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Abstract

Aims As a consequence of the increasing impact of
climate change on crop production and food security
worldwide, the need to explore agricultural systems in
a sustainable manner is also intensified. The improve-
ment of long-read metagenomics approaches might
give valuable information not only on soil microbial
communities, but also on their potential effects on
plant phenotypes. Soil properties, climate conditions,
and agricultural techniques are the main factors shap-
ing microbial communities found in the soil and on
the surface of the potatoes, influencing plant health
and performance. The objective of this study was to
decipher the bacterial communities in contrasting
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potato terroirs using long-read sequencing of the 16S
rRNA gene.

Methods To do so, 18 soil samples were taken from
different potato fields in the island of Naxos (Island
Terroir) and Northern Greece (Continental Terroir).
Differences in soil properties and climatic conditions
were also regarded to explore the possible motif of
microbial structure and diversity in each region.
Results Our results highlighted that contrasting
potato terroirs strongly affected microbial commu-
nity composition and diversity. A richer microbial
composition in the island terroir was evident. A wide
range of soil bacteria were identified, including Vici-
namibacter, Neobacillus, Povalibacter, Microvirga,
Thermoanaerobaculum, Arenimonas, and Rubrobac-
ter, with different distribution patterns that resulted in
characteristic microbial footprints.

Conclusions In combination with soil analysis,
microbial mapping might be a valuable tool, not only
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for gaining a deeper knowledge of their impact on
potato production, but also for developing biomark-
ers that would uniquely define and characterize each
potato habitat.

Keywords Long-read sequencing - Microbial
footprints - Solanum tuberosum - Soil

Introduction

Multiple factors can hamper the process of plant
growth and development, such as the imbalances in
the microbial population and abundance in the rhizos-
phere, the soil acidification, as well as the rise of soil-
borne diseases owing to the presence of pathogenic
fungi and bacteria, accompanied by the decrease in
beneficial bacteria in the rhizosphere (Akram et al.
2019; Mahmud et al. 2021; Bhojiya et al. 2022;
Upadhyay and Chauhan 2022). The rhizosphere is a
zone of high microbial diversity and activity, acquir-
ing nutrients from root exudates and detached plant
cells (Faist et al. 2021). Climatic conditions (Mendes
et al. 2013), soil properties (Breidenbach et al. 2016),
agricultural management (Santos-Medellin et al.
2017), and cropping patterns (Shi et al. 2015) affect
the rhizosphere and the soil microbial populations.
The presence of archaea, bacteria, fungi, and other
eukaryotic communities in the rhizosphere could
not only improve soil, water, air quality, stimulation
of organic matter decomposition, and plant nutri-
ent absorption (Qin et al. 2017; Edwards et al. 2018;
Hamonts et al. 2018), but also minimize soil-borne
diseases (Zimudzi et al. 2018).

Potatoes are one of the world’s most important
non-cereal food crops, with its high nutritive value for
millions of people around the globe (Liu et al. 2021).
The quality and flavor of potatoes are influenced by
a variety of factors, including soil characteristics,
weather conditions, and farming practices (Bulgar-
elli et al. 2015; Zhalnina et al. 2018; Boutsika et al.
2022). These factors can shape the microbial com-
munities present in the soil and on the surface of the
potato tubers, which, in turn, might affect the plant’s
health and productivity (Faist et al. 2021). Beneficial
bacteria in potato soils can enhance nutrient cycle,
suppress diseases, and produce plant growth-promot-
ing compounds (Compant et al. 2009; Mendes et al.
2013; Wagg et al. 2014). For example, soil bacteria
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break down complex organic substances into simpler
ones that the potato plant can easily absorb (Jacoby
et al. 2017). Additionally, bacteria in such soils
may produce antimicrobial compounds or compete
for soil resources to prevent the growth of harmful
pathogens (Singh et al. 2017).

Following the unprecedented development of
molecular techniques, microbiome analysis has also
advanced significantly, producing vast quantities of
assembled metagenomes of high quality from com-
plex environmental samples (Fierer 2017; Boutsika
et al. 2022; Albertsen 2023). Using sequencing plat-
forms capable of producing longer reads, long-read
metagenomics has the potential to provide more
accurate taxonomic classification of microbial com-
munities and to identify previously unknown micro-
organisms (Zhang et al. 2023). In a previous study on
potato rhizosphere microbiota at different vegetation
stages and regions, a plethora of opportunistic micro-
bial strains were identified at specific growth stages,
whereas few ubiquitous strains were also detected
regardless of geographic location or development
stage, probably being associated with potato growth
(Pfeiffer et al. 2017). The bacterial diversity present
in potato fields and expressed as a bacterial species
equilibrium index, has been previously employed as a
powerful biological indicator to determine soil quality
indices (Jeanne et al. 2019). Using high-throughput
sequencing of the 16S rRNA, the potential of a com-
mercial microbial consortium (Bacillus subtilis and
Trichoderma harzianum strains) to improve health
and enhance productivity was demonstrated.

(Wang et al. 2019). Meanwhile, tare soils seem to
influence rhizosphere microbial composition more
strongly for fungi than bacteria, as revealed by ITS2,
or 16S metabarcoding, respectively (Delventhal et al.
2022). The origin of bulk soil where potato tuber is
grown, seem to be the main factor influencing its bac-
terial community diversity and composition, while
the residual soil adhering to the tuber surface may
serve as a new avenue for shaping beneficial microbi-
omes in the underground tissues (Bender et al. 2016).

In Greece, ‘Patata Naxou’ is produced in the island
of ‘Naxos’, Aegean Sea, Greece, and certified as a
Protected Geographical Indication (PGI) product.
The distinctive properties of ‘Naxos’ potato, such as
the high carotenoid content (Boutsika et al. 2023), is
presumed to be due to the island’s particular soil and
climatic characteristics, as well as due to the various
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conventional development strategies that the local
producers and stakeholders are still using nowadays
(European Commission 2020). In our previous stud-
ies, we reported the first integrated study combining
genome-wide DNA methylation, RNA sequencing,
and quantitative proteomics analysis to acquire the
molecular portrait of the famous PGI potatoes dur-
ing harvest and at post-harvest (Boutsika et al. 2023).
The results demonstrated that the transcript expres-
sion and protein abundance of potatoes cultivated in
distinct environments exhibited distinct differences,
confirming previous findings that the transcriptome
and the proteome represent valuable diagnostic tools
for exploring plant performance in different terroirs
(Wei et al. 2022). Herein, by using long-read metatax-
onomic approaches of the 16S rRNA gene, we aimed
to obtain a thorough understanding of the microbial
communities associated with potatoes in two contrast-
ing terroirs (island vs continental), including their
taxonomic composition and diversity. This study will
shed light on the effect of soil on the potato holobiont
and provide information on the microbial ecology of
potato agriculture between two geographical regions
with remarkably different environmental conditions.

Greece

Fig. 1 a: Map of Greece indicating the two sampling regions:
1. Continental Terroir (CT), and 2. Island Terroir (IT). For
each sample location, the exact coordinates are provided in
Supplementary Table 1. b: Heatmap representing soil proper-

Materials and methods
Sampling sites and sample collection

Potatoes (S. tuberosum L., cv. Spunta, Oldenburger,
Assem, Holland) were cultivated in two contrast-
ing regions of Greece in Naxos Island, Aegean
Sea, (Island Terroir, IT), and in Chalkidiki, North
Greece (Continental Terroir, CT) (Fig. la). Soil
samples from each location (two geographic regions
x three individual fields x three biological repli-
cates = 18 soil samples) were collected in the period
between the end of June 2021 (island region) till the
beginning of July 2021 (continental region), along
with potato tuber harvest. The potato cultivation in
each geographical region followed the same crop
management techniques (conventional). Composite
soil samples were kept cool in a fridge with ice and
returned to the lab in Ziploc bags within 24 h. After
arriving at the lab, soil samples were homogenized
and sieved to study soil physicochemical properties,
whereas an aliquot of each sample was used imme-
diately used for DNA isolation.

-2

-4

ties (z-score normalized) of the two sampling sites. EC, electri-
cal conductivity of the saturation extract; OM, Organic Matter;
Si, Silicon
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Soil properties

The soil samples were collected from the upper
30-cm layer (where the main part of the potato plants
root system lays and nutrients are mainly taken up)
of the two geographical regions (Fig. 1a; Supplemen-
tary Table 1). Each soil sample was consisted of five
soil sub-samples randomly collected from each field
and mixed to fix the homogenized soil sample. The
soil samples were mechanically crumbled, air-dried,
sieved with a 2-mm sieve, and prepared for assess-
ing soil texture through particle size analysis with the
hydrometer (or Bouyoucos) method (Gee and Bauder
1986). Then the following determinations were per-
formed: % organic matter (OM) with the wet diges-
tion method (Walkley and Black 1934), % CaCO;
with the back titration method (Loeppert and Suarez
1996), pH measured in saturated paste, and electri-
cal conductivity (EC) measured in a soil saturation
extract. Nitrate-nitrogen was extracted using 2 M KCI
(Clesceri and Greenberg 1998), available phosphorus
(P) according to the Olsen method (Watanabe and
Olsen 1965), exchangeable calcium (Ca), potassium
(K), and magnesium (Mg) with ammonium acetate
at pH="7.0 (Thomas 1982), copper (Cu), manganese
(Mn), iron (Fe), and zinc (Zn) using DTPA (Lindsay
and Norvell 1978), and extractable boron with the
azomethine-H method (Bingham 1982). The con-
centrations of the exchangeable cations and extract-
able micronutrients (Ca, Mg, K, Fe, Mn, Zn, and Cu)
were measured by ICP (OPTIMA 2100 DV, optical
emission spectrometer, Perkin Elmer, Waltham, MA,
USA).

Sample processing and sequencing

A total of 200 g (wet weight) of soil samples were
used for DNA isolation. Genomic DNA was iso-
lated with the DNeasy PowerSoil Pro Kit (QIAGEN,
Carlsbad, USA), following the manufacturer’s pro-
tocol. The absorbance ratio of A260/280 nm and
A260/230 nm were measured in a NanoDrop spec-
trophotometer (NanoDrop One/ NanoDrop One C,
Thermo Scientific, United States) to determine the
total DNA quantity and purity. The extracted DNA
were then stored at -80 °C for all the downstream
applications.

The full-length 16S rRNA ribosomal gene was
amplified with PCR using a LongAmp Hot Start
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Taq 2xMaster Mix (M0533S, New England Bio-
labs), 16S barcoded primers, DNA template (10 ng),
and nuclease-free water on an Applied Biosystems®
QuantStudio® 5 Real-Time PCR System (Thermo
Fischer Scientific, Waltham, MA, USA), essentially
as previously described (Boutsika et al. 2023). Initial
denaturation at 95 °C for 1 min was followed by 30
three-step amplification cycles: denaturation at 95 °C
for 20 s, primer hybridization at 55 °C for 30 s, primer
elongation at 65 °C for 2 min, and final elongation at
65 °C for 1 min. In order to sequence the 16S ribo-
somal gene and generate libraries, the 16S Barcod-
ing Kit 1-24 (SQK-165024, Oxford Nanopore Tech-
nologies, UK) was used. Purification of PCR products
was done with Agecount AMPure XP beads (Beck-
man Coulter, USA), and quantification was done
with the Qubit 4 Fluorometer and the dsDNA HS
Assay Kit (Beckman Coulter, USA) (Thermo Fisher
Scientific, USA). Following that, the PCR products
were mixed in equimolar ratios, and the library was
prepared according to the manufacturer’s instruc-
tions. The library was then loaded into the MinION
Mk1C (Oxford Nanopore Technologies, UK) using a
MinION R9.4.1 flow cell (FLO-MIN106) and MIN-
KNOW software (Version 1.11.5) (Oxford Nanopore
Technologies) for data acquisition.

Data analysis and read processing

The Guppy program (Version 5.0.17) was used to
convert MinlONTM sequence reads (i.e., FASTS
data) into FASTQ files (Oxford Nanopore Technolo-
gies). The EPI2ME software, which is based on Next-
flow (DI Tommaso et al. 2017), was used to construct
bacterial communities. DNA sequences from micro-
bial samples were classified utilizing the Centrifuge
program (Kim et al. 2016). This program, which is
based on the Burrows-Wheeler Transformation and
the Ferragina-Manzini index, enables precise and
quick metataxonomic analysis. Python scripts were
applied to the CSV files to match NCBI taxonomic
IDs to lineages and count the number of readings per
NCBI taxonomic ID.

R programming language packages were applied
in RStudio (Version 4.2.2), combined with several
software to further analyze the data (McMurdie and
Holmes 2013). Using the “vegan” and ‘“betapart”
packages, (Baselga and Orme 2012) the alpha-diver-
sity and beta-diversity were calculated. To calculate
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alpha diversity indices, we have employed the relative
abundance data. Likewise, Principal coordinates anal-
ysis (PCoA) and Non-metric Multi-dimensional Scal-
ing (NMDS) were analyzed and plotted. The PCoA
analysis was based on the presence/absence of data
from the total data set, while the NMDS analysis in
our study involved transformations such as Wisconsin
double standardization and square root transforma-
tion. These transformations were applied to adjust the
scale and distribution of the data. Subsequently, anal-
ysis of similarities (ANOSIM) was also performed,
using the “vegan” and “betapart” package, while
heatmap plots based on z-score normalization of rela-
tive abundances of reads were generated using the
“gplots” package. Lastly, the linear discriminant anal-
ysis (LDA) effect size (LEfSe) study (Segata et al.
2011) was conducted in MicrobiomeAnalyst web-
based tool (Lu et al. 2023), using log-transformed
data, to define the microbiological variation between
the distinct groups and to discover suitable biomark-
ers for each geographical region (IT and CT).In addi-
tion, in an effort to compare bacteria composition and
diversity between soil samples and potato tubers, we
performed a meta-analysis of the dataset from Bio-
Project accession number PRINA854325 (Boutsika
et al. 2023). In particular, we performed a Non-metric
Multidimensional Scaling (NMDS) analysis between
soils and tubers originating from the same field and
collected or harvested at the same time points.

Statistical analysis

The results of soil analysis were firstly tested for nor-
mality using the Anderson and Darling normality
test, revealing that soil data were normally distrib-
uted. Student’s T-test was then applied to determine
differences in soil properties between IT (n=9) and
CT (n=9), whereas the Average Linage clustering
method with Euclidean distances was used to clus-
ter the sampling sites in RStudio (Version 4.2.2). To
evaluate the normality of our sequencing dataset, we
also utilized the Anderson—Darling test that resulted
in p-value<2.2e-16, clearly evidencing against the
null hypothesis of normality. The differences in the
relative abundance between the two groups (IT vs
CT) were evaluated using Wilcoxon rank sum test.
When p<0.05, we considered the difference signifi-
cant. The Wilcoxon rank-sum test was also utilized to
determine alpha diversity indices (Simpson, Shannon,

and Chao) at both genera and species level, between
the two regions. All analyses were based on 18 sam-
ples (two geographic regions x three individual fields
x three biological replicates).

Data availability

Raw data were deposited in the National Centre for
Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under the BioProject accession num-
ber PRINA970975.

Results
Soil properties in the sampling sites

Overall, soil samples obtained from IT and CT
showed discernible difference in their properties
(Supplementary Table 2). In particular, the soils col-
lected from IT (Naxos Island, Aegean Sea) were clas-
sified as loamy sand or sandy loam (clay content,
11.3%; sand content, 66.0%) with significantly higher
OM content (2.2%), lower pH (7.6), and higher EC
than CT soils (Fig. 1b; Supplementary Table 2). By
contrast, the soils of CT (Chalkidiki, Central Macedo-
nia) were classified as clay loam (clay content, 26.0%;
sand content, 47.9%) with a significantly lower OM
content (1.5%), higher pH (7.9), and lower EC than
IT soils. With regard to macro- and micro-nutrients,
both terroirs represent nutrient-rich ecosystems, but
with some differences in soil fertility. More specifi-
cally, IT had higher mean concentrations of P and Zn,
while CT had higher mean concentration of Mg, Mn,
Cu and B. Heatmap analysis revealed that the amount
of S, Zn, P, Fe, as well as OM and EC, was higher
IT soil, which was diversified from CT soils creat-
ing a separate cluster. On the contrary, it is notice-
able that CT samples perform a different cluster, due
to the increased amounts of K, Mn, Cu, Mg, pH, and
Si. Overall, the results of the analysis of soils from
IT and CT demonstrated discernible differences in
terms of their physical and chemical properties, based
on Euclidean distances, except for IT1, which formed
a separate cluster but closer to CT than the other
IT samples. These findings emphasize the need to
understand how soils in different regions affect plant
growth and ecosystems.

@ Springer
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Bacterial communities’ diversity and composition

The high variability in soil properties between con-
trasting terroirs can lead to a wide range in microbial
structure and diversity of soil microorganisms. Thus,
to detect distinct differences in the soil bacterial pro-
files found in the two different agroecosystems, where
potato is cultivated, bacterial 16S rRNA gene long-
read sequencing was performed using a Nanopore
MinlON-based metataxonomic sequencing pipeline.
Taxa abundances at various taxonomic levels — phy-
lum, genus, and species — were calculated between the
two terroirs, highlighting distinct bacterial communi-
ties between regions, which tended to differ in both
composition and abundance (Fig. 2; Supplementary
Tables 3, 4). At the phylum level, the top abundant
phyla shared by IT and CT were Pseudomonadota,
Bacillota, Actinomycetota and Bacteroidota, followed
by Acidobacteriota and Thermodesulfobacteriota
(Supplementary Table 4). Notably, IT had higher rel-
ative abundances of Acidobacteriota, Thermodesulfo-
bacteriota and Verrucomicrobiota (Fig. 2a), whereas
CT of Bacillota (Fig. 2b).
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At the genus level, the top genera for IT were
Vicinamibacter, Neobacillus, Haliangium, Gemma-
timonas, and Paenibacillus (Fig. 2¢), while for CT,
there were Vicinamibacter, Microvirga, Haliangium,
Gemmatimonas and Thermoanaerobaculum (Fig. 2d).
Other abundant genera were Thiobacter, Bacillus and
Fimbriiglobus for IT, as well as Brevitalea, Gaiella,
Rubrobacter and Arenomicrobium for CT. Soils from
IT possessed significantly more Neobacillus (Bacil-
lota), Thiobacter and Povalibacter (Pseudomonadota)
(Supplementary Table 5). By contrast, CT had higher
relative abundances of Vicinamibacter, Microvirga,
Thermoanaerobaculum, Brevitalea and Arenimicro-
bium (Acidobacteriota), as well as of Gaiella and
Rubrobacter (Actinomycetota). Meanwhile, at the
species level, the two terroirs shared high abundan-
cies of Vicinamibacter silvestris, Haliangium tepidum
and Fimbriiglobus ruber (Supplementary Table 3).
The most discriminated abundant bacteria for IT
were Neobacillus niacini, Povalibacter uvarum, and
Thiobacter subterraneus, whereas for CT, there were
Thermoanaerobaculum aquaticum, Arenimicrobium
luteum, and Gaiella occulta.
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Fig. 2 Metataxonomic classification between Island (IT) vs Continental terroir (CT). Pie charts show the top taxa at the phylum
level for IT (a) and CT (b). Stacked bars represent the top 10 genera for IT (¢) and CT (d)
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Island vs continental terroir and spatial heterogeneity

To examine the distribution of reads assigned to
taxa across various samples, venn diagrams and
heatmap plots were generated for the genus and
the species level (Fig. 3). For genera, the results
showed that 587 taxa were shared by both terroirs,
whereas the number of specific taxa were 12 and
one (1), for IT and CT, respectively (Fig. 3a). At
the species level, the shared taxa were 3922, while
the unique taxa were 2142 and 927, for IT and CT,
respectively (Fig. 3b). These data indicated that IT
had a greater number of unique genera and species
than CT, confirming the differentiation between the
two regions (Fig. 3c, 3d). A heatmap visualization
with hierarchical clustering of genera and species
in all soil samples also depicted the distinct differ-
ences in bacterial community structure between the
two geographical regions (Fig. 3c, 3d).

a Genera

IT CcT

OO0 000
Qa9 g o9
SNe o
- NN = W

(9] (e}
1 p
- N
: y

Fig. 3 Analysis of taxa similarity among different terroirs.
Venn diagrams represent shared and unique taxa at the genus
(a) and the species (b) level. Heatmap plots represent the top
80 most abundant taxa across Island Terroir (IT) and Conti-

Alpha- and beta-diversity analysis

Alpha diversity measures (Chaol, Shannon, and
Simpson indices) are presented in Fig. 4, highlight-
ing increased genera/species richness and diversity in
soils of IT compared to CT. At both genera and spe-
cies level, there were significant differences between
IT and CT for all alpha-diversity indices, as deter-
mined by Wilcoxon rank-sum test (p<0.05) (Sup-
plementary Table 5). In particular, chaol, which is
an indicator of species richness (total number of spe-
cies in a sample) that is sensitive to rare taxa (Chao
1987), showed higher values in IT than CT, both at
the genus and the species level, indicating greater
richness. Shannon’s index, which serves as an indica-
tor of species evenness (proportional distribution of
the number of each species in a sample), further con-
firmed that IT’s genera and species had greater diver-
sity than CT’s. Lastly, Simpson, which is an indicator
of species evenness (proportional distribution of the
number of each species in a sample), also revealed

Species

IT CcT

-4

[¢]
3
-
N

nental Terroir (CT), based on z-normalization of relative abun-
dance data, ordered by distance-based clustering (Euclidian),
at the genus (c) and the species (d) level
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Fig. 4 Violin plots representing the alpha-diversity of the bac-
teria from Island Terroir (IT) and Continental Terroir (CT).
The plots compare the two regions at the genus level (a, b,
c¢) and the species level (d, e, f) using Chaol, Shannon, and
Simpson indices. Each violin plot displays the distribution of
the alpha-diversity values, while the overlaid boxplot provides

the greater community diversity in IT samples. Soil
samples of CT were characterized by variable intra-
diversity at the genus level for richness (Fig. 4a) and
at the species level for evenness (Fig. 4f), which made
the box-plot range larger than in IT, suggesting that
some CT replicates were highly diverse and rich,
while others were characterized by their lower rich-
ness and proportional distribution in bacterial com-
munities. Collectively, these data may indicate that IT
soils, where the PGI potato originates from, had high
species diversity, probably with less dominant spe-
cies, whereas the CT soils represented more homoge-
neous bacterial communities, potentially with a domi-
nance of a few species.

Regarding beta-diversity, the principal coordi-
nates analysis (PCoA) revealed vibrant differences
between IT and CT soils (Fig. 5). More specifically,
IT soil samples were separated from CT samples
at both the genus and at the species level, since the
plots create distinct clusters (Fig. 5a, ¢). The analy-
sis of similarities (ANOSIM), based on Jaccard dis-
similarity, further confirmed significant differences
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additional summary statistics such as the median, quartiles,
and potential outliers for a comprehensive understanding of the
dataset. Wilcoxon rank-sum was used to test for differences in
alpha diversity indices between groups. *p<0.05, **p<0.01
and ***p <0.001

between the two regions (R=0.834, P<0.001 and
R=0.847, P<0.001 for genera and species, respec-
tively) (Fig. 5b, d).

In an effort to compare bacterial communities that
were present in the soil compared to the rhizosphere
of potato tubers grown in the same IT and CT fields,
an NMDS analysis using Bray—Curtis dissimilarity
(-diversity) was performed using the dataset gener-
ated in this study, compared with a previously pub-
lished (PRINA854325; Boutsika et al. 2023). Results
revealed significant regional differentiation for both
genera and species between the potato rhizosphere
and the surrounding soil (Fig. 6a), as they were clus-
tered independently, corroborating the hypothesis that
the sampling locations had distinguished microbial
community composition.

Linear discriminant analysis effect size
The LEfSe analysis detected 12 and 15 bacterial

clades in the soil of IT and CT, respectively, discrimi-
nating the terroir-specific microbial communities in
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Fig. 5 Beta-diversity and community similarity analysis of
the bacterial composition present in Island Terroir (IT) and
Continental Terroir (CT), using the relative abundances of the
genera (a, b) and species (¢, d). a, c: Principal Coordinates

the two geographic regions (Fig. 6b). At the genus
level, candidate biomarkers for IT were Neobacillus
and Povalibacter, while for CT, there were Vicina-
mibacter, Arenimicrobium and Rubrobacter These
potential biomarkers were associated with each ter-
roir, revealing geographic-origin dissimilarities.
Notably, one genus identified as bacterial biomarker
of IT, Neobacillus, was also detected both at harvest
and at post-harvest potato tubers, obtained simulta-
neously from the same fields, as soil samples (Bout-
sika et al. 2023). This genus was abundant in the PGI
potatoes, but it also remained abundant after stor-
age, dominating the microbial community of potato
tubers. These metataxonomic results obtained from
soil and tubers showed a consistency for this genus,
that was abundant in different potato fields across
the island, thus it may represent an excellent putative
‘terroir’ biomarker for the traceability of the certified
potatoes cultivated there.

Analysis (PCoA) plots based on Jaccard dissimilarity. b, d:
Unweighted Unifrac ANOSIM analysis between the two ter-
roirs

Correlation plot analysis between genera and soil
properties

A correlation plot analysis integrating soil properties
and bacterial abundances for CT and IT was employed
in an effort to associate specific taxa (the top 20 gen-
era) with soil characteristics (Fig. 7). The correla-
tions were visually represented using circles, where
the size and color of the circles indicated the degree
of the connection. Among the several genera that
were analyzed, Vicinamibacter, Thermoanaerobium,
Gaiella, Rubrobacter, Tepidisphaera, Gemmata,
Arenimicrobium,  Fimbriiglobus, Flavisolibacter,
Brevitalea, Microvirga, and Neobacillus exhibited the
strongest positive and negative associations. In par-
ticular, Vicinamibacter, Thermoanaerobium, Gaiella,
Rubrobacter, and Tepidisphaera, exhibited significant
interactions with seven (7) to nine (9) soil properties.
Similarly, Gemmata, Arenimicrobium, Fimbriiglobus,
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Fig. 6 a, b: Non-metric multidimensional scaling (NMDS),
using taxa relative abundances, showing ordination of bacteria
found in the rhizosphere of potato tubers and the surrounding
soils of IT and CT, harvested at the same time, at the genus
(a) and at the species (b) level. The ordinate analysis is based
on the Bray—Curtis distance matrix. Percentage following axis
labels indicated percentage of total inertia explained by the

Flavisolibacter, and Brevitalea had correlations with
five (5) to six (6) soil properties, while Microvirga
and Neobacillus demonstrated fewer correlations.
Notably, the bacteria that exhibited the strongest asso-
ciations were exclusively associated with CT. In this
regard, the abundance of Vicinamibacter, Thermoa-
naerobium, Gaiella, and Rubrobacter was positively
correlated with C, pH, Mg, Mn, Cu, and B, while
also displaying strong negative correlations with Ec,
P, and Zn. Brevitalea and Arenimicrobium exhibited
comparable trends, with strong positive associations
with Mg, Mn, Cu, and B, and negative associations
with Ec. Furthermore, Gemmata and Fimbriiglobus
had similar patterns characterized by strong positive
correlations with C, pH, and Mg, while showing neg-
ative correlations with P and Zn. Finally, it is note-
worthy that Flavisolibacter and Microvirga exhibited
exclusively strong positive relationships. Flavisoli-
bacter showed positive correlations with C, Si, pH,
Mg, and Cu, while Microvirga displayed significant
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respective axis. Number of samples: Island Potatoes (IP)=23,
Continental Potatoes (CP)=18, Island Terroir (IT)=9, and
Continental Terroir (CT)=9. ¢: Histogram of LDA Effect
Size (LEfSe) distribution genera with significant differences in
abundance between groups. Box plots (log-transformed counts)
of the most differential genera in IT and CT are also shown.

positive correlations with Mg, Mn, and Cu. Among
the genera that were more abundant in IT, Neobacil-
lus was positively correlated with P and negatively
with pH and Mg. Overall, these findings provide
some useful insights into the unique microbial-eco-
logical dynamics that are specific to these regions,
and merits further investigation.

Discussion

Potatoes are one of the world’s most important crops
(Visser et al. 2009), with their quality being highly
dependent on the terroir they grow (Costantini and
Bucelli 2013), and specifically on soil, geography,
and climate (Lucini et al. 2020). Along with the
genotypic effect, the sprouting, the quality, and the
postharvest potential of potatoes, they can be also
influenced by the soil properties and the environment
during growth (Visser et al. 2009) and development
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(Buchholz et al. 2019). Furthermore, as the soil rep-
resents the main reservoir of microorganisms able
to colonize potato tubers (Fierer and Jackson 2006;
Genitsaris et al. 2020), it is conceivable that contrast-
ing locations differing in the composition of the soil
microbiota can also impact both potato quality and
storability, even if the genotype remains the same.
In the past, the majority of studies have focused on
unravelling the effect of diverse bacterial communi-
ties that are present in potatoes with regard to produc-
tivity or resistance to soil-borne pathogens (Sessitsch
et al. 2004; Guyer et al. 2015; Pfeiffer et al. 2017).
Since the effect of potato genotype on the bacterial
diversity seem to be minor or not consistent (Wein-
ert et al. 2010), in this study, using nanopore long
reads, we explored soil metataxonomics in contrast-
ing potato fields from island and continental terroirs.
Our findings demonstrated that the two areas (CT, IT)
had distinguishable bacterial communities, suggest-
ing the presence of terroir-specific bacterial species in
both regions. Interestingly, the soils of IT, where the
popular PGI potato is produced, had a bigger number
of distinct species and genera than CT, indicating that
the microbial ecosystems of the two regions varied
substantially.

-07 -05 -03 -01 01 03 05 0.7

e
)
-

The genera of Neobacillus (Bacillota), Povalibac-
ter, and Thiobacter (Pseudomonadota) have been
found to be highly abundant in IT. Several species of
the genus Neobacillus has been previously reported
to promote plant growth through a variety of direct
and indirect mechanisms, including nitrogen fixation,
the use of biological controls to combat soil-borne
pathogens, the production of plant growth hormones
that enhance plant development, and the production
of metabolites (Alawiye and Babalola 2019). The
other highly abundant genus in IT, Povalibacter, is
well known to assimilate N by reducing NO*~ and
NO*~ into NH** (Nogi et al. 2014), usually asso-
ciated with neutral pH ranges and with soils with
higher amounts of soil organic matter and soil organic
carbon (Kim et al. 2023). This is in line with our find-
ings, demonstrating that IT had nearly twofold higher
OM content, as well as lower pH than CT. Addition-
ally, the abundance of this genus in long-term con-
tinuous cropped soils has been found to decrease due
to the lack of organic material (Li et al. 2018), which
might explain its lower abundances in CT. Another
key genus in IT, Thiobacter, is able to store massive
amounts of sulfur and to form conspicuous gelati-
nous mats, and it has been previously suggested to
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belong to the sulfide-oxidizing bacteria, using hydro-
gen sulfide as energy source (Griinke et al. 2010).
This group of bacteria can therefore play a key role
in transformation of sulfur in soil (Joshi et al. 2021).
Although sulfur content was not determined in this
study, the presence of such bacteria in the soils of IT,
containing significantly higher organic matter con-
tent, may be associated with its higher availability for
plants.

On the other hand, key genera that were signifi-
cantly more abundant in CT included the Acidobac-
teriota Vicinamibacter, Microvirga, Thermoanaero-
baculum, Brevitalea, Arenimicrobium, as well as the
Actinomycetota Gaiella and Rubrobacter. The genus
Vicinamibacter contain bacteria that can survive in a
broad variety of pH levels, able to use different sug-
ars, organic acids, and complex proteinaceous sub-
strates to thrive (Huber et al. 2016). Significantly,
these genera have been linked to the process of P
solubilization, as shown by the presence of quinopro-
tein glucose dehydrogenase genes in their genomes
(Liang et al. 2020; Wu et al. 2022). The genes cata-
lyze the oxidation of glucose into gluconic acid, hav-
ing a pivotal role in microbial P cycling in the soil
(Zhao et al. 2022). Although the association between
P-transforming microorganisms and the long-term
nutrient inputs remain patchy at best, high P inputs
are generally associated with the inhibition of growth
of Acidobacteria, being oligotrophic bacteria (Dai
et al. 2020; Liu et al. 2022). This is in agreement with
the high P availability in IT, accompanied by lower
abundances of Acidobacteria, such as Vicinamibac-
ter, Microvirga, Thermoanaerobaculum, Brevitalea
and Arenimicrobium. On the other hand, Microvirga
species can be found in a wide range of ecological
niches and have crucial functions in enhancing plant
growth and suppressing pathogenic microorganisms
(Liu et al. 2022), being commonly found in healthy
soils (Wang et al. 2017). Several members of this
genus are important in symbiotic nitrogen fixation,
having the capacity to reduce nitrate to nitrite (Dahal
and Kim 2017). Herein, no high correlation between
the abundance of this genus and nitrate was evident,
but instead, a high positive correlation was observed
for Mg and some micronutrients i.e., Mn, Cu and B.
Another genus that was significantly more abundant
in CT was Thermoanaerobaculum which is known for
its remarkable capacity to reduce Fe(IlI) and Mn(IV)
(Losey et al. 2013). The concentration of Fe was not
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substantially different between the two terroirs, but
Mn levels were higher in CT, being positively asso-
ciated with the abundance of Thermoanaerobaculum.
Other abundant genera found in CT, Brevitalea and
Arenimicrobium, are aerobic chemoheterotrophic
mesophiles that may thrive in a wide variety of pH
levels, using a limited spectrum of carbon and energy
sources for growth, with a preference for complex
proteinaceous substrates (Wiist et al. 2016). The
Brevitalea and Arenimicrobium clades are commonly
found in dry soil settings, indicating their ability to
adapt to arid circumstances and their dependence
on certain carbon sources that are abundant in these
environments (Dedysh and Yilmaz 2018).

Within the phylum Actinomycetota (or Actinobac-
teria), the abundances of Gaiella and Rubrobacter,
were significantly higher in CT. The genus Gaiella
is characterized by Gram-negative, non-motile rod-
shaped bacteria, known as important organic mat-
ter decomposers, involved in carbon cycling (Albu-
querque and da Costa 2014). Interestingly, the genus
Gaiella was found to be significantly enriched in
vermicompost soil, inhibiting the abundance of
Fusarium oxysporum f. sp. lycopersici (Zhou et al.
2021), although the underlying mechanism of patho-
gen inhibition remains unclear. Previously, a corre-
lation between the abundance of Gaiella and mod-
erately high amounts of rainfall was demonstrated
(Amon et al. 2023), being consistent with our report
of remarkably higher rainfall levels in CT compared
to IT during the last two months prior soil sampling
(Supplementary Table 6). Earlier studies have also
reported that the abundance of Guaiella genus can
be significantly reduced in soils fertilized with pig
manure (Liu et al. 2017) or poultry litter (Parente
et al. 2021), which may justify its lower abundance
in IT, where soils had higher OM content (Supple-
mentary Table 2). Within the same phylum clade,
Rubrobacter is another prominent and widespread
genus, commonly found in cultivated fields and
marine ecosystems, with variable abundance and
diversity (Holmes et al. 2000; Chen et al. 2021). This
genus is known for its exceptional ability to withstand
radiation (Yoshinaka et al. 1973) and is commonly
found in terrestrials with high-temperature, or with
elevated salt concentrations (Singleton et al. 2003).
However, none of these observations were confirmed
in this study, as CT had lower average temperature,
as well as lower EC compared to IT. Furthermore,
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prior studies have emphasized on the existence of
extremely distinct proteins in Rubrobacter that are
essential for the development of bacteriochlorophyll-
based photosynthesis, providing insight into its evolu-
tionary importance (Gupta and Khadka 2016).

An interesting finding highlighted in the current
study is the identification of possible bacterial bio-
markers, with statistically significant higher relative
representation, specific for each terroir. In particu-
lar, the genera Neobacillus and Povalibacter served
as good candidates for IT, whereas Arenimicrobium
and Thermoanaerobaculum for CT. Although these
potential biomarkers need to be validated over differ-
ent growing seasons, our results highlight the possi-
bility to employ such microbial biomarkers to distin-
guish various geographical locations, especially those
related to PGI products. Another interesting note is
that Neobacillus was discovered in both the soil (this
study) and potato tubers harvested from the same
fields simultaneously (Boutsika et al. 2023), thus
representing an ideal "terroir" indicator for traceabil-
ity. It is noteworthy to mention that Neobacillus, the
putative a biomarker in IT region, was positively cor-
related with EC, suggesting its putative association
with coastal regions. Therefore, this method, along
with other analytical assays related to product quality,
may be potentially applied towards the prevention of
misleading indications of PGI origin, as well as for
the protection of authentic local products and produc-
tion methods from exploitation, imitation, and decep-
tion. Similar studies provide interesting linkages
between grape microbial communities and the wine
terroir (Kamilari et al. 2021).

On the other hand, the genera Bacillus, Paeni-
bacillus, Haliangium, Fibriiglobus and Gemmati-
monas were highly abundant in both terroirs, with
no particular differences in abundance, suggesting
that they can be regarded as “core” soil microbi-
ome for potato sampling sites in Greece. Overall,
these genera can have significant impacts on plant
growth promotion and on the suppression of patho-
gen attack (Leontidou et al. 2020; Liu et al. 2022),
possessing multiple ecological functions in soil eco-
systems such as nutrient cycling, synthesis of phy-
tohormones and plant stress tolerance (Timmusk
et al. 2005; Grady et al. 2016; Jeong et al. 2019a,
b; Saxena et al. 2020; Varliero et al. 2021). Inter-
estingly, these genera were also relatively abundant
in potato tubers harvested from these sampling sites

(Boutsika et al. 2023), further strengthening their
putative contribution to the “core” microbiome,
despite huge differences in soil properties, cropping
history and climate. By contrast, in a recent review,
the genera Bradyrhizobium, Sphingobium and
Microvirga have been suggested as the main repre-
sentatives of the potato core microbiome (Petrushin
et al. 2024). Therefore, the presence of generalist
genera over different vegetation stages and years, as
well as in other potato varieties and environmental
conditions, needs to be further investigated to point
toward an even closer association between potato
cultivation and the core microbiome composition.
Although linking alterations in soil bacterial
communities with agricultural productivity or
quality may seem premature (Peiffer et al. 2013;
Hartmann and Six 2023), the contribution of soil
microbiome as a potential driver of the “terroir”
signature cannot be ignored (Boutsika et al. 2023;
Johnston-Monje et al. 2023). Among all the compo-
nents constituting terroir, climate (including solar
radiation, precipitation, humidity, temperature and
wind) is a dominant factor governing not only agri-
cultural product characteristics but also bacteria
community composition and diversity. Previously,
the diversity and abundance of soil bacteria have
been shown to be inversely connected with tempera-
ture and positively with soil humidity (Rousk et al.
2010). Based on these considerations, the observed
differences in the composition of the bacterial com-
munities of IT and CT may be justified by differ-
ences in the average temperature (slightly higher in
IT) and the average rainfall (significantly higher in
CT) (Supplementary Table 6). Furthermore, bacte-
rial metabolism may accelerate the decomposition
of OM and soil nutrient release at high temperatures
(Yu et al. 2022), whereas higher soil moisture may
cause anaerobic conditions and induce alterations
in soil diversity (Fierer et al. 2003). The Aegean
Islands are famous for their low-productivity Lithic
Xerorthents or Leptosol volcanic soils (Moustakas
and Georgoulias 2005), with the soil being also
xeric due to minimal precipitation and high evapo-
ration rates. Therefore, we could presume, that the
diverse microbiome of IT and CT may vary due to
their diversified microclimate and particularly due
to significantly different average temperature and
precipitation levels, along with soil properties, that
can jointly shape the so-called “terroir footprint”.
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As soil microbiomes drive key functions in agro-
ecosystems, regulating soil fertility, crop productiv-
ity and stress resilience (Hartmann and Six 2023),
several analytical approaches have been employed
to tap microbial diversity, mainly by sequencing one
or two hypervariable regions of the 16S rRNA gene
(Yang et al. 2016). In our study, we have sequenced
the full-length 16S rRNA gene for the metataxo-
nomic analysis by employing the Nanopore EPI2ME
pipeline. Despite the limited possibility to customize
workflow parameters, as well as the higher error rate
characterizing nanopore sequencing, the sequencing
of the full-length 16S rRNA gene allows species-
level classification, enhancing taxa resolution over
previous short-read technologies (Benitez-Paez et al.
2016; Ciuffreda et al. 2021). Future advances on
nanopore long-read chemistry, with the implementa-
tion of different bacterial reference databases, could
surpass current problems maximizing reliability and
confidence on data analysis, and will be pivotal in the
research towards harnessing soil microbiomes as a
sustainable solution for modern agriculture.

Conclusions

This study offers useful insights into the microbial
diversity and composition of potato fields in two
contrasting terroirs. Significant variations in bacte-
rial communities across the two locations depicts
the necessity for region-specific soil management
practices to maximize crop yields and preserve soil
health. Using long-read sequencing of the 16S rRNA
gene, a breakthrough method that has made closed
microbial genomes routine creating a complete
microbial tree of life, we uncovered that potato soils
in the semi-arid region of the Aegean Island, which
represents a unique Mediterranean agroecosystem,
recruited more beneficial microorganisms, possibly to
cope with the unfavorable environmental conditions.
These results are in accordance with the notion that
soil microbial biogeography is predominantly gov-
erned by regional soil properties, unique for each ter-
roir. Despite the fact that our research was limited to
three different fields per regions and one year of sam-
pling, our results pave the way towards understanding
the factors that determine microbial community struc-
ture and diversity of dissimilar terroirs, that is crucial
for preserving soil quality, avoiding soil-borne plant
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diseases, and enhancing plant growth. Further experi-
mentation over different years and climatic conditions
are crucial to unravel how different agricultural ter-
roirs shape potato microbiome and to understand if
the distinguishable microbial footprints can contrib-
ute to the regional identity of the produced potatoes.
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