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Abstract

Background The complex and co-evolved interplay between plants and their microbiota is crucial for the health
and fitness of the plant holobiont. However, the microbiota of the seeds is still relatively unexplored and no studies
have been conducted with olive trees so far. In this study, we aimed to characterize the bacterial, fungal and archaeal
communities present in seeds of ten olive genotypes growing in the same orchard through amplicon sequencing to
test whether the olive genotype is a major driver in shaping the seed microbial community, and to identify the origin
of the latter. Therefore, we have developed a methodology for obtaining samples from the olive seed’s endosphere
under sterile conditions.

Results A diverse microbiota was uncovered in olive seeds, the plant genotype being an important factor
influencing the structure and composition of the microbial communities. The most abundant bacterial phylum

was Actinobacteria, accounting for an average relative abundance of 41%. At genus level, Streptomyces stood out
because of its potential influence on community structure. Within the fungal community, Basidiomycota and
Ascomycota were the most abundant phyla, including the genera Malassezia, Cladosporium, and Mycosphaerella.

The shared microbiome was composed of four bacterial (Stenotrophomonas, Streptomyces, Promicromonospora and
Acidipropionibacterium) and three fungal (Malassezia, Cladosporium and Mycosphaerella) genera. Furthermore, a
comparison between findings obtained here and earlier results from the root endosphere of the same trees indicated
that genera such as Streptomyces and Malassezia were present in both olive compartments.

Conclusions This study provides the first insights into the composition of the olive seed microbiota. The highly
abundant fungal genus Malassezia and the bacterial genus Streptomyces reflect a unique signature of the olive seed
microbiota. The genotype clearly shaped the composition of the seed’s microbial community, although a shared
microbiome was found. We identified genera that may translocate from the roots to the seeds, as they were present

in both organs of the same trees. These findings set the stage for future research into potential vertical transmission of
olive endophytes and the role of specific microbial taxa in seed germination, development, and seedling survival.
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Background

During the last decade, fascination with the plant micro-
biome has spread rapidly, leading to a growing body of
knowledge. This is not only related to its composition
and structure, but also led to new discoveries regarding
its influence and key contributions to sustaining the plant
holobiont’s fitness, development, productivity and resil-
ience toward different stresses [1, 2]. Extensive research
has demonstrated that the plant microbiota is actively
involved in numerous beneficial processes. These include,
but are not limited to, facilitating nutrient uptake by the
plant, helping to suppress pathogens or promoting plant
growth [2]. However, it is worth noting that certain plant
organs, particularly those directly involved in the pro-
duction of offspring, have comparatively received less
attention [3].

An increasing number of studies has provided evi-
dence for the presence of microbes in seeds [4—7]. Some
of these microbes have been shown to play a role in cru-
cial processes such as seed germination. For instance, a
study with heat-treated seeds of Lolium rigidum aimed
at reducing the bacterial population, resulted in a pro-
nounced increase in the dormancy period along with a
reduction in plant cytokinin levels [8]. Walitang and col-
leagues [9] isolated bacterial endophytes with promising
plant growth promotion activity. Upon inoculation of
seeds with these endophytes, both seed germination and
growth of seedlings improved substantially. Furthermore,
seed endophytes have been shown to determine patho-
gen resistance in cereal crops. The seed endophyte Sphin-
gomonas melonis has been identified as a protective agent
against the seed-borne pathogen Burkholderia plantarii
[10]. Specific seed endophytes that support drought-tol-
erant wheat varieties to cope with water deficiency have
been reported as well [11]. Despite this importance, the
assembly of the seed microbiota is not yet fully under-
stood [12].

Seed microbiome assembly is a highly complex pro-
cess involving a myriad of factors, such as plant breeding,
domestication, plant speciation, microbial inheritance
from plant to seed and environmental influence [12].
Recent studies showed a contribution of both mater-
nal (ovules and plant endophytes) and paternal (from
pollen) microbiota, as well as the influence of the envi-
ronmental microbiota in the long term [12]. Moreover,
other sources can contribute to the composition of the
seed microbiota, such as pollinators. Some of these pro-
cesses lack experimental validation, which explains our
limited understanding of the mechanisms regulating
these transmission routes or/and on the peculiarities that
may occur among plant species [12]. In the specific case
of olive (Olea europaea L.), several studies are available
on the microbial communities present in different plant
organs or compartments such as the carposphere [13,
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14], flowers [14], phyllosphere [13, 14], root endosphere
[15], and the xylem sap [16]. However, almost no experi-
mental evidence has been gathered in terms of the trans-
mission of this microbiota (or specific constituents) to
the seeds. Abdelfattah and colleagues [14] documented
a striking similarity in the fungal communities found in
olive drupes and their source organs (i.e. flowers). More-
over, the transmission of the microbiota from the seed
to the seedling is also an emerging research topic and is
connected with plant health [17, 18]. Despite the avail-
ability of empirical evidence of the influence of the seed
microbiota on seed germination and seedling growth
[8, 19, 20], much remains to be explored regarding the
detailed mechanisms underlying these processes [17]. In
addition, microbiome breeding, that is, the modulation
of the transmitted microbiome through breeding and the
impacts on plant health, with seeds playing a major role
in determining microorganisms’ transmission, is a con-
ceptual framework of increasing interest [18, 21].

In order to understand the processes related to seed
microbiome assembly and heritability, the first step is to
unravel which microorganisms are present in seeds of
different crops. Recently, a meta-analysis conducted by
Simonin and colleagues [4] has stressed the fact that most
of the available studies exploring and unveiling the seed
microbiome have been focused on herbaceous plants. In
contrast, and despite their economic, social and ecologi-
cal relevance in a range of agroforestry ecosystems, the
seed microbiome of woody plants has been poorly inves-
tigated [22—25]. In the case of the olive tree, there is cur-
rently no data available related to its seed microbiome
[26]. Olive cultivation and the production of olive oil are
crucial components of the Mediterranean economy, cul-
ture and society [27, 28]. Given the economic significance
of olive oil production and the growing concern about
the effects that climate change may pose on fruit yield
and oil content and quality [29], it is important to unravel
the composition of the microbiota present in olive seeds.
This knowledge could serve as the foundation for upcom-
ing studies that delve into potential vertical transmission
processes of the olive tree microbiota. Moreover, it will
be relevant for the assessment of the impact that the seed
microbiota has on germination, for breeding programs
[30-33], and for targeted isolation of microorganisms
advantageous for the health, development, adaptation
and resilience of the olive holobiont [26].

In this study, we aimed to address the following objec-
tives: (i) unraveling the composition of the olive seed
microbiota using genotypes from different geographical
origins and genetic pools, (ii) describing, if any, shared
microbiota constituents among different olive genotypes,
and iii) examining whether specific constituents of the
seed microbiota may originate from the belowground
compartment of the tree (i.e. the root endosphere). In
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addition, we tested the hypothesis that the olive genotype
is an important factor in shaping the olive seed micro-
biota. For this study, a methodology was developed to
obtain seed endosphere samples from olive pits under
sterile conditions to ensure that microbial DNA origi-
nates exclusively from this reproductive organ.

Methods

Sample collection

Olive drupes were collected from the World Olive
Germplasm  Collection (WOGC) (37°51'38.11"N;
4°48'28.61"W; 102 m above sea level) located at the Insti-
tuto de Investigacion y Formaciéon Agraria y Pesquera
(IFAPA, Cérdoba, Spain). The sampling was carried
out in November 2019. While all trees are grown in the
same site, development of the fruit varied to some extent
depending on the genotype, ranging from the onset of
ripening, veraison or completed fruit ripening [34]. Ten
olive genotypes were selected, based on geographical ori-
gin and commercial interest as the main criteria of choice
(Table 1), eight of them correspond to genotypes used in
agriculture (Olea europaea L. subsp. europaea) and two
correspond to wild genotypes (Olea europaea L. subsp.
europaea var. sylvestris). The surveyed genotypes are all
grown in the same orchard, thereby variability related
to agricultural practices, physicochemical properties of
the soil, water supply or weather conditions are mini-
mized [15]. Drupes were collected randomly from dif-
ferent branches of two different trees of each genotype,
in order to account for possible variability among trees.

Table 1 Origin and sampling details of the olive genotypes
under study

Genotype Country of Geo- Genetic  Number of

origin graphical pool samples

area Bacteria Fungi

Arbequina  Spain CentralMB Q2 10 10
Barnea Israel Central MB Q2 9 10
Frantoio Italy Central MB Q2 6 8
Jaen (var. Spain West MB WW 10 10
sylvestris)
Kalinjot Albania Eastern MB  Mosaic 6 10
Koroneiki Greece CentralMB Q2 10 10
Menorca Spain West MB WW 10 8
(var.
sylvestris)
Picual Spain West MB Q1 10 10
Uslu Turkey Eastern MB  Mosaic 8 10
Verde Portugal West MB Mosaic 9 10
Verdelho

For each genotype, country of origin, geographical area and classification into
genetic pools as defined by Diez and colleagues [35] are shown. The number
of samples (seeds) eventually retained per olive genotype after trimming
host plant reads and removing samples with less than 500 sequences (see the
‘Ilumina data processing’ section) are also displayed, both for the prokaryotic
and the eukaryotic datasets. WW: Wild West (Olea europaea L. subsp. europaea
var. sylvestris), MB: Mediterranean Basin, Q1: genetic pool 1, Q2: genetic pool 2
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Eventually, ten healthy drupes from each olive geno-
type with no visible external damages (i.e. bites, stings
or punctures caused by arthropods or birds or any other
damage/malformation caused by abiotic factors or patho-
gens) were selected to be further processed.

Olive drupe manipulation, endocarp sterilization and seed
extraction

In order to avoid seed contamination during the extrac-
tion process, the endocarp was meticulously stripped
of other tissues and surface sterilized. First, the epicarp
and the mesocarp of the fruits were removed using a
knife. After that, the endocarp (olive pit) was thoroughly
cleaned with a scouring pad to remove any remaining
material. Pits fully devoid of fleshy parts were rinsed
in water and left to dry completely before further pro-
cessing. Then, stones were surface sterilized as follows:
(i) immersion in 96% ethanol for 1 min, (ii) soaking in
diluted commercial bleach (10% v/v) for 1 min, and
finally (iii) three rinses in sterile distilled water.

Once the endocarp was sterilized, seed samples were
obtained by cracking the olive pit using a standard pipe
cutter, previously sterilized with 96% ethanol. Eventu-
ally, each seed was extracted from the cracked stone
using sterile forceps and stored in a microcentrifuge tube.
This was chosen as the best method for seed extraction,
considering the hardness of the olive stone. Seeds were
lyophilized and stored at -80 °C until DNA extraction
was conducted. The entire process of olive seed extrac-
tion is shown in Fig. 1 and Additional File 1.

DNA extraction and lllumina sequencing

DNA extraction was performed separately for each indi-
vidual seed. First, the seed was manually ground under
sterile conditions. Afterwards, DNA extraction was done
using the Maxwell® RSC PureFood GMO and Authen-
tication Kit for Food, Feed and Seed Samples (Promega
Biotech Ibérica S.L., Madrid, Spain) following the manu-
facturer’s recommendations. DNA yield and quality were
checked both by electrophoresis in 0.8% (w/v) agarose
gels stained with GelRed and visualized under UV light,
and using a Qubit 3.0 fluorometer (Life Technologies,
Grand Island, NY, USA).

The DNA was sequenced with the Illumina MiSeq
platform in a commercial sequencing service (Insti-
tuto de Parasitologia y Biomedicina “Lépez Neyra)
CSIC, Granada, Spain) in one run, targeting the V3-V4
hypervariable regions of the 16S rRNA gene and the
ITS2 region, for bacteria and fungi, respectively. The
primer pairs used were Pro341F-Pro805R (5-CCTAC-
GGGNBGCASCAG-3, 5-GACTACNVGGGTATCTA-
ATCC-3’) [36, 37] for the 16S rRNA gene and fITS7-1TS4
(5'-GTGARTCATCGAATCTTTG-3, 5-TCCTCCGCTT
ATTGATATGC-3’) [38, 39] for the ITS2 region. In order
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Fig. 1 Schematic representation of the procedure implemented to obtain olive seed samples under sterile conditions

to reduce plastid and mitochondrial DNA amplification
in the 16S rRNA gene library, a nested-PCR protocol was
implemented, thereby increasing the specificity of the
amplification. The first PCR was done with the primer
pair 63UF-1115UR (5'-CAGGCCTAACACATGCAAGT
C-3',5-AGGGTTGCGCTCGTTG-3') [40, 41]. Reaction
conditions were: 95 °C for 5 min; 25 cycles consisting of
95°C for 30 s, 52 °C for 30 s and 72 °C for 1:30 min, with a
final extension at 72 °C for 5 min. The PCR reaction mix-
tures contained 12.5 ul of AccuStart™ II PCR ToughMix
(Quantabio, Beverly, USA), 1 ul of each primer (10 pM),
8.5 ul of H,O and 2 pl of DNA template. The PCR prod-
ucts were purified using Illustra™ MicroSpin™ S-300 h
Columns (GE Healthcare Life Sciences, Chicago, Illinois,
USA) and sent to the sequencing service, where the sec-
ond PCR was performed. This second PCR targeted a
region within the amplicons generated in the first PCR,
corresponding to the sequenced region (with primers
Pro341F-Pro805R). Furthermore, PNA PCR clamps were
included to further reduce plastid and mitochondrial
DNA amplification [37]. The final concentration of PNA
PCR clamps was 10 pM. Reaction condicions were: 95 °C
for 3 min; 25 cycles consisting of 95 °C for 30 s, 75 °C for
10 s, 55 °C for 30 s and 72 °C for 30 s, with a final exten-
sion at 72 °C for 5 min. Both runs were sequenced using a
paired-end 2x275-bp strategy.

lllumina data processing
Raw reads were processed following our recently pub-
lished tutorial available on GitHub (https://nuriamw.

github.io/micro4all/) which uses our R package Micro-
4all [42]. DADA?2 was used to infer Amplicon Sequence
Variants (ASVs) [43]. For this analysis, we modified some
parameters. Specifically, in the quality filtering step, the
function filterAndTrim was used and the parameter
maxEE was set to 1 and 2 maximum expected errors
for forward and reverse reads for the prokaryotic data-
set, according to Figaro tool [44], and to 2 and 5 for the
eukaryotic dataset. Merging of forward and reverse reads
was done with default parameters. In prokaryotic dataset,
reads smaller than 402 and larger than 428 nt were dis-
carded. Finally, classification of bacterial and fungal ASVs
was achieved using the assignTaxonomy command which
implements the RDP naive Bayesian classifier method
[45], against the Ribosomal Database Project II, train-
ing set v.18 [46] and the UNITE v.7.2 dynamic database
[47]. ASVs corresponding to unknown sequences and
host DNA (i.e. those that were classified as mitochondria
and chloroplasts) were removed. Eukaryotic ASVs that
were not classified as fungi at the kingdom level were also
removed. Subsequently, ASVs accounting for less than
0.005% of the total sequences were removed according to
Bokulich and co-workers [48]. Finally, those samples that
ended up with less than 500 sequences were not consid-
ered for further analysis.

Microbial diversity and differential abundance analyses

Alpha diversity indices (i.e. Observed ASV [richness],
Shannon, Inverse of Simpson and Pielou’s evenness),
rarefaction curves and beta diversity (determined by
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PCoA based on Bray-Curtis dissimilarities) were com-
puted as previously described by Ferndndez-Gonzilez
and co-workers [49] using R statistics. Normalization
was performed using rarefaction for alpha diversity and
the “trimmed means of M” (TMM) method from the
package edgeR for beta diversity [50]. Statistical tests
included Kruskal-Wallis (to compare a-diversity indices),
Mann-Whitney-Wilcoxon post-hoc test, Permutational
Multivariate Analysis of Variance (PERMANOVA),
Multivariate homogeneity of groups dispersions (BETA-
DISPER) for B-diversity analyses and pairwise Adonis.
Analysis of Similarity (ANOSIM) was carried out to con-
firm whether differences between groups were greater
than within groups (function anosim from R package
vegan [51]). Moreover, differences in taxonomical abun-
dances were assessed with ANCOM-BC [52]. In order
to study the relation between the genetic distance of
olive genotypes and their seed microbial communities,
genotypes were grouped according to the correspond-
ing genetic pool, as previously described by Diez and
colleagues [35]. Based on that grouping, o-diversity,
B-diversity and ANCOM-BC analyses were performed as
described above.

Shared microbiome

The shared microbiome among genotypes was assessed
using the R package microbiome [53]. The premises taken
into account were: (i) only genera present in at least 50%
of the replicates of each genotype were considered for
further analysis, and (ii) those genera present in at least 6
out of 10 genotypes.

Identification of ASVs present in both the seed and the
root endosphere of olive trees

In order to evaluate whether specific constituents of the
seed microbiota may originate from the roots, the gen-
era common to both olive seeds and the root endosphere
were analysed using data from a previous study [15]. This
approach could only be implemented for those genotypes
examined herein and in the above-mentioned study (i.e.
cultivars [cvs.] Arbequina, Picual, Koroneiki, Uslu and
Frantoio), considering that sampled trees were exactly
the same ones in both studies. It is worth mentioning
that DNA samples of the root endosphere of cvs. ‘Picual’
and ‘Frantoio’ could not be included in the 16S rRNA
gene analysis of our previous work [15] because they did
not reach a sufficient number of sequences after quality
check. Thus, these samples were re-sequenced includ-
ing PNA clamps as described above in detail except for
the nested-PCR protocol. Finally, the root endosphere
samples were subjected to ASV inference following the
same procedure as for the seed samples. Those genera
present in at least 50% of the replicates here described
were considered for analysis and compared to the
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previously-published data (considering only those genera
present in all root endosphere samples), both for bacte-
ria and fungi. In addition, we investigated which bacterial
ASVs were exclusively present in olive seeds when com-
pared with root endosphere samples. For this, we only
considered ASVs with a mean relative abundance>1%
in olive seeds (average of the relative abundance among
all samples) and with a prevalence>19% (i.e. ASVs with
a relative abundance greater than 0 in at least 19% of the
samples). For this analysis, all genotypes were included.

Archaeal quantification

We also aimed to unveil a potentially occuring archaeal
community in the olive seeds by sequencing archaea-
specific 16S rRNA gene fragments, as described by
Taffner and colleagues [54]. However, the nested-PCR
step yvielded no amplification. In order to confirm the
absence or very low abundance of archaea, we aimed to
quantify the copy number of 165 rRNA gene with prim-
ers specific to this domain. Real-time PCR experiments
were conducted for that purpose. For each olive geno-
type, two samples from two different trees were used
for quantification. Primers 344aF (5-ACGGGGYG-
CAGCAGGCGCGA-3) and 517uR (5-GWATTAC-
CGCGGCKGCTG-3’) were implemented [55]. The
concentration of template DNA ranged from 0.06 to 0.4
ng. Reaction conditions were: 95 °C for 5 min; 40 cycles
consisting of 95 °C for 15 s, 62 °C for 30 s and 72 °C for
30 s. Melting curves were obtained as well by increasing
the temperature from 62 to 95 °C. For the construction
of calibration curves, the 16S rRNA gene from template
DNA of an environmental sample highly enriched in
Archaea was cloned into pGEM-T Easy Vector System
(Promega Biotech Ibérica S.L, Madrid) using the same
primers as in the quantification and following the manu-
facturer’s recommendations. The cloning product was
checked with Notl digestion and PCR with 344aF/517uR
primers followed by agarose gel electrophoresis. Mixes
were prepared using the TB Green Premix Ex Taq II (Tli
RNase H Plus) (Takara Bio Europe SAS, Saint-Germain-
en-Laye, France) and reactions were carried out with
QuantStudio™ 3 Real-Time PCR System (Applied Biosys-
tems™, Alcobendas, Spain). The qPCR reaction mixtures
contained 5 pl of TB Green Premix, 0.5 pl of each primer
(5 uM), 3 pl of H20 and 1 pl of DNA template. Results
were analyzed with QuantStudio Design & Analysis Soft-
ware v1.5.2 (Applied Biosystems™, Alcobendas, Spain).

Results

General characteristics of sequencing datasets

The total number of raw reads obtained for bacterial and
fungal datasets were 7,370,663 and 7,312,666, respec-
tively. The number of sequences after quality filtering,
ASVs inferring and removing chimera and host plant
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reads, was 327,237 for bacterial and 4,781,620 for fun-
gal communities. After removing samples with less than
500 reads, a minimum of 513 and a maximum of 41,633
sequences per sample were retained from the prokaryotic
dataset; 9,643 and 279,514 sequences from the fungal
dataset. The final number of ASVs retained for further
analyses was 1,206 (bacterial) and 1,084 (fungal). The
final number of replicates (seeds) kept for further analy-
ses is detailed in Table 1.

Genotype drives microbial community diversity and
structure

For both bacterial and fungal communities, statistically
significant differences were found for Shannon index,
Inverse of Simpson and Observed Richness (p<0.05,
Kruskal-Wallis test) when comparing olive genotypes
(Table S1, Additional File 2). Interestingly, cv. ‘Barnea’
was the genotype with the lowest bacterial diversity and
richness, while cvs. “Verde Verdelho’ and ‘Uslu’ showed
the highest values (Fig. 2A). The opposite pattern was
observed for the fungal community, cv. ‘Uslu’ being the
genotype with the lowest fungal richness and diversity
(Fig. 2B and Table T1, Additional file 3). In line with these
findings, community structure was also shown to be
determined by the genotype, as indicated by B-diversity
analysis. Specifically, PERMANOVA resulted in statisti-
cally significant differences for both datasets (Table S2,
Additional File 2) with high variability explained by the
genotype (R*=0.34 and R?=0.11 for bacterial and fungal
communities, respectively). Although the beta disper-
sion was significantly different among genotypes for the
prokaryotic dataset (p=0.003 according to a multivari-
ate test of homogeneity of group dispersions), ANOSIM
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test (p=0.001, Table S2, Additional file 2) and PCoA plots
confirmed a separation among genotypes (Fig. 3A and B).
Moreover, three clear groups were distinguished in the
bacterial community (i.e. genotypes with no statistically
significant differences among them), namely genotypes
‘Frantoio’-‘Jaen’-‘Kalinjot, ‘Uslu’-‘Verde Verdelho’ and
‘Koroneiki’-‘Menorca’ (adjusted p>0.05, pairwiseAdonis
test, Table T4, Additional file 3). For the fungal commu-
nity, in contrast, no statistically significant differences
were found between pairs when correcting p-values
(Table T3, Additional File 3).

Genetic pool influences seed bacterial community
According to Diez and colleagues [35], olive genotypes
can be grouped into different genetic pools which cor-
relate with their geographical origin. We investigated
whether these groups could explain some of the varia-
tions in the seed microbial community observed among
genotypes. In our present study, representatives of four
genetic pools, namely Q1, Q2, Mosaic and West Wild
(WW) were included (Table 1). In this regard, f-diversity
analysis showed that genetic pools explained 12% of the
variation among genotypes for the bacterial community
(PERMANOVA test, p-value=0.001, R?>=0.12), with
no differences in the beta dispersion (PERMDISP2 test,
p=0.26; Table S2 and Figure S1, Additional File 2). More-
over, differences were found between all of the groups, as
shown by a pairwiseAdonis test (adjusted p<0.05, Table
T5, Additional file 3). The same analysis was conducted
for the fungal community, but no statistically significant
difference was found in this case (Table S2, Additional
file 2).
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for each genotype under study

First description of the olive seed microbiome:
composition and shared microbiome

The bacterial taxonomic profiles at phylum level were
dominated by Actinobacteria, Proteobacteria, Firmicutes
and Bacteroidetes which accounted for at least 91% of the
sequences in all olive genotpyes (Fig. 4A). At genus level,
differences among genotypes were more pronounced.
The most abundant genera were Stenotrophomonas,
Streptomyces, Promicromonospora and Acidipropioni-
bacterium (Fig. 4B), although their abundances varied
depending on the genotype. Moreover, these genera were
part of the shared bacterial communities within olive
seeds, i.e. genera with a sample prevalence of more than
50% and present in at least 6 out of 10 genotypes anal-
ysed. Regarding Streptomyces, some genotypes could
be grouped according to the relative abundance of this
genus, i.e. genotypes within the same group exhibited
similar levels of Streptomyces. This observation was sup-
ported by ANCOM-BC, which indicated no statistically
significant differences within groups (adjusted p>0.05,
Additional file 4). Interestingly, these groups were the
same as shown by B-diversity analysis, genotypes ‘Franto-
io’-‘Jaén’-Kalinjot’ (i.e. Streptomyces was almost absent),
genotypes ‘Koroneiki’-‘Menorca’ (i.e. Streptomyces was
the main genus) and cvs. ‘Uslu’-“Verde Verdelho’ (i.e.
showing an intermediate profile).

As for the fungal community, the most abundant phyla
were Basidiomycota and Ascomycota (Fig. 4C). In fact,
these two phyla accounted for 100% of the sequences
in most genotypes. Remarkably, seeds of three geno-
types (‘Barnea;, ‘Kalinjot’ and ‘Frantoio’) also harboured

members of the genus Rhizophagus (phylum Glomero-
mycota), which accounted for 0.33, 0.04 and 0.06% of the
sequences, respectively. Regarding the composition at
genus level, the communities were mainly dominated by
Malassezia, Cladosporium and Mycosphaerella (Fig. 4D).
These genera also formed part of the shared seed micro-
biome of these genotypes. Malassezia was present in all
genotypes in more than 50% of the samples.

As for the quantification of Archaea, real-time PCR
experiments did not yield enough differentiation between
the tested samples and the basal amplification of the neg-
ative control. Thus, under the experimental conditions
used in this study, no Archaea were detected in olive
seeds.

Identification of ASVs present in both the seed and the

root endosphere of olive trees

In order to examine whether specific components of the
root endosphere microbiome are also present in the seed
microbiome, a scenario suggestive of acropetal move-
ment of endophytes from roots to seeds within the same
olive tree, the shared microbiome among samples of
these organs was assessed. This was performed both at
bacterial and fungal community level for the five geno-
types in common in both studies (i.e. ‘Arbequina; ‘Picual,
‘Koroneiki, ‘Uslu’ and ‘Frantoio’). The bacterial commu-
nity found in both seeds and root endosphere was mainly
composed of Actinobacteria members, i.e. Streptomyces,
Micromonospora and Nocardia. A member of the phylum
Proteobacteria (Sphingomonas) was also detected. Strep-
tomyces was found in all genotypes, with the exception of
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‘Frantoio! Regarding the fungal community, Malassezia
members were present in both compartments and in all
genotypes under study (Fig. 5).

Regarding the microbiome fraction specific to olive
seeds, a total of five ASVs were present in the olive
seeds, but not detected in the root endosphere, with a
relative abundance>1% and a prevalence>19%. At the
genus level, these ASVs were classified as Stenotroph-
omonas, Micromonospora, Mitsuokella (two ASVs) and

Streptomyces, with a mean relative abundance of 11.40,
2.69, 1.99, 1.25 and 1.15%, respectively.

Discussion

We described the olive seed microbiota for the first time
and found that it is highly unique in comparison with
other plant species. However, some general similarities
were found. Firstly, the microbial community is domi-
nated by four bacterial phyla: Actinobacteria, Proteobac-
teria, Firmicutes and Bacteroidetes and two fungal phyla:
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Fig. 5 Genera present in seeds and the root endosphere of the same genotypes. Commonalities found in five olive genotypes are shown (see main text

for details). AR: Arbequina, FR: Frantoio, KO: Koroneiki, PI: Picual, US: Uslu

Basidiomycota and Ascomycota. This outcome is consis-
tent with a recent meta-analysis of seed samples from
50 distinct plant species [4]. At the genus level, and in
accordance with the seed composition of other plant spe-
cies [4], Cladosporium was highly abundant in the fungal
community of olive seeds and appeared as a member of
the shared mycobiome of the genotypes analysed. This
outcome confirms previous studies focused on endo-
phytes originating from different olive organs or com-
partments, such as leaf, fruit, flower, twig and the root
endosphere [14, 15, 42, 56, 57]. Moreover, members of
this genus have been associated with potential biocontrol
activities against olive phytopathogens [58, 59]. These
results encourage further efforts aimed to isolate and
characterize members of this genus from different olive
tissues/organs, including seeds.

In addition to the aforementioned similarities to other
plant species, distinctive features of the seed microbi-
ota of olive trees were revealed in our study. First of all,
Actinobacteria was the most abundant bacterial phy-
lum, while most of the plant seeds so far studied show
a predominance of Proteobacteria. Actinobacteria was
predominantly found also in the root endosphere of the
same trees in an earlier study [15], and also in cv. ‘Picual’
grown in a commercial orchard located at a distant geo-
graphical site and subjected to different agronomic man-
agement [42]. Actinobacterial members are known for
their ability to feed on complex sugars [60], which are
the primary carbohydrates supply in sink organs such as
roots and seeds [61, 62]. However, there is limited knowl-
edge regarding the specific conditions that promote the
growth of Actinobacteria in certain parts of this tree spe-
cies, as well as the significance of their role in shaping
the overall microbial community and the impact on the
olive holobiont’s health [15, 63]. In line with this result,

the shared fraction of the olive seed’s bacterial commu-
nity is primarily composed of actinobacterial members.
Specifically, Streptomyces seems to be a key member of
the microbial community. This is reinforced by the fact
that certain olive genotypes could be grouped according
to the relative abundance of this genus, and clustering
consistent with the pattern observed when analyzing the
community structure using Bray-Curtis dissimilarities.
Streptomyces was previously found as one of the most
abundant genera in the root endosphere of the same trees
here analysed [15] and in cv. ‘Picual’ trees grown at a dis-
tant site [42]. Members of Streptomyces are widely known
for their beneficial role in supporting plant health, with
very few species causing plant diseases [64, 65]. Although
no studies have been conducted on the role of Streptomy-
ces on seed germination, some Streptomyces isolates are
known to produce auxin [64, 65]. This plant hormone has
been described to participate in the regulation of seed
germination, promoting seed dormancy [66—68]. More-
over, auxin is known to positively regulate seed and fruit
development, being produced in the endosperm [69, 70].
In this sense, Streptomyces present in olive seeds could
play a role in fruit growth as well as seed germination.
Other members of the phylum Actinobacteria present in
the shared seed microbiome were Promicromonospora
and Acidipropionibacterium. Interestingly, a member of
Promicromonospora producing gibberellins, a plant hor-
mone that regulates plant’s growth, seed germination,
flowering and fruit production, among others, has been
earlier described [71]. Regarding Acidipropionibacterium
spp., they have been mainly studied in lactic products as
biopreservatives because of the production of propionic
acid, which acts as an antifungal agent [72]. Finally, it is
worth noting that genera with interesting functions for
human health were identified in the olive seed microbiota
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as well, such as Faecalibacterium. For instance Faeca-
libacterium prausnitzii has been found to account for up
to 5% of the fecal human microflora and be depleted in
patiens with microbial dysbiosis, thus being a very prom-
ising probiotic [73, 74].

Regarding the fungal community composition, Malas-
sezia was the most abundant and prevalent fungal genus,
being a highly distinctive feature of the olive seed micro-
biota [4]. Although research is mainly focused on its
effects on human health, Malassezia members have been
detected in different ecosystems and niches, including
marine sediments and roots of orchids [75]. Intriguingly,
all Malassezia species except M. pachydermatis depend
on external lipid supplies for survival, as their fatty acids
synthesis metabolic pathway is incomplete [76]. Since the
endosperm of olive seeds harbours a high content of fatty
acids [77], the growth of Malassezia could be favoured
in this organ. Additionally, the presence of Glomeromy-
cota in olive seeds is another intriguing characteristic.
While transmission of arbuscular mycorrhiza fungi to
plant seeds seems to be rare [4], the presence of Glomero-
mycota has been demonstrated in three olive genotypes
analyzed in our study (cvs. ‘Frantoio; ‘Barnea; and ‘Kalin-
jot’) although at very low relative abundance level. A low
abundance of Glomeromycota has also been reported in
seeds from other woody plants, such as oak (Quercus
robur) [25]. The early colonization of mycorrhizal fungi
can be considered an important factor in the successful
establishment and growth of seedlings [78]. Our finding
could be of relevance for olive breeding programs, as seed
selection based on the presence of Glomeromycota may
increase seedling growth and survival rates, especially in
the case of olive which has a protracted juvenile phase.
Overall, efforts to isolate and characterize representatives
of these genera would be crucial not only for deciphering
their role within the seed and in shaping the microbial
community structure in this organ, but also for identify-
ing potential biotechnological applications in agriculture
from the early stages of the plant development.

According to our findings, the genotype strongly deter-
mined both the bacterial and fungal communities of
olive seeds. Following this, clustering genotypes based
on the genetic pools outlined by Diez and colleagues [35]
also explained a large level of variability, but only for the
bacterial community (12%). These genetic pools were
based on the sequencing of nuclear simple-sequence
repeat (SSR) markers. Thus, the variability explained by
this clustering is closely related to the genetic variability
among genotypes. In this sense, the importance of the
genotype as an influencing factor on the composition of
the microbial community has been stressed in different
olive compartments/organs. For instance, Miller and
colleagues [55] found that the genotype had a stronger
impact on bacterial and archaeal communities of olive
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leaves when compared with soil and climate conditions.
These results were confirmed by Malacrind and col-
leagues [13] for olive leaves, soil and fruits. The impor-
tance of the genotype has also been demonstrated for
belowground compartments [15] and in the xylem sap
[79].

Other interesting details worthy of being discussed are
the sources from which the olive seed microbiome origi-
nates and what could be their fate (or that of some of its
constituents) concerning potential vertical transmission
events. These sources include endophytes inhabiting
plant compartments such as roots, flowers or the xylem
sap, as well as microorganisms carried by pollinators and
gametophytes, or present in the surrounding environ-
ment [12]. Regarding the olive tree, several studies have
focussed on the description of microbial communities
found in source organs, such as the carposphere, flow-
ers, phyllosphere and xylem sap [13, 14]. In this context,
pollen could play a role in transmitting microorganisms
to the pistil and, subsequently, to the seed. Nevertheless,
there is a notable absence of experimental evidence for
this process in both olive trees and other plant species
[12]. Specifically, for olive trees, the microbial composi-
tion of pollen has not yet been documented. Since most
olive genotypes exhibit self-incompatibility [80] it would
be important in future research efforts to consider how
this fact might influence the microbial diversity present
in olive seeds [12].

Our results provide the first approximation to identify
one of the potential sources from which the olive seed
microbiome may originate, or at least part of it. Indeed,
we have been able to determine a number of shared gen-
era present in the root endosphere and the seeds pro-
duced in the same tree. This shared microbiome mainly
included Actinobacteria members (Streptomyces, Nocar-
dia and Micromonospora) and only one genus from Pro-
teobacteria (Sphingomonas). Again, the importance of
Streptomyces was highlighted, not only as a very abun-
dant and prevalent genus in seeds but also in the root
endosphere. Interestingly enough, both Nocardia and
Micromonospora strains have shown potential to pro-
mote plant growth by various mechanisms [81-83]. In
addition, many Nocardia species show antibiotic produc-
tion, which could play a role in seed protection [83]. It
is worth mentioning that Sphingomonas was present in
both seeds and the root endosphere of genotypes quali-
fied as tolerant to Verticillium dahliae (i.e. ‘Frantoio’ and
‘Uslu’) [84]; this may suggest a role of this bacterium to
confront this relevant pathogen affecting olive cultiva-
tion. Our previous study has shown the increased rela-
tive abundance of this genus in the root endosphere of
cv. ‘Frantoio’ plants in contrast to a genotype suscep-
tible to V. dahliae, namely cv. ‘Picual’ [49]. Furthermore,
Sphingomonas members are also known for its ability to
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degrade pollutants and confer protection against patho-
gens [10, 85]. While experimental evidence is still needed
to prove the migration of some beneficial microorgan-
isms from olive roots to the seeds, it was already proven
that microorganisms can migrate from the root to the
leaves through the vascular system [86, 87]. Moreover,
the movement from seeds to roots has been previously
reported [28, 88].

In contrast, some ASVs were exclusively found in the
seeds. The most abundant “olive seed-specific’ ASV
belonged to Stenotrophomonas, a bacterial genus well-
known for plant growth promotion and biocontrol activi-
ties displayed by some of its members [89]. Other ASVs
within this group belonged to genera also characterized
by showing beneficial functions for the plant, such as
Micromonospora [81]. These results indicate that some
beneficial microorganisms present in olive seeds may also
originate from sources other than belowground compart-
ments, as they were only detected in the olive seed sam-
ples, according to our data.

Overall, our findings constitute the starting point for
further insights on the origin of the diverse components
of the olive seed microbiome here identified, on the pos-
sibility that this microbiome (or part of it) can be inher-
ited to the offspring, and on its potential role in seed
germination and favoring growth and stress tolerance at
early stages of the seedling development.

Conclusions

The present study unveiled, for the first time, the compo-
sition of the olive seed microbiota. This microbial com-
munity exhibits distinctive features compared to other
plant species. Malassezia was identified as the most
abundant and prevalent fungal genus in olive seeds, in
contrast to what has been so far reported for other plant
species. Notably, certain taxa that showed a high relative
abundance and prevalence in the seeds have also been
extensively documented in other olive tree organs. This
apparent systemic colonization of the host underscores
the significance of these taxa for the fitness, development
and health of the olive holobiont, and suggests that they
could be favorably “recruited” by the plant. Moreover,
we identified Streptomyces as a potential contributor to
shaping the microbiota of olive seeds. This study also
sheds light on the substantial influence that the olive gen-
otype exerts on both bacterial and fungal communities of
the seeds, in line with previous studies focused on other
organs of this tree species. Interestingly, and regardless of
the genetic pool or the geographical origin from which
the olive genotypes here analyzed originated, a shared
microbiome was identified. This common microbial com-
munity found among genotypes included genera such
as Streptomyces and Malassezia. Besides, occurence of
Streptomyces and Malassezia in the root endosphere and
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seeds constitutes supporting evidence of a likely systemic
colonization of the olive holobiont by members of these
taxa, stressing their relevance for the olive holobiont. On
the other hand, their presence at both the belowground
and aboveground compartments sheds light into a poten-
tial migration route, suggesting the possibility that these
bacteria and fungi may migrate from the roots to the
seeds in olive trees. Their occurrence in the seeds may
also indicate these microorganisms could be vertically
transmitted. Future research efforts should be focussed
on the identification, isolation and characterization of
keystone microorganisms of the olive seed microbiota.
By doing so, their roles in the processes mentioned above
will be better understood. In addition, their agrobiotech-
nological potential as biomarkers in olive breeding pro-
grams and as contributors to tolerance of olive genotypes
against a/biotic stressors affecting their cultivation could
be assessed.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540793-024-00560-x.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Acknowledgements
We thank Angjelina Belaj for granting access and excellent guidance and help
to select olive trees in the World Olive Germplasm Collection World.

Author contributions

JM.B and M.FL conceived the study, obtained the funds, designed the
experiments, contributed in the analyses of data, and revised and edited

the final version of the manuscript. AV.C and JM.B. collected olive fruits.
AV.C. performed all experiments related with seed manipulation and DNA
extraction. N.M.W and PJ.V performed nested PCR. A\V.L. and N.M.W conducted
gPCR experiments. AJ.F.G critically interpreted data and substantively revised
the final draft. AV.L substantively revised the final draft. N.M.W interpreted the
data and wrote the manuscript. WAW, TC, and GB participated in critical data
interpretation and revised the final draft. All authors read and approved the
manuscript.

Funding

This research was funded by grants AGL2016-75729-C2-1-R from the Spanish
Ministerio de Economia y Competitividad and PID2019-106283RB-100 from
Spanish Ministerio de Ciencia e Innovacion/Agencia Estatal de Investigacion,
both co-financed by the European Regional Development Fund (ERDF).
N.M.W is recipient of a grant from Spanish Ministerio de Ciencia e Innovacion
(FPU18/01926). Her stay in Graz was also supported by the same entity
(EST22/00225).

Open Access funding provided thanks to the CRUE-CSIC agreement with
Springer Nature.

Data availability

The datasets generated during the current study are available in the National
Center for Biotechnology Information Sequence Read Archive (NCBI SRA)
repository, under the BioProject ID PRINA1017437 (https.//www.ncbi.nlm.nih.
gov/bioproject/PRINA1017437). The dataset of the root endosphere samples
is included under the BioProject PRINA498945.


https://doi.org/10.1186/s40793-024-00560-x
https://doi.org/10.1186/s40793-024-00560-x
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1017437
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1017437

Wentzien et al. Environmental Microbiome

(2024) 19:17

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 31 October 2023 / Accepted: 10 March 2024
Published online: 15 March 2024

References

1.

Berg G, Koberl M, Rybakova D, Miller H, Grosch R, Smalla K. Plant microbial
diversity is suggested as the key to future biocontrol and health trends. FEMS
Microbiol Ecol. 2017,93:50.

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interac-
tions: from community assembly to plant health. Nat Rev Microbiol.
2020;18:607-21.

Shade A, Jacques MA, Barret M. Ecological patterns of seed microbiome
diversity, transmission, and assembly. Curr Opin Microbiol. 2017;37:15-22.
Simonin M, Briand M, Chesneau G, Rochefort A, Marais C, Sarniguet A, et al.
Seed microbiota revealed by a large-scale meta-analysis including 50 plant
species. New Phytol. 2022,234:1448-63.

Bergna A, Cernava T, Randler M, Grosch R, Zachow C, Berg G. Tomato

seeds preferably transmit plant beneficial endophytes. Phytobiomes J.
2018;2:183-93.

Wassermann B, Adam E, Cernava T, Berg G. Understanding the indigenous
seed microbiota to design bacterial seed treatments. Seed Endophytes:
Biology and Biotechnology [Internet]. Springer International Publishing;
2019 [cited 2022 Feb 24]. p. 83-99. Available from: https:/link.springer.com/
chapter/https://doi.org/10.1007/978-3-030-10504-4_5.

Wassermann B, Rybakova D, Adam E, Zachow C, Bernhard M, Muiller M et

al. Studying seed microbiomes. Methods in Molecular Biology [Internet].
Humana Press Inc; 2021 [cited 2022 Feb 24]. p. 1-21. Available from: https://
link.springer.com/protocol/https://doi.org/10.1007/978-1-0716-1040-4_1.
Goggin DE, Emery RIN, Kurepin LV, Powles SB. A potential role for endoge-
nous microflora in dormancy release, cytokinin metabolism and the response
to fluridone in Lolium rigidum seeds. Ann Botany. 2015;115:293-301.
Walitang DI, Kim K, Madhaiyan M, Kim YK, Kang Y, Sa T. Characterizing endo-
phytic competence and plant growth promotion of bacterial endophytes
inhabiting the seed endosphere of Rice. BMC Microbiol. 2017;17:1-13.
Matsumoto H, Fan X, Wang Y, Kusstatscher P, Duan J,Wu S, et al. Bacterial seed
endophyte shapes disease resistance in rice. Nat Plants. 2021;7:60-72.

Hone H, Mann R, Yang G, Kaur J, Tannenbaum |, Li T, et al. Profiling, isolation
and characterisation of beneficial microbes from the seed microbiomes of
drought tolerant wheat. Sci Rep. 2021;11:1-12.

Abdelfattah A, Tack AJM, Lobato C, Wassermann B, Berg G. From seed to seed:
the role of microbial inheritance in the assembly of the plant microbiome.
Trends Microbiol. 2022;31:346-55.

Malacrind A, Mosca S, Li Destri Nicosia MG, Agosteo GE, Schena L. Plant
genotype shapes the bacterial microbiome of fruits, leaves, and soil in olive
plants. Plants. 2022;11:613.

Abdelfattah A, Li Destri Nicosia MG, Cacciola SO, Droby S, Schena L. Metaba-
rcoding analysis of fungal diversity in the phyllosphere and carposphere of
olive (Olea europaea). PLoS ONE. 2015;10:¢0131069.

Fernandez-Gonzalez AJ, Villadas PJ, Gémez-Lama Cabanas C, Valverde-Cor-
redor A, Belaj A, Mercado-Blanco J, et al. Defining the root endosphere and
rhizosphere microbiomes from the World Olive Germplasm Collection. Sci
Rep.2019;9:1-13.

Anguita-Maeso M, Haro C, Montes-Borrego M, De La Fuente L, Navas-Cortés
JA, Landa BB. Metabolomic, ionomic and microbial characterization of

olive xylem sap reveals differences according to plant age and genotype.
Agronomy. 2021;11:1179.

Rodriguez CE, Antonielli L, Mitter B, Trognitz F, Sessitsch A. Heritability and
functional importance of the Setaria viridis bacterial seed microbiome. Phyto-
biomes J. 2020;4:40-52.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 14

Mueller UG, Linksvayer TA. Microbiome breeding: conceptual and practical
issues. Trends Microbiol. 2022;30:997-1011.

Sénchez-Lopez AS, Pintelon |, Stevens V, Imperato V, Timmermans JP,
Gonzélez-Chavez C, et al. Seed endophyte microbiome of Crotalaria pumila
unpeeled: identification of plant-beneficial Methylobacteria. Int J Mol Sci.
2018;19:291.

Cope-Selby N, Cookson A, Squance M, Donnison |, Flavell R, Farrar K. Endo-
phytic bacteria in Miscanthus seed: implications for germination, vertical
inheritance of endophytes, plant evolution and breeding. GCB Bioenergy.
2017,9:57-77.

Mueller UG, Juenger TE, Kardish MR, Carlson AL, Burns KM, Edwards JA, et al.
Artificial selection on microbiomes to breed microbiomes that confer salt
tolerance to plants. mSystems. 2021,6:01125-21.

FortT, Pauvert C, Zanne AE, Ovaskainen O, Caignard T, Barret M, et al.
Maternal effects shape the seed mycobiome in Quercus petraea. New Phytol.
2021;230:1594-608.

Heitmann S, Bergmann GE, Barge E, Ridout M, Newcombe G, Busby PE.
Culturable seed microbiota of Populus trichocarpa. Pathogens. 2021;10:653.
Wassermann B, Mller H, Berg G. An apple a day: which bacteria do we eat
with organic and conventional apples? Front Microbiol. 2019;10:475179.
Abdelfattah A, Wisniewski M, Schena L, Tack AJM. Experimental evidence of
microbial inheritance in plants and transmission routes from seed to phyl-
losphere and root. Environ Microbiol. 2021;23:2199-214.

Cardoni M, Mercado-Blanco J. Confronting stresses affecting olive cultivation
from the holobiont perspective. Front Plant Sci. 2023;14:1261754.

UylaserV, Yildiz G. The historical development and nutritional importance of
olive and olive oil constituted an important part of the Mediterranean diet.
Crit Rev Food Sci Nutr. 2014;54:1092-101.

Montes-Osuna N, Mercado-Blanco J. Verticillium wilt of olive and its control:
what did we learn during the last decade? Plants. 2020,9:1-31.

NASA Earth Observatory. Spain browned by drought [Internet]. The

Earth Observatory. NASA Earth Observatory; 2023 [cited 2023 Jun 15].
Available from: https://earthobservatory.nasa.gov/images/151366/
spain-browned-by-drought.

Arias-Calderdn R, Rodriguez-Jurado D, Ledn L, Bejarano-Alcézar J, De la Rosa
R, Belaj A. Pre-breeding for resistance to verticillium wilt in olive: fishing in the
wild relative gene pool. Crop Prot. 2015;75:25-33.

Rallo L, Barranco D, Diez CM, Rallo P, Sudrez MP, Trapero C et al. Strate-

gies for olive (Olea europaea ) breeding: Cultivated genetic resources

and crossbreeding. Advances in Plant Breeding Strategies: Fruits [Inter-
net]. Springer International Publishing; 2018 [cited 2022 Feb 22]. p.
555-600. Available from: https:/link springer.com/chapter/https:/doi.
0rg/10.1007/978-3-319-91944-7_14.

Berg G, Raaijmakers JM. Saving seed microbiomes. ISME J. 2018;12:1167-70.
Kusstatscher P, Adam E, Wicaksono WA, Bernhart M, Olimi E, Miller H, et al.
Microbiome-assisted breeding to understand cultivar-dependent assembly
in Cucurbita pepo. Front Plant Sci. 2021;12:505.

Inés C, Parra-Lobato MC, Paredes MA, Labrador J, Gallardo M, Saucedo-Garcia
M, et al. Sphingolipid distribution, content and gene expression during olive-
fruit development and ripening. Front Plant Sci. 2018;9:329668.

Diez CM, Trujillo I, Martinez-Urdiroz N, Barranco D, Rallo L, Marfil P, et al. Olive
domestication and diversification in the Mediterranean Basin. New Phytol.
2015;206:436-47.

Takahashi S, Tomita J, Nishioka K, Hisada T, Nishijima M. Development of

a prokaryotic universal primer for simultaneous analysis of Bacteria and
Archaea using next-generation sequencing. Bourtzis K, editor. PLoS ONE.
2014;9:105592.

Lundberg DS, Yourstone S, Mieczkowski P, Jones CD, Dangl JL. Practical
innovations for high-throughput amplicon sequencing. Nat Methods.
2013;10:999-1002.

White TJ, Bruns T, Lee SIWT, Taylor J. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. PCR protocols: a guide to
methods and applications. Academic Press, Inc,; 1990. pp. 315-22.

Ihrmark K, Bédeker ITM, Cruz-Martinez K, Friberg H, Kubartova A, Schenck

J, etal. New primers to amplify the fungal ITS2 region - evaluation by
454-sequencing of artificial and natural communities. FEMS Microbiol Ecol.
2012;82:666-77.

Anguita-Maeso M, Ares-Yebra A, Haro C, Romén—Ecija M, Olivares-Garcia

C, Costa J, et al. Xylella fastidiosa infection reshapes microbial composition
and network associations in the xylem of almond trees. Front Microbiol.
2022;13:866085.


https://link.springer.com/chapter/
https://link.springer.com/chapter/
https://doi.org/10.1007/978-3-030-10504-4_5
https://link.springer.com/protocol/
https://link.springer.com/protocol/
https://doi.org/10.1007/978-1-0716-1040-4_1
https://earthobservatory.nasa.gov/images/151366/spain-browned-by-drought
https://earthobservatory.nasa.gov/images/151366/spain-browned-by-drought
https://link.springer.com/chapter/
https://doi.org/10.1007/978-3-319-91944-7_14
https://doi.org/10.1007/978-3-319-91944-7_14

Wentzien et al. Environmental Microbiome

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

(2024) 19:17

Marchesi JR, Sato T, Weightman AJ, Martin TA, Fry JC, Hiom SJ, et al. Design
and evaluation of useful bacterium-specific PCR primers that amplify genes
coding for bacterial 165 rRNA. Appl Environ Microbiol. 1998,64:795.
Wentzien NM, Ferndndez-Gonzalez AJ, Villadas PJ, Valverde-Corredor A,
Mercado-Blanco J, Ferndndez-Lopez M. Thriving beneath olive trees: the
influence of organic farming on microbial communities. Comput Struct
Biotechnol J. 2023;21:3575-89.

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

Sasada R, Weinstein M, Prem A, Jin M, Bhasin J. FIGARO: an efficient and
objective tool for optimizing microbiome rRNA gene trimming parameters. J
Biomol Techniques. 2020;31:52.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl Envi-
ron Microbiol. 2007;73:5261-7.

Cole JR,Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal data-
base project: data and tools for high throughput rRNA analysis. Nucleic Acids
Res. 2014,42:D0633-42.

UNITE Community. The UNITE database for molecular identification of fungi:
handling dark taxa and parallel taxonomic classifications. 10.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al.
Quality-filtering vastly improves diversity estimates from Illumina amplicon
sequencing. Nat Methods. 2013;10:57-9.

Fernédndez-Gonzélez AJ, Cardoni M, Gémez-Lama Cabands C, Valverde-Cor-
redor A, Villadas PJ, Fernandez-Lépez M, et al. Linking belowground microbial
network changes to different tolerance level towards Verticillium wilt of olive.
Microbiome. 2020;8:11.

Robinson MD, McCarthy DJSG. edgeR: a Bioconductor package for dif-
ferential expression analysis of digital gene expression data. Bioinformatics.
2010;26:139-40.

Wagner H.Vegan: community ecology package. R package version 2.5.2-5
[Internet]. 2018 [cited 2020 Apr 30]. Available from: https://cran.r-project.org/
package=vegan.

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

Lathi L, Shetty S. Tools for microbiome analysis in R. Microbiome package
version [Internet]. Bioconductor. 2017 [cited 2023 May 10]. Available from:
https://microbiome.github.io/tutorials/.

Taffner J, Cernava T, Erlacher A, Berg G. Novel insights into plant-associated
archaea and their functioning in arugula (Eruca sativa Mill). J Adv Res.
2019;19:39-48.

Muller H, Berg C, Landa BB, Auerbach A, Moissl-Eichinger C, Berg G. Plant
genotype-specific archaeal and bacterial endophytes but similar Bacillus
antagonists colonize Mediterranean olive trees. Front Microbiol. 2015;6:138.
Costa D, Fernandes T, Martins F, Pereira JA, Tavares RM, Santos PM, et al.
llluminating Olea europaea L. endophyte fungal community. Microbiol Res.
2021;245:126693.

Nicoletti R, DiVaio C, Cirillo C. Endophytic fungi of olive tree. Microorganisms.
2020;8:1321.

Wang X, Radwan MM, Tardwneh AH, Gao J, Wedge DE, Rosa LH, et al. Anti-
fungal activity against plant pathogens of metabolites from the endophytic
fungus Cladosporium cladosporioides. J Agric Food Chem. 2013,61:4551-5.
Moral J, Trapero A. Assessing the susceptibility of olive cultivars to anthrac-
nose caused by Colletotrichum Acutatum. Plant Dis. 2009;93:1028-36.

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Klenk H-P, et al.
Taxonomy, physiology, and natural products of Actinobacteria. Microbiol Mol
Biol Rev. 2016;80:1-43.

Kozlowski TT. Carbohydrate sources and sinks in woody plants. Bot Rev.
1992,58.

Maestri D, Barrionuevo D, Bodoira R, Zafra A, Jiménez-Lopez J, de Alché J. D.
Nutritional profile and nutraceutical components of olive (Olea europaea L)
seeds. Journal of Food Science and Technology. 2019;56:4359.
Ferndndez-Gonzélez AJ, Ramirez-Tejero JA, Nevado-Berzosa MP, Luque F,
Ferndndez-Lopez M, Mercado-Blanco J. Coupling the endophytic microbi-
ome with the host transcriptome in olive roots. Comput Struct Biotechnol J.
2021;19:4777-89.

Seipke RF, Kaltenpoth M, Hutchings MI. Streptomyces as symbionts: an emerg-
ing and widespread theme? FEMS Microbiol Rev. 2012;36:862-76.

Sousa JA, de Olivares J. Plant growth promotion by streptomycetes: ecophysi-
ology, mechanisms and applications. Chem Biol Technol Agric. 2016;3:1-12.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 13 of 14

Wu M, Wu J, Gan Y. The new insight of auxin functions: transition from seed
dormancy to germination and floral opening in plants. Plant Growth Regul.
2020;91:169-74.

Mei S, Zhang M, Ye J, Du J, Jiang Y, Hu Y. Auxin contributes to jasmonate-
mediated regulation of abscisic acid signaling during seed germination in
Arabidopsis. Plant Cell. 2023;35:1110-33.

Miransari M, Smith DL. Plant hormones and seed germination. Environ Exp
Bot. 2014,99:110-21.

Figueiredo DD, Kdhler C. Auxin: a molecular trigger of seed development.
Genes Dev. 2018:32:479-90.

Guo L, Luo X, Li M, Joldersma D, Plunkert M, Liu Z. Mechanism of fertilization-
induced auxin synthesis in the endosperm for seed and fruit development.
Nat Commun. 2022;13:3985.

Kang SM, Khan AL, Hamayun M, Hussain J, Joo GJ, You YH, et al. Gibberellin-
producing Promicromonospora sp. SE188 improves Solanum lycopersicum
plant growth and influences endogenous plant hormones. J Microbiol.
2012;50:902-9.

Turgay M, Bachmann HP, Irmler S, von Ah U, Frohlich MTW, Falentin H, et al.
Bacteria, beneficial: Propionibacterium spp. and Acidipropionibacterium spp.
Encyclopedia Dairy Sciences: Third Ed. 2022;4:34-45.

O'Toole PW, Marchesi JR, Hill C. Next-generation probiotics: the spectrum
from probiotics to live biotherapeutics. Nat Microbiol. 2017;2:1-6.

Zhang H, Duan', Cai F, Cao D, Wang L, Qiao Z et al. Next-Generation Probiot-
ics: Microflora intervention to human diseases. BioMed Research Interna-
tional. 2022;2022.

Amend A. From dandruff to deep-sea vents: Malassezia-like fungi are ecologi-
cally hyper-diverse. PLoS Pathog. 2014;10:1004277.

Saunders CW, Scheynius A, Heitman J. Malassezia fungi are specialized to live
on skin and associated with dandruff, eczema, and other skin diseases. PLoS
Pathog. 2012;8.

Zafra A, M'rani-Alaoui M, Lima E, Jimenez-Lopez JC, Alché J. De D. histological
features of the olive seed and presence of 7S-Type seed storage proteins as
hallmarks of the olive fruit development. Front Plant Sci. 2018;9:414449.

Nara K. Ectomycorrhizal networks and seedling establishment during early
primary succession. New Phytol. 2006;169:169-78.

Anguita-Maeso M, Olivares-Garcia C, Haro C, Imperial J, Navas-Cortés JA,
Landa BB. Culture-dependent and culture-independent characterization of
the olive xylem microbiota: effect of sap extraction methods. Front Plant Sci.
2020;10:1708.

Breton CM, Bervillé A.New hypothesis elucidates self-incompatibility in the
olive tree regarding S-alleles dominance relationships as in the sporophytic
model. CR Biol. 2012,335:563-72.

Trujillo ME, Riesco R, Benito P, Carro L. Endophytic actinobacteria and the
interaction of Micromonospora and nitrogen fixing plants. Front Microbiol.
2015;6:1341.

Alotaibi F, St-Arnaud M, Hijri M. In-depth characterization of plant growth
promotion potentials of selected alkanes-degrading plant growth-promoting
bacterial isolates. Front Microbiol. 2022;13:863702.

Nouioui |, Ha S, min, Baek |, Chun J, Goodfellow M. Genome insights into the
pharmaceutical and plant growth promoting features of the novel species
Nocardia alni sp. nov. BMC Genomics. 2022;23:1-13.

Serrano A, Rodriguez-Jurado D, Ramirez-Tejero JA, Luque F, Lépez-Escudero
FJ, Belaj A, et al. Response to Verticillium Dahliae infection in a genetically
diverse set of olive cultivars. Sci Hort. 2023;316:112008.

Serensen SR, Ronen Z, Aamand J. Isolation from agricultural soil and charac-
terization of a Sphingomonas sp. able to mineralize the phenylurea herbicide
isoproturon. Appl Environ Microbiol. 2001;67:5403-9.

Chi F, Shen SH, Cheng HP, Jing YX, Yanni YG, Dazzo FB. Ascending migration of
endophytic rhizobia, from roots to leaves, inside rice plants and assessment
of benefits to rice growth physiology. Appl Environ Microbiol. 2005;71:7271.
Lopez-Escudero FJ, Mercado-Blanco J. Verticillium wilt of olive: a case study
to implement an integrated strategy to control a soil-borne pathogen. Plant
Soil. 2011;344:1-50.

Kong HG, Song GC, Ryu CM. Inheritance of seed and rhizosphere microbial
communities through plant-soil feedback and soil memory. Environ Micro-
biol Rep. 2019;11:479-86.


https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://microbiome.github.io/tutorials/

Wentzien et al. Environmental Microbiome (2024) 19:17 Page 14 of 14

89. Ryan RP, Monchy S, Cardinale M, Taghavi S, Crossman L, Avison MB, et al. The

H 1/
versatility and adaptation of bacteria from the genus Stenotrophomonas. Nat Publisher’s Note
Rev Microbiol. 2009:7:514-25. Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.



	﻿Pitting the olive seed microbiome
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Sample collection
	﻿Olive drupe manipulation, endocarp sterilization and seed extraction
	﻿DNA extraction and Illumina sequencing
	﻿Illumina data processing
	﻿Microbial diversity and differential abundance analyses
	﻿Shared microbiome
	﻿Identification of ASVs present in both the seed and the root endosphere of olive trees
	﻿Archaeal quantification

	﻿Results
	﻿General characteristics of sequencing datasets
	﻿Genotype drives microbial community diversity and structure
	﻿Genetic pool influences seed bacterial community
	﻿First description of the olive seed microbiome: composition and shared microbiome

	﻿Discussion
	﻿Conclusions
	﻿References


