concentration and purity were monitored on 1% agarose gels. Based on the concentration, DNA was
diluted to 1 ng/µL using sterile water. The 16S rRNA V4 region was ampli�ed using primers 515F-806R,
and the ITS rDNA region was ampli�ed using the barcoded primers ITS5-1737F and ITS2-2043R. PCR
ampli�cation was performed in 30 µL reaction volume with 15 µL of Phusion® High-Fidelity PCR Master
Mix (New England Biolabs), 0.2 µM forward and reverse primers, and approximately 10 ng of template
DNA. The thermal cycling conditions consisted of initial denaturation at 98°C for 1 min followed by
30 cycles of 98°C for 10 s, 50°C for 30 s, 72°C for 30 s, with a �nal extension at 72°C for 5 min. PCR
products were detected through 2% agarose gel electrophoresis and staining with SYBR green. The PCR
products were puri�ed with a GeneJETTM Gel Extraction kit (Thermo Scienti�c). Sequencing libraries were
generated using Ion Plus Fragment Library Kit 48 rxns (Thermo Scienti�c) and then the quality was
assessed on the Qubit@ 2.0 Fluorometer. At last, the library was sequenced on an Ion S5TM XL platform
(400-600 bp single end) at Tianjin Novogene Bioinformatic Technology Corporation, Tianjin, China.

Statistical Analyses of Microbial Diversity

Single-end reads was assigned to samples based on their unique barcode and truncated by cutting off
the barcode and primer sequence. Then the raw reads were �ltered according to the Cutadapt quality
control process (Martin 2011), and the chimera sequences were detected using UCHIME algorithm (Edgar
et al. 2011) and were removed (Haas et al. 2011). Finally, the clean reads were obtained. The reads were
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assigned to operational taxonomic units (OTUs) at a 97% sequence similarity threshold by UPARSE
software (Edgar et al. 2013). Then each OTU representative sequence was annotated using the Silva
Database (Quast et al. 2013) based on the Mothur algorithm, implemented in QIIME (Version 1.9.1).
Multiple sequence alignments were conducted using MUSCLE (Edgar 2004) to study the difference of the
dominant species in different samples.

Rarefaction curves were used to estimate coverage. Alpha diversity (observed species, Chao1, Shannon,
Simpson, ACE) and beta diversity (nonmetric multidimensional scaling; NMDS) were calculated with
QIIME (Version 1.7.0) and displayed with the R software environment (Version 2.15.3). Comparisons of
bacterial and fungal diversity indices were tested via one-way ANOVA at a threshold level of P = 0.05 and
with Fisher’s test. Linear discriminate analysis effect size (LEfSe) analyses were performed for the
quantitative analysis of biomarkers among the groups. To measure the distance between samples, we
used NMDS analysis to visualize the separation of samples in two dimensions using the vegan package
(Oksanen et al. 2019). Permutational multivariate analysis of variance (Anderson 2001) was
implemented in the R package vegan.

Results
Diversity of Bacterial Communities

High-throughput sequencing technique was used to detect the microbial communities of ascocarps and
soils in the natural habitats of T. indicum. The rarefaction curve and Shannon curve indicated that the
sequencing depth basically covered the bacterial and fungal species of the samples (Supplementary Fig.
S1). A total of 79,262 high-quality sequences were obtained after quality �ltering. The sequences were
assigned to 3,341 OTUs, 1,775 of which were shared among different samples, as shown in the Venn
diagram presented in Fig. 2a. The ascocarps (T) had the greatest number of unique OTUs (262), followed
by soil inside the brûlé (SS, 180) and soil outside the brûlé (NSS, 158).

All of the OTUs were classified into 48 phyla, 191 families, and 364 genera. Proteobacteria, Acidobacteria,
Firmicutes, Actinobacteria, Bacteroidetes and Planctomycetes were the dominant bacterial phyla in all
samples (Supplementary Fig. S2). The ascocarp-associated communities were separated from those of
different soil samples (ANOVA, P < 0.05). Firmicutes was significantly more abundant in the ascocarps
(29.89%), while the relative abundances of Acidobacteria and Planctomycetes were significantly greater
in the soil samples. Of the 364 genera observed, Bacillus was significantly enriched in the ascocarps
(28.26%) compared with the soils, followed by unidenti�ed Rhizobiaceae accounting for 3.62% and
Bradyrhizobium, with relative abundances of 3.08% (Fig. 2b). Lysobacter and unidenti�ed Acidobacteria
were significantly more abundant in the soils than in the ascocarps, and Lysobacter was twice as
abundant inside the brûlé as outside. Moreover, Bacillus simplex (23.21%), Rhizobium rhizogenes
(3.62%), Bradyrhizobium elkanii (2.75%) and B. aryabhattai (0.95%) composed a significant portion of
the communities in FBs. Burkholderiales bacterium X4 was enriched in the soils, with a relative
abundance of 1.65-2.13% (Supplementary Fig. S3).
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The ascocarps were characterized as having a signi�cantly lower number of observed species and lower
diversity index values (except for the Simpson index) than the soil samples (Table 1). Strong similarities
between the soils inside and outside the brûlé were observed. LEfSe analysis results revealed significant
differences in the bacterial communities among the samples (Fig. 2c, d). Among the different samples,
Bacillus, Rhizobiaceae and Bradyrhizobium elkanii were more abundant in the ascocarp samples;
Lysobacter and Acidobacteria were more prevalent in the SS samples; and Acidobacteria were more
enriched in the NSS samples, followed by Chitinophagaceae, Gaiellales, Myxococcales and
Phycisphaerae.

Diversity of Fungal Communities

A total of 80,160 high-quality sequences were obtained after quality �ltering. The sequences were
assigned to 1,936 OTUs, 478 of which were shared among the different samples (Fig. 3a). SS had the
greatest number of unique OTUs (520), followed by NSS (265) and T (25).

All of the OTUs were classified into eight phyla, 169 families, and 274 genera. Ascomycota was the
dominant fungal phylum (24.86-63.59%) in the different samples, followed by Basidiomycota and
Mucoromycota (Supplementary Fig. S4). The relative abundance of Basidiomycota was significantly
greater in NSS (36.77%) than in SS (7.07%) and the ascocarps (0.22%), while that of Mucoromycota was
significantly greater in the ascocarps (13.59%) than in the soils (0.16-1.50%). Signi�cant differences were
also observed on the basis of analyses at the genus and species levels observed (Fig. 3b). For example,
the relative abundances of Gibberella (24.27%), Fusarium (20.08%), Absidia (13.45%) and Tuber (9.45%)
in the ascocarps were significantly greater than those in the soils (0.10-2.20%). Tuber was also prevalent
in SS (6.96%), followed by Mortierella (5.03%) and Fusarium (1.68%), while NSS was dominated by
Mortierella (6.98%), Tubulicium (4.68%), Penicillium (3.16%) and Fusarium (2.20%). Absidia glauca
(13.45%), Fusarium solani (13.39%) and Gibberella intricans (22.72%) were the dominant fungi in the
ascocarps, and Mortierella alpina was enriched in the soils with a relative abundance of 4.83-5.88%
(Supplementary Fig. S5).

The results for the estimated richness indices revealed that the observed species of SS (858±124) was
significantly greater than that of NSS (698±46), while ascocarps were characterized by a signi�cantly
lower number of observed species (305±68) and lower diversity index values. There was no signi�cant
difference in diversity index values between soil samples from inside and outside the brûlé except for the
Shannon index (P < 0.05). LEfSe analysis results indicated differences in fungal communities (Fig. 3c, d).
The ascocarps contained significantly more Tuberaceae, Hypocreales, Nectriaceae and Sordariomycetes
than the soil samples (P < 0.05), where Fusarium, Gibberella and Tuber were the significantly dominant
genera. In contrast, Sordariales, Dothideomycetes and Pleosporales were prevalent in SS, while
Thelephorales was enriched in NSS, followed by Mortierella, Trechisporales, Hydnodontaceae and
Tubulicium.

Structural Differentiation of Microbial Communities
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The NMDS analysis of the three samples showed that the bacterial and fungal communities in the
ascocarps differed and were obviously separated from those of the soils (PERMANOVA, stress < 0.001)
(Fig. 4a, b). These results revealed that the bacterial community structures of SS and NSS were similar,
while their fungal communities were separated by the sample type.

Discussion
As fungi that grow underground, tru�es are in close contact with soil during their entire life cycle. In the
present study, the microbial community of ascocarps and soils inside and outside the brûlé of a T.
indicum habitat was compared using a high-throughput sequencing method. The plantation we
investigated was nearly natural with no arti�cial inoculation or tru�e production history. To protect the
plantation, we started a study for which we collected ascocarps and soils from one characteristics brûlé.
Our results con�rmed earlier data for other Tuber species, where the phyla Proteobacteria, Acidobacteria,
Firmicutes, Actinobacteria and Bacteroidetes formed the core component of bacterial communities
(Vahdatzadeh et al. 2015; Chen et al. 2019). However, the data revealed signi�cant differences in
community composition for some taxa between ascocarps and soil samples. For example, Bacillus,
belonging to the phylum Firmicutes, was the dominant bacterial genus detected in the T. indicum
ascocarp in the present study (28.25%). It was also observed in the ascocarps of other species, such as T.
melanosporum (Antony-Babu et al. 2014), T. panzhihuaensis (Wan and Liu 2014) and T. aestivum
(Urszula et al. 2020). Bacillus simplex has been reported to be a member of the plant growth-promoting
rhizobacteria (Mesanza et al. 2019; Hansen et al. 2020). Interestingly, soil harbors complex communities
of bacteria and fungi, which could explain the differences and correlations between them.

Rhizobium and Bradyrhizobium, members of the class Alphaproteobacteria, were the other two important
genera detected in the T. indicum ascocarps, the presence and predominance of which have been
reported in several other tru�e species, such as T. borchii (Barbieri et al. 2005), T. magnatum (Barbieri et
al. 2007; Monaco et al. 2021) and T. panzhihuaensis (Wan and Liu 2014). Members of these genera are
well known for their ability to form symbiotic associations with host plants and for their nitrogen-�xing
activities (Barbieri et al. 2005; Hara et al. 2019). Barbieri et al. (2010) assessed the expression of nifH
genes from Bradyrhizobium and demonstrated its nitrogen-�xing activity. Rhizobium spp. are
mycorrhization helper bacteria that can play a role in ascocarp development. It was previously
hypothesized that Bradyrhizobium sp. may have evolved and adapted to the tru�e FB niche (Benucci and
Bonito 2016). However, inoculation experiments should be carried out to test their potential role during the
formation and maturation of the ascocarp.

Compared to bacteria, the diversity and abundance of fungi was much lower in the T. indicum ascocarps.
Urszula et al. (2020) proposed that Tuber FBs selectively recruit microorganisms to their gleba, but the
mechanisms of this recruitment remain unknown. As expected, Tuber was present in all the ascocarps
and soils inside the samples. Some potential pathogenic fungi, such as Fusarium, Absidia, Gibberella and
Penicillium, were also present in the ascocarps, among which Absidia and Penicillium were also obtained
by in vitro cultivation (Pacioni 2007; Marjanović et al. 2020). In the present study, as ascocarps and soils
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were collected from only one characteristic brûlé, only limited data were obtained. However, additional
information could be obtained in the future following the onset of more brûlé in this plantation and
studying them.

The use of FBs and soils sampled in the present study allowed us to extract more information on the
complex microbial communities of T. indicum. Surprisingly, samples from inside the brûlé had a lower
bacterial diversity and a greater fungal diversity compared to those collected outside the brûlé, and the
analysis revealed a high level of similarity and some differences for a few taxa. For example, soils inside
the brûlé showed a greater abundance of Lysobacter and a lower abundance of Actinobacteria than soil
outside the brûlé, indicating that speci�c bacterial populations were selected. In addition, the
Basidiomycota ectomycorrhizal fungi (ECM) were dominant in samples from outside the brûlé, while
Ascomycota, especially members of the genus Tuber, were more enriched in samples from inside the
brûlé, which is in line with the competitive effect of the ectomycorrhizal T. melanosporum on the other
ECM fungi (Napoli et al. 2010).

In the present study, the presence of some taxa in the soils, particularly Lysobacter, deserves attention
because they were isolated from ECM of T. aestivum and have been signi�cantly and positively
associated with the ECM (Gryndler and Hršelová 2012). Lysobacter is a gram-negative bacteria that
represents a new and rich source for bioactive natural products (Yu et al. 2020). We propose that the
presence of this taxon may bene�t the symbiosis. In addition, Actinobacteria members have been
frequently observed in ECM (Chen et al. 2019), the relative abundance of which was shown to
signi�cantly increase from October to January in the soil (Antony-Babu et al. 2014). The relatively high
abundance of these bacteria in the soils observed in our present study further indicates a close
relationship between Actinobacteria and brûlé formation. However, this taxon was previously shown to be
poorly represented or even absent in the ascocarp (Antony-Babu et al. 2013), and our results supported
this conclusion.

Some representative taxa were also detected in the soils, similar to that observed in other reports. For
instance, members of the phyla Proteobacteria and Acidobacteria were observed in the bulk soils of T.
melanosporum (Antony-Babu et al. 2013; Deveau et al. 2016) and T. sinoaestivum (Fu et al. 2016). In
addition, some fungal taxa, such as Neonectria and Mortierella, were also reported in previous studies of
tru�es. Neonectria was isolated from the ectomycorrhizosphere of T. indicum (Deng et al. 2012), and
Mortierella was observed in soils of T. sinoaestivum (Fu et al. 2016). Members of the taxa
Burkholderiales, Penicillium and Tubulicium were absent from other tru�e species. This microbial
diversity suggests that tru�es provide different habitats for their development and maturation.

Our study investigated the bacterial and fungal community of ascocarps and soils inside and outside the
brûlé in a naturally infected habitat that produces T. indicum. We found that ascocarp-associated
microbial communities were signi�cantly different from those of the soils, but there were still some
similarities. The bacterial composition matched earlier data for other tru�e species, while the limited data
showed that the fungal composition was different from that described in other reports. Overall, the results
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of the present study provides information of the coexistence of tru�es and microbes and raises
additional questions regarding the function of these associated microbes.
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Tables
Table 1. Community richness and diversity indices of bacteria and fungi in Tuber indicum Fruiting bodies
and soils inside and outside the brûlé
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Sample   T SS NSS

Bacterial indices  Observed species 1269 1936 1936

  Chao1 index 1446 2119 2062

  ACE index 1421 2134 2117

  Shannon index 6.51 8.91 8.98

  Simpson index 0.88 0.99 1.00

Fungal indices Observed species - 823 655

  Chao1 index - 953 712

  ACE index - 903 716

  Shannon index - 5.87 5.19

  Simpson index - 0.94 0.91

T, Fruiting bodies of T. indicum; SS, soil inside the brûlé; NSS, soil outside the brûlé. 
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Figure 1

Natural T. indicum production areas in a Chinese white poplar forest in Qiqihar city, Heilongjiang Province,
China. The ‘brûlé’ area is devoid of vegetation and nearly circular
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Figure 2

(a) Venn diagram showing the number of bacterial OTUs that are unique or shared by fruiting bodies of T.
indicum and soils inside and outside the brûlé. (b) Taxonomic composition of the T, SS and NSS bacterial
communities at the genus level. (c) Differentially abundant genera in different samples inferred by the
LEfSe algorithm (P<0.05, LDA score > 4). (d) Cladogram based on the LEfSe analysis showing significant
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differences in the abundances of bacterial taxa in different groups. T, fruiting bodies of T. indicum; SS,
soils inside the brûlé; NSS, soils outside the brûlé; Qthers, unclassi�ed taxa.

Figure 3

(a) Venn diagram showing the number of fungal OTUs that are unique or shared by fruiting bodies of T.
indicum and soils inside and outside the brûlé. (b) Taxonomic composition of T, SS and NSS fungal
communities at the genus level. (c) Differentially abundant genera in different samples inferred by the
LEfSe algorithm (P<0.05, LDA score > 4). (d) Cladogram based on the LEfSe analysis showing significant
differences in the abundances of fungal taxa in different groups. T, fruiting bodies of T. indicum; SS, soils
inside the brûlé; NSS, soils outside the brûlé; Qthers, unclassi�ed taxa.
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Figure 4

Nonmetric multidimensional scaling (NMDS) analysis of (a) bacterial and (b) fungal communities in
different samples. T, fruiting bodies of T. indicum; SS, soils inside the brûlé; NSS, soils outside the brûlé;
Qthers, unclassi�ed taxa.
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