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Abstract
Background and aims Amazonia comprises a mosaic
of ecosystems that harbor high biodiversity. Knowl-
edge about fungal diversity and ecology in this
region remains very limited. Here, we examine soil
fungal communities in forests of the Colombian
Amazonia and their relationship to important edaph-
ic variables.

Methods Fungal communities were studied in terra-
firme forests dominated by arbuscular mycorrhizal
(AM) trees, terra-firme forests with the ectomycorrhizal
( E cM ) t r e e P s e u d omo n o t e s t ro p e n b o s i i
(Dipterocarpaceae), and white sand forests (WSF) with
the EcM host plant genera Dicymbe and Aldina
(Fabaceae). Fungal community composition was deter-
mined through 454-pyrosequencing of the ITS2 region
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of ribosomal DNA. We established the impact of the
type of forest and edaphic parameters in structuring the
fungal communities.
Results We found a high diversity of fungi with 2,507
OTUs occurring in the soil samples studied. Carbon
content and pH were the main edaphic factors contrib-
uting to structure the fungal community across all for-
ests. Fungal community composition differs among ter-
ra-firme plots andWSF, while it was similar among AM
and EcM-dominated areas in terra-firme. Our results
revealed an important EcM fungal diversity in terra-
firme AM-forests, where some EcM plants such as the
ones in the genera Coccoloba and Neea occur scattered
within an AM-matrix.
Conclusions This is a first approximation to understand
the ecology of soil fungal communities in forests of the
Colombian Amazonia. We found that fungal soil com-
munities have a spatial variation related to forest type
(terra-firme andWSF), soil pH, and soil carbon content.
Due to the strong correlation between vegetation and
soil fertility in Amazonia, it is difficult to understand the
effects of those factors to the fungal communities.

Keywords Dipterocarpaceae . Ectomycorrhizal fungi .

Fabaceae .Microbial ecology . Tropical forests . Fungal
diversity

Introduction

Amazonia has the largest and most continuous tropical
forest coverage in the world (Hoorn and Wesselingh
2010) and comprises different types of forest composed
of complex and diverse microhabitats that harbor a high
diversity of plants and animals (Gentry 1988; Hoorn
et al. 2010; Ter Steege et al. 2010). The high plant
biodiversity of such forests has been explained mostly
by its paleoclimatic history that has resulted in important
differences in soil fertility, and by the rainfall seasonality
(Duivenvoorden and Duque 2010; Jiménez et al. 2014;
Quesada et al. 2009, 2012; Ter Steege et al. 2006, 2010;
Ter Steege et al. These forests also play a significant role
in the global carbon balance and regulation of the global
climate. Together with soils and biomass, the Amazon
basin region contains approximately 10% of the global
terrestrial carbon pool (Ter Steege et al. 2010). None-
theless, soil fertility in Amazonia is low and forest
maintenance depends on litter nutrient cycling and car-
bon allocation (Fearnside 2005; Jiménez et al. 2014;

Quesada et al. 2012). A closed nutrient cycle mediated
by fungi could explain how plant biomass is maintained
despite low levels of plant-available nutrients in soil
(Averill et al. 2014; Bunn et al. 2019; Lindahl and
Tunlind 2015). Moreover, it has been found that the
special guild such as plant pathogens and EcM fungi
may influence the diversity and abundance of trees in
the tropical rainforest (Averill et al. 2014; Comita et al.
2010; Corrales et al. 2016; Frąc et al. 2018). On the
other hand, plant diversity is considered an important
factor in the structuring of the soil fungal communities
due to the symbiosis with ectomycorrhizal fungi (EcM)
fungi and the diversity of compounds for the saprotroph
community (McGuire et al. 2012). Although plant and
animal ecology are relatively well studied in Amazonia
and the number of scientific studies on tropical fungi has
increased, information about the fungal diversity, the
community structure at the local and the regional scales,
and plant-soil-fungal interactions remains very limited.

Soil fungi play key roles in ecosystems, driving
nutrient cycling as decomposers, regulating species
composition as pathogens and providing mutualistic
benefits as symbionts (Comita et al. 2010; Tedersoo
et al. 2014). Mycorrhizae are a mutualistic association
between soil fungi and roots that occurs in about 80 to
90% of the plant species (Smith and Read 2008). In this
association, mycorrhizal fungi improve growth, nutrient
and water uptake, and resistance to pathogens and heavy
metals of the plant. In return, the plant provides the
fungus with carbon derived from its photosynthetic
activity (Smith and Read 2008; van der Heijden et al.
2015). The most common types of mycorrhizas are
arbuscular mycorrhizal fungi (AM) and ectomycorrhizal
fungi (EcM). The EcM association was considered rare
in the tropics, compared with the AM fungi. However,
recent studies showed that EcM fungi are more common
in the tropics than previously considered. In neotropical
ecosystems, including those from Central and South
America and the Caribbean, 60 species of EcM hosts
have been reported (Corrales et al. 2018). Indeed, the
plant families Fabaceae (subfamilies Caesalpinioideae
and Papilionoideae) and Dipterocarpaceae are predom-
inantly EcM associated. Previous data indicated that
plant diversity in neotropical ecosystems varies between
forests dominated by plants that host arbuscular mycor-
rhizal fungi (AM) versus forests with plants that host
EcM fungi (Roy et al. 2016, 2017). The EcM-habit is
a l so one of the mechan i sms tha t exp l a in
monodominance or codominance of EcM host trees in
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tropical ecosystems (Fukami et al. 2017; McGuire
2007). Some studies suggested that tropical trees might
rely on EcM-mediated nitrogen (N) acquisition, partic-
ularly those occurring in monodominant forests with
high soil organic matter and low N availability (Mayor
et al. 2015). For example, in forests dominated by
Oreomunnea mexicana (Juglandaceae) in Panama,
EcM fungi may slow the cycling of soil N by decreasing
the available N of the soil for other plants, while EcM
fungi obtain the N directly from organic sources
(Corrales et al. 2016). These processes are important in
carbon and nutrient cycles and carbon sequestration in
forests and may affect the nutrient balance and favor
EcM plants (McGuire et al. 2010; Van der Heijden et al.
2015).

Recent advances in molecular approaches, such as
high throughput sequencing, and the presence of curated
molecular databases containing fungal DNA sequences,
provide a strong tool to study the composition of fungal
communities (Bálint et al. 2016). Microorganisms, in-
cluding fungi, were long assumed to be cosmopolitan
based on massive spore production and long-range dis-
persal capabilities (Baas-Becking 1934). However, cur-
rent molecular-based studies suggest that fungi have
restricted distributions and distinct biogeographic pat-
terns (Bahram et al. 2015, 2018; Burns et al. 2015). The
soil fungal richness and community composition from
local to global levels are influence by climatic factors
such as mean annual precipitation, followed by edaphic
factors (pH, N, calcium or phosphorous), plant commu-
nity, and spatial patterns (Corrales et al. 2017; Geml et al.
2014; Peay et al. 2013; Talbot et al. 2014; Tedersoo et al.
2014). In forest ecosystem, fungal diversity and com-
munity composition and structure have been reported
closely related with edaphic variables such as pH and
soil nutrients, and plant diversity (Lucheta et al. 2016;
Peay et al. 2013; Rousk et al. 2010).

In Amazonia there are few studies on soil fungi
ecology despite the high biodiversity of fungi that oc-
curs within this region (Grupe et al. 2016; Houbraken
et al. 2011; López-Quintero et al. 2012, 2013; Lucheta
et al. 2016, 2017; McGuire et al. 2012; Moyersoen
2006; Mueller et al. 2014, 2016; Paula et al. 2014; Peay
et al. 2013; Tedersoo et al. 2010c; Vasco-Palacios et al.
2018; Yilmaz et al. 2016). Plant diversity and soil fac-
tors such as pH nitrogen, phosphorous, and calcium
have been found correlating with soil fungal diversity
and fungal community structure in natural forests in
Amazonia (López-Quintero et al. 2012; Lucheta et al.

2016; Tedersoo et al. 2014). Local-scale variation of
soils plays an important role in influencing plant com-
munity structure (Duivenvoorden and Duque 2010; Ter
Steege et al. 2010). Such changes also influence the
community structure of soil fungi from natural forests,
that present a high degree of spatial variation related to
forest type (Mueller et al. 2014, 2016; Peay et al. 2013).
Similar patterns occur with special guilds, such as par-
asitic and mycorrhizal fungi that depend on the tree
composition (Peay et al. 2013). On the other hand, in
disturbed areas, the fungal soil communities correlate
with the plant community composition rather than with
soil properties (Mueller et al. 2014). However, in an-
thropogenic and non-anthropogenic dark earth soil in
Brazil, a type of soil rich in nutrients due to high levels
of carbon, the fungal communities were shaped by soil
pH, calcium, phosphorous, and aluminum saturation
(Lucheta et al. 2016).

In this study, we examined the community structure
and diversity of soil fungi from three types of forests in
the Colombian Amazonian region. We hypothesized
that 1) communities of soil fungi do exhibit similar
composition and functional structure among the two
terra-firme forests studied, due to similarities in plant
composition and edaphic factors; 2) the EcM fungal
community composition differs between forests with a
high abundance of AM plant hosts and forests with a
high abundance of EcM plant hosts (forests with
P. tropenbosii and forests with Dicymbe and Aldina);
3) there is a positive relationship between fungal com-
munity composition and edaphic factors such as pH,
nitrogen and phosphorous. To evaluate the differences
of the fungal communities in these three forest types that
show differences in the abundance of AM and EcM
plant hosts we performed metabarcoding using high-
throughput DNA sequencing. Demonstrating a potential
link between the type of forests, presence of EcM plant
hosts, and the diversity and structure of the fungal
community with respect to the edaphic variables is a
first step in establishing the role of fungi in influencing
Amazonian forest structure.

Materials and methods

Study sites and sampling

This study was conducted at two locations in the Co-
lombian Amazon region. The first location was 27 km
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north of Leticia in the El Zafire Biological Station (ZBS)
area of the National University Sede Amazonas (Fig. 1,
Table 1). This area has different types of soil with four
main forests types: upland terra-firme forests, tempo-
rarily flooded forests, white sand forests, and transition-
al forests within the upland and flooded forests
(Peñuela-Mora 2014). Soils are sandy and composed
mainly of quartz with the parental material belonging
to Tertiary sedimentary units that probably originated
from the Guiana Shield (Jiménez et al. 2009). The other
location was located in the middle Caquetá region ca.
420 km from El Zafire area (Fig. 1). This middle
Caquetá region presents upland terra-firme forests, tem-
porarily flooded forests, and white sand forests
(Parrado-Rosseli 2005). In this second location, two
sites with similar climatic conditions and approximately
34 km apart were sampled (Fig. 1, Table 1). One
was close to Peña Roja village, and the other close to
the village of Puerto Santander (Table 1). In these areas,
the communities of P. tropenbosii (named PtF) occur in
upland terra-firme forests which make part of the Ter-
tiary Sedimentary Plain unit and have a flat to undulat-
ing topography with valleys and hills of 20 to 40 m
height. Soils in these areas are well drained with a low
mineral nutrient content and consist of sands to clays of
the Amazonian upper and lower tertiary superior unit
(Parrado-Rosseli 2005).

In each area, three types of forest were sampled,
namely two in terra-firme forests and one in white sand
forests (WSF). The selected forests harbor different
species and densities of EcM and AM plants (Table 1).
The terra-firme forests occur in areas with well-drained
soils, which are not flooded by rivers. Floristically, these
forests are more diverse than flooded forests and contain
plants mainly associated with AM fungi and few indi-
viduals of EcM host plants of the genera Coccoloba
(Polygonaceae) and Guapira or Neea (Nyctaginaceae)
(Importance value index IVI, Polygonaceae = IVI
0.47%, Nyctaginaceae =0.8%) (Parrado-Rosseli 2005).
In some areas of the terra-firme forests in Colombia,
there are some small patches of P. tropenbosii trees
mixed with the typical vegetation of the terra-firme
forests. In these areas, P. tropenbosii is one of the most
impo r t an t c anopy spec i e s ( IVI = 16–18%)
(Duivenvoorden and Lips 1993; Parrado-Rosseli
2005). Studies showed that this endemic tree is an
EcM hosts similar to other species in the family
Dipterocarpaceae (Vasco-Palacios et al. 2016). The third
type of forest that we studied was a WSF that occurs in

areas where the soils have a higher quartz content. The
WSF in western Amazonia, generally occurs as small
island of habitat surrounded by terra-firme forests.
White sand forests have a unique plant composition
and the tree diversity is low when compared to terra-
firme, but they show a high specialization and high level
of plant endemism (Jiménez et al. 2009; Peñuela-Mora
2014; Roy et al. 2016). The generaDicymbe and Aldina
of the family Fabaceae were present in ColombianWSF
with an abundance of 25% of all canopy trees (IVI 25%)
(Peñuela-Mora 2014). Soil samples were collected dur-
ing the rainy season in both regions in April 2012.

Sampling design

The sampling design followed protocols of Tedersoo
et al. (2014). Circular plots with of 20 m diameter were
established. Nine plots were located in the middle
Caquetá region (6 PtF and 3 AMF) and nine in the
Zafire area (3 WSF, 3 PtF, 3 AMF) (Table 1). The
selected WSF patch in the Zafire was less than 5 ha,
and surrounded by terra-firme mixed forest. The data
about fungal communities were part of a previous large-
scale analysis (Tedersoo et al. 2014). In the middle
Caquetá area, we did not collect soil samples at WSFs,
because the site was disturbed by a herd of wild pigs that
disrupted the soil and the litter layer shortly prior to our
fieldwork.

In each plot ofWSF andPtF 20 trees of the dominant
EcM hosts were selected. Two lateral soil cores were
collectedat2mfromthetrunkofeachselectedtree.After
removalofcoarserootsandstones,the40coresoilswere
pooledperplot.Intheterra-firmeplotswithdominanceof
AM fungi (named AMF), 40 soil cores were taken ran-
domlyinsidethecircularplotandpooled.Asubsetofeach
pooledsoil samplewasair-dried,preserved insilicagel,
andtransportedtotheLaboratoryofTaxonomyandEcol-
ogy of Fungi of theAntioquiaUniversity,Medellín, for
furtheranalysis.About500goftheAhorizon(i.e.adepth
of 5–10cmafter removal of organic litter horizon)were
collected from each soil for physicochemical analyses.
Soilsampleswereair-driedandtransportedtothelabora-
toryforfurtheranalysis.Edaphicanalyseswereconduct-
ed at the National Laboratory of the Soils, Instituto

�Fig. 1 Location of the study sites. The biological station El Zafire
(ZBS) in the Southeast Amazon Department in Colombia, and the
middle Caquetá region with two sites: Peña Roja (PS) and Puerto
Santander (PR). Map of South America (Eva et al. 1999),
Colombia-Amazonia (IGAC 2003)

Plant Soil (2020) 450:111–131114



Plant Soil (2020) 450:111–131 115



Geográfico Agustín Codazzi (IGAC), Bogotá, Colom-
bia and at Tartu University, Estonia (Table 2). pH was
measuredwithaKCLmethod, totalorganiccarboncon-
tent of the soil used the method ofWalkley Black; total
phosphorouswasanalyzedbytheBrayIImethod,nitro-
gen by the Kjeldahl method, levels of Ca2+ were mea-
sured on ammonium acetate (pH 7) soil extracts, and
Mg2+NaandKonammoniumlactate(pH7)soilextracts
usingatomicabsorptionspectrophotometry(MAT253;
ThermoElectron,Bremen,Germany)(Table2).

Molecular analysis

DNA was extracted from 2.0 g of soil using the
PowerSoil DNA Isolation Kit (MoBio, Carlsbad,
CA). The internal transcribed spacer (ITS) region
2 of the ribosomal DNA (rDNA) was amplified
using a mixture of six forward primers analogous
to ITS 3 and one degenerate reverse primer analo-
gous to ITS4 following the procedures described by
Tedersoo et al. (2014). Negative and positive con-
trols were included during the PCR amplification.
Normalized amplicons were subjected to 454-
adaptor l iga t ion, emuls ion PCR, and 454

pyrosequencing using the Roche GS FLX+ platform
and titanium chemistry (Beckman Coulter Geno-
mics, Danvers, MA).

Bioinformatics and sampling analyses

Pyrosequences were curated based on quality infor-
mation provided by the sequencing company.
Adapters were removed using ACACIA 1.52
(Bragg et al. 2012). To exclude short and low
quality sequences, these were trimmed in Mothur
1.32.2 (Schloss et al. 2009) using the following
parameters: minlength = 200; maxambig = 0;
maxhomoP = 10 ; qw i ndo -wav e r a g e = 35 ;
qwindowsize = 50; and bdiffs = 1. Sequences were
demultiplexed based on the MID tags and primers.
Putative chimeras were identified and removed with
UCHIME (Edgar 2010; Edgar et al. 2011). After
these filtering steps, the remaining sequences were
pooled and clustered into operational taxonomic
units (OTUs) at 97% identity threshold using the
UCLUSTER algorithm (Edgar 2010). The longest
sequences obtained were selected to assign taxo-
nomic affiliation of each OTU. These representative

Table 1 Basic description of the two locations, sampled places and their climatic variables.

Locations Sites Mean
temperature

Mean
annual
rainfall

Humidity Elevation
m.a.s.l.

Type of
forests

EcM hosts (IVI)*** Plots

Middle Caquetá
region *

Puerto Santander 26°C 3100 mm 86-92% 150-220 AMF1 Coccoloba 0.477 %,
Guapira orNeea 0.845 %

2

PtF2 P. tropenbosii 16-18% 3

Pena Roja 26°C 3100 mm 86-92% 200-250 AMF Coccoloba 0.477 %,
Guapira orNeea 0.845 %

1

PtF P. tropenbosii 16-18% 3

The Zafire
Biological
Station **

White sand
forests

26°C 3342 mm 86% 180-210 AMF Coccoloba, (ND)
Nyctaginaceae (ND)

3

Terra-firme 26°C 3342 mm 86% 130-200 PtF P. tropenbosii <10% 3

WSF3 D. uaiparuensis and Aldina
sp. 25 %

3

*Duivenvoorden and Lips 1993; Parrado-Rosseli 2005,

**Jiménez et al. 2009; Peñuela-Mora 2014. ND = non data.
1 Terra-firme forests with dominance of arbuscular mycorrhizal plant hosts (AMF),
2 Terra-firme forests with Pseudomonotes tropenbosii (Dipterocarpaceae) (PtF) as one of the most important canopy species and
3White sand forests (WSF).

***The importance value index (IVI) was used to measure dominance of the EcM plant hosts per type of forests (Mueller-Dombois and
Ellenberg 1974).
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sequences were subjected to BLASTn against the
quality-checked database of ITS, UNITE - INSD
(UNITE Community 2017), and an ITS sequencing
data gathered from a large scale DNA-barcoding
sequencing project of the Westerdijk Fungal Biodi-
versity Institute database fungal strain collection
(Vu et al. 2016, 2019) using the usearch_global tool
from USEARCH 6. For each query, the ten best
BLASTn hits were annotated as detailed as possi-
ble. Species limits were determined based on ≥97%
identity for operational taxonomic units (OTUs)
(Hughes et al. 2009; Lindahl et al. 2013). We used
90, 85, 80, and 75% sequence identity for assigning
names to a genus, family, order, and class respec-
tively (Tedersoo et al. 2014). Fungal OTUs identi-
fied to lower taxonomic levels were based on Index
Fungorum as featured in UNITE. The designation
of the ecological guilds for each genus and family
was based on literature when possible (Cannon and

Kirk 2007; Tedersoo and Smith 2013; Tedersoo
et al. 2010a, 2014). EcM taxa were considered if
they matched best (based on ≥97% identity) with
any sequence considered to represent EcM lineages
(UNITE-database; Tedersoo et al. 2010a; Tedersoo
and Smith 2013). Lineage nomenclature followed
Tedersoo et al. (2010a) and Tedersoo and Smith
(2013). All OTUs represented by one sequence,
i.e. singletons, were removed from the analysis to
reduce the effect of rare OTUs in the analysis
(Bálint et al. 2016; Tedersoo et al. 2010b).

Statistical analysis

Rarefaction curves of OTUs were calculated using the
function specaccum with 1,000 permutations in the
Vegan package of R (Oksanen et al. 2013; R Core
Team 2014). Because samples differed in the number
of sequences reads, each sample was standardized to the

Table 2 Soil chemical characteristics and fungal diversity per plot.

PLOT pH N (g/
kg)

P (mg/
kg)

K (mg/
kg)

Cal (mg/
kg)

Mg (mg/
kg)

C (g/
kg)

Total fungal
OTUs

ECM
OTUs

Plant Parasitic
OTUs

Saprotroph
OTUs

The middle Caquetá region

Puerto Santander

PtF1 2.71 2.168 86.89 704.59 98.82 131.44 11.4 453 17 41 271

PtF2 2.77 1.468 38.74 430.97 81.05 80.8 19.1 378 38 41 210

PtF3 2.89 0.986 23.37 367.65 123.3 57.05 29.25 478 40 41 284

AMF1 2.65 0.740 12.01 176.82 111.7 44.94 29.21 374 15 43 206

AMF2 2.62 1.500 46.62 533.18 94.47 84.91 24.16 524 17 59 313

Peña Roja

PtF 1 2.46 1.584 16.39 89.73 119.3 26.65 39.73 562 25 51 347

PtF 2 2.45 1.993 54.99 440.13 122.4 69.36 40.09 481 29 53 285

PtF 3 2.51 1.154 52.82 404.45 122.1 104.08 39.19 482 46 53 303

AMF1 2.63 0.678 13.63 209.8 118.9 38.44 29.21 238 25 22 154

El Zafire Biological Station

PtF1 2.55 0.706 53.1 321.71 186.2 136.71 33.67 523 30 60 299

PtF2 2.53 1.761 65.55 768.87 158.2 173.82 42.68 515 22 60 308

PtF3 2.54 1.956 84.96 869.03 160.2 197.09 35.28 506 32 44 301

AMF1 2.6 1.437 53.94 662.08 263.5 207.33 32.76 364 12 39 219

AMF2 2.51 0.925 21.68 178.35 94.59 36.8 28.41 449 17 50 249

AMF3 2.53 1.693 45.01 157.47 67.04 40.18 27.21 255 21 26 156

WSF1 2.55 1.627 91.72 617.79 289.7 250.58 13.71 193 10 18 119

WSF2 2.53 0.651 46.97 198.18 96.51 62.56 13.67 222 14 31 123

WSF3 2.54 1.338 124.7 676.55 296 303.51 15.49 182 10 22 111
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minimum number of sequences (to 913 sequences)
using the function raremax in Vegan (Oksanen et al.
2013). We generated a randomly rarefied community
data matrix using the funcion rrarefy in Vegan (Oksanen
et al. 2013). All data analyses were performed with this
rarefied data. Abundances were scaled between 0 and 1.
Differences in fungal communities between types
of forest were tested with ANOVA using function
aov in R and Tukey-Kramer HSD pairwise mean
comparison tests with a significance level of 0.05.
In addition, differences in the value of each edaph-
ic parameter between the type of forests were
determined with ANOVA. The correlation between
localities, types of forest, and edaphic parameters
and the complete fungal community data were
addressed using a partial Mantel test as implement-
ed in the Ecodist package of R, after 9999 permu-
tations (Goslee and Urban 2007). The test used
Bray-Curtis dissimilarity matrix of the OTUs oc-
currence data, also a Euclidean distance matrix
was calculated from types of forest and from
edaphic parameters. A similar assessment was ac-
complished to study the effect of the type of forest
and the edaphic parameters on the EcM fungal
community. To compare the soil fungal community
from the same locality or type of forests (three
dissimilarity matrices), we performed a partial test
Mantel using the Pearson method as implemented
in the Ecodist package (Goslee and Urban 2007).
The effect of localities, types of forest, and edaph-
ic parameters was also calculated using Bray-
Curtis distance measure implemented in Adonis
routine of the Vegan package of R (Oksanen
et al. 2013) with 9999 permutations. Significance
level of 0.05 was used throughout the study.

Additionally, we conducted a non-metric multi-
dimensional scaling (NMDS) analysis to examine
the dissimilarity relationships among the fungal
communities across localities and types of forest,
and among significant edaphic parameters such as
pH and carbon content. The NMDS was run on a
rarefied, presence/absence matrix using Jaccard dis-
similarity. The ordination was implemented in the
Ecodist package of R. In addition, a cluster analy-
sis was performed to analyze the similarity in
species composition of plots. Furthest-neighbor
cluster analysis was run from a distance matrix
calculated with a Bray index of similarity in hclust
in Vegan (Oksanen et al. 2013).

Results

Fungal diversity

Pyrosequencing of ITS2 rDNA from 18 pooled soil
samples of tropical lowland forests from the Colombian
Amazonia recovered 60,247 reads. Curation resulted in
53,971 high quality sequences. After removal of chi-
meras, 42,136 reads were obtained that clustered in
3,576 OTUs, of which 3,354 (39,621 sequences) were
classified as Fungi. The fungal sequences were assem-
bled into 2,507 non-singleton OTUs (39,525 sequences)
and 847 singletons OTUs (13%). Out of the total of
39,621 fungal sequences, 4,219 sequences (21%) corre-
sponding to 572 OTUs (11.1%) could not be classified
to order level, 11,996 (34.5%) sequences corresponding
to 1,303 OTUs (50%) not to family level, and 1,657
OTUs (63%) not to genus level. The orders with the
most unidentified OTUs were Auriculariales (88%),
Sebacinales (87%), Helotiales (66%), Sordariales
(62%), and Xylariales (44%).

The soil sampling revealed representatives of all
major phyla and classes of fungi (Fig. 2). The phylum
Ascomycota (63% of OTUs, 47% of sequences) was the
most diverse, followed by Basidiomycota (32% of
OTUs , 36% of s equence s ) , Zygomyco t a -
Mucoromycotina (1.5% of OTUs, 14% of sequences),
and Rozellomycota and Chytridiomycota (1% of OTUs,
0.1–0.3% of sequences) (Fig. 2). Archaeorhizomycetes,
a recently described phylum from temperate regions
(Rosling et al. 2011), was relatively diverse and com-
prised 6% of the fungal OTUs (4% of sequences).
Fungal OTUs were assigned to 64 orders, 147 families,
and 292 genera. In Ascomycota, the order Hypocreales
(188 OTUs) was the most diverse, followed by
Helotiales (183 OTUs) and Chaetothyriales (156
OTUs). Within Basidiomycota, Agaricales (158 OTUs)
was the most diverse, followed by Trechisporales (106
OTUs). Overall patterns of taxonomic representation
were fairly consistent across the different forest types,
but the proportions varied (Fig. 2). In general, WSF
harbored a unique composition when compared to the
other two forest types. WSF presented less diversity of
Agaricomycetes and had a high number of OTUs be-
longing to Eurotiomycetes (e.g. Penicillium) and
Leotiomycetes that comprise many putative plant path-
ogens (Fig. 2). The obtained species accumulation curve
showed that the fungal community was not completely
represented (Fig. 3a, b). Overall, soils from terra-firme
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forests (AMF and PtF) presented a higher fungal diver-
sity thanWSFs, because samples differed in the number
of OTUs and sequences (182–562; 913–4840 respec-
tively) (Suppl. Fig. 1a). The following genera were
found to be most common (>15 OTUs) Umbelopsis
(36 OTUs), Penicillium (33 OTUs), Cladophialophora
(31 OTUs), Chaetosphaeria (21 OTUs), Cryptococcus
(21 OTUs), Meliniomyces (20 OTUs), Bionectria (20
OTUs), Mycena (19 OTUs), Ochroconis (16 OTUs),
and Fusarium (15 OTUs).

The main phylogenetic and functional ecological
guilds of fungi were present (i.e. saprotrophs, plant-
pathogens, EcM, and AM) in all types of forest, but

their relative richness varied across plots (Figs. 2, 4).
The saprotroph guild was the most diverse group of soil
fungi in this study (59% of all OTUs), followed by
plant-pathogens (9%), and EcM fungi (6%). Other tro-
phic categories, such as lichenized fungi, mycoparasites,
and AM symbionts represented less than 5% of all
fungal OTUs (Fig. 4). Altogether, 22% of OTUs
grouped in the category “unknown”, because they could
not be assigned to any trophic group due to lack of
taxonomic resolution. The richness of plant pathogens
positively correlated with the fungal community struc-
ture by forest type (Mantel r = 0.2489; P < 0.05). The
AM fungi were not well represented in any of the

Fig. 2 Taxonomic composition of fungal communities from soils
of AMF, PtF, and WSF from the Amazon region in Colombia.
Lineages with less than five occurrences across all samples
(Atractiellomycetes, Basidiobolomycetes, Chrytridiomycetes,
Dacrymycetes, Entomophthoromycetes, Incertae sedis,
Kickxellomycetes, Pucciniomycetes, Taphrinomycetes) were

grouped with the unknown and others for clarity. In total, 2,507
fungal OTUs from 64 orders, 147 families, and 292 genera were
detected. Despite differences in community structure, phylogenet-
ic representation at class level appears largely similar between the
forest types
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ecosystems studied (<1%). EcM fungi comprised 144
OTUs belonging to 21 fungal families, where

Telephoraceae and Russulaceae were the most abundant
taxa. 129 OTUS were detected from PtF samples, 72

Fig. 3 a Rarefied number of species per type of forest at 12,803 sequences. b Rarefied number of species across forest types
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from AMF, and 34 from WSF. The EcM lineages
/tomentella-thelephora (36 OTUs, 25%), /russula-
lactarius-lactifluus (23 OTUs, 16%), /clavulina (13
OTUs, 9%), /cortinarius (8 OTUs, 5.6%), /boletus (10
OTUs, 6.9%), /pisolithus-scleroderma, /inocybe and
/sordariales1 (7 OTUs, 4.9%), and /cantharellus (5
OTUs, 3.5%) were the most diverse in this study
(Table 3).

Fungal community composition between type of forests

The number of OTUs ranged between 182 (WSF-
Zafire plot) and 562 OTUs (PtF-Peña Roja plot).
WSF showed a remarkably lower diversity within
all samples (Suppl. Fig. 1a). The soil fungal com-
munity from PtF presented the highest richness of
all studied plots (1,828 OTUs, 72%). Peña Roja
(562 OTUs, 22%) and the Zafire area (523 OTUs,
21%) also showed a high richness of OTUs. De-
spite differences in the number of detected OTUs,
the composition of the communities at the taxo-
nomic and the ecological level was similar within
types of forest (P > 0.05) independent of the forest
type (Figs. 2, 4).

Our data showed that the fungal communities are
mainly shaped by type of forest and sites (F2,17 =
1.3, P = 0.001; F2,17 = 1.53, P = 0.004). Overall, soil
fungal community composition was more similar in
samples from plots located in terra-firme (AMF and
PtF) than those from WSF (Suppl. Fig. 2). The non-
metric multidimensional scale (NMDS) ordinations
showed community similarities of soil fungi be-
tween samples from terra-firme plots (Fig. 5 a).
However, in the Zafire area, the fungal community
from AMF plots presented significant differences
with the PtF plots (Suppl. Fig. 2c). Samples from
forests with the ectomycorrhizal tree P. tropenbosii
exhibit the most homogeneous fungal community
despite the geographical distance, even among plots
that are separated more than 400 km (Fig. 5a–c,
Suppl. Fig. 2c; Mantel P < 0.5; Suppl. Table 1). A
high number of common OTUs (321 OTUs) were
detected across the PtF (Mantel r = 0.0071;
P < 0.05). The sampled WSF presented the most
unique fungal composition compared with the other
two forest types (Mantel r = 0.0071; P < 0.05). The
Tukey HSD test showed that the main differences
between WSF and the other type of forests were due
to differences in richness (Suppl. Fig. 1b). A similar

Fig. 4 Fungal functional guilds from soils of AMF, PtF, andWSF from the Amazon region in Colombia. Despite differences in structure, the
composition of fungal guilds appears to be similar between the forest types
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trend was observed for the EcM fungal community
(Fig. 5b, Suppl. Fig. 2b). The Tukey HSD test
showed differences between EcM fungal community
from PtF and the other two forests (Suppl. Fig. 1b).
WSF in the Zafire area presented 14 OTUs of EcM
fungi, while the most diverse was PtF-Peña Roja
with 46 OTUs (Table 2; Suppl. Fig. 1b).

Edaphic factors that shape the fungal communities

Carbon content and soil pH are the edaphic factors that
showed a significant relationship with fungal composi-
tion. In general, carbon content and pH were not signif-
icantly different in both forests and sites (ANOVA P <
0.5). However, differences in soil carbon were detected
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Fig. 5 aNonmetric multidimensional scaling (NMDS) ordination
plot representing similarity of the fungal soil community in differ-
ent forest types in Colombia Amazonia. Stress value = 0.1074;
R2 = 0.982. For all plots colors represent different sites: Peña Roja
in red, Puerto Santander in blue, and El Zafire in
green. Figures represent different type of forests: circle indicated
terra-firme plots with dominance of AM fungi, triangle indicated

terra-firme plots withP. tropenbosii and cross indicated white sand
forests . b NMDS ordination plot representing similarity of the
EcM fungal soil community in different forest types in Colombia
Amazonia. c NMDS ordination plot representing similarity of the
fungal community and carbon content per plot. d NMDS ordina-
tion plot representing similarity of the fungal soil community and
pH in different forest types in Colombia Amazonia
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among terra-firme plots (PtF and AMF) (ANOVA P <
0.5), with soil carbon levels ranging from 40 g/Kg at the
middle Caquetá region to 13 g/Kg at El Zafire area (Fig.
5c), and this differences explained fungal variation (Fig.
5c, F2,18 = 0.8, P= 0.007). Soil pH also do not present
significan differences with respect to forests and plots,
and neither soil pH nor wood pH showed a clear pattern
in the NMDS (Fig. 5d). pH values were low, but it is
important to take in consideration that the pH values
(KCL extraction) are generally one pH unit lower than
pH (H2O) values. Fungal functional guilds were differ-
entially affected by edaphic parameters such as carbon
content and soil pH. These two factors correlated with
the presence of EcM, saprotrophic, and plant pathogenic
fungi (Suppl. Tables 1, 2), but a pattern was also not
found in the NMDS (5c-d). Other nutrients, such as N,
phosphorous, potassium, calcium, and magnesium did
not correlate with the fungal composition (Suppl.
Table 1).

Discussion

Fungal diversity of Colombian Amazon forests

In this study, a high diversity of soil fungi was observed
in three types of forests from the Amazon region in
Colombia. We identified 2,507 OTUs belonging to 64
orders, 147 families, and 292 genera. South America is a
hotspot for fungi, and Tedersoo et al. (2014) found that
the diversity of soil fungi peaked in tropical forests with
the highest diversity observed in the Colombian Ama-
zonia, including the 18 plots here described. A previous
metabarcoding study from similar ecosystems in West-
ern Amazonia revealed 1,776 fungal OTUs (Peay et al.
2013). Differences in the diversity between Peay et al.
data (2013) and our study may be due to sampling
intensity (10 samples versus 18 pooled samples in this
study), and sequencing depth. The fungal richness ob-
served in our studies corroborated those made in the
Brazilian Amazonia where analyses of land use types
revealed 4,810 OTUs of fungi (Mueller et al. 2016). The
main phylogenetic and functional groups of fungi were
present in all three studied forests and the taxonomic
profile was comparable with previous findings from
Amazonia (Lucheta et al. 2016; Mueller et al. 2014,
2016; Peay et al. 2013; Tedersoo et al. 2014; Vasco-
Palacios et al. 2018). The lack of a full understanding of
the fungal diversity in the tropics was reflected in the

large number of OTUs that remained unidentified at
lower taxonomic levels, i.e. family or genus level with
50% and 63% unidentified OTUs respectively. Al-
though high-throughput sequencing methods provide
deeper insight into fungal diversity compared with tra-
ditional methods, they still do not reflect the complete
species composition present (Bálint et al. 2016;
Tedersoo et al. 2010b). The efficiency of both high-
throughput sequencing techniques and statistical
methods to analyze data have improved rapidly (Bálint
et al. 2016). In addition, the Illumina platform offers an
increase in the depth of coverage and the ability to detect
rare OTUs (Bálint et al. 2016; Estrada-Peña et al. 2018).
However, the lack of representative DNA sequences in
databases from tropical and subtropical species, has
limited ecological and large-scale biogeographical stud-
ies (Looney et al. 2016; Matheny et al. 2009). Thus,
ecological studies using molecular approaches reported
a high level of unidentified taxa from tropical areas, with
up to 80% of all soil-fungal taxa remaining unidentified
at the species level (Tedersoo et al. 2017).

The AM fungi were not well represented in any of the
ecosystems studied (<1%), which was similar to results
found in soils from northern South America and Panama
(Lucheta et al. 2016; Peay et al. 2013; Tedersoo et al.
2014). The low diversity of AM fungi could be due to the
barcode gene used in this study, as ITS2 is less efficient for
detecting Glomales compared to nuclear SSU rRNA (Lee
et al. 2008; Simon et al. 1992). In order to include a better
overview of soil fungal community it will be important to
include specific primers for Glomales during future mo-
lecular analysis. A comparison of the soil fungal compo-
sition with other ecosystems is difficult, because there are
still relatively few studies using high throughput sequenc-
ing data from Neotropical ecosystems (Camenzind et al.
2014; Lucheta et al. 2016, 2017; Mueller et al. 2014,
2016; McGuire et al. 2010; Peay et al. 2013; Tedersoo
et al. 2014). In the Colombian Amazonia region, around
60 species of AM fungi have been reported to be associ-
ated to cultivatedmanioc roots; are not available data from
natural ecosystems (Peña-Venegas and Vasco-Palacios
2019). The interaction between AM fungi and other soil
biota can accelerate decomposition of organic materials
(Bunn et al. 2019). AM fungi may release labile carbon
into the soil and rhizosphere, stimulating activity of mi-
crobial decomposers and decreasing degradation rates of
soil organic matter (Bunn et al. 2019). This feedback
between soil microbes could be an important dynamic to
be considered in future studies.
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Major fungal functional guilds, such as saprotrophs,
plant-pathogens, EcM, and AM, were present in all
types of forest, but their relative proportion varied across
samples. However, the functional structure of the fungal
community was similar between all plots. Saprotroph
fungi were the most abundant and evenly distributed in
the three forest types, although the species composition
varied between plots and forests. The analysis showed
that saprotrophic fungal species compositions were sig-
nificantly related to the type of forests and pH and
carbon content, and the community from WSF was the
most particular one. These results suggest that different
saprotrophic species inhabit different habitats, and dif-
ferences in the composition of the litter layer and the low
water retention capacity could be shaping the
saprotrophic community in the WSF. Also, a competi-
tion for nutrients between mycorrhizal fungi and
saprotrophs have been proposed, but the mechanisms
and effects are still unknown (Verbruggen et al. 2017).
The EcM and plant pathogenic fungi were evenly dis-
tributed in the tropical lowland forests studied and oc-
curred in similar proportions as previously reported in
other tropical lowland forests (Peay et al. 2013;
Tedersoo et al. 2014). The abundance and diversity of
plant pathogenic fungi was significantly different across
forests types, likely because plant pathogens often ex-
hibit host specificity (Gilbert and Webb 2007). Peay
et al. (2013) found that western Amazonian forests
maintain different lineages of putative pathogenic fungi
in white-sand, flooded, and terra-firme forests, with
very low overlap in OTUs across habitats. Furthermore,
the number of species of plant pathogenic fungi in-
creases in the tropics and plays an important role to
maintain tree species diversity in forests (Augspurger
1983; Tedersoo et al. 2014). But we still have a very
limited understanding of the actual roles played by
fungal pathogens in natural ecosystems.

In this study, 144 fungal EcM OTUs (5.7% OTUs),
belonging to 21 families were detected. The 89 species
of EcM fungi reported here is similar to the one previ-
ously found fromWSFs and PtFs in Colombia based on
an analysis of fruiting bodies and root tips (Vasco-
Palacios et al. 2018) (Table 3). The number of detected
OTUs is also close to 174 species of EcM fungi reported
from forests dominated by Fabaceae and the EcM tree
Pakaraimaea dipterocarpacea (Cistaceae) in Guyana
based an analysis of fruiting bodies and root tips
(Henkel et al. 2002, 2012; Smith et al. 2013) (Table 3).
The EcM lineages /tomentella-thelephora and /russula-

lactarius were the most abundant in the Colombian
lowland forests (Table 3). These lineages are known to
be associated with all major plant host taxa in a number
of globally occurring ecosystems (Brearley 2012;
Tedersoo et al. 2010a, 2010b, 2010c; Vasco-Palacios
et al . 2018), even though knowledge about
/tomentella-thelephora and /sebacina is poorly known
in many tropical countries. In Colombia, species of
Tomentella, Thelephrora, and EcM-Sebacina were
found to be dominant in root-tips on Dicymbe and
Pseudomonotes species (Vasco-Palacios et al. 2018).
Lineages that have been reported rare or absent from
tropical ecosystems, such as /hygrophorus, /descolea or
the dessert truffle /terfezia (truffle-like)-like, were de-
tected in our dataset. It is well known that our knowl-
edge about the diversity and distribution of fungi in
tropical regions is still incomplete, for example Terfezia
is an EcM fungi belonging to the Pezizales, that are
typical from North Africa and Asia, but related taxa
could be present in the tropics (falta cita). Hypogeous
fungi are one of the fungal groups poorly known in
tropics (Sulzbacher et al. 2017), mainly due to their
habit that make them difficult to find. However, a high
diversity that include new taxa, have been discovered in
forests in Guyana (Sulzbacher et al. 2017). The distri-
bution patterns of fungal species have changed as we do
more studies on fungal diversity. Recently, five species
of Sarcodon from PtF and WSF in Colombia, and
Pakaraima mountains in Guyana were described as
new species, Sarcodon is a genus previously considered
restricted to boreal areas (Grupe et al. 2016).

PtF showed the highest number of EcM OTUs (129
OTUs), followed by AMF and the lowest diversity was
observed in WSF (61 and 34 OTUs, respectively).
However, the low fungal diversity observed in WSF
may be due to the fact that only one site was sampled,
because soil in the WSF in the middle Caquetá region
was strongly disturbed by a herd of wild pigs just prior
to our field work. Recent studies in white sand areas
from Brazil, Guyana and Colombia showed a high
diversity and heterogeneity of EcM fungal communities
that seems to be irrespective of the soil type (Roy et al.
2016; Vasco-Palacios et al. 2018). The terra-firme for-
ests with dominance of AM-plants revealed an unex-
pected high diversity of EcM fungi, similar to that
occurring in terra-firme forests where P. tropenbosii
was the most important EcM tree. The occurrence of
EcM fungi in AM-dominant forests could be explained
by the presence of EcM plant hosts, such as Coccoloba,
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Guapira, and Neea, that are geographically scattered
and occur in low abundance (<1% IVI). In western
Amazonia in Peru, 38 species of EcM fungi from roots
associated to Coccoloba, Guapira, or Neeawere report-
ed (Tedersoo et al. 2010)). Importantly, our results
showed that some OTUs were shared between the two
types of terra-firme forests, AMF and PtF, and even
with WSF (57 OTUs in common with PtF and 15 with
WSF). This contrasts with the assumed host specificity
previously reported for Coccoloba, Guapira, and Neea
(Tedersoo et al. 2010c). Unfortunately, little is known
about the EcM fungal community associated with these
EcM plants in terra-firme forests, and the role of those
host in the fungal distribution of the EcM fungal species
throughout the Amazon region. It is important to high-
light that in this region, the EcM-forests (WSF and PtF)
are patchily distributed within a matrix of AM-
dominated forests and a strong exchange of fungal spe-
cies may be happening (Vasco-Palacios et al. 2018).

Determinants of fungal communities

Our results show that fungal communities have a strong
correlation with forest types. Plant composition may
affect fungal richness and species composition selec-
tively via host-specific symbiosis, root structures, the
production of root exudates, and the presence of recal-
citrant litter (Burns et al. 2015; Geml et al. 2014;
Hanson et al. 2012; McGuire et al. 2010; Peay et al.
2013). The composition of OTUs was relatively similar
in all forests with P. tropenbosii despite the geographical
distance. Populations of P. tropenbosii are only known
from Colombia, forming small patches inside the terra-
firme forests (Parrado-Rosseli 2005). The specific con-
ditions of the environment that allowed P. tropenbosii to
be established in particular areas of the terra-firme are
still unclear, and the soil chemistry did not show signif-
icant differences between type of forests that explained
this patchy distribution. The fungal communities in PtF
were also similar with those from the surrounded AM-
dominant forests, except in the Zafire area where more
variation on community structure were detected in sam-
ples of AMF. It is important to note that both, AMF and
PtF correspond to the terra-firme type of forests, and
they have a similar vegetation structure and soil
chemistry.

The soil fungal community present in the WSF was
unique and differed significantly from the other two
types of forest. However, it should be noted that despite

the differences in species richness, there was no differ-
ence in the functional structure of fungal communities
between forests (Fig. 4). The WSFs are a highly spe-
cialized habitats with high levels of plant endemism, and
the EcM genera Dicymbe and Aldina (Fabaceae) are
common in these forests (Fine and Baraloto 2016; Fine
et al. 2010; Peñuela-Mora 2014). There is evidence than
EcM fungi can influence degradation of organic matter
and subsequently acquire and transfer a portion of re-
leased nutrients to their associated host plants, facilitat-
ing the establishment of plants in poor soils (Corrales
et al. 2018; Fukami et al. 2017). Plant and fungal com-
munities thrive on low nutrient soils composed mainly
of quartz sands (Peñuela-Mora 2014). These soils are
acidic with a low phosphorus concentration, are leached
and have a low water-holding capacity (Peñuela-Mora
2014).

Besides the type of forests, soil pH and carbon con-
tent correlated with fungal community structure. A sig-
nificant impact of soil pH on the fungal communities
has been reported before at local and global scales
(Burns et al. 2015; Geml et al. 2014; Högberg et al.
2007; Lucheta et al. 2016; Tedersoo et al. 2014). In this
study, soil pH had a strong influence on fungal commu-
nities among forests, but no detectable pattern was ap-
parent. For example, in the Zafire area pH ranged be-
tween 2.64 and 2.87, while in the middle Caqueta region
pH ranged between 2.51 and 2.89. In particular, the role
of pH is important because it affects the availability of
nutrients and alters competitive interaction between fun-
gi and other soil microorganisms (Finlay 1995; Rousk
et al. 2010).We suggest that mycorrhizal fungi may play
an important role enhancing nutrition uptake by the host
plants in the studied forests. Nevertheless, the extension
of this effect to plant communities in the studied forests
is still unclear. More plots and the study of other factors
such as the sand and clay proportion, aluminum
content and variations in carbon contents during the
rainy season and dry season must be consider in future.
Soil pHmay affect directly fungal composition by phys-
iologically restricting fungal growth and survival. How-
ever, the major fungal functional guilds present in the
studied samples did not show significant different re-
sponses to soil pH levels (Suppl. Table 1).

Soils in the Zafire area (13.67–42.68 g/kg) have a
higher carbon content than those in the middle Caquetá
region (11.4–40.09 g/kg). Previous studies in the Zafire
area found a higher carbon content in soils and fine roots
ofWSF than in terra-firme forests (Jiménez et al. 2009).
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In addition, the production of fine roots in WSF was
twice than in terra-firme (Jiménez et al. 2009). The high
carbon allocation was explained due to limitations in
soil resources in WSF (Jiménez et al. 2009). We found
that the carbon content also correlated with EcM fungal
communities (Mantel test >0.0.1). EcM fungi cause
variations in root production in response to limitations
of soil resources when nutrient absorption surface may
be needed. As our study focuses on more general as-
pects, disentangling such causal relationships is beyond
the scope of our work. In agreement with previous
results, other fungal groups, such as saprotrophs, are
shown to be influenced by carbon content (Mantel test
>0.0.1). For instance, carbon content is expected to
strongly affect the dominance of fungal decomposer
communities in natural ecosystems and forest planta-
tions (Högberg et al. 2007; Strickland and Rousk 2010).
However, in this study this tendency was not observed.

Other nutrients, such as N, phosphorous, and calcium
that were previously found as predictors of fungal rich-
ness in Amazonian ecosystems (López-Quintero et al.
2012; Lucheta et al. 2016; Tedersoo et al. 2014) were
not found to be significant in this study. This is the case
of N, were differences were not significantly within type
of forests or sites. Major fungal functional guilds also
did not show a significantly different response to soil N
levels. The low N concentrations (0.6–1.5 g/Kg)
was detected in WSF and AMF from the Zafire area.
These values may correspond to N limitation, which has
been reported for tropical forests occurring on
podzolized soils in Amazonia and WSF (Lips and
Duivenvoorden 1996; Quesada et al. 2011). Nonethe-
less, EcM fungi have the enzymatic ability to access
organic N directly from soil organic matter, including
the litter layer (Hobbie and Högberg 2012). In ecosys-
tems in which N availability limits growth of plants and
microbes, a strong competition exists between EcM and
other microorganisms and fungi may regulate rates of
soil N (Averill et al. 2014; Orwin et al. 2011). Studies
have shown than N cycling and soil N availability shift
at regional scales depending on soil heterogeneity and
fungal and forests composition (Waring et al. 2016).
Fertility of poor soils in Amazonia is extremely depend-
ing on biological cycles that maintain nutrients held in
biomass and drive the recycling process. Our study
showed that there is a link between the distribution of
tropical fungal diversity with respect to local soil envi-
ronments and forest types. It is important to consider
that there was a non-independent process that generated

the pattern that we observed. In one hand, plants and
fungi could be responding independently to soil, and the
EcM fungi could drive host distributions improving the
adaptation of plants to white sand soils. On the other
hand, EcM plant host could drive species distribution in
the Amazonian region.

In summary, this study described in detail fungal
communities from three forest types in the Amazonia
region of Colombia. We observed that fungal soil com-
munities have a spatial variation related to forest type
(i.e. terra-firme and WSF), and carbon content and soil
pH. The AMF and PtF were similar, not only in terms of
fungal community composition and functional structure,
but also in terms of edaphic parameters. Fungal com-
munities in PtF are the most similar despite the geo-
graphical distances and significant differences in carbon
content and soil pH. WSFs harbored a distinct fungal
composition reflecting the special type of soil and plant
composition of these forests. Despite these results and
due to the strong correlation between vegetation and soil
fertility in Amazonia, it is difficult to understand the
effect of those factors on the fungal communities. EcM
fungi occurred in the three types of forests, including
forests dominated by AM fungi and a high number of
species were shared among forests. Future work in
Amazonian forests to elucidate the factors that structure
fungi in tropical soils should be more integrative, com-
bining plant and fungal community data with environ-
mental data. Such combined approaches can provide
important insights to understand the role of fungi in
the nutrient cycling and how these keystone organisms
affect the overall community structure of tropical low-
land forests. However, this type of approach is not
possible without an enrichment of fungal sequence ref-
erence databases using vouchered specimens of tropical
fungal species, that help improving the identification of
the 63% of OTUS that could not be identified at the
genus level. Long-term studies using permanent plots
are also needed to better understand the dynamics of
fungal communities and abiotic factors during dry and
rainy periods in the light of climate change.
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