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Our study is a pioneering exploration of the microbiome in the soil of the Sumaco
stratovolcano and an assessment of the effects of an elevational gradient and related
physicochemical soil parameters on richness and community structure. The Sumaco,
as an isolated Amazonian stratovolcano, may be among one of the least studied
ecosystems in Ecuador and perhaps the Amazon region. Universal patterns remain
unresolved or available information inconclusive to establish a supported consensus
on general governing processes by which elevation and its associated environmental
gradients may determine the microbial richness and community structure. We tested a
recent proposal on how microbial diversity responds to montane gradients, placing a
central role in soils as potentially independent of altitude along an elevational gradient.
Correlations and effects among soil physicochemical parameters and altitude were
contrasted against richness and community structure through quantitative ecology. The
most informative physicochemical parameter in our assessment of bacterial community
structure was neither pH nor altitude, but sulfur, which was mostly independent of the
other tested parameters. We established a positive effect of richness by parameters
associated with metallic cations such as Mn2+, and CEC, which were negatively
correlated to altitude and pH. The possible relation between the significant role of
sulfur on bacterial community structure with the unique geological origin of the Sumaco
stratovolcano should be examined in the context of specialized sulfur metabolisms
and additional information on community structure and environmental constraints. Our
study establishes an initial baseline for further explorations of microbial diversity in this
unexplored tropical stratovolcano.

Keywords: soil microbiome, microbial diversity, altitudinal gradient, volcano, Amazon region, environmental
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INTRODUCTION

Amazonian soils have been described as a vast source of novel
bacteria (Bruce et al., 2010). Despite widespread and incessant
deforestation in favor of agricultural lands, there are yet relatively
few studies in the Amazon region that have quantified microbial
diversity and linked it to ecological roles and services, especially
when compared to other groups of living organisms such
as plants or animals (Ranjan et al., 2015). Soil health and
structure, flux of nutrients, and symbiotic relationships with
plants are all dependent on the microbial community present
in the ecosystems (Fonseca et al., 2018). Soil biogeochemistry is
intimately connected to bacterial communities and modifications
to the original forest cover inexorably alter both the available
nutrients and the bacterial communities present in the affected
area (Merloti et al., 2019). Forest soils in the Amazon region
are being largely affected by anthropogenic activities and
disturbances that are associated with an expanding agricultural
frontier, which also affects bacterial diversity and the presence
of functional microbial genes related to soil biogeochemistry
(Melo et al., 2021). The transformation of forests into pastures
or agricultural lands in the Amazon region increases pH,
bacterial richness, and alpha diversity; it also alters community
structure with yet unknown consequences for the functions and
services of ecosystems (de Carvalho et al., 2016). Increased soil
methane emissions and reduced carbon sinks are expected as
Amazon forests are replaced by pastures (Kroeger et al., 2021) or
warm-up along altitudinal gradients to highland environments,
accelerating bacterial carbon metabolism (Looby and Martin,
2020). Consequences of deforestation are wide-ranging and
with unknown or poorly understood effects on human health,
as land conversion in the Amazon could also promote an
increased frequency of antibiotic resistance genes in soil bacteria
(Lemos et al., 2021).

Pristine forests in the Amazon region provide opportunities
to study untouched microbiotas and how environmental
parameters, such as those along an altitudinal gradient, can
cause shifts in microbial diversity (de Carvalho et al., 2016).
Information on the diversity profile of healthy soils, from
pristine forests in the Amazon region, provides a component of
value to ecosystems and a source of comparison for degraded
environments (de Carvalho et al., 2016; Merloti et al., 2019).
Thus, the study of microbiome profiles in pristine environments
and changes in response to environmental gradients can provide
information to establish downstream applications, such as
bioremediation, estimates on the effects of climate change
in bacterial diversity and soil nutrient enrichment, or other
associated services from bacterial biodiversity (de Carvalho et al.,
2016; Looby and Martin, 2020).

The Sumaco volcano remained for many centuries a legend of
the Amazon region, briefly mentioned by explorers, naturalists,
and geographers (Colony and Sinclair, 1928), until it was officially
reported by Sinclair and Wasson (1923), with an estimate of its
elevation and geographical location. The Sumaco is the result
of the back-arc magmatism of Ecuador that formed a chain
of three Amazonian volcanoes, set off to the east of the main
volcanic axis of the Andean cordillera, with Pan de Azúcar and

Reventador being the other two (Hoffer et al., 2008; Puerini,
2009; Garrison et al., 2018). Sumaco is an active stratovolcano
that raises from the Amazon basin at 300 m above sea level
(m.a.s.l.) to its peak at 3732 m.a.s.l., and it is dominated by a
conic structure with a basal radius of 12 km (Puerini, 2009).
A heavily forested and active volcano, with the latest eruption
estimated between 1933 and 1958, it is part of the Gran Sumaco
Biological Reserve and Sumaco Napo-Galeras National Park
(Lozano et al., 2020). Because of its unique geological origin, over
100 km to the east of the Andean arc front, the Sumaco presents
unusual geochemical characteristics, with distinct alkaline lavas
that are strongly saturated by silica (i.e., high alkalinity basanite
to tephriphonolite), and that distinguishes it from all other
active volcanoes in Ecuador (Rosenbaum et al., 2018). Presenting
frequent heavy rains and challenging accessibility, it has been
poorly studied in comparison to other areas of the Amazon
region, with only four publications related to animal or plant
diversity (Lozano et al., 2020). Its remoteness and inaccessibility
have also contributed to preserving its forest. Our study was
a pioneering exploration of the microbiome in the soil of the
Sumaco and an assessment of the effects of an elevational
gradient, and related physicochemical soil parameters, on
richness and community structure. As a pristine environment,
unmodified by human intervention, our study was also a valuable
first record of the natural state of the bacterial community in the
Sumaco. Here we used the concepts defined by Stevens (2009),
where richness represents the count of the number of taxa in a
sample and community structure is the set of taxa in a site or
sample that includes a measure of abundance.

Ever since von Humboldt and Bondpland (1805) proposed
that climate along elevational gradients in the tropical Andes was
responsible for how plant communities changed, environmental
gradients have been essential in the development of ecological
and evolutionary theories that suggest the presence of general
principles that regulate biological diversity (Peay et al., 2017).
It is currently accepted that patterns of species richness along
elevational gradients in mountains vary accordingly to taxa and
do not conform to a single all-encompassing model (Looby and
Martin, 2020). Elevational gradients in the tropics are considered
natural laboratories for ecosystem ecology and global change
research, which contain contrasting changes in climate and
environment over relatively small scales and without potential
confounding effects by geographical latitude (Malhi et al., 2010).
A synthesis and meta-analysis on 235 soil communities across
20 studies on the effects of elevation, temperature, and soil pH
gradients found no consensus among diversity patterns in soil
microbial communities (Hendershot et al., 2017). Other studies
have either found significant effects of elevational gradients for
bacteria (Corneo et al., 2013) and fungi (Looby et al., 2016)
or no evidence of elevation being a relevant factor, but instead
geological aspect or some component of soil biochemistry such
as pH (Fierer et al., 2011; Wu et al., 2017). Soil microbes have
been expected to respond similarly to macroscopic organisms;
however, evidence on how microorganisms respond to altitudinal
gradients remains inconclusive. The latest synthesis across Fungi,
Bacteria, and Archea found that nearly one-third of the 77 studies
analyzed across the world for montane gradients reported a
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decline in total microbial diversity with increasing elevation, with
the other two thirds showing a range of results that included
either no consistent trend, an increase, mid-elevation peak, or
other trends (Looby and Martin, 2020). More specifically, when
elevation increased along mountain gradients, Bacteria showed
a marked lack of patterns in comparison to Fungi in this latter
meta-analysis study.

Along an elevational gradient, from the Amazon to the Andes,
community structure and increased dissimilarity in soil bacteria
responded to elevation, with a decline in richness at higher
altitudes (Nottingham et al., 2018). Such changes were correlated
with similar patterns in fungi and plants and strongly associated
with temperature (Nottingham et al., 2018). The diversity
gradient observed by Nottingham et al. (2018) was strongly
correlated with microbial traits associated with slow-growing
oligotrophic taxa at higher elevations. On the contrary, and on
a more complex venue where temperature was not considered
a significant factor, Fungi, Archea, and Bacteria showed strong
responses to an elevational and precipitation gradient in Hawai’i
(50–1000 m, 280–3280 mm/yr), but with different and unique
linear (Fungi and Archea) or unimodal (Bacteria) trends (Peay
et al., 2017). Bacterial diversity and community structure were
predicted mostly by variation in elevation at Mt. Hallasan in
Jeju Island, South Korea, suggesting that climate and vegetation
cover type, rather than soil texture or geochemistry, were the
determining factors (Singh et al., 2014). These studies must be
also compared with the proposal for the dominant role of soil
over every other environmental parameter in the most recent
review and meta-analysis by Looby and Martin (2020).

These studies, with different approaches to measuring
diversity and under a varied set of geographical and
environmental conditions, hint toward several modes by
which elevation or its associated environmental parameters
may be influencing richness and community structure in
microorganisms. However, universal patterns remain unresolved
or available information inconclusive to establish a supported
consensus on general governing processes by which elevation
and its associated environmental gradients may determine the
microbial richness and community structure. Microbes respond
to environmental parameters that are inherently complex
and highly heterogeneous at small scales and have diverse
ecologies, most of them unknown; thus, microbial responses to
environmental gradients are expected to be also heterogeneous
(Peay et al., 2017).

By considering that there is no definitive consensus on how
bacterial and microbial communities respond along elevational
gradients, our survey on the Sumaco volcano adds additional
sources of evidence on the role of soil chemistry on richness,
diversity, and community structure along an elevational gradient.
Amidst so many varying results in previous studies, we took
a conservative stance and followed the most recent synthesis
by Looby and Martin (2020). We hypothesized that bacterial
communities would respond most strongly to soil pH, regardless
of varying elevation along the sampled altitudinal gradient
(H1). A null hypothesis is also possible to establish for no
effect of the measured physicochemical parameters on the
structure of bacterial communities (H0). Thus, we tested the

most recent proposal on how microbial diversity responds to
montane gradients, placing a central role in soils as potentially
independent of other abiotic factors along an elevational gradient
(Looby and Martin, 2020).

MATERIALS AND METHODS

Sample Collection
Samples were collected between 22 and 24 July 2016, during a
3-day survey toward the summit of the Sumaco volcano and
spanned an elevation gradient between 1584 and 3809 m.a.s.l.;
thus, covering a range of vegetation transitions that included
tropical, subtropical and paramo ecosystems (Lozano et al.,
2020). The climbing route extended over 20 km from the town
of “Pacto Sumaco” to the summit (Figure 1). After reaching
the summit on the second day, we descended during the
third and proceeded to collect a total of nine soil samples
(1 kg each). A shovel or ice axe was used to dig into the
sampling point at an approximate depth of 10–25 cm below
the surface, removing roots and rocks. Soil samples were taken
in duplicate with a shovel previously washed and disinfected
with 70% alcohol. Each duplicate was used for sequencing
and physical-chemical characterization, respectively. Each soil
sample was a unique observation along the altitudinal gradient,
such that each one was characterized by physicochemical
measurements. Samples were labeled as “SUM##” and numbered.
The physicochemical properties of each sample were measured
at the Center for Integral Analytical Solutions (CENTROCESAL
Cía. Ltda., Ecuador. Accreditation No. SAE LEN 12-001) and
consisted of the following parameters: electrical conductivity
(EC), organic matter content (Org), humidity (Hum), cation
exchange capacity (CEC), phosphorus (P), nitrogen (N), calcium
(Ca2+), magnesium (Mg2+), manganese (Mn2+), sulfur (S),
potassium (K+), iron (Fe), and sodium (Na+). These parameters
were obtained according to the procedures described in Baird
et al. (2017). pH was evaluated in the laboratory with a pH
meter (Mettler Toledo SevenGo, Millipore, Columbus, OH,
United States). Sample coordinates, elevation, and values for
the physicochemical parameters are included in Supplementary
Table 1.

DNA Extraction, 16S rRNA Gene Library
Preparation, and Sequencing
Metagenomic DNA extraction was performed with the
PowerSoil DNA Isolation kit (Cat. Nos. 12888-50, MO BIO
Laboratories, Inc.) and according to the manufacturer’s
instructions. DNA quality and concentration were quantified
spectrophotometrically with a NanoDrop 2000 (Thermo Fisher
Scientific). The total extracted genomic DNA is currently stored
at −80◦C in the collection of the Ecuadorian Microbiome
Project (EcuMP) at the Institute of Research on Zoonoses (CIZ)
of Central University of Ecuador. A partial region of 500 bp
including the hypervariable regions V3 and V4 of the 16S rRNA
genes was amplified with custom primers based on previous work
(Klindworth et al., 2013). 16s rRNA libraries of 300 bp paired-end
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FIGURE 1 | Sampling locations along an elevational gradient in the Sumaco Volcano. Locations that were close together are represented as points in a circle.
Samples have been classified into two altitudinal categories, above (blue) and below 2900 m.a.s.l. (red).

fragments were obtained by synthesis sequencing technology on
an Illumina MiSeq platform (San Diego, CA, United States).

Sequence Processing and Taxonomic
Analysis
Bacterial phylogenetic clades were estimated with Mothur
v.1.43.0 (Schloss et al., 2009) and by following the MiSeq Standard
Operational Procedure (Kozich et al., 2013). Forward and reverse
reads were assembled into contigs and followed by filtering and
processing of the resulting sequences. In brief, sequences with
a minimum overlap of 20 bp, which included a length between
580 and 348 bp were retained. Sequences with ambiguities
or homopolymers longer than 14 bp were removed from the
analysis. The filtered sequences were deduplicated and aligned
against the V3–V4 region of the SILVA v132 reference small
subunit rRNA gene alignment database (Quast et al., 2013). Those
sequences that did not span the full alignment were filtered
out by optimizing the start and end positions using a 95%
criterion. The resulting alignments were further processed by
eliminating columns that contained gaps or dot characters, and
the sequences were deduplicated for a second time. Denoising
was performed by preclustering sequences with less than one

difference per 100 bp, and chimeras were removed using Mothur’s
implementation of the VSEARCH algorithm (Rognes et al.,
2016). Sequences were classified by the Wang method (Wang
et al., 2007), with the naive Bayesian classifier against the SILVA
v132 reference taxonomy database and using a 70% bootstrap
threshold. Sequences belonging to Chloroplast, Mitochondria,
and Eukarya were removed. The optiClust algorithm (Westcott
and Schloss, 2017) was applied on the resulting sequences
for estimating clusters and OTUs at 99% identity. Consensus
classifications and representative sequences were determined for
each OTU based on the most abundant sequence within each
cluster. After processing the data in Mothur, OTUs were further
filtered. We only retained OTUs that belonged to the Bacteria
kingdom. Moreover, OTUs not classified at the phylum level and
singletons were filtered out, with the assistance of the phyloseq
package (McMurdie and Holmes, 2013) in R (R Core Team,
2020). Bacterial community structure was explored at various
taxonomic levels.

Multivariate Analysis
Alpha diversity measures (including Richness, Shannon and
Simpson indexes) were calculated with the estimate_richness()
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FIGURE 2 | Diversity analysis for soil samples. (A) Rarefaction curves for soil samples. The color palette refers to the altitude at which the sample was collected,
warmer colors represent higher altitudes. (B) Boxplot of Shannon and Simpson alpha diversity indexes for soil samples, with their corresponding significance values
for a Wilcoxon contrast test. (C) Robust linear regression with the Simpson index as the predicted value and altitude as the predictor, it includes a 95% confidence
interval around the regression estimate. (D) Stacked bar plots contrasting high and low samples for the eight most abundant Phyla. Values under each sample name
are the corresponding altitudes. (E) Stacked bar plots contrasting high and low samples for the 15 most abundant families in the samples.

function of the phyloseq package at the genus level. Diversity
rarefaction curves were graphed with a step size of 600 counts
with the ggrare() function of the ranacapa package (Kandlikar
et al., 2018). The effect of altitude on the Simpson index was tested
with a simple linear regression. Samples were grouped according
to their altitude, below or above 2900 m.a.s.l., this classification
facilitated contrasts among the sampled communities and
represented a large altitudinal gap in the sampled communities
of at least 700 m.

The nine available samples represented an effective eight
degrees of freedom for multivariate ordination models.
This limited quantitative models on community structure
and Richness to a maximum of seven environmental
parameters which we will refer to, in the context of the
multivariate analysis, as independent environmental constraints.
The selection of an appropriate set of environmental
constraints consisted of several steps which started at a
correlogram assisted by a hierarchical clustering based
on the unweighted pair group method with arithmetic
mean (UPGMA). This correlogram was estimated with
the corrplot package (Wei and Simko, 2017) and provided
an appraisal of collinearity and groups of variables based
on Pearson correlation distances. The goal was to choose
environmental parameters that minimized redundancy but
kept physiochemically distinct sets of explanatory variables
(Peay et al., 2017). The observed patterns in the correlogram
provided an initial set of variables for further exploration of
quantitative ecology.

The community structure matrix consisted of the observed
abundances at the genus level for the eight most-abundant
phyla since they represented over 90% of the relative abundance
throughout taxa. A canonical correspondence analysis (CCA)
provided the framework to estimate the effects of environmental
constraints on bacterial community structure. The most
informative variables within the selected six-constraint
model were chosen through a forward and reverse stepwise
selection procedure based on the Akaike Information Criterion
(AIC), with the ordistep algorithm as implemented in Vegan
(Oksanen et al., 2020). A complementary PERMANOVA by
the adonis algorithm (permutation ANOVA using distance
matrices) provided a significance assessment of the model and
estimated the marginal effect of the environmental constraints
(Oksanen et al., 2020).

A measure of the importance or strength of environmental
constraints for bacterial richness was estimated by the linear
effects of the six selected explanatory variables on total richness
(Peay et al., 2017). The contribution to the R2 of the model
by each environmental constraint was estimated as the average
through all possible orderings of entry into the model by each
one of the previously selected six environmental constraints. This
was possible through the “lmg” algorithm implemented in the
relaimpo package (Grömping, 2006). The residual effect of each
selected environmental constraint on total richness was estimated
by partial-regression plots for the assessed six-constraint linear
model, as implemented in the avPlots algorithm of the CAR
package (Fox and Weisberg, 2019). In addition, the community
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FIGURE 3 | Graphical depiction of the CCA analysis. The first two canonical axis represent 68% of the total explained variance. Environmental constraints are shown
as green arrows. Blue and red dots represent high and low-altitude soil samples, respectively. Crosses represent the genera from the selected 8 most abundant
phyla that represented >90% of the relative abundances. Only the most salient genera have been annotated, as the available space precludes including the names
for every sample. The three asterisks on top of sulfur, represent its significance test for the marginal effects of each environmental variable.

structure of the 25 most abundant taxa at the family level were
explored with the ComplexHeatmap package (Gu et al., 2016).

Differential Abundance Analysis
To discover genera that were significantly different across the
altitudinal gradient, a differential genus detection analysis based
on the negative binomial distribution (Gamma-Poisson) was
performed with the DESeq2 package (Love et al., 2014). The
dataset included all observed genera. The phyloseq object was
exported to a DESeq2 object for further preprocessing. With
the transformed DESeq2 object, the size factors were calculated
based on the median rate method (Anders and Huber, 2010).
The abundances in the DESeq2 object were subjected to variance
stabilizing transformation by using the estimated size factors.

The comparison between the high and low altitude group was
carried out to determine statistically significant differences in
bacterial genera. To reduce the false discovery rate, corrected
p-values were obtained with the Benjamini–Hochberg method
(Benjamini et al., 1995). To improve the visualization of the
results, unclassified taxa at the genus level were filtered. Finally,
all genera with an FDR < 0.05 and an | log2fc| > 0.6 were
classified as significant.

RESULTS

A total of 300934 high-quality reads were obtained with an
average of 33437 and a standard deviation of 5905.89 reads
per sample. Rarefaction curves suggested adequate sample size
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FIGURE 4 | Correlogram of the environmental constraints. Black squares show the selected groups after a clustering analysis on the Pearson correlation distances.
Red asterisks show significant correlations at P < 0.05. White ovals are positive correlations and black ovals negative correlations. The strength of the correlation is
represented by oval narrowness. Richness and the Simpson diversity index are also included as references for variable selection.

and approached the asymptote with an average of 90% of reads
(Figure 2A). No definitive pattern was discernable for the effect
of altitude on richness in the rarefaction curves. The pattern
provided by an abundance barplot on the most abundant phyla
and families (Figures 2D,E) showed this was consistent with
the spatial distribution of samples in the CCA (Figure 3). Of
the nine samples, the most distinct patterns in abundance were
those of SUM002 (3783 m.a.s.l.), SUM005 (2998.4 m.a.s.l.), and
SUM006 (2990 m.a.s.l.), which were high-altitude samples with
distinct community structures. SUM002 is characteristic due to
its large proportion of Pseudomonadaceae and Pseudomonas.
Within low altitude samples (<2900 m.a.s.l.), abundance patterns
showed consistency and small variation relative to those at higher
altitudes (>2900 m.a.s.l.) (Figures 2A,B, 3). Remarkable families
include Ktedonobacteraceae (Chloroflexi, Ktedonobacteria), an
actinomycete-like group that has been previously reported as
an abundant family present in aerosol for the Amazon region
(Souza et al., 2021) and known only from two described
species Ktedonobacter racemifer (Cavaletti et al., 2006) and
Dictyobacter aurantiacus (Yabe et al., 2017; Figures 2, 3). The

former belongs to an undescribed location in Italy and the latter
was obtained from Mount Salak stratovolcano in West Java,
Indonesia at a rice paddy field, at 600 m.a.s.l. Members of the
Ktedonobacterales have been found associated with geothermal
soils and geothermally heated biofilms (Yabe et al., 2017). Present
in all samples “soil group” WD2101 was a yet undescribed
family (Planctomycetes, Tepidisphaerales) and an “enigmatic
planctomycete group” that has been detected in terrestrial
habitats, particularly at boreal peatlands of European North
Russia, where it has been considered as one the most abundant
and characteristic groups in Sphagnum-dominated bogs (Dedysh
et al., 2021; Figure 2E). WD2101 has been previously reported for
the Amazon region as an abundant group found in native soils
and teak plantations (de Gannes et al., 2016). There was a notable
presence throughout all samples of two groups of unknown
families belonging to the class Acidobacteriia. These two groups
suggest gaps in knowledge on the diversity present at the Sumaco,
especially as an unexplored environment for microorganisms.

Shannon and Simpson diversity indexes for both high
(>2900 m.a.s.l.) and low (<2900 m.a.s.l.) altitudinal groups
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FIGURE 5 | The six environmental constraints that have been considered drivers of richness in the Sumaco Volcano. The scatterplots represent the partial
correlation of each environmental constraint on richness, after controlling for the effect of the other five constraints. Percentages at each tile represent the average
relative contribution to the R2 of the constraint in the linear model, after considering all possible linear combinations of entry into the model.

showed discernable differences. A one-sided Wilcoxon signed-
rank test for differences between high and low altitudinal groups
resulted in statistically significant differences for the Simpson
index only (P = 0.032) (Figure 2B). A first assessment of
the inferred effect of altitude on diversity was provided by a
simple linear regression (Figure 2C), with an inverse relationship.

A Wald test for multiple coefficients (robust F-test) indicated
no relationship between alpha diversity and altitude (F = 0.64;
P = 0.45).

A correlogram, accompanied by clustering, provided a
quantitative criterion for the selection of variables that accounted
for the observed community structure and abundance. Thus,
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FIGURE 6 | Heatmap of the bacterial soil community in soil samples for the 25 most abundant families. Samples have been classified as low (red) or high (blue)
according to altitude. Except for sample SUM005, there is a sharp differentiation in community structure between high and low altitude samples. Values for altitude
are included below each sample name.

the clustering resulted in five groups of variables, which were
similar in their correlation patterns. Within each of the five
groups suggested by the clustering analysis, we choose a single
variable, which represented the one with the strongest correlation
to richness and the smallest value for significance within several
iterations in explorative models for the CCA. The exception was
for the selection of both altitude and pH, as we considered that
both parameters were of special relevance to test the hypothesis
of our study (Figure 4).

The chosen six variables, considered as environmental
constraints, showed little or no collinearity as informed by the
variance inflation factor (altitude = 10.54, pH = 6.83, P = 6.04,
S = 1.46, Mn2+ = 2.41, CEC = 3.18). The relative larger values
for pH and altitude seemed to reflect the correlation between
these two. The results of the stepwise selection procedure, for
establishing the contribution of each environmental constraint
to the R2 of the CCA model, resulted in the selection of two
constraints S (AIC = 93.44, F = 3.45, df = 1, P = 0.01) and altitude
(AIC = 90.34, F = 4.58, df = 1, P = 0.01). These two environmental
constraints were the minimum necessary to explain the variability

observed in the community structure as interpreted by the CCA.
The results of the PERMANOVA on the full six-constrain CCA
model showed significance (R2 = 0.83, F = 1.59, df = 6, P = 0.03),
and the assessment of the marginal effect of environmental
constraints resulted in only S as significant (R2 = 0.17, F = 1.96,
df = 1, P = 0.04). The relative importance of each constraint
to explain richness, as measured as the percentage of total
R2 in a linear regression model, resulted in Mn2+ as the
largest marginal effect (R2 = 41%), with the rest of constraints
having smaller contributions (S = 28%, pH = 11%, P = 9%,
altitude = 8%, CEC = 2%).

Once the effect of other variables in the linear model had
been partialed out, the effect on richness could be depicted
as in Figure 5. Mn2+ and P were positively correlated with
richness, with the first having the strongest effect on the model.
Negative effects on richness were estimated for S and pH, with
the first doubling the second in terms of R2. CEC had a limited
positive effect on richness. Surprisingly, once the effect of other
constraints was controlled for, altitude had a positive effect on
richness (Figure 5), which does not fully concord with the initial
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FIGURE 7 | Volcano plot of the differential genera analysis for soil samples. The cutoff to minimize the false discovery rate was set at padj < 0.05 and | log2fc|
> 0.6. Samples to the left are significantly more abundant at higher elevations, to the right at lower elevations. To improve the visualization of the results, unclassified
taxa at the genus level were filtered.

proposal depicted in Figure 2C of a regression of altitude on
the Simpson index.

The depiction of the CCA model (Figure 3) showed a strong
presence of Pseudomonas and Ktedonobacter in sample SUM002.
Genus Candidatus Hepatincola is particularly abundant in low-
altitude samples SUM008, SUM009, and SUM011. The largest
number of genera remain clustered in quadrant I of the cartesian
plane, which is the direction of the positive vectors for Mn2+,
P, and CEC. These three constraints had positive correlations
with richness as previously shown in the assessed linear models.
The largest vectors correspond to the three significant marginal
effects of the model (altitude, pH, and S). S, which is the only
constraint that extends toward the negative range of the first
canonical component (CCA1), defines sample SUM002. pH and
altitude are opposite to Mn2+, CEC, and P. Genera Geobacter and
Ferribacterium are strongly associated with large pH and altitude,
as are, both abundant in samples SUM003 (3808.3 m.a.s.l.),
SUM004 (3808.2 m.a.s.l.), and SUM006 (2990 m.a.s.l.). Soil

samples have been classified in high (blue color) and low-
altitude (red color) and the overall distances between both
groups of samples are large. The distance between high and
low-altitude samples is more evident in a three-dimensional
representation (Supplementary Video 1), which includes the
third canonical component (CCA3). Overall, the representation
provided by the CCA in Figure 3 shows: (1) a strong and
unique correlation of S with a particular aspect of the bacterial
community, which is not correlated to other environmental
constraints and which is the only one to show significance in
marginal effects of terms in the CCA model (X2 = 0.29, F = 5.50,
df = 1, P = 0.005), (2) a strong and opposite effect of altitude
and pH with inorganic nutrients and cations represented by CEC,
Mn2+, and P, (3) the presence of numerous unknown taxa and
unclassified genera, and (4) larger heterogeneity in high-altitude
samples when compared to low-altitude samples, suggesting that
at high altitude the microbiome is more heterogeneous than
at low altitudes.
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The abundance and distribution of the 25 most abundant
families, across the altitudinal gradient, provided a broad
perspective on different patterns, which we describe next.
Samples were grouped by the similarities and differences of their
microbiome community structure, with close correspondence
to either high or low-altitude group classification, except for
SUM005 (i.e., the sample-wide cluster on top of the heatmap),
which is placed within the cluster of low-altitude samples.
The family-wide cluster (the vertical cluster on the left of the
heatmap), divided families into three clusters, with cluster 3
having most of the families with more abundance relative to
those grouped in cluster 1 and 2; however, the latter had
uniquely superabundant families. Notable taxa-wise differences
in the heatmap correspond to Ktedonobacteraceae with larger
abundance at higher altitudes and Nitrosomonadaceae, which,
in sharp contrast to other samples, is absent in SUM002
(Figure 6).

The −log10 p-value was displayed against log2 fold change
(low altitude/high altitude) to depict a volcano plot and
evaluate genera that met the criteria of significance over
the p < 0.05 threshold and | log2fc| > 0.6 (Figure 7).
On the one hand, genera Dyella, Xylophilus, Haliangium,
Rubrivivax and OLB12 had a significant and positive fold-
change, with increased abundance at low altitudes. On the other
hand, Rhodoblastus, Syntrophobacter, Geobacter, Candidatus,
Nitrotoga, Geothrix, Paludibaculum, Rhizobacter, Desulfovibrio,
Pseudolabrys, Rhodovastum, Acidisphaera, Sideroxydans, and
Collimonas had a significant and negative fold-change, with
increased abundance at high altitudes (which also corresponds to
the distribution of genera in Figure 3). In synthesis, significant
positive-fold or significant negative-fold changes set a strong
contrast between the former two groups of bacterial genera in
terms of their altitudinal niches.

DISCUSSION AND CONCLUSION

The present is a pioneering study of the microbiome in an
isolated and poorly understood Amazonian volcano. It is the
first to provide insights into the effects of an elevational gradient
and associated physicochemical parameters for the Amazon
region of Ecuador. The bacterial community profile, quantified
along this unique volcanic elevational gradient, represents a
snapshot of the pristine state of this forest and the foundations
for further explorations of potential sources for biodiscovery.
Our overarching hypothesis was to test if altitude contributed
less, as a microbiome shaping variable, than characteristics
inherent to soils such as pH. The latter, we believed, as part
of the chemistry of soils, may influence the structure of the
bacterial community more strongly and independently from
abiotic factors such as elevation.

A first and univariate assessment of altitude on alpha-diversity
was provided by a non-parametric contrast and a graphic
overview of variability (a boxplot) among samples, where both
diversity indexes (Shannon and Simpson) showed larger values
at low altitudes, with significance on the Simpson index. It
was evident that low altitude samples were more diverse than

high-altitude samples, which concords with previous studies in
other biomes such as the Himalayan desert (Kumar et al., 2019)
and mountain grassland in China (Liu et al., 2017). As we
have previously discussed, there are diverse patterns by which
bacteria may respond to altitudinal gradients and do not fit a
linear trend. Some reported trends for diversity along elevation
have been fitted to a second-degree curve with correlation
coefficients below 0.6 (Liu et al., 2016) or a hump-back curve
(Han et al., 2018). The variety of estimated results for the effect
of elevation may have to do with the inherent scale at which
the microbiome operates (i.e., micrometers) and the presence of
heterogeneous microenvironments along elevational gradients.
For example, the hump-back curve observed in mount Fuji
was attributed to heterogeneous perturbation gradients and the
volcanic ash soil surface from mid-elevation upward (Singh
et al., 2012). In the case of our study, elevation did show
differences or an effect on richness, community structure, and
diversity. However, these differences were not strongly supported
or included samples that did not fully conform to a sharp
distinction in the altitudinal gradient or the two altitudinal
groups we proposed.

According to our quantitative assessment through a CCA, S
was essential for unique features of the bacterial community.
It was also the only one with statistical significance on a
test for the marginal effects in the model (i.e., the effect of
each environmental constraint on community structure when
controlled for other constraints), it was mostly uncorrelated
with other selected physicochemical parameters related to
a single soil sample and associated to a few genera and
groups. The CCA model also determined the significant
contribution of altitude in explaining variation in the community.
The latter two environmental parameters were important for
separating bacterial communities in low and high-altitude
groups and were significantly and positively correlated. The
CCA model determined no significant effects on community
structure for the remaining four physicochemical parameters pH,
Mn2+, P, and CEC.

However, the linear model on richness determined that the
largest contribution to the model was for Mn2+ with almost half
of the explained R2, followed in order of importance by S, pH,
P, altitude, and CEC. The partial effects of each one of the six
physicochemical parameters on richness suggested that metallic
cations (represented by Mn2+, and CEC) correlated positively
with richness, while pH and S were negatively correlated.
Richness and altitude had an inverse relationship when
controlling for the effect of the physicochemical parameters. This
last relationship had nevertheless a small contribution to the
linear model (relative R2 = 8%).

We believe that our approach in using both a CCA on
the overall community structure of bacteria (at the genus
level) and an assessment of the linear effects on richness (at
the genus level) provided complementary information that,
for the most part, can be corroborated in the depiction of
the CCA space (Figure 3). On the one hand, the largest
concentration of taxa occurred in the direction of the
positive variation of Mn2+, CEC, and P, which is quadrant
I of the CCA space. On the other, S was an essential
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constraint to explain the structure of the community in
terms of the presence of extreme taxa. We also determined
strong and discernable differences in community structure
and physicochemical profile between samples classified as
low or high-altitude, where altitude and pH were inversely
correlated with the concentration of nutrients as represented by
Mn2+, CEC, and P.

The significant role of S in the soil of the Sumaco to determine
the structure of bacterial communities may be related to the
exceptional geological origin of this volcano, as part of the rear-
arc of the Andes in Ecuador and with unique sulfate-saturated
lava composition (Garrison et al., 2018). This is an incipient
supposition that will require future analyses centered on the
biogeochemistry of S and other related sulfur compounds related
to the functional role of bacterial communities at Sumaco. Studies
related to sulfur bacterial metabolism have mainly focused on the
role it has in the bioremediation of heavy metals (Chen et al.,
2019; Sun et al., 2019), but there are no comprehensive studies
in the context of quantitative ecology.

We also found less variation in community structure for low-
altitude samples, these were clumped in a relatively small area of
the estimated space by the CCA, in sharp contrast to the large
dispersion of high-altitude samples. The observed heterogeneity
in community structure by high-altitude samples may be related
to more chemically complex and diverse soils, in closer proximity
to the volcanic crater, where recent geological events may
have created larger physicochemical variability among differing
soil patches. Sample SUM005, classified as part of the high-
altitude group, clustered with low altitude samples in terms of
its community structure and showed close distances to low-
altitude samples in the CCA. This may not be unexpected due
to the high heterogeneity observed in high-altitude samples and
since sample SUM005 was closer to the low altitude threshold
(<2900 m.a.s.l.).

Sharp differences in the abundance of specific genera,
specialized to either high or low-altitude, were also possible to
determine. For those which a formal genus has been identified,
Dyella, Xylophilus, and Haliangium stand out as specialized to
low altitude in contrast to Rhodoblastus, Geobacter, Rhizobacter,
Pseudolabrys, and Rhodovastum which are specialized to high
altitudes. Geobacter is of interest as it is known as an Fe(III)
reductor (Caccavo et al., 1994). This functionality has been
applied to different purposes (Shi et al., 2019); for example, to
hydrocarbon-contaminated soils (Wang et al., 2019), electricity
production (Bond and Lovley, 2003), and electrobiosynthesis
(Gregory et al., 2004; Strycharz et al., 2008). Our study
provides a baseline for future functional surveys to discover new
species in Geobacter, particularly since these may be uniquely
associated with high-altitude environments in Sumaco, near the
volcanic crater.

In conclusion, the most relevant physicochemical parameter
in our assessment of bacterial community structure was neither
pH nor altitude, but S. The former two environmental parameters
were strongly correlated, resulting in lower elevation soils having
higher values for pH. These three environmental parameters
(i.e., S, altitude, and pH) were the minimum necessary to
explain community structure. However, an assessment of

richness showed that the role of metallic ions was essential
for higher numbers of taxa (i.e., richness). Recalling the
hypothesis proposed in the “Introduction” section, we showed
the importance of “partialing out” the effects of multiple
correlated variables that may have specific roles in defining
community structure and richness. Thus, even if altitude and pH
are intimately correlated in the studied ecosystem at Sumaco,
it is S, as an environmental parameter in soil, that seems to
play a fundamental role in community structure. Yet, a complex
ecosystem will depend on multiple environmental parameters,
acting in complex networks of interactions, as we have hinted
in our analysis.

Additional biotic and abiotic parameters may shed further
insights on the ecological mechanisms determining bacterial
communities in pristine environments, such as the effect of
seasonality or daily cycles in temperature, rainfall (i.e., soil
water content), and solar radiation. It is known that bacterial
communities are constrained by the role of bacteria-consuming
protozoa (Matz and Kjelleberg, 2005; Chan et al., 2021).
Grazing by protozoans on soil bacteria favors transient cycles
of abundance (Clarholm, 1981) and inputs of N and other
nutrients into higher trophic levels of the ecosystem (Clarholm,
2002; Geisen et al., 2017). Understanding the broad interactions
between populations of protozoa and bacteria, within an
environmental envelope of soil physicochemical parameters and
other environmental variables (e.g., solar radiation), will require
a broader metagenomic approach and a longitudinal follow up
through measures of time (e.g., days or season).

Our study sets the diversity profile for further and more
detailed explorations of the features, potentials, and value
of the bacteria occurring along the environmental gradient
of the Sumaco, as a unique and seldom explored tropical
stratovolcano. The study of the soil bacterial community of
extreme environments, as the Sumaco volcano, will further
contribute to the Ecuadorian Microbiome Project (EcuMP),
which is an ambitious long-term initiative to research the
bacterial diversity of Ecuador (Díaz et al., 2021).
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