Saati-Santamaria et al. Environmental Microbiome
Environmental Microbiome (2023) 18:64

https://doi.org/10.1186/540793-023-00520-x

: : o ®
Microbiome specificity and fluxes et

between two distant plant taxa in Iberian forests

Zaki Saati-Santamarfa'??*", Rocfo Vicentefranqueira'?, Miroslav Kolafik?, Raul Rivas'** and Paula Garcia-Fraile'>*

Abstract

Background Plant-associated microbial communities play important roles in host nutrition, development

and defence. In particular, the microbes living within internal plant tissues can affect plant metabolism in a more
intimate way. Understanding the factors that shape plant microbial composition and discovering enriched microbes
within endophytic compartments would thus be valuable to gain knowledge on potential plant-microbial coevo-
lutions. However, these interactions are usually studied through reductionist approaches (in vitro models or crop
controlled systems). Here, we investigate these ecological factors in wild forest niches using proximally located plants
from two distant taxa (blueberry and blackberry) as a model.

Results Although the microbial communities were quite similar in both plants, we found that sampling site had

a high influence on them; specifically, its impact on the rhizosphere communities was higher than that on the roots.
Plant species and sample type (root vs. rhizosphere) affected the bacterial communities more than the fungal com-
munities. For instance, Xanthobacteraceae and Helotiales taxa were more enriched in roots, while the abundance
of Gemmatimonadetes was higher in rhizospheres. Acidobacteria abundance within the endosphere of blueberry
was similar to that in soil. Several taxa were significantly associated with either blackberry or blueberry samples
regardless of the sampling site. For instance, we found a significant endospheric enrichment of Nevskia in blueberry
and of Sphingobium, Novosphingobium and Steroidobacter in blackberry.

Conclusions There are selective enrichment and exclusion processes in the roots of plants that shapes a differen-
tial composition between plant species and sample types (root endosphere—rhizosphere). The special enrichment
of some microbial taxa in each plant species might suggest the presence of ancient selection and/or speciation
processes and might imply specific symbiosis. The selection of fungi by the host is more pronounced when consider-
ing the fungal trait rather than the taxonomy. This work helps to understand plant-microbial interactions in natural
ecosystems and the microbiome features of plants.
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Background

The ongoing coevolution of microbes and plants has led
to beneficial specific interkingdom interactions [1-4].
This is clearly manifested in the plant roots, where, com-
paring to the rhizospheric soil, the specificity is increased
in the endospheric compartments for bacteria and to a
lesser extent for fungi [5-7]. The evolutionary success
of these interactions over millions of years has led wild
plants to ideally adapt to their native environments by
taking advantage of their symbionts and vice versa [8—
10]. However, beyond the study of nodule-forming sym-
bioses between legumes and rhizobia [11-13] and of the
functions of mycorrhizal fungi [14, 15], knowledge of the
different plant-microbe interactions is still scarce [16].
New research on the composition of native microbial
communities is needed to identify specific plant-microbe
connections [17].

Despite the existence of specific microbial symbiosis
in plants, there are countless factors that can modify the
occurrence and proportion of microbes in the plant envi-
ronment. Among them, the composition of prokaryotes,
especially bacteria, is supposed to be more strongly influ-
enced by the plant species and tissue type (rhizosphere,
root, shoot or leaves) than the fungal communities, which
are mainly affected by climatic conditions and nutrient
availability, such as the C/N ratio [6, 17-19]. Hence, the
study of plant microbiomes considering spatial scaling is
of utmost importance to draw correct conclusions and to
unveil plant-microbe coadaptation patterns [17].

Blueberry (Vaccinium myrtillus) and blackberry (Rubus
ulmifolius) are considered functional foods with rich
nutritional value, and thus, these berries are becoming
increasingly popular among consumers, which implies a
strong economic impact and development prospects [20,
21]. In contrast to blackberry, wild blueberry plants are
restricted to acidic soils such as those of forest ecosys-
tems [22]. Despite the importance of these plants, there is
no research on the microbial communities of blackberry
plants, and the few studies on blueberry are restricted
to agricultural fields, only to rhizosphere samples or to
some agricultural plant varieties [23-27].

Here, we aim to unravel specific microbial associations
with plants. As a model, we used two distant plant taxa
(V. myrtillus and R. ulmifolius) cooccurring along differ-
ent wild forest ecosystems in the Iberian Peninsula. We
searched for specific enrichments or exclusions of micro-
bial taxa in the endospheric tissues to unravel the selec-
tive filter that differentiates the rhizospheric and root
microbiomes in these plants. Our comparative microbi-
ome study provides new evidence of the ecological shifts
between the root and rhizosphere microbial communi-
ties as well as new data on the microbiome assembly of
blackberry and blueberry plants.
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Methods

Obtaining samples

We obtained root and rhizosphere samples from wild
blackberry (R. ulmifolius) (at the end of the flowering
stage) and blueberry (V. myrtillus) plants from three dif-
ferent locations in the Iberian Peninsula (July-2020);
blackberry plants were also collected in a fourth location
(Additional file 1: Fig. S1). The plants were collected from
forest ecosystems ranging in altitude from 1,015 m to
1,726 m. Forty-two samples were collected in total (3 root
and 3 rhizosphere samples from each plant species in
each location). To get the rhizospheric soil we shook the
roots vigorously within sterile plastic receipts. We meas-
ured the pH of the surrounding bulk soil in each location
(Additional file 1: Fig. S1). All samples were transported
to the laboratory on ice and then immediately stored at
-80 °C until processing. Rhizosphere samples were kept
frozen until DNA extraction. To process the plants, roots
were separated and thoroughly washed with tap water
to remove the rest of the soil and dead leaves. Each sam-
ple was then washed with sterile distilled water six times
with shaking every time to remove all surface microbes.
After processing, each sample was immediately stored at
-80 °C until DNA extraction.

DNA extraction and targeted amplicon sequencing

Total genomic DNA was isolated from all samples using
the DNeasy PowerSoil kit (Qiagen) according to the
manufacturer’s instructions (100 pL for the final elution
volume). DNA was quantified using the Qubit High Sen-
sitivity dsDNA Assay (Thermo Fisher Scientific).

For fungal library preparation, a fragment of the ITS
genomic region was amplified using the primers ITS5 (5
GGA AGT AAA AGT CGT AAC AAG G 3') and ITS2
ngs (5° TTY RCK RCG TTC TTC ATC G 3) [28]. A
blocking primer set was also used to prevent amplifica-
tion of the plant DNA. The blocking primers used were
ITS1catta_RubusBP (5" GAT CAT TGT CGA AAC CTG
CCC AGC AG 3') and ITS1catta_VacciniumBP (5" GAT
CAT TGT CGA AAA CCT GCC AAG CAG 3'). Like-
wise, for bacterial library preparation, the V3-V4 region
of the 16S rRNA gene was amplified using the primers
Bakt341F (5" CCT ACG GGN GGC WGC AG 3’) and
Bakt805R (5" GAC TAC HVG GGT ATC TAA TCC
3’) [29]. The blocking primers used in this case were
Bakt805R_mitoRubusBP (5" CTA ATC CCG TTC GCT
CCC CAT GCT TTC GCA CTC 3”), Bakt805R_mitoVac-
ciniumBP (5" CTA ATC CCG TTC GCT CCC CAT GCT
TTC GCA CCC 3"), Bakt805R_plastidRubusBP (5" CTA
ATC CCATTT GCT CCC CTA GCT TTC GTC TC 3"),
and Bakt805R_plastidVacciniumBP (5" CTA ATC CCG
CTC GCT CCC CTA GCT TTC GTC TC 3’), which
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were specifically designed to target either plastidial or
mitochondrial DNA of either Vaccinium sp. or Rubus sp.

[llumina sequencing primers were attached to the PCR
primers at their 5" ends. A C3 CPQG spacer was added to
the 3" end of each blocking primer to prevent elonga-
tion. PCRs were carried out in a final volume of 25 pL,
containing 2.5 pL of template DNA, 0.5 uM of the prim-
ers, 10 uM of each blocking primer, 12.5 pL of Supreme
NZYTaq 2XGreen Master Mix (NZYTech), and
ultrapure water up to 25 pL. The reaction mixture was
incubated as follows: an initial denaturation step at 95 °C
for 5 min, followed by 35 cycles (fungi) or 25 cycles (bac-
teria) of denaturing at 95 °C for 30 s, annealing at 62 °C
for 45 s and 48 °C for 45 s (for fungi) or at 65 °C for 45 s
and 50 °C for 45 s (for bacteria), extension at 72 °C for
30 s, and a final extension step at 72 °C for 10 min. The
oligonucleotide indices that are required for multiplex-
ing different libraries in the same sequencing pool were
attached in a second PCR round with identical conditions
but only 5 cycles and 60 °C as the annealing temperature.

The libraries were run on 2% agarose gels stained with
GreenSafe (NZYTech) and imaged under UV light to
verify the library size. Libraries were purified using Mag-
Bind RXNPure Plus magnetic beads (Omega Biotek)
following the manufacturer’s instructions. Root librar-
ies were pooled together in equimolar amounts. Rhizos-
phere libraries were added to the pool, but the quantities
were three times higher than those for the root libraries.
The pool was sequenced in a fraction of a MiSeq PE300
run (Illumina).

Bioinformatic analyses

We used QIIME2 software (Nov-2020 release) [30] to
analyse the amplicon sequencing of the 16S rRNA gene
and the ITS region. The raw paired reads were filtered
and merged into amplicon sequence variants (ASVs)
with the DADA?2 plugin [31]. Forward and reverse reads
were truncated at 299 nt and 250 nt, respectively, for
16S rRNA gene amplicons. The pairs of ITS sequences
were truncated at 200 nt. We measured both alpha and
beta diversity indices with QIIME2 plugins for statisti-
cal comparisons between categories of samples. We used
the Kruskal-Wallis test [32] to compare Shannon indices
(alpha diversity) and permutation ANOVA (pseudo-F,
999 permutations) [33] to compare Bray—Curtis distances
(beta diversity), in both cases for categorical variables (all
comparisons among (I) blueberry roots and (II) rhizos-
phere, and blackberry (III) roots and (IV) rhizosphere).
We applied the Spearman test [34] to measure the corre-
lation between continuous variables and Shannon index
values. The quantification of the effect of metadata on the
microbial compositions was measured through Adonis
tests (999 permutations) [33, 35].
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In the case of the bacterial communities, we assigned
taxonomy to the ASVs based on the SILVA database
(release 132-99%) [36]. Specifically, we extracted the
database sequences based on the 16S rRNA primers
detailed above and retained only the artificial amplicons
with a size of 300-500 nt. Then, we trained the naive
Bayes classifier and classified the sequences using the
scikit-learn plugin implemented in QIIME2. Similarly,
we used the complete ITS sequences extracted from the
UNITE database (v8, 04-Feb-2020) to classify the fungal
sequences. We removed all the ASVs identified as mito-
chondrial or chloroplast genes in the 16 rRNA data.

We searched for specific enrichment or exclusion of
microbial taxa over four categories: (i) roots vs. rhizos-
pheres, (ii) blueberry vs. blackberry samples, (iii) blue-
berry roots vs. other samples, and (iv) blackberry roots
vs. other samples. It has been proved that the use of the
traditional ¢-test to study differential abundance of fea-
tures or taxa led to high false-discovery rates (FDR) [37].
Hence, we decided to use the analysis of composition of
microbiomes (ANCOM) framework [37] for these com-
parisons, which facilitates the search for differentially
abundant features by considering compositional data.
The results do not include p-values, but W statistic val-
ues, which represent the number of ANCOM subhypoth-
eses that have passed for each taxa (from ASV to phyla),
while always indicate, for significant values, that the rela-
tive abundance of a certain taxon is significantly different
between groups (FDR-adjusted p < 0.05).

Taxa plots and boxplots were visualized with the
ggplot2 (v3.3.2) package for R [38], and the UpSetR pack-
age (v1.4.0) [39] was employed to compare the presence/
absence of taxa.

To inspect fungal trait abundances, we classified the
identified genera in the ITS amplicon data into the cat-
egories described in the FungalTraits database (v1.2) [40].
Differences of abundance of fungal traits between sample
types were analysed based on the relative abundance of
each trait and applying a Tukey’s test for multiple com-
parisons (Tukey honestly significant difference [HSD]) in
the analysis of variance (ANOVA) framework with the
“stats” R package (v4.0.2).

Results

Microbial communities of wild blueberry and blackberry
We analysed the microbial communities of 42 roots and
rhizospheres of wild blueberry and blackberry samples
(Additional file 1: Fig. S1) through amplicon sequenc-
ing of the 16S rRNA gene and the ITS region ampli-
cons. After quality filtering and the removal of plant 16S
rRNA sequences, we obtained 1,674,878 final prokary-
otic (mean: 22,855 for roots; 56,900 for rhizospheres)
and 2,791,458 fungal (mean: 33,580 for roots; 99,352 for
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rhizospheres) paired sequences, which were sufficient to
capture all the bacterial and fungal diversity of the sam-
ples according to the rarefaction curves (Additional file 2:
Fig. S2). We grouped the all the sequences into a total of
24,598 16S rRNA ASVs and 12,373 ITS ASVs.

The most abundant taxa in the root prokaryotic com-
munities of both plants had roughly the same occurrence,
and many of them had similar proportions. Proteobacte-
ria was the main taxon in all roots (37.0-76.8%) and in
some rhizosphere samples (32.3-50.7%). Acidobacteria
was the second most abundant phylum in relative abun-
dance (9.6-41.2% in rhizospheres; 0.8-26.7% in roots),
followed by Bacteroidetes and Actinobacteria (Additional
file 3: Fig. S3). In total, these communities harboured 36
different bacterial phyla, although a few (<0.2%) archaeal
sequences (4 phyla) were identified in some rhizospheric
samples. Alphaproteobacteria was the most abundant
bacterial class in all microbiomes, and Xanthomona-
daceae (order Rhizobiales) was the most abundant family
(Fig. 1). Following Xanthomonadaceae, the most repre-
sentative families were Solibacteraceae (Acidobacteria),
Chitinophagaceae (Bacteroidetes) and Micropepsaceae
(Proteobacteria) (Fig. 1). Additionally, Bradyrhizobium,
Sphingomonas, Bryobacter, Mucilaginibacter, Granu-
licella, Acidibacter, Acidothermus and Rhodanobacter
were the most abundant identified genera in all the sam-
ple types.

In contrast, the fungal communities were less consist-
ent among the different sample types and sampling sites
(Fig. 1). For example, the abundance of Hyaloscyphaceae,
which was the most abundant family, ranged from
almost 40% of the reads in some samples but was absent
or almost absent in others (Fig. 1). Ascomycota was the
main phylum in blueberry roots, while there was more
balance between Basidiomycota and Ascomycota in both
plant rhizospheres (Additional file 3: Fig. S3). We also
searched for ericoid mycorrhizal fungi (ErM)—mutu-
alistic symbionts for Ericaceae plants such as V. myrtil-
lus—and found several ErM-forming taxa within both
blueberry and blackberry root and rhizospheric samples,
such as 11 Oidiodendron species (e.g., O. griseum), 3 Phi-
alocephala species (e.g., P. fortinii) and Pezoloma ericae.

Overall, along the different sampling locations, the
bacterial composition of both blackberry and blueberry
was shaped by the same most abundant families, being
differentiated mainly by smooth shifts in their propor-
tion (Fig. 1). Likewise, root and rhizosphere microbiomes
were also distinguished by taxa abundance rather than by
their occurrence (Fig. 1). However, in the case of the fun-
gal communities, there is a higher dissimilarity of fami-
lies among samples (Fig. 1).

The roots of both plants showed an enrichment of Pro-
teobacteria; in contrast, Gemmamonidetes was enriched
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in both rhizospheres (Additional file 4: Fig. S4). Interest-
ingly, Acidobacteria were found in similar proportions
in both blueberry roots and rhizospheres but the same
was not true in blackberry, where it seemed to be more
excluded from roots, while Actinobacteria was enriched
in blueberry roots (Additional file 4: Fig. S4). Regarding
the bacterial composition of blackberry roots, there was
an increase in the abundance of Sphingobacteriaceae,
Sphingomonadaceae and Burkholderiaceae (Fig. 1).
Interestingly, we found noteworthy changes in the main
proportions of the most abundant bacterial family in our
data, Xanthobacteraceae. This taxon was more abundant
in roots than in the rhizosphere (ANOVA, p=0.001)
(Fig. 2). However, the plant species and sampling site
affected its selective enrichment, as it was more abundant
in blueberry plants mostly from the Pyrenees (Fig. 2).
Conversely, the abundance of the main fungal order of
the studied communities, Helotiales, which comprises
ErM-forming taxa, was also significantly more abundant
in the root endospheres (ANOVA, p <0.001) (Figs. 1, 2).

Factors shaping microbial community assembly

We used both alpha- and beta-diversity indices to depict
the similarity between and among sample types. There
were significant differences in the bacterial composi-
tion (Bray—Curtis index) between different plant spe-
cies, plant tissues, and locations (permutation ANOVA,
p values<0.01). Samples from the same plant species
and tissues were easily clustered in the PCoA (Fig. 3).
In contrast, the fungal communities showed more dif-
ferentiated clustering based on location, and only within
each location were samples slightly clustered by plant
species (permutation ANOVA, p values<0.01) (Fig. 3).
However, the fungal assemblages of each plant root and
rhizosphere were not significantly different (Additional
file 7: Table S1). We measured the contribution of each
variable to the microbial assemblage through Adonis
analyses. Although location was the main factor that
influenced both the bacterial and fungal communities
(R?=0.17; Pr(>F)=0.001), both variables—plant spe-
cies and sample type (root vs. rhizosphere)—affected the
bacterial (R?>=0.07; Pr(>F)=0.001) more than the fungal
(R?=0.045 and 0.03; Pr(>F)=0.001 and 0.004, respec-
tively) composition (Fig. 3).

We also studied the dependence of the alpha diversity
on continuous variables, but in our data, neither the pH
values nor the elevation above sea level of the sites were
significantly correlated with the microbial diversity (p
values >0.1).

Roots act as selective barriers for bacterial endophytes
The plant root endophytic microbiome usually harbours
specialized microbes that share a close relationship
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with the plant. There should be mutualistic selection
for the enrichment of certain microorganisms in these
tissues. Here, we found that the root barrier is a main
factor preventing entrance to many taxa, and there-
fore, the endophytic diversity was lower (Fig. 4). How-
ever, we found that this selection was less considerable

Family

Hyaloscyphaceae
Tricholomataceae

Helotiales, unidentified family
Russulaceae

Thelephoraceae

Gloniaceae

Vibrisseaceae

Helotiaceae

Helotiales family, incertae sedis
Hydnodontaceae

Suillaceae
Leotiaceae
Bolataceae
Venturiaceae
Sebacinaceae
Others

Flg 1 Taxa bar plot representing the relative abundance of the top 15 most abundant bacterial (top) and fungal (bottom) families
within the analysed samples

in fungi. Blueberry roots harbor a higher diversity of
bacterial taxa than blackberry roots (Kruskal-Wallis,
H=5.5, p-value=0.02) (Fig. 4). This finding is contrary
to the bacterial diversity found in rhizospheres, where
blackberry attracted a significantly higher bacterial
diversity than blueberry (Kruskal-Wallis, H=3.68, p
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Fig. 2 Boxplots representing the relative abundance of some distinctive microbial taxa within the studied samples grouped by location (left)

and sample type (right). ***p <0.001

value=0.05) (Fig. 4). These trends agree with the beta
diversity (Bray—Curtis) distances mentioned above
(Additional file 7: Table S1).

In contrast, we searched for significant enrichments or
exclusions of microbial taxa in plant roots, considering
all the different samples from this study. We found many
microbial taxa significantly associated with rhizospheres,
but only one taxon with significant enrichment in the
endosphere, an Enterobacteriaceae genus (‘Escherichia—
Shigella’) (W =1,441) (Fig. 5, top left panel).

Some microbes show specificity towards one plant species
Some microbial taxa appeared to be more enriched in
samples from one plant than in those from the other
(Fig. 5). For instance, Acidimicrobiia (bacterial order),
several bacterial phyla (e.g., Acidobacteria, Cyanobac-
teria, WPS-2), and several fungi, such as the genera

Cenococcum, Pezoloma, Mycosymbioces, Laccaria, Phi-
alocephala and Hyaloscypha, and the class Archaeorhi-
zomycetes were more abundant in blueberry plants. In
contrast, several bacterial taxa were more enriched in
blackberry plants, such as the order Steroidobacterales
and the phyla Nitrospirae and Rokubacteria (Fig. 5).
Interestingly, we detected a nanoarchaeal phylum (Nano-
archaeota) of the DPANN superphylum, which was more
abundant in blackberries (Fig. 5).

Considering the specific and intimate plant-microbe
interactions that may occur within the plant endosphere,
we also searched for microbial specificity towards the
roots of each plant. We found that both blueberry and
blackberry roots significantly excluded many diverse
microbial taxa, and only 4 genera were significantly
enriched in these roots: Nevskia in blueberry roots and
Novosphingobium, Sphingobium and Steroidobacter in
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Fig. 3 PCoA of the bacterial (top) and fungal (bottom) communities. The bacterial communities are easily clustered by plant species and sample

type, while for fungi, the main predictor of diversity was location

blackberry roots (Fig. 6, Additional file 5: Fig. S5). Addi-
tionally, the fungal family Vibrisseaceae was significantly
enriched in blueberry roots. At higher taxonomic levels,
we found that the classes Armatimonadia, Thermoleo-
philia and Ktedonobacteria and the phylum Actinobacte-
ria were significantly associated with the blueberry roots,
and the order Steroidobacterales was significantly associ-
ated with blackberry roots (Fig. 6).

Differential abundance of fungal traits

Some fungal taxa are specialized into certain lifestyles
depending on their nutritional mode, host range, or ben-
eficial pathogenic behaviour within hosts, among other
factors. Here, we classified the fungi into the categories
available on the FungalTraits database [40]. A total of
729 fungal genera, out of the 981 present among the dif-
ferent samples, were classified within some fungal trait.
Among the traits with higher abundance in the samples,
those classified as saprotrophs were significantly more
enriched in blackberry roots than in both plant rhizos-
pheres (p-adj<0.01) (Fig. 7). We split the saprotroph cat-
egory into subcategories, and found that this dissimilarity
was due mainly to the differential abundance of soil and
litter saprotrophs ( Additional file 6: Fig. $6). In addition
to saprotrophs, the other traits showed some disparities
between sample types, but not with enough statistical
significance. Only the fungi classified as root endophytes
were significantly more enriched in blueberry roots

than in blackberry rhizospheres (p-adj<0.01) and roots
(p-adj<0.05), and ectomycorrhizal fungi abundances
were significantly different between blueberry rhizos-
pheres and blackberry roots (p-adj <0.05) (Fig. 7).

Discussion

Here, we present new data that help to understand
microbe—plant associations and the factors that affect
plant microbial communities in wild ecosystems. We
provide relevant data to understand the microbial fluxes
within and between both the rhizospheres and root
endospheres of two distant plant species.

Some microbial taxa may inhabit the plant environ-
ment transiently or reflect a stochastic occurrence [41].
Nonetheless, we found a similar occurrence pattern of
the main fungal and bacterial taxa in taxonomically dis-
tant plants, which supports the association of those
microbes with the plant niche, independent of the plant
species. Additionally, some plants can also establish very
specific symbiosis with some microbial species; to further
investigate which microbes have a unique association
with each of the two plant species studied, we searched
for enriched microbes in the roots (endosphere) of each
species. We found significant enrichment of Nevskia
sequences in blueberry roots and of Sphingobium, Novo-
sphingobium and Steroidobacter in blackberry roots. We
argue that strains belonging to these genera may have
coevolved with their respective plants, although further
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research should be performed to demonstrate their bene-  Novosphingobium and Steroidobacter have not been iso-
ficial roles for both hosts. Although the presence of Nevs- lated before from blackberry, and only Steroidobacter
kia in soils is well documented [42-45], no relationship =~ OTUs have been detected in its relative raspberry (Rubus
between species of this genus and blueberry plants or any  idaeus) [46].

other plant has been suggested. Similarly, Sphingobium,
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It has been proposed that the fungal composition of
plant microbiomes is mainly affected by environmental

conditions (e.g., temperature, rainfall, C/N ratio) rather

than by the plant species, and the o

posed for bacteria [6, 17-19]. Nevertheless, we found
that location was the main factor that explained both the
bacterial and fungal composition. However, we found a
clear clustering of bacterial communities that separated
sample groups by plant and sample type. Considering
the differences between sample types, we found that the
bacterial communities of both blackberry and blueberry
roots were significantly different from those in the rhizo-

sphere but not in the case of the

pposite has been pro-

fungal communities.

This could be explained by the extension of the ericoid
mycorrhizae beyond the root area.

Our results showed that plant species affected the bac-
terial composition of both plants, but interestingly, the
mean proportion of the most abundant taxa was similar
between blackberry and blueberry. At the phylum level,
our data agreed with those obtained from many distant
plants [3, 8, 47], with the exception of Acidobacteria.
According to the literature, this phylum is usually more
abundant in rhizospheres than in roots, including in
Vaccinium angustifolium plants [24]; nonetheless, this
was not the case for our V. myrtillus samples, where we
found a higher abundance in root tissues. Considering
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Fig. 6 Taxa significantly enriched (green) or excluded (red) in the roots of each plant species. Analysis performed with ANCOM. W statistic values
represent the number of ANCOM subhypotheses that have passed for each taxa (FDR-adjusted p < 0.05). c/r centered logarithmic transforms

that blueberry inhabits acidic soils [48], the abundance
of Acidobacteria in endospheric tissues may not only be
stochastic but also reflect some dependence on this aci-
dophilic bacterial phylum.

In contrast, Helotiales was enriched in blueberry roots.
This fungal order comprises many ericoid mycorrhizae
that have been largely associated with Vaccinium plants
[49, 50]. We found that some of the most abundant eri-
coid mycorrhizal species in blueberry roots were Pezo-
loma ericae, Phialocephala fortinii and Oidiodendron
spp., which supports previous reports on these plant
communities [24, 51]. Many of the fungal taxa detected
in our analyses agreed with the rhizosphere fungal com-
position of V. angustifolium, but while Yurgel et al. [24]
found Lipomycetaceae to be an abundant family, it was
almost absent in V. myrtillus, which suggests that it is a

transient family or that it has some level of specificity
with V. angustifolium.

Finally, we found a dissimilar fungal trait distribution in
the studied microbiomes. Specifically, saprotrophs were
especially enriched in blueberry roots. This result does
not agree with previous reports since it is usually found
that these generalist fungi usually inhabit bulk soils,
where they recycle dead biomass [52, 53]. Their enrich-
ment in blueberry roots may be related to some recycling
of host cell material, but further research is needed to
understand why this microbial shift occurs specifically
within the blueberry endosphere.

In summary, our data demonstrate new microbe—plant
associations in wild systems. We also found a stronger fil-
tering and selection of bacteria by roots than that applied
to fungi. Furthermore, we present the first insights into
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the microbiome composition of blackberry. Overall, our
results help to understand the microbiology of forests
and, particularly, to understand specific plant-microbe
associations in natural environments.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540793-023-00520-x.

Additional file 1 Schematic description of the sampling locations and
sample types used in this study. Red dots are locations where both
blueberry and blackberry plants were sampled. The orange dot represents
a location where only wild blackberry plants were collected. The back-
ground map was obtained from https://www.d-maps.com/conditions.
php?lang=es

Additional file 2 Alpha rarefaction curves of the alpha diversity (Shannon
index) of the 16S rRNA gene (top) and ITS region (bottom) metabarcoding
samples grouped by sample categories. The X-axis represents the number
of reads

Additional file 3 Taxa bar plot representing the relative abundance of the
bacterial (top) and fungal (bottom) phyla within the analysed samples

Additional file 4 Boxplots representing the relative abundance of some
distinctive microbial taxa within the studied samples grouped by plant
species and sample type

Additional file 5 Boxplots representing the relative abundance of bacte-
rial genera found to be significantly enriched in the roots of blueberry
(Nevskia) or blackberry (Sphingobium, Novosphingobium and Steroidobac-
ter) within the studied samples grouped by plant species and sample type

Additional file 6 Differential abundance of saprotrophic fungal traits
among the different sample categories



https://doi.org/10.1186/s40793-023-00520-x
https://doi.org/10.1186/s40793-023-00520-x
https://www.d-maps.com/conditions.php?lang=es
https://www.d-maps.com/conditions.php?lang=es

Saati-Santamaria et al. Environmental Microbiome (2023) 18:64

Additional file 7 Results for the comparison (permutation ANOVA) of
beta-diversity indices (Bray—Curtis) of the different plant species and
sample types (root and rhizosphere)

Acknowledgements

This research was supported by Grant PID2019-109960RB-100 funded by
MCIN/AEI/10.13039/501100011033 and by “ERDF A way of making Europe”.
We also acknowledge the funds received by the Regional Government of
Castillay Leon, Escalera de Excelencia CLU-2018-04, co-funded by the PO.
FEDER of Castillay Ledn 2014-2020. ZSS received a grant from the Regional
Government of Castillay Ledn and a grant cofunded by the European Next-
GenerationEU, Spanish “Plan de Recuperacién, Transformacion y Resiliencia,’
Spanish Ministry of Universities, and the University of Salamanca ("Ayudas para
la recualificacion del sistema universitario espanol 2021-2022").

Author contributions

Conceptualization: Z.S-S., and PG-F. Data curation: ZS-S. and PG-F Formal
analysis: Z.5-S. Funding acquisition: R.R. and PG-F. Investigation: Z.S-S. Meth-
odology: Z.S-S. Project administration: R.R. and PG-F. Resources: R.R. and PG-F.
Software: Z.S-S. Supervision: PG-F. Visualization: Z.S-S and R.V. Writing—original
draft: ZS-S. Writing-review and editing: MK, PG-F.

Availability of data and materials

All raw sequences obtained in this study have been deposited in the NCBI
Sequence Read Archive (SRA) database under BioProject PRINA942612. The
bioinformatics codes and source data can be accessed in the following GitHub
Repository: https://github.com/zakisaati/blueberry_blackberry_microbiomes.

Declarations

Competing interests
The authors declare no competing financial interests.

Author details

'Departamento de Microbiologfa y Genética, Universidad de Salamanca,
37007 Salamanca, Spain. 2|nstitute for Agribiotechnology Research (CIALE),
Villamayor, 37185 Salamanca, Spain. *Institute of Microbiology of the Czech
Academy of Sciences, Videriska 1083, 142 20 Prague, Czech Republic. 4Associ-
ated Research Unit of Plant-Microorganism Interaction, USAL-CSIC (IRNASA),
37008 Salamanca, Spain.

Received: 13 April 2023 Accepted: 14 July 2023
Published online: 22 July 2023

References

1. Perreault R, Laforest-Lapointe I. Plant-microbe interactions in the
phyllosphere: facing challenges of the anthropocene. ISME J.
2022;16(2):339-45.

2. Saati-Santamaria Z, Baroncelli R, Rivas R, Garcia-Fraile P. Comparative
genomics of the genus pseudomonas reveals host-and environment-
specific evolution. Microbiol Spectrum. 2022; 10237022.

3. TriTrivedi P, Leach JE, Tringe SG, SaT, Singh BK. Plant-microbiome interac-
tions: from community assembly to plant health. Nat Rev Microbiol.
2020;18(11):607-21.

4. Wippel K, Tao K, Niu'Y, Zgadzaj R, Kiel N, Guan R, et al. Host preference and
invasiveness of commensal bacteria in the Lotus and Arabidopsis root
microbiota. Nat Microbiol. 2021;6(9):1150-62.

5. Cobian GM, Egan CP, Amend AS. Plant-microbe specificity varies as a
function of elevation. ISME J. 2019;13(11):2778-88.

6. Dastogeer KM, Tumpa FH, Sultana A, Akter MA, Chakraborty A. Plant
microbiome-an account of the factors that shape community composi-
tion and diversity. Curr Plant Biol. 2020;23: 100161.

7. Wicaksono WA, Cernava T, Berg C, Berg G. Bog ecosystems as a play-
ground for plant-microbe coevolution: bryophytes and vascular plants
harbour functionally adapted bacteria. Microbiome. 2021;9(1):1-16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 12 of 13

Fitzpatrick CR, Copeland J, Wang PW, Guttman DS, Kotanen PM, Johnson
MT. Assembly and ecological function of the root microbiome across
angiosperm plant species. Proc Natl Acad Sci USA. 2018;115(6):E1157-65.
Dini-Andreote F, Raaijmakers JM. Embracing community ecology in plant
microbiome research. Trends Plant Sci. 2018;23(6):467-9.

Li E, de Jonge R, Liu C, Jiang H, Friman VP, Pieterse CM, et al. Rapid
evolution of bacterial mutualism in the plant rhizosphere. Nat Commun.
2021;12(1):1-13.

. Downie JA. The roles of extracellular proteins, polysaccharides and signals

in the interactions of rhizobia with legume roots. FEMS Microbiol Rev.
2010;34(2):150-70.

Garcia-Fraile P, Seaman JC, Karunakaran R, Edwards A, Poole PS, Downie
JA. Arabinose and protocatechuate catabolism genes are important for
growth of Rhizobium leguminosarum biovar viciae in the pea rhizos-
phere. Plant Soil. 2015;390(1):251-64.

Dong W, ZhuY, Chang H, Wang C, Yang J, Shi J, et al. An SHR-SCR
module specifies legume cortical cell fate to enable nodulation. Nature.
2021,589(7843):586-90.

Genre A, Lanfranco L, Perotto S, Bonfante P. Unique and common traits in
mycorrhizal symbioses. Nat Rev Microbiol. 2020;18(11):649-60.

Roth R, Chiapello M, Montero H. A Serine/Threonine receptor-like kinase
regulates arbuscular mycorrhizal symbiosis at the peri-arbuscular mem-
brane in rice. Nat Commun. 2020,9:4677.

Levy A, Conway JM, Dangl JL, Woyke T. Elucidating bacterial gene func-
tions in the plant microbiome. Cell Host Microbe. 2018;24(4):475-85.
Harrison JG, Griffin EA. The diversity and distribution of endophytes
across biomes, plant phylogeny and host tissues: how far have we come
and where do we go from here? Environ Microbiol. 2020;22:2107-23.
Coleman-Derr D, Desgarennes D, Fonseca-Garcia C, Gross S, Clingenpeel
S, Woyke T, et al. Plant compartment and biogeography affect microbi-
ome composition in cultivated and native Agave species. New Phytol.
2016;209(2):798-811.

. Whitaker BK, Reynolds HL, Clay K. Foliar fungal endophyte communities

are structured by environment but not host ecotype in Panicum virgatum
(switchgrass). Ecology. 2018;,99(12):2703-11.

Garazhian M, Gharaghani A, Eshghi S. Genetic diversity and inter-rela-
tionships of fruit bio-chemicals and antioxidant activity in Iranian wild
blackberry species. Sci Rep. 2020;10(1):1-13.

Ochmian |, Btaszak M, Lachowicz S, Piwowarczyk R. The impact of cultiva-
tion systems on the nutritional and phytochemical content, and micro-
biological contamination of highbush blueberry. Sci Rep. 2020;10(1):1-14.
Tsai HH, Schmidt W. The enigma of environmental pH sensing in plants.
Nat Plants. 2021;7(2):106-15.

Yurgel SN, Douglas GM, Comeau AM, Mammoliti M, Dusault A, Percival
D, et al. Variation in bacterial and eukaryotic communities associated
with natural and managed wild blueberry habitats. Phytobiomes.
2017;1(2):102-13.

Yurgel SN, Douglas GM, Dusault A, Percival D, Langille MG. Dissecting
community structure in wild blueberry root and soil microbiome. Front
Microbiol. 2018;9:1187.

Li J, Mavrodi OV, Hou J, Blackmon C, Babiker EM, Mavrodi DV. Compara-
tive analysis of rhizosphere microbiomes of southern highbush blueberry
(Vaccinium corymbosum L.), Darrow’s blueberry (V. darrowii Camp), and
rabbiteye blueberry (V. virgatum Aiton). Front Microbiol. 2020;11:370.
Morvan S, Meglouli H, Lounés-Hadj Sahraoui A, Hijri M. Into the wild
blueberry (Vaccinium angustifolium) rhizosphere microbiota. Environ
Microbiol. 2020;22(9):3803-22.

Zhang Y, Wang W, Shen Z, Wang J, Chen Y, Wang D, et al. Comparison and
interpretation of characteristics of Rhizosphere microbiomes of three
blueberry varieties. BMC Microbiol. 2021;21(1):1-13.

White TJ, Bruns TD, Lee SB, Taylor JW. Amplification and Direct Sequenc-
ing of Fungal Ribosomal RNA Genes for Phylogenetics. In: Innis MA, Gel-
fand DH, Sninsky JJ, White TJ, editors. PCR protocols: a guide to methods
and applications. Academic Press: New York; 1990. p. 315-22.

Herlemann DP, Labrenz M, Jirgens K, Bertilsson S, Waniek JJ, Andersson
AF. Transitions in bacterial communities along the 2000 km salinity gradi-
ent of the Baltic Sea. ISME J. 2011;5(10):1571-9.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,

et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol. 2019;37(8):852-7.


https://github.com/zakisaati/blueberry_blackberry_microbiomes

Saati-Santamaria et al. Environmental Microbiome

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

(2023) 18:64

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: High-resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13(7):581-3.

Kruskal WH, Wallis WA. Use of ranks in one-criterion variance analysis. J
Am Stat Assoc. 1952;47(260):583-621.

Anderson MJ. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 2001;26(1):32-46.

Spearman C. The proof and measurement of association between two
things. Am J Psychol. 1904;15(1):72-101.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB, et al.
Community ecology package. R package version, 2.2013; pp 321-326
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2012;41(D1):D590-6.

Lin H, Peddada SD. Analysis of compositions of microbiomes with bias
correction. Nat Commun. 2020;11(1):1-11.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag.
2016. New York. ISBN 978-3-319-24277-4.

Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the
visualization of intersecting sets and their properties. Bioinformatics.
2017,33(18):2938-40.

Polme S, Abarenkov K, Henrik Nilsson R, Lindahl BD, Clemmensen KE,
Kauserud H, et al. FungalTraits: a user-friendly traits database of fungi and
fungus-like stramenopiles. Fungal Divers. 2020;105:1-16.

Guo J, Ling N, LiY, Li K, Ning H, Shen Q, et al. Seed-borne, endospheric
and rhizospheric core microbiota as predictors of plant functional traits
across rice cultivars are dominated by deterministic processes. New
Phytol. 2021;230(5):2047-60.

Fulthorpe RR, Roesch LF, Riva A, Triplett EW. Distantly sampled soils carry
few species in common. ISME J. 2008;2(9):901-10.

Weon HY, Kim BY, Son JA, Song MH, Kwon SW, Go SJ, et al. Nevskia soli
sp. Nov., isolated from soil cultivated with Korean ginseng. Int J Syst Evol
Microbiol. 2008;58(3):578-80.

Kim SJ, Weon HY, Kim YS, Park IC, Son JA, Kwon SW. Nevskia terrae sp.
Nov., isolated from soil. Int J Syst Evol Microbiol. 2011;61(5):1226-9.
Cupples AM, Thelusmond JR. Predicting the occurrence of monooxy-
genases and their associated phylotypes in soil microcosms. J Microbiol
Methods. 2022;193: 106401.

Rudolph RE, DeVetter LW, Zasada IA, Hesse C. Effects of annual and
perennial alleyway cover crops on physical, chemical, and biological
properties of soil quality in pacific northwest red raspberry. HortScience.
2020;55(3):344-52.

Ramirez KS, Snoek LB, Koorem K, Geisen S, Bloem LJ, Ten Hooven F, et al.
Range-expansion effects on the belowground plant microbiome. Nat
Ecol Evol. 2019;3(4):604-11.

Yang H, Wu'Y, Zhang C, Wu W, Lyu L, Li W. Growth and physiological
characteristics of four blueberry cultivars under different high soil pH
treatments. Environ Exp Boty. 2022;197: 104842.

Walker JF, Aldrich-Wolfe L, Riffel A, Barbare H, Simpson NB, Trowbridge

J, et al. Diverse Helotiales associated with the roots of three species of
Arctic Ericaceae provide no evidence for host specificity. New Phytol.
2011;191(2):515-27.

Vohnik M, Sadowsky JJ, Kohout P, Lhotakova Z, Nestby R, Kolafik M. Novel
root-fungus symbiosis in Ericaceae: sheathed ericoid mycorrhiza formed

by a hitherto undescribed basidiomycete with affinities to Trechisporales.

PLoS ONE. 2012;7(6): €39524.

Lukesova T, Kohout P, Vétrovsky T, Vohnik M. The potential of dark septate
endophytes to form root symbioses with ectomycorrhizal and ericoid
mycorrhizal middle European forest plants. PLoS ONE. 2015;10(4):
e0124752.

Urbina H, Breed MF, Zhao W, Gurrala KL, Andersson SG, Agren J, et al.
Specificity in Arabidopsis thaliana recruitment of root fungal communi-
ties from soil and rhizosphere. Fungal Biol. 2018;122(4):231-40.
Martinovi¢ T, Masinova T, Lépez-Mondéjar R, Jansa J, Stursové M, Starke R,
et al. Microbial utilization of simple and complex carbon compounds in a
temperate forest soil. Soil Biol and Biochem. 2022;173: 108786.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Microbiome specificity and fluxes between two distant plant taxa in Iberian forests
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Obtaining samples
	DNA extraction and targeted amplicon sequencing
	Bioinformatic analyses

	Results
	Microbial communities of wild blueberry and blackberry
	Factors shaping microbial community assembly
	Roots act as selective barriers for bacterial endophytes
	Some microbes show specificity towards one plant species
	Differential abundance of fungal traits

	Discussion
	Anchor 18
	Acknowledgements
	References


