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Cactaceae represents one of the most species-rich families of succulent plants native to

arid and semi-arid ecosystems, yet the associations Cacti establish with microorganisms

and the rules governing microbial community assembly remain poorly understood. We

analyzed the composition, diversity, and factors influencing above- and below-ground

bacterial, archaeal, and fungal communities associated with two native and sympatric

Cacti species: Myrtillocactus geometrizans and Opuntia robusta. Phylogenetic profiling

showed that the composition and assembly of microbial communities associated with

Cacti were primarily influenced by the plant compartment; plant species, site, and

season played only a minor role. Remarkably, bacterial, and archaeal diversity was

higher in the phyllosphere than in the rhizosphere of Cacti, while the opposite was true

for fungi. Semi-arid soils exhibited the highest levels of microbial diversity whereas the

stem endosphere the lowest. Despite their taxonomic distance, M. geometrizans and

O. robusta shared most microbial taxa in all analyzed compartments. Influence of the

plant host did only play a larger role in the fungal communities of the stem endosphere.

These results suggest that fungi establish specific interactions with their host plant inside

the stem, whereas microbial communities in the other plant compartments may play

similar functional roles in these two species. Biochemical and molecular characterization

of seed-borne bacteria of Cacti supports the idea that these microbial symbionts may

be vertically inherited and could promote plant growth and drought tolerance for the

fitness of the Cacti holobiont. We envision this knowledge will help improve and sustain

agriculture in arid and semi-arid regions of the world.

Keywords: arid and semi-arid ecosystems, Cactaceae, CAM plants, holobiont, Illumina amplicon sequencing,

microbial diversity, microbiomes, plant-microbe interactions

INTRODUCTION

Arid and semi-arid regions represent one third of the Earth’s land surface area (McGinnies, 1979;
Peel et al., 2007). These ecosystems are characterized by their low water availability which restrains
biological activity (Noy-Meir, 1973). Plants in these habitats are subjected to many types of abiotic
stress including extreme temperature fluctuations, high ultraviolet radiation, low nutrient content
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soils, and drought. Moreover, climate change studies predict that
agriculture in dry lands will be particularly threatened as global
temperature increases and rainfall patterns are disturbed (Cline,
2007; Collins et al., 2008).

Cacti (Cactaceae), together with agaves and other xerophytes,
represent keystone species in arid and semi-arid ecosystems in
the American continent, where they originated around 32.11
million years ago (Hernández-Hernández et al., 2014). Cactaceae
are an extremely diverse family of plants; to date, around
2000 species have been identified, distributed from Southwest
Canada to Southern Argentina (BravoHollis and Sheinvar, 1999).
This rich family of succulent plants use the crassulacean acid
metabolism (CAM) for photosynthesis, a biochemical strategy
that allows them to fix carbon dioxide during the night
and prevent water loss during the day (Nobel, 2003). This
strategy, together with morphological changes such as a thin
and superficial root systems (which enable water uptake in
moisture-limiting conditions), and succulent bodies (used for
water storage), have likely enabled their success in arid and
semi-arid regions around the globe (Nobel, 2010).

It is now well-recognized that plants and animals form tight
associations with microorganisms resulting in a “holobiont”
(i.e., host plus all its microorganisms), which represents an
evolutionary unit of selection and biological organization
(Rosenberg et al., 2010; Partida-Martínez and Heil, 2011;
Bordenstein and Theis, 2015; Vandenkoornhuyse et al., 2015).
However, in most plants and animals, we still lack the basic
knowledge of who these associated microorganisms are, which
factors most influence their association with the host, and what
is their role in the fitness of the holobiont. Several studies
have recently analyzed the influence of a number of factors
on the plant microbiome, such as the host genotype, the plant
compartment, the soil and its intrinsic physical and chemical
properties, the seasonal variations, the agricultural management,
the biogeography of the plant species and the plant development
(Caruso et al., 2011; Lundberg et al., 2012; Chaparro et al.,
2014; Desgarennes et al., 2014; Kembel et al., 2014; Lebeis, 2014;
Maignien et al., 2014; Schlaeppi et al., 2014; Bulgarelli et al., 2015;
Coleman-Derr et al., 2016). In Cacti, however, most of these
questions remain poorly understood.

Nevertheless, previous studies have shown that both bacteria
and fungi are able to densely colonize the rhizoplane of different
species, such as Pachycereus pringlei, Stenocereus thurbei, and
Opuntia cholla (Puente et al., 2004a). Indeed, some of these
bacterial strains have been characterized and found to be
responsible for rock weathering and growth promotion in Cacti
developing on rocky cliffs, large rocks, or ancient lava flows
(Puente et al., 2004b, 2009b; Lopez et al., 2011). Another study
that combined both culture dependent and independent methods
showed that Actinobacteria, Proteobacteria, and Acidobacteria
were the most represented Phyla associated with the rhizosphere
of Mammillaria carnea, Opuntia pilifera, and Stenocereus
stellatus, withActinobacteria, Proteobacteria, andmembers of the
Firmicutes the most frequently recovered by isolation techniques
(Aguirre-Garrido et al., 2012). In the case of fungi, reports to
date have shown that unidentified fungi formed part of the
rhizoplane of Cacti (Puente et al., 2004a), and that mycorrhizal

infection improved P and Zn uptake in Ferocactus acanthodes,
and CO2 uptake in both F. acanthodes and Opuntia ficus-indica
(Cui and Nobel, 1992). A wider screening of cultivable stem
endophytic fungi in 21 species of Cacti across different sites
in Arizona revealed low diversity of these communities and no
host specificity, with Alternaria sp., Aureobasidium pullulans and
Phoma spp. identified as the most common fungal microbes
associated with these Cacti species, though no functional or
ecological role for these Cacti-fungi associations was revealed
(Suryanarayanan et al., 2005). Altogether, these studies suggest
that Cacti form associations with microorganisms which may be
important for their adaptation and survival.

The main focus of this research was to generate an holistic
baseline of the associations Cacti establish with bacteria, archaea
and fungi in six different plant compartments: the bulk and
proximal soil (together referred hereafter as the soils), the
rhizosphere and the phyllosphere (the episphere), as well as the
root and stem interior (the endosphere) through phylogenetic
profiling using the 16S rRNA gene (V4 region) for Bacteria
and Archaea, and the nuclear ribosomal internal transcribed
spacer region (ITS2) for Fungi.We selected two sympatric species
belonging to the main subfamilies of Cactaceae: Myrtillocactus
geometrizans (Cactoideae) and Opuntia robusta (Opuntioideae).
These species naturally co-occur in Central Mexico and
experience two contrasting seasons (dry and rainy) based on
yearly precipitation patterns. We evaluate the impact of the plant
host, plant compartment, geographic site, and seasonality on the
composition of microbial communities associated with Cacti and
infer most relevant microbial partners associated with this group
of plants. Finally, we characterize seed-borne bacterial isolates to
further deepen our understanding of their potential functions for
the interaction with their host plant.

MATERIALS AND METHODS

Study System and Experimental Design
In order to achieve the goals pursued in this study, it was
critical to carefully select the Cacti species to be studied,
which should be not endangered and grow in sympatry under
natural conditions. The species chosen were M. geometrizans
(Cactaceae, Subfamily: Cactoideae) and O. robusta (Cactaceae,
Subfamily: Opuntioideae), both endemic to Mexico (Bravo
Hollis and Sheinvar, 1999; Arias et al., 2012) and which have
ecological, cultural, and economic relevance (Budinsky et al.,
2001; Céspedes et al., 2005; Salazar et al., 2011; Santos-Zea et al.,
2011; Vazquez-Cruz et al., 2012; Bolaños-Carrillo et al., 2015;
Figure 1A). Two natural populations of M. geometrizans and O.
robusta in the communities of “El Magueyal” and “San Felipe”
in Guanajuato, Mexico were identified and selected (Figure 1A).
Both sites have semi-arid climate and similar soil characteristics
(Table 1). At each site, sampling was done at the end of both the
dry and rainy seasons (late May and early October, respectively)
in 2012. At each sampling season and site, three healthy,
distinct replicate plants of each Cacti species were surveyed (24
plants in total, Table S1). From each plant, six compartments
were studied (Figure 1B): the rhizosphere—microorganisms
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FIGURE 1 | Experimental design. (A) Cacti species and sampling sites

considered in this study. (B) The six plant compartments investigated from

each sampled plant.

living in the soil firmly attached to the roots; the
phyllosphere—microorganisms living on the surface of the
stems; the root endosphere—microorganisms living in the
interior of roots; the stem endosphere—microorganisms living
in the interior of stems; the root-zone soil, which represented
loose soil up to 10 cm in proximity to the roots; and the bulk
soil which represented soil taken one meter away from the plant,
which included soil from the top and up to 10–15 cm depth
(Figure S1). The extreme dryness and sandy quality of the soils in
which the Cacti specimens were harvested meant in most cases
that very little rhizospheric soil remained adhered to the roots
upon their removal from the ground. Therefore, we included the
root-zone soil samples in the experimental design. Additionally,
fruits from both Cacti species were collected in both study sites
in late May 2012 to obtain their seeds. For more details, please
refer to the Supplementary Material.

Sample Collection, Preparation, and DNA
Extraction
From each surveyed plant (average height of 82.50 ± 12.47 cm
for M. geometrizans and 69.50 ± 13.14 cm for O. robusta, Table
S1), we collected two stems, several roots and two types of soil:
the root-zone soil and the bulk soil as defined above (Figure S1).
Collected samples were transported to the lab on ice the same
day of sampling, prepared the following day and extracted as
previously described Desgarennes et al. (2014) to yield total DNA

TABLE 1 | Soil characteristics, annual mean temperature, and

precipitation of the study sites in 2012.

Sites El Magueyal

(Ma)

San Felipe

(SF)

Coordinates N21◦05.106

W100◦17.653

N21◦39.626

W100◦2.959

Altitude (masl) 2175 2089

ENVIRONMENTAL CONDITIONS IN 2012

Annual mean temperature (◦C)a 18.3 17

Annual mean precipitation (mm)a 485 204.5

Precipitation during rainy season (mm)a 355 136.5

Precipitation during dry season (mm)a 130 68

SOIL CHARACTERISITICS

Texture Sandy loam Sandy loam

pH 5.79 6.25

Organic matter (%) 3.97 0.71

Nitrogen (µg g−1) 8.76 12.65

Phosphorus (µg g−1) 18.11 4.53

Potassium (µg g−1) 64.35 251.7

aData provided by Comisión Nacional del Agua (CONAGUA).

from bulk soil, root-zone soil, rhizosphere, phyllosphere, and
root and stem endospheres (Figure 1B) (2 Cacti species× 6 plant
compartments × 2 seasons × 2 sites × 3 biological replicates =
144 total DNA samples). For more details, please refer to the
Supplementary Material.

16S V4 and ITS2 PCR Amplification and
Sequencing of Pooled Samples
Preliminary analyses performed on the 16S rRNA gene (V6-
V8 region) of endophytic Cacti samples using DGGE as
reported before (Desgarennes et al., 2014) helped us estimate
that intravariation among the three biological replicates from
each Cacti species at each site and season was low (Figure
S2). Thus, to reduce sequencing costs and make the project
feasible, we decided to pool equivalent amounts of DNA from
the three biological replicates to yield 48 pooled samples (144
individual samples/3 biological replicates = 48 pooled samples).
These samples were further processed using the MiSeq Illumina
platform to sequence amplicons of the bacterial and archaeal
16S rRNA (V4 region) and the fungal ITS2 as previously
described (Coleman-Derr et al., 2016). Briefly, we used the
well-established 515F (5′ –GTGCCAGCMGCCGCGGTAA– 3′)
and 816R (5′ –GGACTACHVGGGTWTCTAAT– 3′) primer
set, along with peptide nucleic acid (PNA) clamps to reduce
chloroplast and mitochondrial contamination as in Lundberg
et al. (2013) for 16S amplification of Bacteria and Archaea,
and the ITS9F (5′ –GAACGCAGCRAAIIGYGA– 3′) and ITS4R
(5′ –TCCTCCGCTTATTGATATGC– 3′) primer sets for ITS2
fungal amplification. Detailed protocols can be found in the
Supplementary Material of this article.

Sequencing Data Processing
The Illumina raw reads were processed using a custom pipeline
developed at the Joint Genome Institute as reported (Coleman-
Derr et al., 2016). Quality, contaminant and reproducibility filters
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yielded 1,311,071 and 2,752,860 high quality reads for the 16S
and ITS2 datasets, respectively (Figure S3). Later, clustering
assignment at 97 and 95% sequence identity (see Supplementary
Material) was applied to render 4012 bacterial and archaeal
and 3541 fungal measurable OTUs, respectively (Data Sheet 1).
Due to the relatively small sequence length of the amplified
fragments, the lowest achievable taxonomic level for both the
16S and ITS2 datasets is Genus. For most downstream analyses,
all measurable OTUs were used (as defined in the Supplemental
Material, Accession Numbers KU536055 - KU539595). However,
for alpha diversity analyses, we accounted for differences in
sequencing read depth across plant compartments by randomly
subsampling all samples (rarefied) to 275 and 375 reads per
sample in the 16S rRNA gene and ITS2 datasets, respectively. By
doing so, we were able to compare diversity indexes for all plant
compartments for both Cacti species. All generated sequences
have been deposited under SRA accession: SRP068631. For more
details on the sequence data processing methods, please refer to
the Supplementary Material.

Statistical Analyses
In order to identify the principal factors that influence microbial
community composition, we used Analysis of Similarity
(AnoSim) with 999 permutations, unless otherwise stated, and
Non-Metric Multidimensional Scaling analysis (NMDS) on all
pair wise Bray–Curtis dissimilarities for both bacterial/archaeal
and fungal datasets as previously reported (Desgarennes et al.,
2014; Coleman-Derr et al., 2016). The aim of the NMDS
ordination method is to display the dissimilarities between the
samples (i.e., objects) graphically, that is, the distance between
the objects on the plot represent their relative dissimilarities
considering the abundance of the OTUs they share. The measure
of the goodness of fit of the final NMDS plot is the stress value
(S), which indicates the match between inter-object distance and
dissimilarity. The closer the S-value is to zero (ideally less than
0.1), the better the ordination (Manly, 1986; Quinn and Keough,
2002). These analyses were performed in R (R Core Team, 2013)
using the function anosim of the Vegan package and the function
isoMDS of the MASS package. Other statistical analyses such as
the Kruskal–Wallis and Dunn tests were also performed in R
using the functions kruskal.test and dunn.test, respectively.

The alpha diversity of the microbial communities was
estimated by the Shannon (H′) index using the function
renyiresult of the BiodiversityR package and the OTUs
distribution was presented in Venn diagrams using the
function draw.quad.venn of the VennDiagram package also in R.
Pareto analyses and graphics were performed using the average
relative abundance and relative frequency of each OTU in each
community (i.e., sample) across the two Cacti species, where
20% or less of the total number of OTUs accounted for 80% of
the accumulated relative abundance of a given community.

Isolation and Biochemical Characterization
of Seed-Borne Bacteria
In order to investigate the role of microorganisms associated with
M. geometrizans and O. robusta, we focused on the seed-borne
bacteria. Seeds were first obtained from the fruits collected in the

dry season in 2012 as previously mentioned. For this, seeds were
separated from the fruit pulp, washed and allowed to dry. Once
dried, seeds were sequentially disinfected under sterile conditions
in 70% ethanol for 1min, 0.55% NaOCl for 20min and two
washes of sterile water. Disinfected seeds were germinated and
propagated in vitro under axenic conditions as described by
Estrada-Luna (1988). When seedlings showed differentiation,
that is when stem tissues formed, plant tissues derived from three
plant seedlings of each Cacti species were disinfected as described
by Desgarennes et al. (2014) and placed in Trypticase Soy Agar
(TSA) plates at 28◦C for 10 days. Bacterial colonies growing on
this medium were further diluted and plated until axenic cultures
were obtained. Using microbiological methods (macroscopic
and microscopic morphology, growth rate, pH, etc.), 17 strains
were classified as distinct and were subsequently identified by
amplifying and sequencing the 16S rRNA gene as described
before (Desgarennes et al., 2014). These sequences were deposited
on NCBI under the Accession Numbers: KT937137-KT937153.
Finally, partial or complete 16S rRNA gene sequences from the 17
isolated seed-borne bacterial strains were compared against the
measurable bacterial/archaeal OTUs sequences generated using
the Illumina platform at 97% sequence similarity by means of the
CD-HIT software (Li and Godzik, 2006).

We evaluated known traits of plant growth promotion
and drought tolerance in the 17 seed-borne strains in vitro.
First, we evaluated drought tolerance and exopolysaccharide
production as described by Kavamura et al. (2013). Second, we
evaluated the growth promotion capacity by direct mechanisms
such as: qualitative nitrogen fixation (Desgarennes et al.,
2014); quantitative auxin (Indole Acetic Acid, IAA) production
(Gordon andWeber, 1951); quantitative phosphate solubilization
as described by Nautiyal (1999) and qualitative siderophore
production as described by De los Santos-Villalobos et al.
(2012). Finally, we evaluated the growth promotion capacity by
indirect mechanisms through qualitative ammonia production
as described by Cappuccino and Sherman (1992); qualitative
cyanuric production as described by Bakker and Schippers (1987)
and cellulose production as described by Teather and Wood
(1982). For these experiments, bacteria were cultured overnight
in Tryptic Soy Broth (TSB, Difco, USA) at 28◦C and 150 rpm. Cell
density was adjusted to an optical density of 1.0 at 600 nm and the
experiments performed by triplicate. Mean values and standard
deviation of each experiment were calculated and a heat map
using normalized data was generated using R. For more details,
please refer to the Supplementary Material.

RESULTS

Microbial Communities Associated with
Cacti and Factors Affecting their Assembly
In order to gain an overall picture of microbial community
structure in Cacti, we first analyzed the distribution of
measurable bacterial/archaeal and fungal OTUs by all the factors
considered in the experimental design, namely season, site, Cacti
species and plant compartment. Comparisons across season,
site, and Cacti species showed that 91–92% of identified OTUs
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were shared across tested conditions in the bacterial/archaeal
dataset, while in fungi only 75–80% of the fungal taxa were
shared (Figure S4). Venn diagrams displaying OTUs distributed
by plant compartment (Figure 2, Figures S5, S6) demonstrated
that in both the bacterial/archaeal and fungal dataset, most
plant-associated OTUs (i.e., those from the rhizosphere, root
endosphere, stem endosphere, and phyllosphere) were also
present in the soils. These diagrams also show that a higher
proportion of bacterial/archaeal OTUs (7.8%) is shared across
the six analyzed plant compartments compared to the fungal
dataset (2%). We noted that there were a reduced number
of compartment-specific bacterial/archaeal and fungal OTUs,
especially in the rhizosphere (0.3 and 1.7%), root endosphere
(0.2 and 5.2%), and stem endosphere (0.1 and 0.2%, for
bacteria/archaea and fungi respectively), whereas the soils
(9.8 and 7.6%) and phyllosphere (1.9 and 6.8%) displayed
considerably higher counts. These first results suggested that the
microbial communities associated with Cacti were possibly more
influenced by the plant compartment than by any of the other
factors evaluated.

Overall, we identified 76 bacterial and two archaeal classes
belonging to 32 phyla in all investigated samples, although
only 13 bacterial and one archaeal classes were the most
prevalent (Figures 3A,C). OTUs belonging to the bacterial
phyla Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria,
and Bacteroidetes comprised more than 85% of the relative
abundance in each of the four plant-associated communities of
M. geometrizans and O. robusta (rhizosphere, root endosphere,
stem endosphere, and phyllosphere). Sequences belonging
to the archaeal class Thaumarchaeota genus Nitrososphaera
were uncommon in the plant-associated communities (0.6%
average relative abundance), but relatively abundant in the soils
(representing on average 3.5% of the community composition).
All these bacterial and archaeal classes, with the exception of
the Betaproteobacteria, displayed significant variations in their
relative abundance among the six compartments in both Cacti
species (Kruskal–Wallis tests, P = 0.05, Tables S2, S3).

In the case of fungi, we detected 17 fungal classes belonging
to 6 phyla in our dataset, with the phylum Ascomycota
being the most abundant (more than 90% of the total
relative abundance) in the plant-associated communities. These
communities were principally composed of members of the
ascomycotan orders Pleosporales, Chaetothyriales, Capnodiales,
Dothideales, and Hypocreales, and of the basidiomycotan
Agaricales andHymenochaetales (Figures 3B,D). All these fungal
orders, except for the Xylariales and sequences identified
only as Ascomycota, displayed significant variations in their
relative abundance among the six compartments in both
Cacti species (Kruskal–Wallis tests, P = 0.05, Tables S2, S3).
Sequences belonging to arbuscular mycorrhizal fungi of the
genera Entrophospora and Glomus (phylum Glomeromycota)
represented less than 0.5% of the relative abundance in the root-
zone soil and rhizosphere of both Cacti species, suggesting low or
absent levels of plant colonization.

The microbial composition of the bulk and root-zone soil
samples were similar across plant species, but the plant-
associated communities (rhizosphere, root endosphere, stem

endosphere, and phyllosphere) were clearly different from the
soils, and were also distinct from each other and between plant
host species (Figure 3). In the soils, we identified 395 and 270
specific bacterial/archaeal and fungal taxa (Figures 2A,B), which
represented 117 and 131 genera, respectively. Nevertheless,
these diverse taxa only accounted for about 1.8% of the total
relative abundance in these soil samples, suggesting that the
most abundant soil borne microorganisms were also able to
colonize one or more plant-associated compartments of both
Cacti species.

AnoSim results considering all biotic and abiotic factors
included in the experimental design indicated that plant
compartment was the principal driver of both bacterial/archaeal
and fungal community composition, explaining 62.8 and 66%
of the dissimilarities respectively (Table 2). Interestingly, the
plant species, season, and site were only significant in their
combination with plant compartment, meaning that their role
is also a function of the plant compartment. This interaction
was slightly higher in the fungal than in the bacterial/archaeal
communities. Because of the strong effect of plant compartment
on microbial communities, we performed separate AnoSim
analyses for each compartment (Table 2) and for two plant-
associated samples subgroups: above- and below-ground, as well
as epi- and endo-phytic communities plus the soils (Table S4).
These analyses not only confirmed that the plant compartment
was the most important factor affecting microbial assembly, but
also that the plant species influenced bacterial and fungal stem
endosphere, bacterial root endosphere and fungal phyllosphere.
On the other hand, the site played only a role in the fungal
communities of the rhizosphere, bulk and root-zone soils.

NMDS analyses based on Bray–Curtis dissimilarity matrixes
corroborated these AnoSim results. These ordination plots
showed that in the 16S dataset (Figure 4A), clusters were
formed based on plant compartment. Specifically, Coordinate
1 (x-axis) separated samples from the soils (bulk and root-
zone soils) followed by the epiphytic samples (rhizosphere and
phyllosphere) in the left (all four outside the plant) from the
endophytic samples (root and stem endosphere) in the right,
whereas the Coordinate 2 (y-axis) showed in its center the
soil samples, in the upper part the below-ground communities
(rhizosphere and root endosphere), and in the lower part the
above-ground assemblages (phyllosphere and stem endosphere).
This plot also reveals that only clusters for the stem endophytic
samples formed distinct subclusters based on the host plant
(Figure 4A), and the rhizosphere, phyllosphere, root endosphere,
and stem endosphere form a joint continuum radiating away
from the soil samples. On the other hand, the NMDS plot
depicting the fungal communities shows four clearly distinct
clusters grouping samples from the stem endosphere in the
left; the root endosphere in the upper-center; the phyllosphere
in the lower-right, and a mixed cluster in the middle-right
integrated mainly by rhizospheric and soil samples, plus two
rainy root endophytic samples obtained from the San Francisco
site (Figure 4B). Analyses performed only on the endosphere
revealed that the plant host species had an influence in both
microbial communities of the stem endosphere, as samples from
each Cacti species cluster together (Figure S7).

Frontiers in Microbiology | www.frontiersin.org 5 February 2016 | Volume 7 | Article 150

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Fonseca-García et al. The Cacti Microbiome

FIGURE 2 | Venn diagrams showing the distribution of (A) bacterial/archaeal and (B) fungal measurable OTUs associated with Cacti by plant

compartment. The root-zone and bulk soils were grouped together as they showed little differences among them.

Alpha Diversity of the Microbial
Communities Associated with Cacti
We used the Shannon index in order to compare microbial
diversity in the communities associated with Cacti. Our analyses
showed that there were not significant differences in alpha
diversity between M. geometrizans and O. robusta, neither
between the dry and rainy seasons nor between sites (Table
S5). There were however significant differences between the six
plant compartments for both the bacterial/archaeal and fungal
communities in both species of Cacti (Figure 5, Table S6). In
the bacterial/archaeal communities, alpha diversity of the bulk
and root-zone soil communities was significantly higher relative
to the diversity in the epiphytic and endophytic communities
associated with both species. Remarkably, we observed that alpha
diversity in the phyllosphere was significantly higher than in
the rhizosphere, while the root endosphere exhibited slightly
higher alpha diversity than the diversity of the stem endosphere
(Figure 5A). In the case of fungi, the Shannon index showed that
the fungal alpha diversity in the soils and the rhizosphere was
significantly higher relative to the diversities in the root and stem
endospheres and phyllosphere of both species (Figure 5B).

Habitat-Filtering vs. Host-Specificity in the
Microbial Communities Associated with
Sympatric Cacti
One of the key questions motivating this research was to
determine the specific influence of the habitat (environment)
and the plant species in the composition of the microbiota,
specially in harsh natural environments such as the semi-arid and
arid ecosystems where Cacti species flourish (Habitat-filtering
vs. Host-specificity). To answer this, we first determined the
number and relative abundance of shared and species-specific
microbial OTUs in each compartment associated with sympatric
M. geometrizans and O. robusta (Figure 6). These analyses
showed that in the bacterial/archaeal communities (Figure 6A),

the two Cacti species shared the highest number of OTUs
in the soils (ca. 78%) and a larger number of OTUs in the
rhizosphere and phyllosphere (ca. 63% of the total OTUs
associated with each community), than they did in the root
and stem endosphere (33 and 23%, respectively). Nevertheless,
shared bacterial/archaeal OTUs represented the majority of
reads across the six communities (80–98% of the relative
abundance in each case; Figure 6B). In fungi (Figure 6C), the
proportion of shared taxa among Cacti species was lower than
for the bacterial/archaeal dataset and varied considerably among
compartments, being highest in the phyllosphere (63% shared
OTUs from total) and lowest in the stem endosphere with only
9.5%. However, the contribution of these shared taxa to the
total abundance composition was generally high, representing
more than 80% in all communities except for the stem
endosphere (21–39% of the relative abundance) (Figure 6D).
These results reinforce the idea that the host plant played
a role in the conformation of the fungal stem endophytic
communities.

Based on these results, we were keen in identifying relevant
shared microbial taxa associated with both Cacti species at
each compartment, while further investigating the influence of
plant species in the structure of the microbial assemblages. We
combined two analyses to achieve this aim. First, we determined
the taxonomic assignment of shared microbial taxa in each
compartment and compared their relative abundance among
plant species (Figures 7A,B, Table S7). Second, we performed
Pareto analyses, where 20% or less of the total number of
OTUs accounts for 80% of the accumulated relative abundance
of a given community (Figures 8A,B; Figures S8, S9; Data
Sheets 2, 3). These analyses revealed that Bacilli (mainly a
single OTU, OTU 7) dominated the rhizosphere of the two
Cacti species; members of the Gammaproteobacteria and of
the cyanobacterial class Oscillatoriophycideae were indicative of
the Cacti phyllosphere; Actinobacteria and Alphaproteobacteria
were indicative of the root endosphere (Figures 7A, 8A),
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FIGURE 3 | Relative abundance plots of the microbial communities associated withM. geometrizans (A,B) and O. robusta (C,D) by plant compartment.

(A,C) Class-level composition of the bacterial/archaeal communities and (B,D) Order-level composition of the fungal communities. The relative

abundance of the bacterial/archaeal classes and the fungal orders marked with asterisks were the only ones that did not significantly change among plant

compartments in both Cacti species after Kruskal–Wallis test with P ≤ 0.05.

while another Bacilli (OTU 19) together with taxa related to
Sphingobacteriawere importantmembers of the stem endosphere
in these two Cacti species (Figure 8A, OTU 19 indicated by
black arrows, Table S8). In the fungal communities, Pareto
analyses showed that members of the orders Hypocreales,
Sordariales (mainly OTU 8), as well as OTUs only identified
at the phylum level as Ascomycota, were indicative of the
rhizosphere of Cacti; members of the Capnodiales, Dothideales,
Chaetothyriales, and Pleosporales dominated the phyllosphere of
the investigated Cacti plants. Notably, these fungal taxa were
identified in all Cacti plants sampled, although O. robusta had
a reduced number of OTUs compared to M. geometrizans;
Pleosporales, Hypocreales, and Sordariales were indicative of
the root endosphere in Cacti (Figure S9). Capnodiales (OTU
2–Cladosporium) and Hypocreales (OTU 320–Beauveria) were

common to the stem endosphere of both Cacti species, despite
the fact that this compartment displayed the highest host
specificity (Figure 8B). Pareto analysis of the fungal stem
endosphere community also revealed that the Agaricales (mainly
from the genera Henningsomyces, OTU 339) were present in
M. geometrizans while Pleosporales (mainly the genera Prathoda,
OTU 103) was mainly found in O. robusta (Figure 8B, Table
S8). Notwithstanding the high similarity in relative abundance
composition at the class- and order- level for bacteria/archaea
and fungi in most compartments (Figures 7A,B, respectively),
Pareto plots of the plant-associated microbial communities
revealed differences in the number of Pareto OTUs, their
identity and their relative abundance, suggesting that the plant
species plays a tuning role in microbial composition assembly
(Figures 8A,B; Figures S8, S9).
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TABLE 2 | Analysis of similarity (AnoSim) using the Bray–Curtis dissimilarity matrix across all Cacti samples considering all factors and their interactions

(only significant factors are displayed P ≤ 0.057).

Factor 16S rRNA Bacteria and Archaea ITS2 Fungi

AnoSim R P AnoSim R P

Global (all 48 samples) aPlant compartment6,48,999 0.6285 0.001 0.6600 0.001

bPlant compartment6 by Species2,8,999 0.6285 0.001 0.6600 0.001

bPlant compartment6 by Season2,8,999 0.6285 0.001 0.6600 0.001

bPlant compartment6 by Site2,8,999 0.6285 0.001 0.6600 0.001

bSpecies2 by Plant compartment6,24,999 −0.0022 0.005 0.0142 0.001

bSeason2 by Plant compartment6,24,999 0.0004 0.016

bSite2 by Plant compartment6,24,999 −0.0080 0.016 0.0459 0.001

Phyllosphere aSpecies2,8,999 0.2708 0.057

Stem endosphere aSpecies2,8/7,999 0.7604 0.027 0.3148 0.056

bSpecies2 by Season2,4/3,576/144 0.7604 0.057 0.3148 0.041

bSpecies2 by Site2,4,576 0.7604 0.050

Root endosphere aSpecies2,7,999 0.4630 0.030

bSpecies2 by Season2,3,144 0.4630 0.056

bSeason2 by Site2,4,576 0.2188 0.054

Rhizosphere aSite2,8,999 0.6979 0.031

bSite2 by Season2,4,576 0.6979 0.054

Root-zone soil aSite2,8,999 0.4792 0.027

bSite2 by Species2,4,576 0.4792 0.039

Bulk soil aSite2,8,999 0.8646 0.027

bSite2 by Season2,4,576 0.8646 0.038

aSubscript numbers separated by comas indicate for each factor: the number of levels, number of total replicates, and permutations employed in each AnoSim test.
bSubscript numbers indicate for the first factor the number of levels and for the second factor, the subscript numbers separated by comas: the number of levels, number of total

replicates, and permutations employed in each AnoSim test.

In particular cases, the diagonal separates the bacteria/archaea (left) and fungi (right) data.

In vitro Biochemical Characterization of
Seed-Borne Bacteria of Cacti
We isolated 17 seed-borne bacterial strains in TSA media. From
these, two strains were associated with seeds of M. geometrizans
and 15 with seeds of O. robusta (Table 3). Some of these isolated
strains were detected in the 16S dataset in both M. geometrizans
and O. robusta, although they were isolated only from one
of the host species. In particular, the strain Bacillus pumilus
L14 (resembling OTU 19 at 97% sequence identity), isolated
from seeds of O. robusta, represents around 30% of the total
bacterial/archaeal community associated with M. geometrizans
and O. robusta, especially in the stem endosphere. This result
suggests that the strain B. pumilus L14, a likely vertically
transmitted bacterium, can play an important role in the adult
host plants.

In order to investigate the role of the 17 isolated bacterial
strains, we characterized some plant growth promotion traits
in vitro. The results are summarized in Figure 9. We first
evaluated the drought tolerance by measurements of bacterial
growth under reduced water availability and at high temperature,
together with the capacity to produce exopolysaccharides. These

experiments showed that 80% of the strains were able to grow
under reduced water availability, whereas 45% were able to
grow at 40◦C. Exopolysaccharides were produced only by the
strains Staphylococcus hominis L12, B. pumilus L14, and B.
pumilus L3. We then evaluated the growth promotion capacity
by direct mechanisms, where 47% of the strains were able to
fix nitrogen; all the strains produced above 1.0µg/mL of IAA
(only Psychrobacillus psychrodurans L5 produced c.21µg/mL);
all were able to solubilize phosphate, where around 24% of
them solubilized above 100µg/mL (Table S9), and the strains
P. psychrodurans L5 and Leclercia adecarboxilata L16 were
able to produce siderophores in the CAS medium. Finally,
we evaluated the growth promotion capacity by indirect
mechanisms, where around 40% of the strains were able to
produce ammonia; cyanuric production was detected in around
60% of the strains, and 100% of the strain were able to hydrolyze
carboxymethylcellulose as carbon source (only S. hominis L12
and Nocardiopsis prasina L17 produced hydrolysis halo). These
results highlight that the seed-borne bacterial strains we isolated
do possess plant growth promoting traits that may contribute to
the plant holobiont fitness.
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FIGURE 4 | Non-metric multidimensional scaling (NMDS) plots for Bray–Curtis distances of the (A) bacterial/archaeal (S = 0.07) and (B) fungal

(S = 0.11) communities associated with M. geometrizans (shaded symbols) and O. robusta (empty symbols).

DISCUSSION

The Biotic Factor Plant Compartment
Drives the Microbial Community
Composition in Cacti
It is now acknowledged that the assembly of plant-associated
microbial communities is influenced by environmental filters,
such as soil characteristics, seasonal changes, host genotype, and
stochastic forces (Grayston et al., 1998; Costa et al., 2006; Caruso
et al., 2011; Lundberg et al., 2012; Vorholt, 2012; Chaparro
et al., 2014; Kembel et al., 2014; Lebeis, 2014; Maignien et al.,
2014; Schlaeppi et al., 2014; Bulgarelli et al., 2015; Edwards
et al., 2015; Makhalanyane et al., 2015; Massimo et al., 2015;
Zarraonaindia et al., 2015; Coleman-Derr et al., 2016). In this
study, we analyzed the bacterial/archaeal and fungal communities
associated with six compartments of two native and sympatric
Cacti species under comparable abiotic factors such as site
and season. Our results showed that the plant species, the
biogeography of the plant species, and the season did not
strongly influence microbial composition assembly. However,
there were clear differences among microbial communities by

plant compartment (the rhizosphere, root, and stem endosphere,
phyllosphere and the bulk and root-zone soils), revealing this
biotic factor as the main driver of selection. The biogeography
(site) of the sampled Cacti species did not have a significant
effect probably due to the similar soil characteristics and
environmental conditions between the sites of “El Magueyal”
and “San Felipe” in 2012 (Table 1), which are located 130 km
apart. This pattern was also observed in Agave salmiana, a native
Agave species co-occurring in the same populations as the Cacti
plants investigated here, using both DGGE-fingerprinting and
Illumina sequencing as previously reported (Desgarennes et al.,
2014; Coleman-Derr et al., 2016). Recent studies in model and
agricultural crop plants have shown that the plant compartment
(micro-habitat) explains most of the variance in microbial
composition, although the majority of them have focused on
the below-ground bacterial/archaeal communities, given less
attention to above-ground assemblages and fungi (Singh et al.,
2009; Khidir et al., 2010; Lundberg et al., 2012; Jin et al.,
2014; Edwards et al., 2015; Massimo et al., 2015; Zarraonaindia
et al., 2015). Our results in Cacti, which encompassed three
important microbial groups: Bacteria, Archaea, and Fungi, and
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FIGURE 5 | Estimated Shannon (H′) diversity index in the (A) bacterial/archaeal and (B) fungal communities associated with both M. geometrizans and

O. robusta. Different letters on the top of the bars represent significant differences among plant compartments after Kruskal–Wallis test and Dunn test with P ≤ 0.05.

both external and internal as well as above- and below-ground
communities, support the notion that plant compartment is the
major selective force shaping plant-microbe interactions in arid
and semi-arid habitats, congruent with the findings reported
for Agaves (Desgarennes et al., 2014; Coleman-Derr et al.,
2016).

The Complex Above-Ground Microbial
Diversity
Microbial community diversity has been directly related to
system functionality, in particular to the efficiency of resource
utilization (Hooper et al., 2012). This relationship suggests
that losses in microbial diversity may directly impact desert
biomes, where functional guilds with little or no redundancy
(e.g., nitrogen assimilation) may be the most sensitive (Hilton
et al., 2013; Philippot et al., 2013; Coleman-Derr et al., 2016).
In Cacti, as has been reported in others studies with succulent
and non-succulent plants (Singh et al., 2009; Köberl et al., 2011;
Lundberg et al., 2012; Marasco et al., 2012; Desgarennes et al.,
2014; Makhalanyane et al., 2015; Zarraonaindia et al., 2015),
our data showed that the soil possess the highest taxonomic
microbial diversity considering both bacteria/archaea and fungi,
while the stem endosphere had the lowest. Remarkably, the
bacterial/archaeal communities in the phyllosphere of Cacti
showed higher diversity than that of the rhizosphere, despite the
fact that communities in the phyllosphere are directly exposed to
high UV radiation and higher temperature gradients. This result
resembles the ones reported for nativeA. salmiana andA. deserti,
in which bacterial/archaeal diversity in the phyllosphere was
slightly higher or equivalent to the diversity in the rhizosphere
(Desgarennes et al., 2014; Coleman-Derr et al., 2016). To our
knowledge, this high alpha diversity in the bacterial/archaeal

communities in the phyllosphere has only been reported for
Agaves and now in Cacti. We hypothesize that this higher alpha
diversity could be related to the presence of the cyanobacterial
class Oscillatoriophycideae, found mainly in the form of the
genera Microcoleus and Phormidium. These cyanobacterial
genera were also present in the phyllosphere of native Agave
species (Coleman-Derr et al., 2016) and a number of reports have
shown that Cyanobacteria, such as Microcoleus spp., represent
pioneer species in aerial and extreme habitats such as Biological
Soil Crusts of deserts (Gorbushina, 2007; Nunes da Rocha et al.,
2015; Zhang et al., 2015; Čapková et al., 2016), due to their
autotrophy, tolerance to dehydration, capacity to fix nitrogen,
and form biofilms that function as water and nutrient reservoirs,
which protect the embedded cells from adverse environmental
conditions and UV radiation (Omoregie et al., 2004; Bolhuis
et al., 2010; Rajeev et al., 2013; Makhalanyane et al., 2015).
Thus, it is possible that the cyanobacterial species identified here
may provide a significant input of nitrogen and a comfortable
environment with both moisture and abiotic stress protection
for the proliferation of other bacterial/archaeal and fungal
groups under arid conditions. This hypothesis warrants further
investigation.

On the other hand, the fungal communities exhibited similar
diversity levels in the soils and rhizosphere of Cacti, suggesting
low levels of selection exerted by the latter plant-associated
compartment. This pattern is similar to what has been
reported for fungal communities of both native and cultivated
Agaves (Coleman-Derr et al., 2016). The fungal endophytic
communities and the phyllosphere had lower diversity in Cacti,
but a certain degree of host-specificity. Few studies have
investigated epiphytic and/or endophytic fungi associated with
plants under arid conditions. The few existing reports had
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FIGURE 6 | Relative number (A,C) and abundance (B,D) of species-specific and shared bacterial/archaeal (A,B) and fungal (C,D) measurable OTUs by

plant compartment in M. geometrizans and O. robusta.

relied on culture-dependent methods and had been performed
on non-succulent woody plants (Massimo et al., 2015) and
diverse Cacti species (Suryanarayanan et al., 2005), both in
the Sonoran desert. In these studies, members of the phylum
Ascomycota from the classes Dothideomycetes, Eurotiomycetes,
and Sordariomycetes were the dominant community members,
as was found in our study. At the genus level, Alternaria,
Cladosporium, and Aureobasidium were previously reported in
Cacti and were also present in M. geometrizans and O. robusta,
suggesting these fungal species could be well-adapted to the
endosphere of Cacti (generalist), despite the geographic distance
between the Sonoran desert and Central Mexico. Notably, the
most prominent fungal endophytes of non-succulent desert
woody plants were Preussia, Phoma, Botryosphaeria, Penicillium,
Aspergillus, and Chaetomium (Massimo et al., 2015), while in
our study Prathoda in O. robusta and the basidiomycotan
genus Henningsomyces in M. geometrizans were more abundant,
suggesting that communities in the above-ground endosphere of
Cacti are composed by both host-specific strains together with
some generalists.

It remains an open question to elucidate how stem endophytic
microbes colonize this compartment and how inheritable they

are. Cacti often reproduce in nature by vegetative reproduction,
which enhances the probability of inheriting the internal
microbiota from the parent. It will be interesting to test if
these putative host-specific strains are only capable of colonizing
their selected host, or if this observed specificity is due to
stochastic events that have been preserved and maintained in
local populations thanks to this mode of reproduction.

The Microbiome of Cacti
Our taxonomic distribution analysis of bacteria, archaea, and
fungi between M. geometrizans and O. robusta showed that
these sympatric Cacti species shared a considerable number
of bacterial/archaeal and fungal OTUs in the rhizosphere and
phyllosphere, representing in each case around 90% of the
microbial composition of these communities. Nevertheless,
Pareto analyses revealed that communities were secondary
influenced by the plant host, as Pareto microbial partners differed
in number, identity, abundance and prevalence across the two
species. Considering that the Opuntioideae and Cactoideae
subfamilies diverged 18 and 16 million years ago respectively
(Hernández-Hernández et al., 2014), it is striking that the
epiphytic communities are so similar among them, as shown
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FIGURE 7 | Taxonomic distribution and relative abundance of shared (A) bacterial/archaeal and (B) fungal measurable OTUs by Cacti species and

plant compartment. The bacterial/archaeal classes and fungal orders marked with numeric superscripts represent statistically significant differences across the two

Cacti species after Kruskal–Wallis test with P ≤ 0.05 within the following compartments: 1rhizosphere, 2root endosphere, 3stem endosphere and 4phyllosphere. Mg,

M. geometrizans; Or, O. robusta.

FIGURE 8 | Pareto analysis of the microbial taxa identified in the stem endosphere of Cacti, where 20% or less of the total number of OTUs account

for 80% of the accumulated relative abundance. Relative frequency vs. relative abundance of (A) bacterial/archaeal and (B) fungal Pareto taxa in the stem

endosphere. Asterisks indicate shared Pareto OTUs. Black arrows in (A) indicate OTU 19–Bacillus (Bacilli) in the bacterial and archaeal plots. Red arrows in (B)

indicate the fungal species-specific OTUs [in M. geometrizans OTU 339–Henningsomyces (Agaricales), in O. robusta OTU 103–Prathoda (Pleosporales)]. The number

of OTUs and the number of samples (n) are indicated in the bottom right corner of each plot.

here. We contrasted our results to those obtain for Agaves
(Coleman-Derr et al., 2016), which are phylogenetically unrelated
to Cacti, but share the CAM metabolism and often the same
ecological niche (Nobel, 2010). These comparisons suggest that

habitat exerts a stronger selective force than host identity and its
evolutionary history, as most abundant microbial taxa identified
in each plant compartment were shared across these two groups
of plants as presented here and previously (Desgarennes et al.,
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TABLE 3 | Identification of seed-borne bacterial strains associated with M. geometrizans and O. robusta.

Strain Isolated from... Putative OTU Overall relative abundance (%) Plant compartment with the highest

relative abundance

M. geometrizans O. robusta M. geometrizans O. robusta

Bacillus pumilus L14 O. robusta 19 30.91 29.30 Stem endosphere Stem endosphere

Bacillus pumilus L1 O. robusta

Bacillus pumilus L3 O. robusta

Staphylococcus hominis L12 O. robusta 99 3.60 2.50 Stem endosphere Stem endosphere

Psychrobacillus psychrodurans L4 O. robusta –

Psychrobacillus psychrodurans L5 O. robusta –

Psychrobacillus psychrodurans L6 O. robusta –

Psychrobacillus psychrodurans L7 O. robusta –

Psychrobacillus psychrodurans L8 O. robusta –

Psychrobacillus psychrodurans L9 O. robusta –

Psychrobacillus psychrodurans L2 O. robusta –

Psychrobacillus psychrodurans L10 O. robusta –

Psychrobacillus psychrodurans L11 O. robusta –

Psychrobacillus psychrodurans L13 O. robusta –

Aarococcus terreus L15 O. robusta –

Leclercia adecarboxylata L16 M. geometrizans 4 13.63 18.53 Stem endosphere Rhizosphere

Nocardiopsis prasina L17 M. geometrizans 680 0.01 0.11 Phyllosphere Stem endosphere

FIGURE 9 | Heat map of the biochemical traits displayed by seed-borne bacterial strains isolated from M. geometrizans and O. robusta. D-T, drought

tolerance; Si-P, siderophore production; A-P, ammonia production; E-P, exopolysaccharide production; N-F, nitrogen fixation; T-T, high temperature tolerance; HCN,

hydrogen cyanide production; C-H, carboxymethylcellulose hydrolysis; IAA, indole acetic acid production (1–30µgIAA/ml); and P-S, phosphate solubilization

(1–300µgPO4/ml). Values range from 0 to 5, where 0 represents absence or null activity and 5 represents presence or the highest quantitative value of activity.

2014; Coleman-Derr et al., 2016). These results suggest that
habitat-filtering exerts a larger force than plant species in shaping
microbial assemblies, which is in accordance with studies made
on other plant systems such as A. thaliana and some of its
relatives (Lundberg et al., 2012; Schlaeppi et al., 2014; Bulgarelli
et al., 2015), maize (Peiffer et al., 2013), and rice (Edwards et al.,
2015). In model plants and agricultural crops, host specificity in

the rhizosphere has been mainly attributed to radical exudates
and volatile compounds produced by the plant host (Wieland
et al., 2001; Yang et al., 2001; Haichar et al., 2008; Hunter et al.,
2010; Weinert et al., 2010; Hardoim et al., 2011; Kavamura et al.,
2013; Schlaeppi et al., 2014; Bulgarelli et al., 2015; Müller et al.,
2015; Sapkota et al., 2015). However, these metabolic differences
have not been quantified. Our results in Cacti reinforce the idea
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that the harsh environmental conditions that Cacti and Agaves
face promote similar plant-microbe associations, which may
contribute to their adaptation and survival (Desgarennes et al.,
2014; Coleman-Derr et al., 2016). It is still necessary to evaluate
if these shared microbial taxa are also present in other sympatric
succulent and non-succulent desert plants as well as to investigate
if they truly represent the same taxa (strain-level differences not
captured by present OTU resolution) or if speciation processes
are occuring to a significant degree.

Contrary to the epiphytic microbial communities, the
assemblies in the endosphere did show signs of host specificity.
This was more dramatic in the fungal communities of the
stem endosphere. Until now, the studies performed in plants
of arid systems have not reported fungal specificity by the host
in the stem endosphere (Suryanarayanan et al., 2005; Massimo
et al., 2015). However, the fungal community of the stem
endosphere of M. geometrizans and O. robusta revealed host-
specific microbes with high relative abundance suggesting a
possible functional specificity, which could be related to specific
physiological characteristics of each host plant. To date, the M.
geometrizans specific fungal genera Henningsomyces has been
reported as ligninolytic degrader (Freitag and Morrell, 1992),
while no studies on Prathoda are available to infer their likely role
in O. robusta. Thus, an avenue for continued investigation is the
targeted isolation of these stem endophytic fungal genera to test
their specificity, heritability and likely functional role in planta.

Finally, our collection of 17 seed-borne bacteria from
Cacti and their biochemical characterization suggest that these
microorganisms possess traits related to drought tolerance and
growth promotion. This result resembles the one reported for
endophytic bacteria from seeds of P. pringlei that can improve
the development of cactus seedlings growing in pulverized rock
(Puente et al., 2009a). Currently, the genomes of most of these
likely vertically transmitted bacterial strains are being sequenced.
This genetic information, together with controlled green-house
experiments, will allow us to determine if these bacterial strains
are mutualistic symbionts of Cacti and their role in plant fitness.

In summary, the present study provides a holistic
perspective of the composition, diversity and forces shaping

bacterial/archaeal and fungal communities in Cacti and suggests
avenues to further understand plant-microbe interactions in arid
and semi-arid environments.
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