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Ectomycorrhizal (ECM) fungi can promote the nutrient uptake of plants from soil minerals by bioweathering. How-
ever, effects of differentminerals on ECM fungal colonization and bacterial community structures in the soil remains
poorly documented. Here, we investigated ECM fungal composition and bacterial communities in differentmineral-
filled mesh bags buried in forest soil. Control (filled with quartz, which has little nutrients for plants) and mineral
(apatite, potash feldspar and serpentine) -filled mesh bags were buried in E-horizon soil for six months. After incu-
bation, the contents of available elements in bags were determined, bacterial population sizes were quantified by
quantitative PCR, and bacterial and ECM fungal community structures in mesh bags were assessed using high-
throughput sequencing. The results showed that dozens of ECM fungal species colonized in different mesh bags,
of which 17, 54 and 47 ECM species were observed in apatite-, potash feldspar- and serpentine-filled bags, respec-
tively. Ectomycorrhizal fungal composition and bacterial community structure are affected significantly by mineral
types. Pseudomonas, Sphingomonas, Bacillus and Paenibacillus, known for high weathering potential, were the pre-
ponderant bacteria inmineral-filled bags compared to the control. Ectomycorrhizal fungi are able to selectively col-
onizemesh bags based onmineral types, andmay have a certain influence on the formation of bacterial community
structure, implying a possible cooperation of ECM fungi and bacteria in soil mineral weathering.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Ectomycorrhizal (ECM) fungi can improve the uptake of mineral
nutrients from soils of trees, such as nitrogen (N), phosphorus (P) and
kalium (K); in return, the fungi obtain photosynthetically-fixed carbon
from their tree hosts (Landeweert et al., 2001; Smith and Read, 2008).
Many studies revealed that ECM fungi are able to promote the uptake
of mineral nutrients of plants through weathering soil minerals
(Wallander, 2000; Blum et al., 2002; Bonneville et al., 2009;
Bonneville et al., 2016). Smits et al. (2012) quantified apatite
weathering by the ECM fungus Paxillus involutus growing in symbiosis
with Pinus sylvestris in monoxenic (only contain P. involutus without
other microorganisms) microcosms, showing that fungal colonization
increases the release of P from apatite and improves the biomass and
P content of the plant host. Although many ECM fungi such as Paxillus,
Pisolithus, Rhizopogon, Suillus, etc. can acquire nutrients from minerals
(Paris et al., 1996; Wallander, 2000; Wallander et al., 2002; Bonneville
et al., 2009), the weathering ability of different ECM species or strains
is still greatly different (Lapeyrie et al., 1991; van Schöll et al., 2006).
To date, large gaps remain in our understanding of ECM fungi with dis-
tinct weathering abilities to obtain nutrients from minerals to supply
their tree hosts.

The study of Uroz et al. (2007) revealed that the frequency and
weathering efficacy of mineral-weathering bacteria in Scleroderma
citrinum ectomycorrhizosphere (the volume of soil under the influence
of ECM roots, normally around 2–3mm in scale) is greater than those in
the corresponding bulk soil, and raised the hypothesis that by fungal
carbon metabolism ECM fungi select a bacterial community with high
weathering potential from bulk soil pool. Based on cultivation-
dependent method, Calvaruso et al. (2010) showed a significant
enrichment of bacterial isolates with efficient mineral weathering po-
tentials around the Scleroderma citrinum-oak (Quercus sessiliflora)
mycorrhizosphere compared to the bulk soil. The enrichment of
mineral-weathering bacteria to promote mineral weathering may be
an important way of some ECM fungi to compensate for their own lim-
ited ability in mineral weathering (Sun et al., 2019). There are many
different types of mineral-weathering bacteria in the soil (for a review,
see Uroz et al., 2009), of which Burkholderia, Collimonas, Pseudomonas
and Sphingomonas are common mineral-weathering bacteria in
ectomycorrhizosphere. Ectomycorrhizal fungi are capable of selecting
specific Pseudomonasfluorescenspopulations that can dissolve inorganic
phosphates and chelate iron ions by producing higher levels of
siderophores (small, high-affinity iron chelating compounds secreted)
to promote plant nutrition indirectly (Frey-Klett et al., 2005). However,
it is still poorly understood that whether different ECM fungal species
can choose different mineral-weathering bacteria to efficiently obtain
nutrients in minerals.

Wallander et al. (2001) developed an in-growth mesh bag method,
which is greatly beneficial to study ECM fungi in soils.Mesh bags arefilled
with sand and buried in the soil, allowing the in-growth of fungal hyphae
but excluding fine roots. Ectomycorrhizal fungi, symbiotically associated
with plants, can obtain carbohydrates continuously from plant host and
possess efficient underground mycelial transport network, so they are
able to colonize the environments without or with low organic matter.
In contrast, the dispersal of saprotrophic fungi highly depends on the or-
ganic matter in the soil and they cannot colonize large areas with low-
organic substrates (Ekblad et al., 2016). The in-growthmesh bagmethod
has been extensively applied to study the mycelial growth and nutrient
acquisition of mycorrhizal fungi in field (Koele et al., 2014; Averill and
Hawkes, 2016; Hagenbo et al., 2017).

In the present study, the aimwas to reveal the effects ofmineral types
for ECM fungal and bacterial colonization. The mineral-filled mesh bags
were buried in forest soil for six months. The composition of ECM species
and bacterial community structure in the control and mineral-filled bags
were analyzed using high-throughput sequencing. Bacterial population
sizes in mesh bags were determined by quantitative PCR (qPCR) as well.
We hypothesized that a) ECM fungi have a preference for mineral types
in colonization and, b) along with minerals, have an impact on bacterial
communities.

2. Materials and methods

2.1. Mineral information

The analytical quality pure quartz (≥99.0%, 200–450 μm)used in this
study was purchased from Tianjin Kemiou Chemical Reagent Co., Ltd,
China. Apatite was from Kaiyang Country, Guizhou Province, China,
mainly composed of fluorapatite (45.6%) and hydroxyapatite (41.2%).
The elemental composition of the apatite tested by X-ray fluorescence
(XRF) was as follows: O 77.35%, Ca 11.10%, P 6.09%, F 1.58%, Mg 1.36%,
Si 1.33%, Al 0.35%, Fe 0.29%, Sr 0.23%, K 0.19%, S 0.06%, I 0.06% and Y
0.01%. Potash feldspar was from Fengxian Country, Jiangsu Province,
China, mainly composited of muscovite (38.5%), orthoclase (35.2%),
quartz (16.3%), and clinochlore (5.3%) according to the data of Wang
et al. (2018). The element composition of the potash feldspar tested
by XRF was as follows: O 86.57%, Si 6.69%, Al 2.57%, K 1.65%, Fe 1.15%,
Mg 0.75%, Ca 0.31%, S 0.12%, Ti 0.10% Na 0.07% and Rb 0.01%. Serpentine
was from Donghai Country, Jiangsu Province, China, mainly composed
of chrysotile (55.4%) and Fe-containing olivine (24.4%). The elemental
composition of the serpentine tested by XRF was as follows: O 46.39%,
Mg 23.35%, Si 20.34%, Fe 5.30%, C 3.46%, Al 0.39%, Ni 0.24%, Cr 0.21%,
Ca 0.16%, Mn 0.09%, S 0.04%, K 0.02% and Co 0.02%. Themineral samples
of feldspar, serpentine and apatite were ground, sieved to collect the
75–150 μm fraction. All mineral samples were cleaned using the
method of Sun and Lian (2019).

2.2. Mesh bags setting and cultivation

The mesh bag was modified from Heinemeyer et al. (2007), which
was constructed of a polyethylene bottle (6 cm high × 8 cm diameter)
filled with mineral powders by covering nylon mesh (48 μm) and a lid
(containing five pores, diameter = 1.2 cm), a schematic treatment
design is shown in Fig. S1a. In this study, four treatments were set: the
apatite-filled bags (AP), 50 g apatite + 250 g quartz; the potash
feldspar-filled bags (PF), 50 g potash feldspar + 250 g quartz; the
serpentine-filled bags (SE), 50 g serpentine+ 250 g quartz; the control
bags (QU), 300 g quartz. Each treatment was carried out in
quintuplicate.

The experiment site was situated within a mixed forest of Xianlin
Campus of Nanjing Normal University in Nanjing, China (32°06′55″ N,
118°54′46″ E), mainly dominated by Pinus massoniana, Quercus serrata,
Quercus fabri and Liquidambar formosana. The soil pHH2O (pHmeasured
using deionized water) in the forest is 6.80. The available contents of K,
P and Mg in forest soil are 77.17 mg/kg soil, 0.21 mg/kg soil and
122.68 mg/kg soil, respectively. Control and mineral-filled mesh bags
were buried in groups in E-horizon soil, where the fungi have been
shown to be mainly of ECM origin (Wallander et al., 2001; Genney
et al., 2006; Lindahl et al., 2007). Each group contains four different
mesh bags. As shown in Fig. S1, the mesh bag groups were buried in a
5 m × 5 m quadrat in the forest for about six months (183 days), and
were removed for analysis after incubation. Each sample was divided
into two subsamples. One of subsamples was air-dried for physico-
chemical analysis and the other subsample was stored at −80 °C until
the extraction of total DNA.

2.3. Physicochemical assays of substrate in mesh bags

Soil pHH2O was determined at a 1:2.5 (w/v) soil-to-solution ratio
with CO2-free deionized water. The available elements in mesh bags
were extracted using AB-DTPA multi-extractant (Soltanpour, 1985)
and determined using an inductively coupled plasma emission spec-
trometer IRIS Intrepid II XSP (Thermo Electron, USA).
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2.4. High-throughput sequencing

Microbial DNA was extracted from mineral powders in mesh bags
using the FastDNA® Spin Kit for Soil (MP Biomedicals, USA) according
to manufacturer's protocols. The final DNA concentration and purity
were determined by NanoDrop 2000 UV–vis spectrophotometer
(Thermo Scientific, USA), and DNA quality was checked by 1% agarose
gel electrophoresis. The V3–V4 hypervariable regions of bacteria 16S
rRNA gene were amplified with primers 338F (5′-ACTCCTACGGGAGG
CAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using a
Thermocycler GeneAmp 9700 (Applied Biosystems, USA). The ITS1 re-
gion of fungi was amplified with ITS1_F (5′-CTTGGTCATTTAGAGGAAG
TAA-3′) (Gardes and Bruns, 1993) and ITS2 (5′-GCTGCGTTCTTCATCG
ATGC-3′) (White et al., 1990). The PCR reactions were conducted
using the following program: 5 min of denaturation at 95 °C, 15 cycles
of 1 min at 95 °C, 1 min for annealing at 50 °C, and 1 min for elongation
at 72 °C, and a final extension at 72 °C for 7min. PCR reactionswere per-
formed in triplicate 50 μL mixture containing 10 μL of 5 × Q5@ Reaction
Buffer, 10 μL of 5 × Q5@ High GC Enhancer, 1.5 μL of 2.5 mM dNTPs,
1.5 μL of each primer (10 μM), 0.2 μL of Q5@High-Fidelity DNA Polymer-
ase (New England Biolabs, USA) and 50 ng of template DNA. The re-
sulted PCR products were extracted from a 2% agarose gel and further
purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
USA) and quantified using QuantiFluor™-ST (Promega, USA) according
to the manufacturer's protocol. Library construction used universal
Illumina adaptors and index sequences. Amplicon sequencing was per-
formed on the Illumina HiSeq 2500 platform at Biomarker Technologies
Co., Ltd, Beijing, China (http://www.biomarker.com.cn).

Raw paired-end reads of bacterial 16S rRNA V3-V4 regions were
demultiplexed, quality-filtered using Trimmomatic version 0.36 with
the following criteria: 1) The reads were truncated at any site receiving
an average quality score b20 over a 50 bp sliding window; 2) primers
were exactly matched allowing two nucleotide mismatching, and
reads containing ambiguous bases were removed. Then, the quality-
filtered reads were merged using FLASH version 1.2.11 (Magoč and
Salzberg, 2011) and chimeric sequences were picked out and removed
using the UCHIME algorithm (Edgar et al., 2011) in USEARCH version
8.1 (Edgar, 2013). The processed sequences were clustered into opera-
tional taxonomic units (OTUs) at 97% similarity using the UPARSE algo-
rithm in USEARCH. A representative sequence with the highest
abundance in each OTU was selected for taxonomic assignment. Taxo-
nomic annotation of representative sequences was performed by RDP
Classifier version 2.2 (http://rdp.cme.msu.edu) against the Silva 16S
rRNA database using a confidence threshold of 80%. For the ITS1 data,
we processed them as for the 16S rRNA gene data and using the
UNITE database version 7.2 (Kõljalg et al., 2013). Finally, to ensure a
fair comparison between samples, all samples were normalized to the
minimum number of sequences. Subsequent analyses were based on
the normalized data. The ITS1 OTUs belonging to the ECM fungal taxa
were picked out according to list summarized by Tedersoo et al. (2010).

The PICRUSt (phylogenetic investigation of communities by recon-
struction of unobserved states) analysis was carried out to predict the
functional traits of microbial communities using the 16S rRNA gene se-
quences employing the KEGG database (Langille et al., 2013). Then, the
results were exported for later analysis in a table format using STAMP
v2.1.3 (Parks et al., 2014). The raw sequencing data of bacterial 16S
rRNA V3–V4 regions and fungal ITS1 region were deposited in the
NCBI Sequence Read Archive (SRA) database under the BioProject
PRJNA495753.

2.5. Quantification of bacterial population sizes in mesh bags

The qPCR of bacterial 16S rRNA gene was performed in triplicate on
an ABI StepOne™ Real-Time PCR system (Applied Biosystems, USA)
using primer sets 338F/518R (5′-ATTACCGCGGCTGCTGG-3′). Each
20 μL of qPCR reaction contained 10 μL of AceQ® SYBR Green Master
mix (Vazyme Biotech Co., Ltd, China), 0.4 μL of each primer (10 μM),
and 1 μL of diluted DNA template and adjusted with RNase-free
ddH2O to thefinal volume. Amplification of the 16S rRNA genewas con-
ducted using an initial denaturation step at 95 °C for 5 min, followed by
40 cycles of 10 s at 95 °C, 30 s at 60 °C. Melting curve analysis was car-
ried out to verify amplicon specificity. A negative control without DNA
template was employed in all of the qPCR amplifications. Standard
curve was generated based on decimally diluted standard 16S rRNA
gene from Escherichia coli DH5α cloned into pEASY®-Blunt Zero vector
(TransGen Biotech Co., Ltd, China).

2.6. Statistical analyses

The α-diversity indices (Shannon, Simpson, Chao1) of bacterial
community in all samples were analyzed in Mothur version 1.30
(Schloss et al., 2009) using default parameters. Non-metricmultidimen-
sional scaling (NMDS) analysis, canonical correspondence analysis
(CCA), ADONIS (permutational MANOVA) with 999 permutations and
mantel test were performed using the Vegan package in R version
3.4.3 (R Core Team, 2016). t-Test and one-way ANOVA followed by
Tukey's HSD tests at p b 0.05were performed in SPSS 20.0. The data rep-
resent the mean ± SD (standard deviation) for five independent
replicates.

3. Results

3.1. Substrate characteristics in mesh bags

After a 6-month incubation, the contents of available elements in the
in-growth mesh bags were determined (Table 1). In the AP treatment,
the contents of available Ca and P were higher than other mesh bags
(p b 0.05). In the PF treatment, the contents of available Ca and Mg
were higher than those in both SE and QU treatments. The contents of
available Fe and K were the highest compared to other treatments
(p b 0.05). In the SE treatment, the content of available Mg was the
highest (p b 0.05). However, the content of available Si was the highest
in the QU treatment. The pHH2O value in mesh bags was also altered
(Fig. 1). The pHH2O values in AP and SE treatments were increased sig-
nificantly (t = 5.743, p b 0.05; t = 18.839, p b 0.05), which may be
due to the consumption of acid matter during weathering and the re-
leasing of basic metals from minerals. However, the pHH2O values in
PF and QU treatments had no significant changes (t = 2.120, p N 0.05;
t = 0.704, p N 0.05).

3.2. Community composition of ECM fungi in mesh bags

Through sequencing of the fungal ITS1 region, a total of 1,844,310
fungal sequences were obtained. 548 fungal genera were detected in
the mesh bags, of which 33 genera were ECM. Fig. 2 shows the propor-
tion of ECM sequences in different mesh bags. The proportion of ECM
sequences in the AP treatment was 55.92 ± 21.04%. The proportion of
ECM sequences in the PF treatment was 14.91 ± 7.86%, lower than
the control mesh bags (22.62 ± 12.93%). In the SE treatment, the pro-
portion of ECM fungi was the lowest, only accounting for 0.68 ±
0.20%. The detected ECM genera belonged to three phyla, which are As-
comycota, Basidiomycota and Mucoromycota.

The species and relative abundance of ECM fungi observed in differ-
ent treatments were notably distinct (Table S1). In the AP treatment, 17
ECM OTUs were found belonging to 12 genera. In the PF treatment, 54
ECMOTUswere found belonging to 27 genera, ofwhichClavariadelphus,
Geopora and Sistotremawere exclusive in this treatment. In the SE treat-
ment, 47 ECM OTUs were found belonging to 23 genera, of which
Gyroporus, Scleroderma and Pseudotomentella were exclusive compared
to other treatments. In the QU treatment (the control), 38 ECM OTUs
were found belonging to 22 genera. Ceratobasidium, Chloridium,
Cortinarius, Lactarius, Piloderma, Russula, Sebacina, Trichophaea and

http://www.biomarker.com.cn
http://rdp.cme.msu.edu


Table 1
Concentration of available elements in mesh bags of different treatments.

Treatment Ca Fe K Mg Mn P Si

mg/kg soil

AP 1120.84 ± 61.88a 129.24 ± 37.72b 10.84 ± 3.66b 42.57 ± 8.87c 9.53 ± 0.87c 133.72 ± 12.37a 5.55 ± 1.39b
PF 692.37 ± 18.07b 603.96 ± 30.51a 55.39 ± 2.35a 294.56 ± 6.31b 18.15 ± 1.43b 1.53 ± 1.53b 3.57 ± 2.76b
SE 99.15 ± 2.95c 580.97 ± 16.73a 3.59 ± 1.38c 1619.39 ± 74.22a 25.67 ± 1.89a ND 5.92 ± 2.77b
QU 87.13 ± 5.28c 3.33 ± 0.28c 1.47 ± 0.78c 7.74 ± 2.14c ND 0.69 ± 0.19b 15.79 ± 8.42a

Different letters indicate significant differences of elemental concentration among different treatments based on Tukey's HSD tests at p b 0.05. AP: apatite-filledmesh bags, PF: potash feld-
spar-filled mesh bags, QU: the control mesh bags, SE: serpentine-filled mesh bags. ND: not detected.

4 Q. Sun et al. / Science of the Total Environment 721 (2020) 137663
Tuber were shared in the mineral-filled mesh bags and the control.
Trichophaea, an ECM genus confirmed by Tedersoo et al. (2006), is the
most dominant in different treatments.

3.3. Bacterial diversity and functional traits in mesh bags

A total of 1,386,109 clean sequences were obtained from 1,524,457
raw sequences of bacterial V3-V4 regions and 6945OTUswere obtained
after clustering. The amount of observed OTUs in the QU treatment was
significantly higher than those in the PF and SE treatments (Table 2).
Both of the number of observed OTU and predicted OTU (Chao1
index) did not revealed significant differences between the AP and QU
treatments. The amount of OTUs in the SE treatment was the lowest in
all treatments. The diversity indices (Chao1, Shannon and Simpson) in
the SE treatment were significantly lower than other treatments. In ad-
dition, the data of Shannon and Simpson indices showed that the QU
treatment possessed the highest bacterial diversity.

Fig. 3 shows the bacterial composition at phylum and class levels in
all mesh bags. Acidobacteria, Actinobacteria, Bacteriodetes, Chloroflexi,
Firmicutes, Gemmatimonadetes, Nitrospirae, Planctomycetes,
Proteobacteria and Verrucomicrobia were the dominant bacteria in
the mesh bags, accounting for 87.66–96.48% of the bacterial sequences.
In the PF treatment, the relative abundance of Proteobacteria was
higher than that in other treatments (71.19 ± 3.30%). In the SE treat-
ment, the relative abundance of Firmicutes was the highest, while the
proportions of Acidobacteria (2.72 ± 0.87%) and Chloroflexi (0.54 ±
0.28%) were notably lower than those in other treatments. In the QU
treatment (the control), the abundance of Actinobacteria (10.02 ±
1.23%) was higher than that in the AP (4.82 ± 1.90%), PF (5.01 ±
0.88%) and SE (4.44 ± 0.12%) treatments. The differentiation of the
Fig. 1.pHvalues in differentmineral-filledmesh bags (b). AP: apatite-filledmesh bags, PF:
potash feldspar-filled mesh bags, QU: quartz-filled mesh bags (the control), SE:
serpentine-filled mesh bags. Asterisks above error bars signify significant differences
between before and after incubation identified by t-test. **p b 0.01.
bacterial communities in mesh bags was also observed at the class
level (Fig. 3b). α-Proteobacteria (37.78 ± 5.38%) and Bacilli (19.21 ±
8.34%) were dominant in the SE treatment compared to other treat-
ments. However, the relative abundance of β-Proteobacteria and γ-
Proteobacteria in the PF treatment was the highest, accounting for
20.76 ± 3.81% and 27.38 ± 1.49%, respectively.

At the level of genus, the composition of bacterial community struc-
ture in differentmesh bagswasdifferent aswell. The relative abundance
of top 50 genera among treatments was significantly different (Fig. 4).
The results of NMDS analysis showed that the bacterial community
structure in different treatments was significantly distinct (Fig. 5a). It
was worth noting that the bacterial community structure in the SE
treatment was much different from other treatments, clearly separated
by NMDS1 axis. ECM fungi also affected bacterial community structures
inmesh bags. The result of CCA analysis showed the effects of ECM fungi
on the bacterial community structure in mesh bags (Fig. 5b). Detailed
analyses revealed that the top 10 ECM fungi observed in mesh bags ex-
plained 65.75% of the total variance in bacterial community structure,
suggesting that these fungi do have an impact on bacterial community.
In addition,mantel testwas used to assess the correlation between ECM
genera and bacterial community, which further indicated that
Trichophaea and Tuber were significantly related to changes in the bac-
terial community (r = 0.39, p b 0.01; r = 0.37, p b 0.01).

The functional traits in themesh bagswere predicted using PICRUSt,
showing that member transport, signal transduction, cell mobility and
environmental adaption were more active in mineral-filled mesh bags
compared to the control bags (Fig. S2). However, carbohydratemetabo-
lism was the most active metabolic pathway in the control, accounting
for 14.26 ± 0.06%.

4. Discussion

After six months of incubation in situ, the content of available ele-
ments and pHH2O in the mesh bags were significantly different. All
Fig. 2. Proportion of ECM phyla in different mesh bags.



Table 2
α-Diversity indices of different treatments.

Treatment OTU Chao1 Simpson Shannon

AP 3306 ± 467ab 4112 ± 432a 0.01 ± 0.00bc 6.40 ± 0.35b

PF 3048 ± 150b 3870 ± 157a 0.02 ± 0.01ab 5.77 ± 0.25c

SE 2574 ± 162c 3226 ± 323b 0.03 ± 0.01a 5.10 ± 0.25d

QU 3822 ± 119a 4292 ± 162a 0.00 ± 0.00c 7.03 ± 0.10a

Different letters indicate significant differences among different treatments based on
Tukey's HSD tests at p b 0.05.
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mesh bagswere colonized by diverse bacteria and ECM fungi. The fungi in
the apatite-filled bags were mainly of ECM origin, similar to the results
found by Bastias et al. (2006) and Hedh et al. (2008). However, the pro-
portion of ECM fungi in the serpentine-filled bags was extremely low,
even lower than that in the control bags. This indicated that mineral sub-
strate has an impact on the colonization of ECM fungi. The average
amount of ECM genera and ECM OTUs detected in the apatite-filled
bags was the lowest among the mesh bags (Table S1), which suggested
that only a few ECM species can obtain P in apatite. Trichophaea and
Sebacina were the dominant ECM genera in the apatite-filled bags, sug-
gesting they may be pioneers in apatite weathering. In this study, these
two genera were not only detected in the apatite-filled bags but also de-
tected in other bags, which suggested that ECM fungi may have a priority
in colonizing mineral based on their mineral-weathering abilities. The
ECM genera of Cortinarius, Meliniomyces, Rhizopogon and Russula docu-
mented with the ability to weather apatite (i.e. Nygren and Rosling,
2009; Rosling et al., 2004; Wallander et al., 2002) were also identified in
the apatite-filled bags. Ectomycorrhizal fungi were dominant fungal
taxa in the apatite-filled bags (Fig. 2), which may be because P was defi-
cient (0.21 mg P/kg soil) in the area of this study. The study of (Bai
et al., 2020) suggested that ECM fungal communities are more abundant
in the nutrient-poor environments than in the nutrient-rich environ-
ments. In this situation, apatite in the mesh bags is the main source of P
that can be directly acquired by ECM fungi. In the potash feldspar-filled
bags, ECM species were themost abundant, including 56 OTUs, which in-
dicated thatmore ECM species are capable ofweathering potash feldspar.
Compared to the apatite-filled bags, the ratio of ECM sequences to total
fungal sequences in the potash feldspar-filled bags was much lower,
which may be closely related to the available content of K in the forest
soil, which was low but not deficient. The proportion of ECM fungi was
Fig. 3. Bacterial composition at (a) phylum an
extremely low in serpentine-filled bags. This may be due to the content
of available Mg (122.68 mg/kg soil) was not limited to plants and ECM
fungi in this forest. Ectomycorrhizal fungi can obtain Mg through direct
absorption from bulk soil by extensive underground fungal network
without the need to weather mineral through extensively colonizing
the serpentine-filled bags. These results suggested that ECM fungi may
adopt different strategies, such as by weathering soil minerals or direct
mycelial absorption (Landeweert et al., 2001; Cairney, 2011), to obtain
mineral nutrients based on the availability of nutrients in forest soils. In
addition, OTU1 (Trichophaea sp.), OTU3 (Sebacina sp.), OTU56
(Chloridium sp.), OTU440 (Lactarius crassiusculus) OTU784 (Cortinarius
sp.), OTU1269 (Piloderma bicolor), OTU2123 (Ceratobasidium sp.), were
identified in different treatments (Table S1), suggesting that these
fungi have the potential to acquire nutrients from different minerals.
Trichophaea was the most dominant ECM genus in all mesh bags, sug-
gesting this genus of fungi possess high weathering potential and may
play an essential role in acquiring nutrients from soil minerals/rocks
in forests.

Bacterial community structure and composition in different mesh
bags was markedly distinct (Fig. 5a). Uroz et al. (2012) proposed the
concept of mineralosphere and suggested that the characteristics of
mineral are a key driving force affecting bacterial community. The bac-
terial community structure in mineralosphere in the soil is not only af-
fected by mineral types (Gleeson et al., 2006; Carson et al., 2009;
Ahmed andHolmström, 2015), but also is affected by other edaphic fac-
tors such as soil pH, humidity, oxygen and root exudates, etc. (Chan
et al., 2012). However, effects of ECM fungi on bacterial community
structure are rarely taken into account. In this study, it showed signifi-
cant relationship between ECM fungi and bacterial community struc-
ture in mesh bags (Fig. 5b), which may benefit to the weathering of
minerals. Our results showed the number of bacterial OTUs in
mineral-filled mesh bags was lower than that in the control (Table 2),
echoing the results of Uroz et al. (2010) that ECM fungi do not increase
the genetic diversity of bacterial communities in the soil. It showed that
the bacterial diversity in mineral-filled bags was lower than that in the
control bags (Table 2), but showed much higher population sizes in
apatite-, potash feldspar- and serpentine-filled bags (Fig. 6). The bacte-
rial communities in different mineral-filled bags had remarkable differ-
ences (Figs. 3, 4), suggesting that bacterial diversity is affected by ECM
fungi and soil minerals.
d (b) class levels in different mesh bags.



Fig. 4.Heatmap of bacterial composition of the top 50 genera. The same letter in each rectangular box in the same row denotes no significant difference identified by Tukey's HSD tests at
p b 0.05.

Fig. 5. (a) Two-dimensional NMDS plots of bacterial communities based on Bray-Curtis dissimilarity and (b) the impact of the most abundance 10 ECM genera on bacterial community
structures in different mesh bags.
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Ectomycorrhizal fungi in soils are able to locally enrich associated
bacterial numbers (Olsson and Wallander, 1998; Heinonsalo et al.,
2001), such as to enrich bacteria with high mineral-weathering poten-
tial thus to promote mineral dissolution (Frey-Klett et al., 2005;
Calvaruso et al., 2010). Proteobacteria Pseudomonas and Sphingomonas,
well-known with high mineral-weathering potential (Uroz et al., 2007;
Nicolitch et al., 2016; Colin et al., 2017), were the dominant genera in
apatite- and potash feldspar-filled bags. However, Firmicutes Bacillus
and Paenibacillus with high mineral-weathering potential (Sheng
et al., 2008; Liu et al., 2012) had the highest relative abundance in
serpentine-filled bags. This suggested that ECM fungi are able to affect
mineral-weathering bacteria to promote mineral weathering based on
mineral types. It is well known that ECM fungi can secret secondaryme-
tabolites to recruit special bacteria (Johansson et al., 2004; Duponnois
and Kisa, 2006; Bonfante and Anca, 2009), indicating signal communi-
cation occurs between the fungi and bacteria. The results of predicted
functional traits showed that signal transduction and cell mobility
were significantly more active in apatite-, potash feldspar- and
serpentine-filled bags than those in the control bags (Fig. S2), which in-
dicated that bacteria respond to signals from ECM fungi and move to-
ward them. The neutral dispersal of bacteria in soils is extremely slow,
limited by soil water content and the expression of flagella or othermo-
bility factors supporting bacterial movement (Dechesne et al., 2010).
Therefore, special attraction mechanisms by ECM fungi may be respon-
sible for the formation of mineral-weathering bacterial communities.
Some studies documented that bacteria are able to move and disperse
on ‘fungal highways’, and colonize in environments where they alone
would be difficult to colonize (Simon et al., 2017; Whitman et al.,
2018). Vik et al. (2013) also proposed that the specific bacterial commu-
nities in ectomycorrhizaemay be transported from the surrounding soil
using ECM fungal hyphae as a transport vector. The underground ECM
fungal hyphae may be an important factor to affect bacterial communi-
ties. Additionally, the process of carbohydrate metabolism was much
more active in the control bags, presumed due to the lack of carbon
source. The bacteria in the control bags were lack of simple and easy-
to-use carbon sources and had to decompose a variety of complex or-
ganic substances infiltrated from outside to meet their needs for carbon
sources and energy. This also explained why the relative abundance of
actinomycetes in the control bags was higher compared to other mesh
bags (Fig. 3a), because actinomycetes in soils are considered as major
decomposers of complex organic matter such as lignocellulosic poly-
mers and can utilize complex mechanisms to utilize them (Sonia et al.,
2011).
Fig. 6. Bacterial population sizes in different mesh bags.
5. Conclusions

This study demonstrated that impacts of mineral types on the com-
position of ECM fungi and bacteria using in-growth mesh bags in situ.
The fungiweremostly ECM in apatite-filled bags and the lowest propor-
tion of ECM fungi in serpentine-filled bags, showing these fungi have a
preference for minerals in colonization, and the genus Trichophaea is
the dominant ECM species. Ectomycorrhizal fungi and minerals may
have impacts on bacterial community structure and metabolisms coop-
eratively. This study reveals relationships of ECM fungi and soil bacteria
under the impact of mineral substrate, enhancing the understanding of
the role of fungi-bacteria interactions in soil mineral weathering and
plant nutrition.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137663.
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