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Abstract

The Andes range in Ecuador presents high biodiversity and characteristic altitudinal gradients, which are frequently threatened
by deforestation and farming. In particular, forest have developed in the high inter-Andean alley on volcanic soils forming
a unique ecoregion. Little is known on the fungal biodiversity of soil in such high Andean gallery forest submitted to strong
degradation pressures. Therefore, in this study we evaluated wether the soil mycobiome was associated with altitudinal gradients
during the dry season. Three representative locations were selected based on altitude: A (3,309 meters above the sea level,
masl), B (3,809 masl) and C (4,409 masl). High performance sequencing (NGS) of the ITS region of ribosomal DNA genes with
Illumina technology was used to explore the fungal taxonomic composition in the soil samples. Our results showed changes in
the structure of fungal communities in the different locations, related to the relative abundance of Amplicon Sequence Variants
(ASV). Higher fungal diversity was related with the altitudinal gradient with average taxa ranging from 675, 626 and 556
ASVs, respectively from location A to C. The results highlight the complexity and diversity of fungal communities in high
Andean forest and the need to protect these unique mycobiomes. The findings in this ecosystem of Ecuador will improve our
understanding of distribution, diversity, ecology, and biological perspectives for the restoration of terrestrial microbiomes.

INTRODUCTION

The forest soil in the Andean highlands has high biodiversity and unique environmental characteristics.
It is an endangered ecosystem, and little is known about its microbial composition. It is estimated that
metagenomic DNA samples taken from undisturbed soil may contain 6,000 to 10,000 different microbial
genomes (Torsvik & Øvre̊as 2002). Soil metagenomes can potentially reveal patterns of variation in the
functionality of the soil biota and, from them, the general ecological patterns of community structure and
ecosystem function (Fierer 2017).

With the exception of the some studies (Keating 1998; Thies et al. 2012), there is limited information on
deforestation rates in South Ecuador, an important front of deforestation in the country. At the same time,
this region is of particular interest and value for biodiversity conservation (Sierra et al. 2002), and to obtain
valuable information about the microbiological components in this type of biomes (Tapia-Armijos et al.
2015).

Although many studies have shown that changes in environmental conditions are important drivers of changes
in soil microbial diversity (Pausas & Bond 2020), this has been poorly documented in closed biome. There
is reason to believe that the spatial diversity and richness of fungi among soil samples could save a close
relationship when it is under a closed biome (Pausas & Bond 2020). The biome concept was first introduced
to characterize structurally similar vegetation types in similar climates around the world. The biomes are
representing distinct climate zones with unique characteristics (Moncrieff 2016). Closed biomes are forests,
that is, tree-dominated ecosystems in which the density and leaf area is high enough to exclude shade-
intolerant plants in the understory. Closed biomes typically have higher plant biomass than open biomes
(Pausas & Bond 2020).
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Fungi represent an essential functional component of terrestrial ecosystems as decomposers, mutualists, and
pathogens, and they are one of the most diverse groups of Eukarya (Mueller et al. 2007). The study of the
ecological factors that underlie the dynamics of fungal communities remains a challenge due to this high
taxonomic and ecological diversity (Nordén et al. 2001; Genney et al. 2005; Koide et al. 2007). Moreover,
microorganisms have a major impact on ecological restoration to recover soil functions although they have
been rarely considered or incorporated into these restorative efforts (Donald et al. 2018).

The introduction of molecular biology and tools such as Sanger sequencing significantly increased the abili-
ty to characterize communities of microbes in situ (Malik et al. 2008; Stockinger et al. 2010). Recently,
the advent of next-generation or high sequencing technology’s performance (NGS) have generated greater
knowledge at an ever-faster pace (Lindahl et al. 2013; Van der Heijden et al. 2015). In the last decade, me-
tagenomic analyses of microbial communities have become useful tools in the study of new microorganisms,
genes, or biotechnological products (Steele & Streit 2005; Schmeisser et al. 2007; Steele et al. 2009), which
are present in soil microbial communities without the need to cultivate them in vitro (Jansson et al. 2018).

The internal transcribed spacer region (ITS) is now widely used as a marker and DNA barcode validated
for the identification of many species of fungi (Seifert 2009). With improvements in sequencing techniques
and DNA databases recent studies have demonstrated the potential of high-performance ITS sequencing to
quantify and characterize the fungal diversity of the soil (Kõljalg et al. 2005; Peay et al. 2016).

Recently, new methods have been developed that resolve amplicon sequence variants (ASVs) from Illumina-
scale amplicon data without imposing the arbitrary dissimilarity thresholds that define molecular Operational
Taxonomic Unit (OTUs) (Eren et al. 2013; Tikhonov et al. 2015; Eren et al. 2015; Callahan et al. 2016; Edgar
2016; Amir et al. 2017). ASV methods infer biological sequences in the sample prior to the introduction of
amplification and sequencing errors and distinguish sequence variants differing by as little as one nucleotide.
A similar class of methods developed for 454-scale data was typically used to ‘denoise’ sequencing data prior
to constructing OTUs (Quince et al. 2011), while new ASV methods are explicitly intended to replace OTUs
as the atomic unit of analysis. ASV methods have demonstrated sensitivity and specificity as good as or
better than OTU methods and better discrimination of ecological patterns (Eren et al. 2013; Eren et al.
2015; Callahan et al. 2016; Needham et al. 2017).

In this article, we use high-throughput DNA sequencing to explore the diversity of soil fungi in high Andean
forests of the closed biome, and observe the relationship with the altitudinal gradient, in three locations of the
southern region of Ecuador, through the construction of metagenomic libraries, using Illumina technology,
with an emphasis in microbiological soil restoration programs.

MATERIALS AND METHODS

Sample collection

The study site was located in the Chuchucán forest, a mountain area in Cañar-Ecuador. In July 2019, 100 soil
samples were collected at three altitudes (Table 1, Figure 1. ), where the vegetation was composed by dense
closed forest called the cerrado biome, where the most representative species are: Oreopanax ecuadorensis,
Prumnopitys philippi, Myrcianthes rhopaloides , belonging to the Araliaceae, Podocarpaceae and Myrtaceae
families respectively. These species form a dense tree canopy 2-4 m tall, without understory shrubs and grass
layer.

Table 1. Soil sampling locations, altitude and geographic coordinates of the closed biome forest Chuchucán.

Locations Altitude (masl) Coordinates

A 3,309 2º32’13.056” S; 79º1’45.16”W
B 3,815 2º31’56.1747” S; 79º01’05.8023”W
C 4,410 2º32’12.7859” S; 79º00’39.9244”W

2
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A soil sampler was used to collect the soil samples (5 × 5 × 20 cm; length × width × depth). The samples
were transported to the laboratory (<2 h) and stored at - 80 °C until DNA extraction. An organic (0-10 cm)
and a mineral (10-20 cm) lay separations were performed in the laboratory for each biological replica (the
core of the soil). Sampled soil was sifted (2 mm mesh) and homogenized prior to molecular analysis for each
replica, while replicas were grouped for soil analysis (Uroz et al. 2013).

Figure 1. (A, B, C) Sampling locations in the interior of the high Andean forest of Chuchucan, Cañar-
Ecuador, which make up a biome closed by its gallery forest structure. (D) Advancement of the agricultural
frontier.

Environmental DNA extraction from soil samples

Microbial DNA was extracted from 0.5 g of soil from each of the 100 samples using the Power Soil DNA
isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions, as
it has been shown to be a robust method for DNA extraction from soils (Mahmoudi et al. 2011). The
DNA samples were grouped into consortia composed of 5 DNA extractions, which kept altitudinal similarity
(supplementary Table 2). The quality and size of the DNA were verified by electrophoresis in 1% agarose
gel. Quality control of the extracted DNA was performed to measure (A260/A280and A260/A230 ratios). The
DNA concentration was determined using Qubit Fluorometric Quantitation (Life Technologies, Carlsbad,

3
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. CA, USA). To verify the size of PCR enriched fragments, the template size distribution was checked by
running on an Agilent Technologies 2100 Bioanalyzer using a DNA 1000 chip.

PCR amplification and next generation sequencing (NGS, Illumina MiSeq)

Polymerase chain reaction (PCR) amplification of ITS hypervariable regions (6F-4R), was performed using
the extracted DNA as a template for amplifying an internal fragment of the ITS gene. Primers ITS 3 (5’-
GCA TCG ATG AAG AAC 132 GCA GC- 3’), (Macrogen, Seoul, Korea) and ITS 4 (5’-TCC TCC TAT
TGA TAT GC-3’), (Macrogen), joined to a multiple identifier sequence (Illumina, Seoul, Korea). For each
sample, amplicons were generated in several duplicate PCRs using mixtures (25 μl) containing 25 pmol of
each primer, 1x KAPA HiFi Hotstart Ready Mix (Kapa Biosystems, Wilmington, MA USA) and 10 ng of
the DNA template. The PCR program consisted of an initial denaturalization stage at 95° C for 3 min,
25 denaturation cycles at 95° C for 30 s, primer annealing at 55° C for 30 s and an extension at 72° C
for 30 s, followed by one step final heating at 72° C for 5 min. Amplicons of each treatment were grouped
to reduce PCR variability and purified using Ampure accounts XP (Beckman Coulter, IN USA) according
to the manufacturer’s instructions. After PCR cleaning, the Illumina sequencing adapters were joined by a
second stage of PCR using the Nextera XT index kit (Illumina Inc, Sand Diego, CA, USA). The mixture
contained Nextera Index Primers 1 and 2 (5 μl), 2 KAPA HiFi Hot Start Ready Mix (25 μl), DNA (5 μl)
and PCR grade water (10 μl) for a total volume of 50 μl. The PCR program in this step consisted of an
initial denaturation step at 95ºC for 3 minutes, followed by 8 denaturation cycles at 95°C for 30 s, a primer
annealing at 55ºC for 30 seconds an extension at 72ºC for 30 seconds, and a final step at 72ºC. for 5 min.
Amplicons were cleaned as described above, and libraries were quantified using Qubit (Invitrogen, CA, USA).
The samples were combined in equimolar quantities (4 nM each) and were sequenced on a Miseq platform
(paired-end sequencing 2 × 300, considering 2 × 150,000 reads/sample) of Illumina in Macrogen (Seul, South
Korea) in accordance with the manufacturer’s instructions.

Taxonomic allocation of sequence readings and diversity index

The paired-end reading sequences generated from Illumina MiSeq were processed using the software package
“Quantitative Insights into Microbial Ecology 2” (QIIME 2, v2018.6) (Caporaso et al. 2010). Briefly, readings
were demultiplexed, trimmed, filtered, and merged with the DADA2 complement (Callahan 2016), keeping
the sequences with a minimum quality score of 25, a minimum length of 240 bp for reverse readings, and
a maximum length of 260 bp for advanced readings. Merged reads collapsed into representative sequences
or ASV. Then, ASVs were filtered through the novo chimera using VSEARCH (Rognes et al. 2016). The
taxonomy of ASV was assigned at a 99% sequence identity based on the UNITE v7 database (Kõljalg 2013).
Non-fungal sequences were removed from the subsequent analysis, and the ASV table was rarefied to a
uniform depth (100,000 sequences per sample) to reduce bias related to the depth of sequencing. Taxonomy
and shared files produced in QIIME 2 were imported into R (R Core Team 2018) using the Phyloseq package
(McMurdie et al. 2013) where α and β diversity were calculated.

Statistical analyses

All statistical analyses were performed in R (v.3.4.3; R Core Team 2018). Phyloseq package (McMurdie et
al. 2013). “Quantitative Insights into Microbial Ecology 2” (QIIME 2 v2018.6) (Caporaso et al. 2010).
VSEARCH (Rognes et al. 2016). The rarefied data was used to calculate if the altitude gradient was
significantly correlated with the fungi composition. For this purpose, Bray-Curtis distance calculation was
applied, and permutation was set to 999. PERMANOVA analysis was calculated using the vegan R package
(Oksanen et al. 2015).

RESULTS

In the wide range of fungi, the ITS region had shown to have a higher probability of successful identification
and, therefore, was proposed as the main fungal barcode marker considered the Bar Code of Life (CBOL)
(Schoch et al. 2012). However, for metagenomic data, recovered sequences from the ITS region are very
short and variable. Making this region only suitable for ASVs identification analysis and not for alignment
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. and phylogenetic tree analysis. The sequence lengths ranged from 35 to 301 nucleotides. A total of 2,834,735
raw readings were obtained. The average readings per sample was 141,730. After the cutting and filtering
process, the reads were reduced to an average of 131,813.1 per sample. Sample location A showed the highest
abundance, with an average of 675 ASVs, followed by location B with an average of 626 ASVs. The lowest
abundance of ASVs was found in the sample C with an average of 556 ASVs per sample (Figure 2).

Analysis of ASVs data revealed the presence of 12 taxa at the phyla level in soil samples. The most abundant
taxa were Ascomycota, followed by Mortierellomycota, Basidiomycota and Mucoromycota. At the order level,
it was possible to identify 42 different taxa of which the most abundant one corresponded to Mortierellales,
followed by Hypocreales, andHelotiales. A total of 89 genera were identified and the most abundant taxa
corresponded to Mortierella , followed byFusarium , and Saitozyma .

Figure 2. Fungus composition and library number of Chuchucán protective forest samples at different
altitudes. Location A: 1, 2, 3, 4, 5, 6, 7; location B: 8, 9, 10, 11, 12, 13, 14; location C: 15, 16, 17, 18, 19, 20.
The relative abundance of the sequences is expressed as a percentage and is show in the level of the Order
(a), Family (b) and Genus (c).

With regard to the estimated alpha diversity of the different sampling locations, observed species showed
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. a significantly higher value in location A in relation to location C, but without difference with location B,
Shannon and Simpson indexes were not significantly different between locations (Table 2, Figure 3).

Table 2. Average of observed species, Shannon index and Simpson index, at the sampling locations A, B,
and C.

Sample location Observed Species Shannon Index Simpson Index

Location A 675.0 ± 66.4 a 4.30 ± 0.30 0.96 ± 0.02
Location B 626.6 ± 56.8 ab 4.27 ± 0.18 0.96 ± 0.02
Location C 556.0 ± 76.6 b 4.27 ± 0.25 0.96 ± 0.01

Figure 3. Richness (Observed Species) and alpha diversity indices (Shannon and Simpson) for fungal soil
communities at different samples locations. (a) Observed Species (b) Shannon Index (c) Simpson Index.
Different lowercase letters show statistical differences at p: 0.05 for ANOVA test.

Venn’s analysis shows that 50% of all ASVs at genus level were common for the three sampling sites. At
location A, the highest number of unique ASVs was observed with 60, which corresponds to 10.8%, while
location 3 had the lowest number of unique ASVs 271 with 43 (7.8%) (Figure 4).
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.

Figure 4. Venn diagram showing the genus level ASVs shared among the three sampling locations.

PERMANOVA test did not show statistical differences for betha diversity between sampled locations (p
value was 0.226).

DISCUSSION

A few decades ago, the introduction of molecular biology and tools such as PCR and the pros and cons of
NGS can be described as a very fast procedure and that has a high stream reading performance, although
the length of the reading can be limiting (400 bp). For NGS, we decided to use the ITS region, because it
represents a good element among a less variable region such as LSU (Stockinger et al. 2010). NGS allowed
to obtain more data at a lower cost compared to other techniques such as the Sanger sequencing.

There are very few studies of the use of NGS in soil fungal communities, in Ecuador. Most studies are
oriented to the description of the diversity of arbuscular mycorrhizal fungi (AMF) and are not specific on
forest soil. The studies include tropical montane forests (Haug et al. 2019) and Andean forest (Dueñas et al.
2020) associated with potato cultivation in the Andean part of Loja and Quito (Senés-Guerrero & Schüßler
2016; Loján et al. 2017). There are also studies of the communities of AMF with plants growing in crude
oil-contaminated sites in the Amazon region of Ecuador (Garcés-Ruiz et al. 2019).

The study of AMF in montane tropical forests (Duenas et al. 2010), shows that the Acaulosporaceae and
Glomeraceae families presented a higher abundance of out. Our results showed a higher abundance of ASVs
with Mortirelacea and Nectriaceae families. In the case of AMF, taking into account altitude gradients, Haug
et al. (2019), reported that the largest number of OTUs was dominated by the genus Acaulospora andGlomu
s. However, our report showed a greater abundance of ASVs with the genus Mortirella and Fusarium .

In the case of AMF associated to potato, the presence of a composite base “core” consisting mainly of

7
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. Acaulospora sp .,Cetraspora nodosa , Claroideoglomus sp . andRhizophagus sp . strains has been escribed
(Senes-Guerrero & Schussler 2016: Lojan et al. 2017). In the present study, these species were found at
a very low frequency or were not detected at all (e.g.Rhizophagus sp .). In fungal communities in areas
contaminated with crude oil, diversity was very similar, dominating in this caseRhizophagus (Garces-Ruiz
et al. 2019).

The most abundant genus in our study: Mortierella , is ubiquitous and has 85 species (Ainsworth et al.
2008). Mortierella is often found in correspondence with decaying leaves due to her saprophytic nature
(Tamayo-Velez et al. 2018) as in the high mountain closed forest. In regard to alpha diversity, it was very
similar among all sampling sites. The values reported here are similar to those found for other regions of
the world with altitudes above 2,000 meters above sea level (Arguelles-Moyao et al. 2018). Others abundant
genera reported here correspond to the yeasts Saitozyma sp . and Solicocoozyma sp ., which occurs in forest
soils (Maš́ınová et al. 2017)

When reviewing the beta diversity estimated by the Bray-Curtis method, it can be observed that samples
from locations A and B show a similarity in their distribution compared to location C which is consistent
with Venn analysis showing that locations A and B share a higher percentage of the genera (10.8%). However,
the variability in the distribution of fungal communities between different altitudes was not so evident, due
to the small altitude gradient used in the study ([?] 550 masl). Studies on AMF have shown that the number
of shared OTUs at neighbouring elevations would explain the effect of elevation on smaller gradients, where
distinct AMF communities have not been found (De Beenhouwer et al. 2015; Egan et al. 2017; Liu et al.
2015).

CONCLUSIONS

This is the first contribution on the fungal community of high Andean forest soil under the biome closed in
the south of Ecuador. The system shows high diversity of phyla and genera. Some of the interesting species
such as Mortierella sp. and Saitozyma sp. could have biotechnological applications (Carota et al. 2018:
Gorte et al. 2020). We recommend NGS for the characterization of filamentous fungi in soil, depending
on the required level of taxonomic discrimination. However, molecular research should be complemented
by studies on taxonomy, ecology and physiology of filamentous soil fungi in order to better understand the
distribution and the benefits that each species of fungus could obtain from the soil. Such studies would also
be important for the management, preservation, and restoration of the Andes soils habitat.
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