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Abstract
Despite the strong ecological importance of ectomycorrhizal (ECM) fungi, their vertical distribution remains poorly understood.
To our knowledge, ECM structures associated with trees have never been reported in depths below 2 meters. In this study, fine
roots and ECM root tips were sampled down to 4-m depth during the digging of two independent pits differing by their water
availability. A meta-barcoding approach based on Illumina sequencing of internal transcribed spacers (ITS1 and ITS2) was
carried out on DNA extracted from root samples (fine roots and ECM root tips separately). ECM fungi dominated the root-
associated fungal community, with more than 90% of sequences assigned to the genus Pisolithus. The morphological and
barcoding results demonstrated, for the first time, the presence of ECM symbiosis down to 4-m. The molecular diversity of
Pisolithus spp. was strongly dependent on depth, with soil pH and soil water content as primary drivers of the Pisolithus spp.
structure. Altogether, our results highlight the importance to consider the ECM symbiosis in deep soil layers to improve our
understanding of fine roots functioning in tropical soils.

Keywords Deep fine roots . ECM root tips . Eucalyptus grandis . Next-generation sequencing . Diversity . Tropical forest
plantations

Introduction

Ectomycorrhizal (ECM) fungi represent a significant fraction
of the microbial biomass in forest ecosystems (Churchland

and Grayston 2014; Clemmensen et al. 2013; Hogberg and
Hogberg 2002; Pagano and Lugo 2019). They establish sym-
biotic associations with roots and play a major role in tree
functioning notably by improving mineral nutrition and water
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capture for their hosts (Johnson and Gehring 2007; Lehto and
Zwiazek 2011). ECM fungi are commonly believed to occur
in the surface horizon because of higher fine root densities
(Tedersoo et al. 2003; Rosling et al. 2003). However, recent
studies in deep soils highlighted the abundance and diversity
of microbial communities down to 10-m depth (Gocke et al.
2017; Li et al. 2014; Pereira et al. 2017; Zheng et al. 2017).
These results suggest that soil microorganism in deep soil
horizons could play an important role in supplying ecosystem
services, especially for carbon storage (Churchland and
Grayston 2014).

A number of studies on ectomycorrhizas have reported
vertical differentiation of ECM fungi through the soil horizons
but, in general, has only compared organic with mineral soil
layers (Dickie et al. 2002; Genney et al. 2006; Moyersoen
et al. 1998; Rosling et al. 2003; Lindahl et al. 2007).
Unfortunately, despite the strong ecological importance of
ECM fungi, their vertical distribution remains poorly under-
stood and rarely investigated in very deep soil layers (Bakker
et al. 2006; Clemmensen et al. 2015; Trocha et al. 2017). In
particular ecosystems, such as thin soils with a deep granite
layer, few ECM root tips have been observed down to a depth
of 4-m in bedrock fissures (Bornyasz et al. 2005; Querejeta
et al. 2007). However, to date, there is no study reporting
clearly ECM structures associated with tree roots in soil layers
deeper than 2-m, neither their diversity.

The area of eucalypt plantations in Brazil was around 5.6
million ha in 2014 (IBÁ 2015), representing around 70% of
the planted forests in the country. Among the species used for
afforestation, Eucalyptus grandisW. Hill ex Maiden is a suit-
able model for studying deep roots and their associated my-
corrhizal fungi because this fast-growing tree explores a huge
volume of soil with functional specialization of fine roots in
deep soil layers to take up cations (Bordron et al. 2019; da
Silva et al. 2011; Pradier et al. 2017). Although fine root
densities decrease rapidly with depth, the density of fine deep
roots on the entire soil profile could represent an important
part of the fine root biomass (Laclau et al. 2013), and very
deep roots can play a key role in tree survival during droughts
in eucalypt plantations (Christina et al. 2015, 2017). A better
understanding of deep root functioning (including fungal
symbiosis) and their role in water capture is very important
as drought events are likely to become more frequent with
global climate change (Phillips et al. 2016).

A recent study using minirhizotrons reported ECM struc-
tures associated with deep roots down to 6-m in a Brazilian
eucalypt plantation (Lambais et al. 2017). However, even
though this methodology is well suited for root observations
and has already been used to study the dynamics of ECM
fungi (Allen and Kitajima 2013; McCormack et al. 2017),
the method itself could affect mycorrhization, especially in
deep soil layers. Spores or mycelium could be transported
during the digging process and the minirhizotron tube setup.

Moreover, the environmental disturbance near the tube (e.g.,
changes in oxygen or water content) might create a favorable
environment for fungal growth, leading to overestimating my-
corrhizal colonization of very deep roots.

Here, we examined whether or not the ectomycorrhizal
association occurs in deep tree roots (> 2 m) in Eucalyptus
grandis plantations in Brazil. To assess the effects of depth on
ECM fungi, we sampled fine roots and ECM root tips devel-
oped in ten soil layers during the digging of two large pits
down to a depth of 4-m in two eucalypt plots differing by their
water availability. We determined the fungal community com-
position by meta-barcoding targeting the fungal internal tran-
scribed spacers (ITS1 and ITS2) of sampled roots.We hypoth-
esized that the diversity of ECM species associated with eu-
calypt roots would decrease with depth and that the commu-
nity structure would also differ, according to soil physical and
chemical properties (pH, water content, C and nutrient con-
tents) measured in the soil layers.

Materials and methods

Study site and soil properties

The experiment was conducted at the Itatinga research station
of the University of São Paulo in Brazil (23° 02′ S, 48° 38′W).
The climate is subtropical humid with a mean annual rainfall
of 1,360 mm and a mean temperature of 19°C (with a cold dry
season between June and September). The soil is a deep
Ferralsol (water table at 17-m) developed on Cretaceous sand-
stone. Soil texture, mineralogy, and physical and chemical
properties have been described previously (Battie-Laclau
et al. 2013; Laclau et al. 2010; Pradier et al. 2017). This highly
weathered soil is dominated by the sand fraction, with a clay
content ranging from 15% on the first 50 cm to 20–25% in
deep soil layers. The soil is acidic and the nutrient contents are
low. The main physical and chemical properties of soil are
presented in the supplementary Table S1 from results pub-
lished in Pradier et al. (2017). Briefly, independently of the
plot and only for the depth 0–20 cm, the soil has a pH in CaCl2
of 4.17, total C and N contents of 0.69 and 0.04 % respective-
ly, and resin P and K concentrations of 10.22 and 10.58 mg
kg−1 respectively.

Experimental design

A split-plot experimental design was set up in 2010 with a
highly productive Eucalyptus grandis clone (provided by the
Suzano Company, Brazil). The experiment was described in
detail by Battie-Laclau et al. (2013). Six treatments (three
fertilization regimes × two throughfall exclusion regimes)
were applied in three blocks. The area of the individual sub-
plots was 864 m2, with 144 trees at a spacing of 2 × 3 m. Our

Mycorrhiza (2019) 29:637–648638



study was carried out only for one fertilization rate treatment
(non-limiting for tree growth), which was representative of the
silvicultural practices in commercial eucalypt plantations (12 gN
m−2, 3.3 g Pm−2, 17.5 g Km−2, 200 gm−2 of dolomitic lime and
trace elements applied the first 3 months after planting). Two pits
were dug in the same block, one in the throughfall exclusion plot
(W−) and the other one in the undisturbed throughfall plot (W+).
The W− plot had two 40-cm-wide transparent plastic sheets in
each inter-row that were shaped as gutters to exclude 37% of the
throughfalls. We decided to carry out careful time-consuming
sampling in one pit for each water regime rather than less cau-
tiously sampling in several pits per plot. This method also pro-
vided enough deep fine roots and ECM root tips to be collected
for analysis, but was extremely time-consuming below 1-m.
Other studies in this experimental setup have shown that soil
properties (Maquere 2008), tree growth (Christina et al. 2018),
and fine root densities (B. Bordron et al., unpublished) were
similar in the three blocks for a given combination of treatments.

The soil water content (SWC) was measured from planting
to soil sampling at half-hourly intervals, with CS616 probes
(Campbell Scientific Inc., Logan, UT, USA), installed at 6
depths down to 4-m (0.15, 0.5, 1, 2, 3, and 4 m; three
CS616 probes for each soil depth). The soil profile was dryer
and SWC was more uniform in W− than in W+ around the
sampling period (Supplementary Fig. S1).

Fine roots and ECM root tips sampling

Samples were collected betweenMay and June 2015. The trees
were 5 years old with a mean tree height of 20 m and a root
front depth down to 17 m (Christina et al. 2011). A 1.5-m
square pit was dug in the center of the 3-m-wide inter-row of
both the exclusion (W−) and control (W+) plots, between four
neighbor trees. Fine roots (< 2 mm) and ECM root tips were
very carefully and manually sampled, layer by layer, while the
pit was being dug in order to prevent any contamination be-
tween two adjacent soil layers and to collect the maximum
biomass of fine roots in each soil layer. Ten soil layers were
sampled from 0 to 4-m depth (0–20, 20–40, 40–60, 60–100,
100–150, 150–200, 200–250, 250–300, 300–350, and 350–400
cm) as described in Pradier et al. (2017). The deeper soil layers
were thicker than the upper layers to obtain enough fine roots
and ECM root tips quantities for analysis.

Two dominant ECM morphotypes were separated during
the collection of root tips and photographed in the laboratory
in the days following the sampling using an Olympus TG2
camera (sensor BSI CMOS 12 Mpx, 1/2.3″; lens 4× 25–100
mm f/2-4.9, sensitivity 100–6400 ISO). The fine roots and
ECM root tips were washed with tap water and stored at −
20 °C until analysis. All the samples were ground in liquid
nitrogen before DNA extraction. For each depth, three sub-
samples of fine roots and ECM root tips were used to consti-
tute pseudo-replicates (n = 3).

DNA extraction, ITS amplification, and Illumina Miseq
sequencing

DNAwas extracted from two separate samples, fine roots or
ECM root tips (80 mg each), using the FastDNA SPIN Kit
(MP Biomedicals Santa Ana, CA, USA) according to the
manufacturer’s recommendations with some modifications.
Samples were homogenized in 800 μL of CLS-VF buffer
and 200 μL of PPS by vortexing for 10 min, followed by
incubation for 15 min at room temperature. The samples were
centrifuged (14,000g, 10 min), and a binding matrix equal in
volume to the volume of supernatant was added, and agitated
for 5 min at room temperature. After a centrifugation
(14,000g, 10 min), a guanidine wash step was added as de-
scribed by Tournier et al. (2015) to improve the purity of DNA
extract. The DNA binding matrix was resuspended in 500 μL
of guanidine thiocyanate (5.5 M), transferred to a spin filter
column, and centrifuged at 14,000g for 1 min. This step was
repeated and followed by two SEWS-M washes. Finally, the
DNAwas eluted in 100 μL of DES. For all samples, extrac-
tions were made in triplicate and stored at − 20°C before
analysis.

The internal transcribed spacers ITS1 and ITS2 of the nu-
clear ribosomal RNA were amplified using the primers
ITS1FI2 (5′-GAACCWGCGGARGGATCA-3′) and ITS2
(5′-GCTGCGTTCTTCATCGATGC-3′) for the ITS1 region
(Schmidt et al. 2013) and the primers ITS86F (5′-GTGA
ATCATCGAATCTTTGAA-3 ′) and ITS4 (5 ′-TCCT
CCGCTTATTGATATGC-3′) for the ITS2 region (De Beeck
et al. 2014). The forward and reverse primers were modified
prior to amplification by adding the adaptor sequences 5′-
CTTTCCCTACACGACGCTCTTCCGATCT-3′ and 5′-
GGAGTTCAGACGTGTGCTCTTCCGATCT-3′, respec-
tively, which are needed for multiplexing the PCR products
before sequencing. The amplification reaction was performed
in a final volume of 25 μL with the modified primers (0.6 μM
each), 2 μL of DNA extract, 200 μM of each dNTP, 200 ng/
mL BSA, GoTaq® DNA Polymerase (2 units), and 1× Green
GoTaq® Reaction Buffer (Promega, Charbonnieres, France)
at 94°C for 3 min, 30 cycles of 95°C for 45 s, 52C (ITS1
region) or 55°C (ITS2 region) for 45 s, 72°C for 45 s with a
final elongation step at 72°C for 10 min. To improve recovery
and limit PCR bias, three PCR replicates per sample were
pooled, evaporated using a vacuum concentrator and resus-
pended in 50 μL of sterile water. All amplicon products were
analyzed using paired-end Illumina MiSeq sequencing (2 ×
250 bp) by Get-PlaGe (Genotoul, Castanet-Tolosan, France)
with single multiplexing using a home-made 6 bp index,
which was added to the reverse primers for a second PCRwith
12 cycles, using the forward primer (AATGATACGGCGAC
CACCGAGATCTACACTCTTTCCCTACACGAC) and the
reverse primer (CAAGCAGAAGACGGCATACGAGAT-in-
dex-GTGACTGGAGTTCAGA-CGTGT).
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The resulting PCR products were purified and loaded onto
the Illumina MiSeq cartridge according to the manufacturer’s
instructions. The quality of the run was checked internally
using PhiX (20%), and then each pair-end sequence was
assigned to the samples with the help of the home-made
6 bp index.

Data processing

The data analyses were conducted as described in
Maghnia et al. (2017). Illumina sequencing, base call-
ing, and demultiplexing were carried out using RTA
v1.18.54, MCS 2.6 and bcl2fastq2.17. Paired Illumina
MiSeq reads were merged with vsearch v2.3.0 (Rognes
et al. 2016) using the command fastq_mergepairs and
the option fastq_allowmergestagger. Primer clipping
was performed with cutadapt v1.9 (Martin 2011) forcing
a full-length match for sample tags and allowing a 2/3-
length partial match for forward and reverse primers.
Only reads containing both primers were retained. For
each trimmed read, the expected error was estimated
with vsearch’s command fastq_filter and the option
eeout. Each sample was then dereplicated, i.e., strictly
identical reads were merged, using vsearch’s command
derep_fulllength, and converted to FASTA format.

To prepare for clustering, the samples were pooled and
processed by another round of dereplication with vsearch.
Files containing expected error estimates were also
dereplicated to retain only the lowest expected error for
each unique sequence. Clustering was performed with
swarm v2.1.9 (Mahé et al. 2014), using a local threshold
of one difference and the fastidious option. Operational
taxonomic unit (OTU) representative sequences were then
searched for chimeras with vsearch ’s command
uchime_denovo (Edgar et al. 2011). In parallel, represen-
tative sequences were assigned using the stampa pipeline
(https://github.com/frederic-mahe/stampa/) and a custom
version of the fungal reference database UNITE v7
(https://unite.ut.ee/) (Koljalg et al. 2013).

Clustering results, expected error values, taxonomic as-
signments, and chimera detection results were used to build
a raw OTU table. Up to that point, reads that could not be
merged, reads without tags or primers, reads shorter than 32
nucleotides, and reads with uncalled bases (“N”) had been
eliminated. To create the “cleaned” OTU table, additional fil-
ters were applied to keep only non-chimeric OTUs, OTUs
with an expected error per nucleotide below 0.0002, OTUs
containing more than three reads or seen in two samples. All
codes and representative OTU sequences can be found in
HTML format (Supplementary File S1), and the raw data are
available under the bioproject PRJEB27622 (https://www.ebi.
ac.uk/ena/data/view/PRJEB27622).

Statistics

Tables were transformed using the R tidyverse package ver-
sion 1.1.1 (Wickham 2017), and the plots were generated
using the R ggplot2 package version 2.2.1 (Wickham 2009).
According to the analyzed compartments, two independent
rarefactions were performed with R vegan package rrarefy
function for downstream statistical tests (rarefaction on
25,267 or 41,551 reads per sample, for fine roots and ECM
root tips, respectively).

The differences in Pisolithus sp. structure were estimated
using the Bray-Curtis dissimilarity matrix (from the abun-
dance of reads in each Pisolithus OTUs) and visualized using
non-metric multi-dimensional scaling (NMDS) using the R
vegan package metaMDS() function. For each of the W+
and W− pits, the significance of the differences in Pisolithus
spp. structure was tested by permutational multivariate analy-
sis of variance (PERMANOVA) using the R vegan package
adonis() function. Multivariate dispersion was estimated using
the R vegan package betadisper() and permutest() functions as
this can affect PERMANOVA results.

Diversity (Shannon) and richness (number of OTUs) were
estimated using the R vegan package. The impact of depths
regarding the soil surface (0–20 cm) as a reference was estimat-
ed with generalized linear models using the R stats package and
glm() function (R Core Team 2017). The Gaussian model
showed the smallest Akaike information criterion (AIC).

For each of the W+ and W− pits, the relationship between
the soil parameters and the variation of the Pisolithus spp.
structure with the depth was analyzed by redundancy analysis
(RDA) using the R vegan package rda() function. For the
RDA analysis, only the 12 most abundant OTUs of
Pisolithus spp. were used (OTUswithmore than 50 sequences
all over the depths).

Results

The amplicon sequencing for both fine roots and ECM root
tips resulted in 10,807,477 reads (number of raw sequences at
the output of the sequencer) with a median length of 304 bp
(with 95% of the reads between 241 and 330 bp). After filter-
ing, a total of 7,156,053 sequences was analyzed (25,267 and
45,551 sequences per samples for fine roots and ECM root
tips, respectively).

Strong dominance of the genus Pisolithus in the ECM
fungal community

The total root-associated fungal community of E. grandis
trees was dominated by ECM fungi with 84% of ECM fungal
sequences in the W+ pit and 81% in the W− pit (Fig. 1). The
genus Pisolithus, notably represented by P. microcarpus, was
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the most common with 98% (W+) and 93% (W−) of total
ECM fungal sequences in the pits. Six other genera of ECM
fungi were identified (Fig. 1), i.e., Tomentella, Laccaria,
Thelephora, Scleroderma, Coltricia, and Rhizopogon, mainly
represented by Laccaria alba, Thelephora palmata,
Scleroderma citrinum, and Coltricia cinnamomea.

Visual inspection of the root tips showed two main
morphotypes, corresponding to ectomycorrhizas formed by
Pisolithus spp. (yellow morphotype) and Scleroderma spp.
(white morphotype), throughout the soil profiles (Fig. 2).
The hyphal mantles were thick and had most often bright
appearance. ECM root tips were generally ramified and could
cover a large area of fine roots. Hyphae and rhizomorphs were
observed at all depths. Fruiting bodies of these two ECM
fungi were observed in the field (data not shown).

Variation in the Pisolithus spp. diversity with depth

As Pisolithus was strongly predominant in the ECM fungal
community, its diversity was characterized in more detail by
sequencing separately root tips that were typical of this ECM
fungus (Fig. 2). Three hundred twenty-one OTUs of

Pisolithus were identified, but the majority of these OTUs
were represented by very small number of sequences by
OTUs. Finally, we identified 12 OTUS with more than 50
sequences all over the depth (representing 58% of the ana-
lyzed sequences from ECM root tips).

The NMDS analysis showed a very strong structuration of
Pisolithus with the depth in the W+ pit, and to a lesser extent
in the W− pit (Fig. 3). A similar observation was obtained
with Pisolithus sequences retrieved from fine roots and using
the ITS1 marker (data not shown). PERMANOVA revealed in
each pit a significant effect of depth (P = 0.0001) on the
Pisolithus spp. structure (R2 of 0.97 and 0.77, in W+ and W
− pit respectively). The homogeneity of variance dispersion
among depths was verified (HOMOVA, P = 0.449 and P =
0.634, in W+ and W− pit respectively).

ThePisolithus spp. diversity and, to a lesser extent, richness
tented to be higher in W+ than in W− (Fig. 4). Linear model
based on a Gaussian distribution showed significant impacts
of depth on richness and diversity in comparison with the soil
surface (0–20 cm) mostly in the W− pit (Fig. 4). The highest
diversity (P < 0.01) and richness (P < 0.05) compared with the
soil surface (0–20 cm) were observed between 200 and

W+

ECM fungal genera

None ECM fungal genera

W-

Pisolithus

Tomentella

Laccaria

Thelephora

Scleroderma

Coltricia

Rhizopogon

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1 Fungal composition from
fine roots from the W+ and W−
pits after standardization and
rarefaction of the data, for all soil
layers from 0 to 4-m. Number of
fungal ITS2 reads divided
between none ECM fungal genera
and ECM fungal genera (a, d); for
ECM fungal genera only (b, e);
for ECM fungal genera excluding
Pisolithus (c, f)
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350 cm in theW− pit. A significant lower diversity (P < 0.001)
was also observed regarding the soil surface (0–20 cm) be-
tween 40 and 200 cm deep.

Relationships between the Pisolithus spp. structure
and the soil physical and chemical properties

The relationships between the Pisolithus spp. structure (repre-
sented by the 12 most abundant OTUs) and the soil physical
and chemical properties (described in Supplementary
Table S1) were investigated using redundancy analysis (Fig.
5). The six physical and chemical properties (soil pH, soil
humidity, C, N, P, K) explained 26.9% of the total variability
in W+ and 21.5% in W−.

In W+, OTUs 4, 52, 63, 112, 1067, and 2603 were
predominant in the upper soil layers (from 0–20 cm to
60–100 cm) and covariate positively with soil C, N, K,
and P contents. OTUs 2, 15, 19, and 1579 were predom-
inant in deep layers (from 150–200 cm to 350–400 cm)
and covariate positively with soil pH and soil moisture.
As observed with the NMDS analysis, Pisolithus spp.
structuration with depth was weaker in W− than in W+.
In W−, OTU 1 was predominant in the upper soil layers
(from 0–20 cm to 150–200 cm) and covariated positively
with soil C, N, P, and K concentrations. The soil layers
from 200–250 cm to 350–400 cm were associated with
higher soil pH and soil moisture, along with higher rela-
tive density of all OTUs (except OTU 1).

Fig. 2 ECM root tips and rhizomorphs from the W+ and W− pits down to a depth of 4-m. The yellow morphotype (a–f) was identified molecularly as
Pisolithus spp. and the white morphotype (g–k) as Scleroderma spp. In each image, the scale bar corresponds to 1 mm
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Discussion

The current study presents the first confirmation of ECM sym-
biosis down to 4-m deph using both ECM root tips observa-
tions and meta-barcoding approach.

ECM fungi diversity associated with eucalypts

The ECM genera identified in this study were consistent
with known ECM fungi associated with eucalypt roots, as
reviewed in Sulzbacher et al. (2013), with notably a strong
predominance of species belonging to the genus Pisolithus
(> 90% of sequences). In most eucalypt plantations studied

so far, a low level of ECM diversity is generally reported
with most often a single genus (Ducousso et al. 2012).
Pisolithus microcarpus was the most abundant species in
our study, which is in agreement with previous observations
in eucalypt plantations (Giachini et al. 2000). Secondary
metabolites and phenol compounds found in eucalypt leaves
or in eucalypt root exudates have been shown to promote
mycorrhization by Pisolithus (Lagrange et al. 2001; Steffen
et al. 2013) and could explain the predominance of this
fungus. In addition, this fungus participates in tolerance to
metals such as copper and aluminum (Egerton-Warburton
2015; Silva et al. 2013), which could be an ecological ad-
vantage in acidic tropical soils.
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Pisolithus spp. associated with very deep eucalypt
roots

One of the main challenges of our study was to demonstrate
the presence of mycorrhizal structures down to 4-m depth and
to evaluate changes of ECM fungal diversity through the ver-
tical profile. Previous studies have shown fungal distributions
in soil profiles suggesting vertical niche partitioning of the
ECM fungi associated with roots (Dickie and Koide 2014;
Dickie et al. 2002; Genney et al. 2006; Taylor and Bruns
1999), but those studies have only investigated soil layers
down to 90 cm (Bakker et al. 2006; Clemmensen et al.
2015). Bakker et al. (2006) speculated that they did not sample
deeply enough to determine the limits of ECM fine roots. The
presence of ECM symbiosis associated with deep roots
questioned about the dispersion of fungal spores in the deep
layers of soil, which could be brought from the surface by
water percolation, growing roots, and may be up to a certain
depth limit, by macrofauna.

Although our sampling did not allow quantifying the my-
corrhizal root tips precisely, field observations indicated that
the abundance of symbiotic structures decreased with depth.
Stone et al. (2014) recently showed that even though extracel-
lular microbial activity decreases with increasing soil depth,
specific enzyme activities (i.e., biomass-normalized) can in-
crease with depth. This suggests the importance of consider-
ing more than just the abundance to gain insights into the role
of biological processes in deep soil horizons.

Effect of physical and chemical properties
on the structuration of Pisolithus spp. within depth

Soil water content and soil pH were the main factors correlat-
ed with the variations in ECM fungal composition with depth.
These parameters have been previously shown to affect ECM
fungal communities (Hogberg et al. 2007; Joergensen and
Wichern 2008; Rousk et al. 2009; Scattolin et al. 2008).
Nevertheless, the explained variation by the RDA is low
(26.9% and 21.5%, in W+ and W− pit respectively) and indi-
cates that other parameters not measured in our study, struc-
ture the Pisolithus with depth. The presence of symbiotic as-
sociations in deep soil layers also suggests a sufficient amount
of oxygen for the germination of spores and saprotrophic hy-
phal growth. A recent work showed that young deep eucalypt
roots have considerable amounts of aerenchyma (M. Gomide

et al., unpublished). The roots themselves therefore may sup-
ply oxygen to ECM fungi in very deep soil layers in addition
to oxygen diffusing from the soil surface through airspace in
the soil.

Impact of rainfall reduction on Pisolithus spp.
diversity?

Classically, the soil core sampling methodology is used in
studies about ECM fungi diversity (Hui et al. 2017): small
amounts of soil (around 50 cm3) are sorted and fine roots
and ECM root tips are sampled. The only way to sample
enough ECM root tips to realize a diversity study in deep
horizons was to explore large volumes of soil (for each depth,
we have separated fine roots and ECM root tips from 45 up to
1125 dm3 of soil, depending on the horizons). This time-
consuming sampling has limited us in our ability to make
several pits, and this does not allow us to conclude on the
impact of the reduction of rain on the diversity of Pisolithus.

However, despite the limitations of our sampling, our ob-
servations seem to indicate an impact of water availability on
the diversity of Pisolithus. On the NMDS result (Fig. 3), a
very clear separation between the two pits was observed. All
depths considered, a total of 10 replicates were sampled on
each plot, which enables us to predict an impact of the reduc-
tion of rainfall on the diversity of Pisolithus. This result is in
agreement with other works in the literature showing the im-
pact of water stress on fungal communities (Azul et al. 2010;
Cregger et al. 2012; Ren et al. 2018; Yuste et al. 2011) and
more particularly on ECM communities (Richard et al. 2011).
The impact of depth on the vertical structure of Pisolithus
seems to be much less marked in the W− than in the W+ plot
(Fig. 3). This observation is consistent with the distribution of
water content in soil as a function of the depth between the
two pits (Supplement data, Fig. S1). Indeed, the W− plot is
drier but also more homogeneous between the surface and the
depth, which could explain a lower impact on the structure of
Pisolithus.

Conclusion

Our study fills a gap in our existing knowledge of the ECM
ecology in deep tropical soils and challenges the accepted
view of ECM symbiosis. Our work definitely allows showing
the significant presence of Pisolithus associated with eucalyp-
tus deep roots in independent pits, although our sampling does
not allow us to really conclude on the impact of the rainfall
reduction. Our results highlight the importance of taking into
account the whole soil profile explored by roots, and suggest
that the subsoil can be a reservoir of underestimated biodiver-
sity. The rhizosphere processes down to a depth of 4-m have
been investigated (Pradier et al. 2017) but the contribution of

�Fig.5 Redundancy analysis (RDA) for the W+ and W− pits using the 12
most abundant OTUs of Pisolithus spp. from root tips and 6 soil physical
and chemical properties (pH, humidity, carbon and nitrogen (%), phos-
phorus and potassium (mg kg−1). The OTUs are shown in black and the
soil physical and chemical properties by the red arrows. Each depth (n =
3) is identified using a color gradient with the lightest color assigned to
the surface layer and the darkest color assigned to the deepest layer
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ECM fungi in these processes still needs to be assessed, and
controlled experiments should complete current field observa-
tions, notably to characterize fungal traits related to tree nutri-
tion and water uptake (e.g., aquaporin expression; (Nehls and
Dietz 2014; Phillips et al. 2016). Further studies in other pe-
rennial crops on deep tropical soils (such as rubber trees, palm
trees, coffee, cocoa, …) will be required to assess the role
played by mycorrhizal fungi in very deep root functioning.
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