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A B S T R A C T

The impact of forest microhabitats on physiochemical properties of the soil and that of

microbial communities on tropical soils remain poorly understood. To elucidate the effect of

tropical forest stand on leaf litter and soil microbial communities, we studied enzyme activities,

microbial biomass, and diversity in three distinct microhabitats in terms of plant richness,

diameter at breast height (DBH), and physiochemical properties of soil and litter, each

associated with a different Vanilla sp. In the soil, positive correlations were found between

electrical conductivity (EC) and total organic carbon (TOC) with phosphatase activity, and

between nitrogen (N) and water-soluble carbon (WSC) content with urease activity (UA). In the

litter, the water content was positively correlated with bacterial and fungal biomass, and N and

WSC contents were positively correlated with fungal biomass. Positive correlations were found

between plant richness and UA in the soil, plant richness and fungal biomass in the soil and

litter, and DBH and fungal biomass in the litter. Amplicon sequencing revealed differences

between microhabitats in the relative abundance of some fungal and bacterial taxa and in the

bacterial community composition of both litter and soil. Bacterial richness and diversity were

different between microhabitats, and, in litter samples, they were negatively correlated with

DBH and plant richness, respectively. By contrast, none of the soil and litter physiochemical

properties were significantly correlated with microbial diversity. Our results show that

significant shifts in enzyme activity, microbial biomass, and diversity in the microhabitats

were driven by key abiotic and biotic factors depending on the soil or litter sample type.
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1 Introduction

The microbial community of the soil is strongly linked to soil
fertility through nutrient cycling (Bradford et al., 2016; Luo
et al., 2016; Iwaoka et al., 2018; Ochoa-Hueso et al., 2018),
and considerable efforts have been made to understand
factors governing the microbial community composition and
diversity of the soil (Bastida et al., 2016; Ramirez et al., 2017;
Delgado-Baquerizo et al., 2018b). Several studies have
shown bidirectional plant and microbial feedback, indicating
that plants shape the diversity and composition of soil
microbial communities through changes in soil temperature,
moisture, physical structure, litter quality, and root exudates
(Hartmann et al., 2009; Haichar et al., 2014; Hortal et al.,
2017). In turn, soil microbial communities influence the
structure of the plant community by altering plant performance
and functional traits that affect ecosystem functioning
(i.e., nutrient cycles and productivity) (Bardgett et al., 2014;
Lozano et al., 2017). However, plant-microbial relationships,
in addition to the microhabitat context, that may influence the
composition and diversity of soil microbial communities
(Burns et al., 2015; Prober et al., 2015; Štursova et al.,
2016; Van Nuland et al., 2016; Si et al., 2018; Wu et al., 2019)
remain poorly understood in tropical ecosystems (John et al.,
2007; McCarthy-Neumann and Kobe, 2010; Liu et al., 2012;
Waring, 2013).

Costa Rica possesses some of the most biodiverse areas
on Earth, but information on the diversity and composition of
the soil and leaf litter microbiome is scarce. In recent years,
some studies have focused on soil microbial communities in
Costa Rica using genomic approaches, and most of these
were centered on characterization of fungal communities
(Nemergut et al., 2010; Leff et al., 2012; Kivlin and Hawkes,
2016; Schilling et al., 2016; Waring et al., 2016; Xiong et al.,
2016; Looby and Treseder, 2018; McGee et al., 2018). An
information gap is evident regarding the microbial ecology of
leaf litter and soil associated with both commercial and non-
commercial wild Vanilla species. The importance of the Vanilla
genus lies primarily in its commercial species V. planifolia, V.
� tahitensis and V. pompona, which are the natural providers
of vanillyl compounds used by the food and perfume
industries (Korthou and Verpoorte, 2007; Ranadive, 2011;
Maruenda et al., 2013). In Costa Rica, the genetic pool of
Vanilla represents more than 10% of its diversity worldwide
(Azofeifa-Bolaños et al., 2017; Karremans and Lehmann
2018). Despite the economic importance of V. planifolia, little
attention has been given to Vanilla crop wild relatives,
characterized by small, dispersed, and genetically distinct
populations with low seed viability and complex inter-specific
relationships within their natural habitats (Alomia et al., 2017;
Azofeifa-Bolaños et al., 2018). Characterization of native
forest soil and leaf litter microbial communities is an essential
first step in the conservation of Vanilla spp. endangered
genetic resources and the improvement of crop management
strategies in ex situ and in situ production systems (Watteyn
et al., 2020).

To fill the lack of information on plant-microbe interactions in
the tropical rainforest, we studied the composition, diversity,
biomass, and activity of microbial communities inhabiting the
leaf litter and soil near three wild Vanilla species growing in
microhabitats with distinct abiotic (i.e., soil moisture) and biotic
(i.e., forest stand composition) properties. Given the relatively
lower biomass of Vanilla spp. plants compared with other
plants, we hypothesize that the forest stand, through direct
(i.e., plant richness and litter properties) and indirect
(i.e., shadow zones, soil properties, etc.) factors, will shape
the litter and soil microbial communities associated with
different Vanilla spp.

2 Materials and methods

2.1 Study site and experimental design

This study was performed at Piro Biological Station, Golfito,
Puntarenas, Costa Rica (coordinates 8°24′4.4634″ N,
83°20′35.268″ W). A data set of georeferenced presence
locations of Vanilla species was created from forest inven-
tories that have been taken in Costa Rica since 2012
(Azofeifa-Bolaños et al., 2014, 2017). Recently, the use of
ensemble species distribution models (SDMs) provided maps
for the conservation and sustainable cultivation of four wild
Vanilla species (Watteyn et al., 2020). Based on this data set
and accurate SDMs focusing on the Osa Biological Corridor,
only Piro Biological Station contained more than two popula-
tions of Vanilla crop wild relatives within the same land surface
area (less than 5000 m2).

The climate of the study area is highly humid: type Af
according to the Köppen–Geiger classification. The mean
annual temperature and precipitation are 26.9°C and 4140
mm, respectively, and the average elevation of the study area
is 57 m above sea level. The soil is a Chromic Luvisol,
according to the Food and Agriculture Organization (FAO) of
the United Nations Educational, Scientific and Cultural
Organization (UNESCO) Soil Map of the World (IUSS
Working Group WRB, 2015). The dominant soil in the area
has a pH of 4.39, organic matter content of 3.02%, and
nitrogen content of 1.07%, and the texture is sandy clay.

A study area of 2500 m2 of tropical rainforest was selected
that contained three different Vanilla species belonging to the
aromatic clade. The plant community in this area was
dominated by Vochysia allenii (Vochysiaceae). Vanilla spe-
cies were identified by morphological traits and DNA barcod-
ing (GenBank accession numbers MH730192-MH730200).
Three Vanilla species were identified as V. pompona (V1),
V. odorata (V2) and V. sp. (V3). We distinguished three
microhabitats with distinct traits consisting of abiotic (soil
moisture and light) and biotic (plant richness and diameter at
breast height) properties, each harboring a single Vanilla sp. A
total of nine plots of 225 m2 each were selected: three plots
contained V1 exclusively, three plots contained V2 exclu-
sively, and the remaining three plots contained V3 exclusively.
Thus, a total of nine plots were set up according to an
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experimental design with one factor (Vanilla presence) and
three levels (Vanilla species), in triplicate (n = 3).

Plant richness and the average diameter at breast height
(DBH; at 1.3 m) in each plot were determined. All the plant
species with DBH>5 cm were measured and identified. Six
bulk soil samples (0–10 cm depth) and litter samples (surface
0–5 cm litter layer) were collected in each plot in the proximity
(50 cm) of each Vanilla sp. A composite soil and litter sample
was obtained by thoroughly mixing the six samples per plot.
Large woody litter, such as branches, was removed from the
soil samples, and the soil was air-dried and sieved (2 mm
mesh). The litter was air-dried and ground to powder. Samples
were stored at 4°C for analysis of chemical properties,
enzyme activities, and phospholipid fatty acids (PLFAs) and
at -20°C for genomic analyses.

2.2 Physiochemical analysis and enzyme activities

Electrical conductivity and pH were measured in a 1:5 (w:v)
aqueous extract using a conductivity meter and pH meter
(Crison Mod. 2001, Barcelona, Spain), respectively. The total
nitrogen content (N) and total organic carbon (TOC) were
determined using an Elemental Analyzer (C/N Flash EA 1112
Series-Leco Truspec, Thermo Scientific, MI, USA). Aqueous
extracts of soil were prepared with deionized water (1:5, w:v)
by shaking for 2 h, followed by centrifugation at 13 000 r min-1

for 15 min and filtration. Analysis of the C (WSC) and N (WSN)
content in these extracts was performed in an analyzer for
liquid samples (Multi N/C 3100, Analytik Jena). The percen-
tage moisture content of the soil and litter samples was
measured by oven-drying at 60°C until a constant weight was
reached.

Urease activity (1 g soil samples and 300 mg litter samples)
was determined as the amount of NH4

+ released in the
hydrolytic reaction using urea as substrate and borate buffer
(pH 10) (Kandeler and Gerber, 1988). The activities of alkaline
phosphatase and β-glucosidase were determined according
to Tabatabai and Bremner (1969) and Eivazi and Tabatabai
(1977), respectively, with 0.5 g of soil or 100 mg of litter.
Polyphenol oxidase activity was determined by the method of
Allison and Jastrow (2006), using pyrogallol as substrate with
0.5 g of soil and 100 mg of litter.

2.3 Phospholipid fatty acid analysis

Phospholipids were extracted from 6 g of soil and 300 mg of
litter by chloroform-methanol extraction as described by Bligh
and Dyer (1959), fractionated, and quantified as described by
Frostegård et al. (1993). The phospholipids were transformed
into fatty acid methyl esters by alkaline methanolysis
(Frostegård et al., 1993). The bacterial biomass was
represented by the following fatty acids: i15:0, a15:0, 15:0,
i16:0, i17:0, cy17:0, cy19:0, 16:1w7c, 16:1w7t, 18:1w9c, and
18:1w9t (Frostegård et al., 1993; Dungait et al., 2011). The
fatty acid 18:2u6 was used as an indicator of fungal biomass
(Brant et al., 2006; Rinnan and Bååth, 2009). The represen-
tative Gram-positive fatty acids were i15:0, a15:0, i16:0, and

i17:0. The fatty acids used to represent Gram-negative
bacteria were cy17:0, cy19:0, 16:1w7c, 16:1w7t, 18:1w9c,
and 18:1w9t (Frostegård et al., 1993; Dungait et al., 2011).
Actinobacterial representative fatty acids were 10Me16:0 and
10Me18:0 (Ondoño et al., 2014).

2.4 DNA extraction and metabarcoding analysis

DNA was extracted from 500 mg of freeze-dried soil sample
and from 400 mg of freeze-dried litter sample using the Fast
DNA Spin Kit for soil and a FastPrep Instrument (MP
Biomedicals, Santa Ana, CA, USA). The V4 region of bacterial
16S rRNA (rRNA) was amplified using the barcoded primers
515F and 806R as described previously (Caporaso et al.,
2012). PCR amplification of the fungal ITS2 region from DNA
was performed using barcoded gITS7 and ITS4 (Ihrmark
et al., 2012) in three PCR reactions per sample, as described
previously (Žifčáková et al., 2016). PCR products were
cleaned using a MinElute Kit (Qiagen, Hilden, Germany)
and their concentrations measured by Qubit fluorometer
(Thermo Fisher Scientific). After preparation of libraries,
sequencing of fungal and bacterial amplicons was performed
on Illumina MiSeq. The pipeline seed2 was used for amplicon
sequencing data pre-processing and diversity calculations
(Větrovský et al., 2018). Briefly, pair-end reads were merged
using fastq-join (Aronesty, 2013). Whole amplicons were
processed for bacterial 16S, whereas the internal transcribed
spacer 2 (ITS2) region was extracted using its Extractor 1.0.8
before processing. Chimeric sequences were detected using
Usearch 7.0.1090 (Edgar, 2013) and deleted, and sequences
were clustered using uparse implemented within Usearch, at a
97% similarity level. Consensus sequences were constructed
for each cluster, and the closest hits at the genus or species
level were identified using blastn against the Ribosomal
Database Project (Cole et al., 2014) for bacteria or unite
(Koljalg et al., 2014) for fungi. Sequences identified as non-
bacterial or non-fungal were discarded. Low-abundance
operational taxonomic units (OTUs) with fewer than 1% of
the sequences for fungal analyses or fewer than 0.5% for
bacterial analyses were filtered. The Shannon–Wiener index
of diversity was calculated for bacterial diversity based on 16S
rRNA gene sequencing or for fungal diversity based on ITS
sequencing. Sequencing data used in this study are archived
at the MG-RAST public database (project ID mgp86094).

2.5 Data analysis

The normality and the homogeneity of variances were tested
by the Ryan–Joiner and Levene tests, respectively. For soil
and litter, the physiochemical parameters, PLFA content, and
enzyme activity data were analyzed by one-way ANOVA
followed by post-hoc analyses using Tukey’s significant
difference test using Minitab 17.1 (Minitab Inc., State College,
PA, USA). Differences at p<0.05 were regarded as statisti-
cally significant. All results are reported as means±standard
deviations. Principal coordinates analysis (PCoA) on Bray–
Curtis distances was used to visualize differences in the
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microbial community composition. PCoA was performed
using PAST 3.22 (Hammer et al., 2001). Effects of distinct
microhabitats on bacterial and fungal community composi-
tions were assessed using non-parametric permutational
multivariate analysis of variance (PERMANOVA) (Anderson,
2001). The analysis of multivariate homogeneity of group
dispersions and the PERMANOVA on Bray–Curtis distances
were performed with the betadisper and adonis functions of
the vegan package (Oksanen et al., 2019) in R (R Core Team,
2019). Pearson correlations among the physiochemical
parameters, enzyme activities, plant richness and DBH,
PLFA content (an indicator of microbial biomass), microbial
diversity, and richness in the litter and soil samples were
determined using Minitab 17.1 (Minitab Inc.).

3 Results

3.1 Plant richness and DBH

The sampling area was a complex and multi-layered
secondary forest dominated by large tree species of the
families Vochysiaceae, Melastomataceae, and Malpighia-
ceae. Despite the close proximity of the three wild Vanilla
species that were sampled, plant richness differed between
sites (Table 1). Environmental conditions and DBH in each
microhabitat were also different. The canopy of V3 was
dominated by Vochysia allenii trees, which also had the
highest DBH values in the sampling area. Site V2 was
predominated by medium-sized trees of Henriettea succosa
and Miconia argentea. V1 was dominated by Byrsonima
crassifolia trees, with randomly distributed gaps allowing a
higher irradiance below the canopy and lower soil moisture
compared with the other sites. The plant richness was
greatest at site V3, followed by V1 and V2, and V3 also had
the highest litter moisture content.

3.2 Physiochemical parameters

There were no significant differences among the sites in pH,
total C, total N, TOC, or WSN in the litter samples (Table 2).
However, the electrical conductivity was significantly higher
for the V3 samples compared with that of V1 and V2 samples,
and the WSC was significantly higher for V2 than for V1
(p < 0.05). In addition, the litter moisture content was
significantly higher in V3 compared with that of V1 (Table 2).

For the soil samples, no significant differences were found
among the sites for pH, TOC,WSN, or moisture (Table 2). The
electrical conductivity was significantly lower in the soil of V2
than in that of V1 and V3. Total N, C, andWSC were highest in
the V3 samples (p<0.05) (Table 2).

3.3 Enzyme activities

The activities of β-glucosidase and urease in the litter samples
did not differ significantly between sites (Table 3). However,
the phosphatase activity of V1 litter samples was significantly

higher compared with that in V3 samples, and the phenol-
oxidase activity of V2 was significantly higher than that in V3
(p<0.05).

In the soil samples, no significant differences arose
between sites for the activities of β-glucosidase and phenol-
oxidase (Table 3). We observed significantly lower phospha-
tase activity in V2 soil compared with that of the other sites;
however, the soil samples from site V3 had significantly
greater urease activity than those of V1 and V2 (p<0.05).

3.4 PLFA analysis

In litter samples, the PLFA content representative of fungal
content and bacteria, including gram positive and gram
negative, were significantly higher in V2 and V3 compared
with V1 (p < 0.05). The fungal/bacterial PLFA ratio was
significantly higher in V3 samples than in V1 and V2 samples
(p < 0.05). Furthermore, Actinobacteria were significantly
more abundant in litter from the microhabitat of V3 compared
with that of V1 (p<0.05) (Table 4).

For soil samples, the bacterial PLFA content including
gram-positive samples and the fungal PLFA content were
significantly higher in V2 and V3 sites, compared with those of
the V1 site (p<0.05). The Gram-negative PLFA content was
greater in V2 than in V1, and the fungal/bacterial PLFA ratio
was significantly higher in V3 compared with that of V1 and V2
(p<0.05). The Gram-positive/negative ratio did not differ
significantly among sites (Table 4).

3.5 Correlation analysis

3.5.1 Effect of litter and soil physiochemical properties on
microbial activities, biomass, and diversity

Neither bacterial and fungal diversity (the Shannon–Wiener
index) nor phenol-oxidase activity was significantly correlated
with any of the chemical or physiochemical properties that
were assessed in the soil and litter samples (p³0.05) (Tables
S1 and S2).

In litter samples, bacterial richness had a significant
negative correlation with EC and litter moisture (p<0.05).
Furthermore, bacterial PLFA content was positively correlated
with litter moisture, and fungal PLFA content had a significant
positive correlation both with EC and litter moisture (p<0.05)
(Table S1).

In soil samples, alkaline phosphatase activity was posi-
tively correlated with both EC and TOC (p<0.05). Similarly, N
and WSC contents were positively correlated with urease
enzyme activity (p<0.05). Fungal PLFA content was also
positively correlated with N and WSC (p<0.05) (Table S2).

3.5.2 Effect of plant richness and DBH on microbial activities,
biomass, and diversity

In litter samples, plant richness had a significant positive
correlation with fungal biomass and a significant negative
correlation with WSC, phosphatase activity, phenol-oxidase
activity, and bacterial diversity (p<0.05). DBH was positively
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correlated with fungal biomass but showed an opposite trend
with bacterial richness (p<0.05) (Table S1).

In soil samples, plant richness had a significant positive
correlation with C, WSC, urease activity, and fungal PLFA
content (p<0.05) (Table S2).

3.6 Diversity and composition of the microbial community

The fungal community from the litter of all microhabitats was
dominated by the classes Agaricomycetes (up to 52.38% of
the sequences) and Sordariomycetes (up to 39.82%)
(Fig. S1A). Class Agaricomycetes was more abundant in V3
samples compared with those of V2 and V1 (52.38% in V3 vs.
36.55% in V2 and 21.37% in V1), while the abundance of
Sordariomycetes followed a different trend (39.82% in V2 vs.
16.06% in V1 and 9.46% in V3) (Fig. S1A). At the genus level,
Crinipellis (up to 18.87%), Mycena (up to 16.82%), Castane-

diella (up to 15.38%), andCalonectria (up to 12.18%) were the
most abundant genera (Fig. 1A).

We found that Proteobacteria (up to 92.27% of the
sequences), Verrucomicrobia (up to 10.41%) and Acidobac-
teria (up to 8.17%) were the most abundantly represented
phyla in the litter samples (Fig. S1B). Both Acidobacteria and
Verrucomicrobia were more abundant in V3 samples (8.17%
and 10.41%, respectively) than in V1 (1.43% and 6.30%,
respectively) and V2 (0.00% and 5.29%, respectively),
whereas Proteobacteria was more abundant in V1 and V2
(90.71% and 92.27%, respectively) litter samples than in V3
(80.15%) (Fig. S1B). The most abundant genera were
Pseudolabrys (up to 32.69%) and Bradyrhizobium (up to
25.87%). Pseudolabrys was more abundant in V3 (32.69%)
than in V1 (25.09%) and V2 (24.02%) (Fig. 1B).

In soil samples, Eurotiomycetes (up to 27.87%) and
Sordariomycetes (up to 17.78%) were the most abundant

Table 1 Plant richness and diameter at breast height (DBH) of each site.
Site Plant richness DBH (cm)

Species Family

V1† Garcinia sp. Clusiaceae 40.75a‡±17.95§

Tetracera sp. Dilleniaceae

Doliocarpus multiflorus Standl. Dilleniaceae

Lacistema aggregatum (P.J. Bergius) Rusby Lacistemataceae

Byrsonima crassifolia (L.) Kunth Malpighiaceae

Henriettea succosa (Aubl.) DC. Melastomataceae

Casearia arborea (Rich.) Urb. Salicaceae

Vochysia allenii Standl. & L.O. Williams Vochysiaceae

V2 Clusia sp. Clusiaceae 55.25ab±32.57

Davilla nitida (Vahl) Kubitzki Dilleniaceae

Byrsonima crassifolia (L.) Kunth Malpighiaceae

Henriettea succosa (Aubl.) DC. Melastomataceae

Miconia argentea (Sw.) DC. Melastomataceae

Alibertia edulis (Rich.) A. Rich. Rubiaceae

V3 Annona amazonica Annonaceae 90.33b±21.46

Davilla nitida (Vahl) Kubitzki Dilleniaceae

Inga sp. Fabaceae

Vantanea barbourii Standl. Humiriaceae

Nectandra umbrosa (Kunth) Mez Lauraceae

Ocotea sp. Lauraceae

Henriettea succosa (Aubl.) DC. Melastomataceae

Erblichia odorata Seem. Passifloraceae

Piper sp. Piperaceae

Alibertia edulis (Rich.) A. Rich. Rubiaceae

Arachnothryx sp. Rubiaceae

Chiococca belizensis Lundell Rubiaceae

Posoqueria sp. Rubiaceae

Casearia sp. Salicaceae

Vochysia allenii Standl. & L.O. Williams Vochysiaceae

†V1 = V. pompona; V2 = V. odorata; V3 = V. sp. ‡Different letters indicate a significant difference (p<0.05). §Values are means±standard

deviations.
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fungal classes in all microhabitats (Fig. S1A). The class
Sordariomycetes was more abundant in V1 (17.78%) com-
pared with that in V2 and V3 (10.06% and 11.39%,
respectively) (Fig. S1A). Diaporthe (up to 11.76%) was the
most abundant fungal genus among all sites (Fig. 1A).

Proteobacteria (up to 47.28% of the sequences), Verruco-
microbia (up to 23.93%) and Acidobacteria (up to 21.70%)
were the most abundant phyla in all sites (Fig. S1B). The class
Gammaproteobacteria (0.68% of the sequences) and the
phylum Cyanobacteria (0.76% of the sequences) were found
only in V1 (Fig. S1B). Pseudolabrys (up to 16.95%),
Candidatus Solibacter (up to 5.78%) and Bradyrhizobium
(5.17%) were the most abundant bacterial genera (Fig. 1B).

For fungal diversity, the richness and Shannon–Wiener
index did not vary significantly between the soil samples
(p ³ 0.05) or litter samples (p ³0.05). For bacterial diversity,

the richness and Shannon–Wiener index in soil and litter of the
V1 microhabitat were significantly higher than those of V3
(p<0.05) (Table 5).

A PCoA analysis of Bray–Curtis distances of bacterial and
fungal communities assessed through 16S rRNA and ITS
sequencing revealed clear differences in the composition of
the microbial communities. The composition of the fungal
community (Table S3) was not significantly different between
soil samples (PERMANOVA p>0.05) (Fig. 2A), but it was
significantly different between litter samples (PERMANOVA
p = 0.0033) (Fig. 2B). Marasmius and Rhinocladiella were
found only in the litter from V1, where Crinipellis and Mycena
were absent. The genera Calonectria, Parapleurotheciopsis,
and Sarcodon were unique to V2 litter. Aspicilia, Banhegyia,
and Veronaeopsis were found exclusively in V3 litter, whereas
Castanediella, Corniculariella, Ochroconis, and Uncobasi-

Table 3 Enzyme activities in the litter and soil samples.
Enzyme Litter Soil

V1† V2 V3 V1 V2 V3

β-Glucosidase (μmol PNP g-1 h-1) 2.08a‡

±0.54§
2.31a

±0.47
1.87a

±0.44
0.44a

±0.08
0.42a

±0.03
0.51a

±0.08

Alkaline phosphatase (μmol PNP g-1 h-1) 27.11a

±2.06
24.20ab

±2.24
21.50b

±1.92
3.73a

±0.51
2.12b

±0.08
3.58a

±0.30

Urease (μmol NH3 g
-1 h-1) 1.97a

±0.68
1.45a

±0.39)
1.72a

±0.25
1.47b

±0.10
1.47b

±0.10
2.06a

±0.15

Phenol-oxidase (μmol pyrogallol g-1 h-1) 70.95ab

±4.59
84.50a

±8.32
59.65b

±1.47
9.63a

±1.07
7.43a

±2.29
10.0a

±2.29

†V1 = V. pompona; V2 = V. odorata; V3 = V. sp. ‡Different letters within a specific row indicate a significant difference (p<0.05; Tukey HSD test).
§Values are means±standard deviations of three replications.

Table 2 Litter and soil chemical and physical analyses.
Parameter Litter Soil

V1‡ V2 V3 V1 V2 V3

pH 6.89a§

±0.10#
6.65a

±0.10
6.70a

±0.20
5.80a

±0.15
5.80a

±0.06
5.58a

±0.01
Electrical conductivity (μS cm–1) 72.30b

±1.57
70.43b

±5.87
85.83a

±1.46
88.50a

±0.10
64.47b

±0.90
102.80a

±10.17

Total N (g 100g–1) 1.04a

±0.06
0.96a

±0.10
0.88a

±0.15
0.38b

±0.03
0.39ab

±0.02
0.46a

±0.03

Total C (g 100g–1) 29.83a

±3.78
31.75a

±3.14
24.47a

±4.83
5.45ab

±0.22
4.94b

±0.14
5.95a

±0.63
TOC† (g 100g–1) 30.07a

±3.41
31.70a

±3.12
24.18a

±5.06
5.14a

±0.29
4.67a

±0.45
5.63a

±0.80

WSC (mg kg–1) 2273.23b

±155.43
2836.99a

±278.12
2476.37ab

±60.05
325.37b

±65.52
348.38b

±4.00
464.06a

±36.40

WSN (mg kg–1) 120.17a

±25.04
123.31a

±21.09
131.08a

±16.58
17.14a

±4.34
14.02a

±0.89
20.69a

±2.86
Moisture (%) 41.36b

±1.15
50.35ab

±9.50
58.67a

±3.16
6.43a

±2.16
3.27a

±0.58
5.00a

±1.67

†TOC (total organic carbon); WSC (water-soluble C content); WSN (water-soluble N content). ‡V1 = V. pompona; V2 = V. odorata; V3 =V.

sp.§Different letters within a specific row indicate a significant difference (p <0.05; Tukey HSD test). #Values are means±standard deviations of

three replications.
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dium were absent from the litter at V3 (Fig. 2B). The bacterial
community composition (Table S4) was significantly different
between soil samples (PERMANOVA p = 0.0106) (Fig. 3A)
and litter samples (PERMANOVA p = 0.0348) (Fig. 3B). In soil
samples, V1 samples were clearly different from those of V2
and V3. In V1, the genera Edaphobacter, Lysinibacillus, and
Nitrospirillum were absent, but Streptomyces and Yokenella
were unique. Methyloligella and Rhodomicrobium were only
found in V3 (Fig. 3A). In litter samples, the genus Candidatus
Solibacter was present only in litter samples from V3, from
which Devosia was absent (Fig. 3B). The genera Hyphomi-
crobium and Pedomicrobium were detected only in V1, and
Kineococcus, Ramlibacter, and Sinorhizobium only in V2.

4 Discussion

Our results demonstrate that the microbial activity, biomass,
and community composition of litter and soil samples differed
among the three microhabitats, and that these differences
may be attributed to abiotic (i.e., litter moisture) and biotic
(i.e., plant richness) differences among the sites.

4.1 Effect of physiochemical properties of soil and litter on
microbial activities, biomass, and diversity

In this study, the soil from V1 and V3 microhabitats had the
highest EC and alkaline phosphatase activity, and they were
positively correlated. Similar results were reported by Lema-

Table 4 Mean values (nmol g–1) and standard deviation of bacterial, fungal, Gram+, Gram- and actinobacterial phospholipid fatty acid (PLFA)
contents in litter and soil samples.
PLFA biomarkers Litter Soil

V1† V2 V3 V1 V2 V3

Bacteria 22.87b‡±5.55§ 56.66a±2.42 67.52a±4.56 3.88b±0.51 6.47a±0.50 5.50a±0.14

Fungi 7.51c±0.89 16.93b±1.93 29.27a±1.63 0.20c±0.03 0.34b±0.04 0.54a±0.05

Gram + 16.02b±2.75 34.20a±1.73 40.92a±3.62 2.87b±0.50 4.89a±0.12 4.26a±0.02

Gram- 11.85b±2.85 22.46a±1.80 26.60a±1.17 0.97b±0.17 1.48a±0.28 1.24ab±0.13

Actinobacteria 1.16b±0.43 1.42ab±0.18 2.07a±0.38 0.21a±0.07 0.29a±0.01 0.24a±0.01

Fungi/bacteria 0.27b±0.02 0.30b±0.04 0.43a±0.03 0.05b±0.00 0.05b±0.00 0.1a±0.01

Gram+/Gram- 1.37a±0.11 1.53a±0.15 1.54a±0.10 2.99a±0.64 3.37a±0.60 3.48a±0.37

†V1 = V. pompona; V2 = V. odorata; V3 = V. sp. ‡Different letters within a specific row indicate a significant difference (p<0.05; Tukey HSD test).
§Values are means±standard deviations of three replications.

Fig. 1 Relative abundance of the fungal (A) and bacterial (B) communities at the genus level based on Illumina MiSeq

sequencing of the fungal ITS2 region and the V4 region of the bacterial 16S rRNA gene. The figures include taxa with > 1% (for

fungi) and>0.5% (for bacteria) mean relative abundance. SV1, SV2 and SV3 are the soil samples corresponding to V. pompona,

V. odorata and V. sp., respectively. LV1, LV2 and LV3 are the respective litter samples corresponding to these Vanilla species.

Data represent the mean of 3 replicate samples.

Gabriela Montes de Oca-Vásquez et al. 201



nowicz and Bartkowiak (2016), who found a positive correla-
tion between phosphatase activity and EC in a salinized
grassland habitat. EC may therefore impact the formation of
the activity center and the molecular stability of extracellular
enzymes (Lemanowicz and Bartkowiak, 2016; Singh, 2016).
In addition, in these microhabitats, alkaline phosphatase and
soil TOC were positively correlated with each other, as
described in other studies (Saha et al., 2008; Lemanowicz,
2018; Zhang et al., 2018; Si et al., 2018). In tropical
ecosystems, most phosphorus from the soil is adsorbed in
recalcitrant minerals and organic compounds that decrease
its availability for biological assimilation (Yao et al., 2018).
Therefore, high phosphatase activity is very important
because it plays a fundamental role in the transformation of
phosphorus from organic matter in the soil into plant-available
phosphate (Margalef et al., 2017).

Additionally, soil urease enzyme activity was positively
correlated with nitrogen content and WSC, and this activity
was higher in microhabitat V3. This is consistent with other
studies that found a positive correlation between urease
activity and nitrogen content (Xie et al., 2016; Zhang et al.,
2016a; Guangming et al., 2017). This is likely due to the
involvement of urease in soil nitrogen transformation, which
decomposes urea into ammonia and carbon dioxide
(Guangming et al., 2017; Tianzhu et al., 2017). Other studies
also have determined a positive correlation between urease

and WSC (Tianzhu et al., 2017; Liu et al., 2019). This may be
explained by microbial stimulation caused by the higher
amount of organic carbon (Liu et al., 2019). Together, these
results suggest that microorganisms may regulate their
enzyme expression depending on the physiochemical proper-
ties of the soil and litter (Smith et al., 2015; Cabugao et al.,
2017; Prather et al., 2017; Mazzon et al., 2018).

Furthermore, the contents of both the bacterial and fungal
PLFA in litter samples were positively correlated with litter
moisture and presented higher values in V3 and V2
microhabitats compared with that of V1. Lange et al. (2014)
determined that moisture content indirectly increases micro-
bial biomass and therefore suggested that the moisture
content holds a central position in the interplay between
plant diversity, abiotic soil conditions, and microbial biomass.
The soil from the V3 microhabitat had the highest N content,
WSC, and fungal PLFA content, and these were positively
correlated. As reported here, Wei et al. (2018) also found that
the microbial biomass increased significantly by the addition
of nitrogen in a Larix gmelinii plantation.

4.2 Effect of plant richness and DBH on microbial activities,
biomass, and diversity

In litter samples, we observed that phenol-oxidase activity
was lower when the plant richness was the highest. However,

Table 5 Fungal and bacterial alpha diversity measures in each microhabitat.
Microhabitat Fungi Bacteria

Richness Shannon–Wiener Richness Shannon–Wiener

Litter

V1† 536.00±104.73a‡§ 4.82±0.53a 3105.67±79.98a 7.17±0.05a

V2 545.00±31.18a 4.73±0.09a 2976.50±30.41a 7.07±0.09a

V3 545.00±47.76a 4.78±0.25a 2761.33±43.98b 6.83±0.04b

Soil

V1 388.33±57.19a 4.54±0.14a 2227.67±138.38a 6.45±0.09a

V2 426.33±60.38a 4.43±0.19a 2001.00±70.41ab 6.14±0.03ab

V3 388.67±42.74a 4.33±0.14a 1763.33±136.55b 6.00±0.17b

†V1 = V. pompona; V2 = V. odorata; V3 = V. sp. ‡Different letters for each measure and between each microhabitat in litter and soil indicate a

significant difference (p<0.05). §Values are means±standard deviations of three replications.

Fig. 2 Principal coordinates analysis (PCoA) based on a Bray–Curtis dissimilarity matrix of the fungal communities in soil (A)

and litter (B) samples. OTUs>1% in any of the soil samples and litter samples were included. V1, V2 and V3 correspond to V.

pompona, V. odorata and V. sp., respectively.
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results in contrast to these were previously reported regarding
phosphatase activity (Zhang et al., 2010; Steinauer et al.,
2015). We hypothesize that the content of phenolic com-
pounds in V3 microhabitat litter was lower than that in V1 and
V2, which is consistent with evidence suggesting that phenol
oxidase activity is dependent on the availability of phenolic
compounds (Pind et al., 1994; Sinsabaugh 2010) and that the
litter decomposition rate increases as the phenolic content
decreases (Nicolai 1988; Torres et al., 2005).

In soil, the highest urease activity was found at the V3 site
and had a positive correlation with plant richness. These data
are inconsistent with previous findings about the interaction
between plant richness and urease activity. While there is
evidence for increased urease activity at the location of the
highest plant species richness level (Zhang et al., 2010; Song
et al., 2019), Steinauer et al. (2015) reported a lack of
influence of plant diversity on urease activity. One explanation
of the positive correlation reported here may be that an
increase in plant richness diversifies and increases the soil
nutrient pools and root exudate (Loranger-Merciris et al.,
2006; Eisenhauer et al., 2017), thus putatively increasing the
urease enzyme activity.

Similar to the work of Eisenhauer et al. (2017) and Chung
et al. (2007), our study found a positive correlation between
plant richness and fungal biomass in both litter and soil
samples. Indeed, several studies have found that soil
microbial biomass increases significantly with increasing
plant diversity or richness (Steinauer et al., 2015; Khlifa
et al., 2017; Zhang et al., 2019). In addition, it has been
reported that plant richness can influence litter quality
(i.e., nutrient content) and increase fine-root mortality under-
ground, thus affecting the microbial biomass not only by
altering the input of organic C and N in the soil (Kardol and
Wardle, 2010; Huang et al., 2014; García-Franco et al., 2015;
Zhang et al., 2016b; Chen et al., 2019), but also by promoting
microbial biomass via root exudates (Eisenhauer et al., 2017).
We additionally found that the biomass of microbial groups in
the soil and litter responded differentially to plant richness.
Thus, fungal biomass, but not bacterial biomass, positively
correlated with plant richness. In agreement with our results,

Chung et al. (2007) reported no clear trend between soil
bacterial biomass and plant richness. Furthermore, herein we
report that plant richness was negatively correlated with litter
bacterial diversity. Similar to our results, Schlatter et al. (2015)
reported that plant communities with increased richness
supported less diverse bacterial communities. Resembling
the results obtained with plant richness, DBH also was
positively correlated with fungal biomass and negatively
correlated with bacterial richness in litter. Although there is a
lack of information regarding the interaction of DBH with
microbial biomass, activity, and diversity, it has been
suggested that trees with larger DBH may have a stronger
influence on the underground environment, such as producing
more leaf and root litter or influencing the microclimate
conditions (Saetre,1999).

4.3 Composition of the microbial community

Different microhabitats strongly influenced the litter fungal
communities, in addition to the bacterial communities of both
litter and soil. These results may be explained by differences
in plant richness and DBH, or litter and soil physiochemical
properties, that created distinct microhabitats at each site. The
composition of microbial communities in the soil and litter can
be affected by the forest stand through its influence on abiotic
factors (soil physiochemical properties) and litter quality
(Nielsen et al., 2010; Landesman et al., 2014; Burns et al.,
2015; Fu et al., 2015; Lladó et al., 2017; Wang et al., 2017).
Soil physiochemical properties are primary drivers of microbial
community composition (Wakelin et al., 2016; Dassen et al.,
2017). Plant species also influence and drive their microbial
communities in a species-specific manner (Dawson et al.,
2017; Delgado-Baquerizo et al., 2018a). Moreover, Schlatter
et al. (2015) reported that the composition of the soil bacterial
community was significantly altered by an increase in plant
richness.

5 Conclusions

Taken together, our work provides new insights into the effects

Fig. 3 Principal coordinates analysis (PCoA) based on a Bray–Curtis dissimilarity matrix of the bacterial communities in soil (A)

and litter (B) samples. OTUs>0.5% in any of the soil samples and litter samples were included. V1, V2 and V3 correspond to V.

pompona, V. odorata and V. sp., respectively.
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of the distinct microhabitats on soil and litter microbial
communities associated with wild relatives of Vanilla crop in
a tropical rainforest, interactions that were heretofore
unknown. Properties of the soil (EC, WSC, TOC, and N)
and litter (moisture, WSC, and N), in addition to plant richness
and DBH, were identified as key driving factors causing
differences between microhabitats in terms of enzyme
activities, microbial biomass, diversity, and microbial commu-
nity composition. Soil from tropical climates contain an
enormous amount of organic C and host great biodiversity,
and it is by far less characterized than that of other
ecosystems (Tedersoo et al., 2014; Delgado-Baquerizo et
al., 2018b). Therefore, further studies concerning the micro-
bial ecology of the soil of tropical areas are needed. In
particular, investigation of plant–microbial interactions and
understanding the factors governing soil microbial diversity
are of great concern when dealing with economically valuable
species such as Vanilla species in nearly pristine areas of
tremendous ecological value, including those found in tropical
ecosystems. In conclusion, our findings are relevant to justify
performing actions for effective conservation of Vanilla spp.
diversity and to develop management strategies in ex situ and
in situ production systems for this plant.
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