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Improved understanding of the complex interaction between plant metabolism,
environmental conditions and the plant-associated microbiome requires an
interdisciplinary approach: Our hypothesis in our multiomics study posited that
several environmental and biotic factors have modulating effects on the
microbiome and metabolome of the roots of wild Echium vulgare plants.
Furthermore, we postulated reciprocal interactions between the root
metabolome and microbiome. We investigated the metabolic content, the
genetic variability, and the prokaryotic microbiome in the root systems of wild
E. vulgare plants at rosette and flowering stages across six distinct locations. We
incorporated the assessment of soil microbiomes and the measurement of
selected soil chemical composition factors. Two distinct genetic clusters were
determined based on microsatellite analysis without a consistent alignment with
the geographical proximity between the locations. The microbial diversity of both
the roots of E. vulgare and the surrounding bulk soil exhibited significant
divergence across locations, varying soil pH characteristics, and within the
identified plant genetic clusters. Notably, acidophilic bacteria were
characteristic inhabitants of both soil and roots under acidic soil conditions,
emphasizing the close interconnectedness between these compartments. The
metabolome of E. vulgare significantly differed between root samples from
different developmental stages, geographical locations, and soil pH levels. The
developmental stage was the dominant driver of metabolome changes, with
significantly higher concentrations of sugars, pyrrolizidine alkaloids, and some of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2024.1369754&domain=pdf&date_stamp=2024-06-24
mailto:guenter.brader@ait.ac.at
https://doi.org/10.3389/fpls.2024.1369754
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science

Csorba et al.

10.3389/fpls.2024.1369754

their precursors in rosette stage plant roots. Our study featured the complex
dynamics between soil pH, plant development, geographical locations, plant
genetics, plant metabolome and microbiome, shedding light on existing

knowledge gaps.
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Introduction

The plant family Boraginaceae comprise several species with
medicinal properties, such as Alkanna tinctoria L. Tausch
(Papageorgiou et al., 2008; Tappeiner et al., 2014), Lithospermum
sp (Hisa et al.,, 1998; Yazaki, 2017; Khosravi et al., 2019),
Symphytum officinale L (Trifan et al., 2020), Pulmonaria officinalis
L (Krzyzanowska-Kowalczyk et al., 2018), or Echium vulgare L.
(Viper's bugloss (Wang et al., 2022). The latter species, our study
subject, is a biennial or hapaxanth flowering herb native to Europe
and a rich source of several secondary metabolites (Eruygur et al.,
2016). Among these metabolites, pyrrolizidine alkaloids (PAs)
(Lucchetti et al., 2016) are toxic, but also medicinally relevant
bioactive secondary metabolites, such as the naphtoquinones
alkannin/shikonin and their derivatives (A/S) can be found,
similar to A. tinctoria (Papageorgiou et al.,, 1999; Eruygur et al,
2016). A/S are enantiomeric constituents and are of cosmeceutical
and pharmaceutical interest (Papageorgiou et al., 2008). Toxic PAs
of Echium plants pose direct danger to grazing livestock
(Wiedenfeld and Edgar, 2011) as well as humans through
Echium-derived honey (Beales et al., 2007). Former studies on
PAs in E. vulgare were limited to foliage (Skoneczny et al,, 2015),
pollen (Kast et al., 2018), and floral nectar (Lucchetti et al., 2016), in
the present study we focused on the lesser studied roots.

The quality and quantity of primary and secondary metabolites
of plants are shaped by different parameters and are highly
interconnected with the plant’s microbiome, e.g. the rhizosphere
microbial communities thriving at the root-soil interface by root
exudates (Kawasaki et al., 2016; Zhalnina et al., 2018), and the
endosphere or root inhabiting microbiota by the root metabolism
(Pang et al., 2021a). Plants are known to actively recruit beneficial
microorganisms from the surrounding soil through numerous
mechanisms as a response to various environmental signals, such
as pathogen presence (Liu et al.,, 2021; Sui et al,, 2023) or through
the signaling of already present endophytes (Ujvari et al., 2021).
Plant-associated microbial communities are further influenced by
the plant genotype (Brown et al., 2020; Cordovez et al., 2021) and
plant developmental stage (Yuan et al., 2015; Cordovez et al., 2021).
The plant genotype and in- or between population genetic
differences may lead to different levels of plant metabolites (Cadot
et al., 2021). Furthermore, the plant developmental stage has been
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found to be the main factor of altering root secondary metabolic
activity in Boraginaceae such as E. vulgare (Skoneczny et al., 2017).
Soil, with its specific chemical, physical and biological
characteristics, has been identified as a primary driver of plant-
associated microbiome composition and plant metabolism both in
above- and below-ground plant organs (Zarraonalndia et al., 2015;
Aguirre-Becerra et al., 2021; Cadot et al., 2021). The highly plastic
metabolic activity of a plant can also be influenced by the activity of
its root or rhizosphere microbiota (Korenblum et al., 2020;
Mangeot-Peter et al., 2020) and its direct abiotic environment
(Bundy et al, 2009). For example, a study identified bacterial
strains, isolated from A. tinctoria roots, which enhanced A/S
contents in hairy-root cultures (Rat et al., 2021). Furthermore, in
our previous study on the root metabolome and microbiome of A.
tinctoria grown in greenhouse with different native soil
microbiomes of diverse geographical origin, we identified the
plant developmental stage as the prominent factor impacting the
root metabolic composition, while the root microbiome was
influenced by parameters such as the bulk soil microbiome as
well as the developmental stage (Csorba et al., 2022). That study
also revealed a correlation between specific microbiome taxa and
metabolites of the A/S pathway indicating that certain taxa may
stimulate A/S production or A/S metabolites might promote the
proliferation of some specific microorganisms. In addition to
abiotic environmental factors, biotic factors such as competition
with other plant species (Leach et al, 2017), above- and below
ground herbivory (Zhu et al., 2016; Hu et al., 2018) or attraction of
pollinators (Borghi and Fernie, 2017) can shape the metabolic
content and microbiome composition of plants.

In the present study, we formulated a hypothesis that native E.
vulgare root and bulk soil samples collected from six geographical
locations in Austria, each characterized by slightly different
parameters, soil microbiomes, and soil biochemical compositions,
would exhibit significant differences in their root-associated
microbiome and metabolome. To elucidate potential microbial
and metabolic changes associated with the developmental stages
of E. vulgare roots, we sampled specimens from six stable
populations both developmental stages (Figure 1). We aimed to
investigate the potential influence of E. vulgare genetic variation
between the populations, as well as the developmental stage within
each population, on the microbial diversity, together with the
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primary and secondary metabolite content of the roots. Moreover,
we anticipated discovering correlations and co-occurrences between
root metabolites and microbial taxa in various stages and in
plant genetic backgrounds. Our multidisciplinary approach can
help to achieve enhanced comprehension of the intricate interplay
among plant metabolism, environmental factors, and the
associated microbiome.

Materials and methods

Sampling of Echium vulgare plants and
bulk soil

Whole plants at two distinct growth stages (vegetative rosette and
reproductive flowering stage), along with bulk soil corresponding to
each root collected in each population from six different locations
(locations A, B, C, E, F, G) in Austria in October and November 2017
(Supplementary Figure 1). The collection areas exhibited diverse
habitat types (Supplementary Table 1). Among the selected
E. vulgare populations, four consisted of plants both rosette and
flowering stages, while the remaining areas provided only rosette
stage plants. A total of 61 plants and the corresponding bulk soil
material were sampled. Additional soil samples for chemical property
analysis were collected from the same sites in April 2020.
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Root dissection and DNA extraction

Plants were cut horizontally at the transition zone of the root,
stem and leaves were discarded. Excess bulk soil attached to the
roots was removed by manual shaking. Roots were placed in sterile
50 ml Falcon tubes and washed with sterile distilled water by placing
on a tube roller mixer for 5 minutes. The surface structure and the
hard-wooden property of the roots did not allow us to carry out
sufficient surface sterilization without harming the periderm and its
related microbiome. Therefore, we implemented a dissection step
with sterile tools and defined two root sections to be handled
separately. With the help of sterile scalpels, we separated the
periderm including the secondary phloem, later referred to as
“Root Outside — RO, from the secondary xylem or “Root Inside -
RI” (Figure 2A), the hardened stele got discarded. Due to lack of
surface sterilization the periderm samples contained sticky
rhizoplane material. After dissection, the outer and inner tissues
were handled separately and submitted instantly for fast freezing
and DNA extraction. Soil total DNA was isolated by using
FastDNA"" SPIN Kit for Soil and the FastPrep® Instrument (MP
Biomedicals, Santa Ana, CA, USA) by following manufacturer’s
instructions. DNA was eluted from the Binding Matrix with 100 ul
clinical-grade sterile distilled water (Aqua ad iniectabilia, Braun,
Melsungen, Germany). The DNA from root samples was extracted
by following a CTAB protocol (Csorba et al., 2022).
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Plant genotyping

PCR reactions on root DNA were performed by using FAM-
labelled M13 primers. The amplified products were separated on
capillary sequencer and allelic configurations of each individual
were determined using GeneMapper following the protocol already
used on A. tinctoria by Ahmad et al. (2019). We genotyped 60
individuals of E. vulgare collected from six different locations in
Austria using eight highly polymorphic DNA markers. Five of the
Simple Sequence Repeat (SSR) markers (E3_40, E3_46, E3_56,
E3_84, E3_91) were used from previous studies (Korbecka et al.,
2003) while three of the markers (Col10, Col30b and Col9) were
developed for other Boraginaceae species.

Frontiers in Plant Science

Library preparation for 16S rRNA
gene sequencing

Preparation of Illumina Miseq 16S rRNA amplicon gene V5-V7
region sequencing libraries contained all root and soil samples and
were obtained through following a formerly used protocol by using the
primer pair 799F-1175R (Hanshew et al,, 2013; Csorba et al., 2022). As
this primer pair is known to target also the plant-derived mitochondrial
18S sequences generating an ~800 bp product, separation and
extraction of the ~400 bp 16S rRNA marker gene amplicon was
needed with the help of agarose gel electrophoresis. In the second
PCR step 48 different indexing tags were designed at the end of the
799F-1175R primer pair and individual amplicon libraries were
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planned accordingly. Pooled libraries were purified with Agencourt®
AMPure® Xp system and quantified with Qubit' "' dsDNA HS Assay
Kit on Qubit® Fluorometer (ThermoFisher Scientific),. The libraries
from all samples were submitted to LGC Genomics (Berlin, Germany)
for Tllumina MiSeq V3 (600 cycles) sequencing.

Bioinformatic analysis

Raw reads were filtered with Bowtie2 v.2.3.4.3 (Langmead and
Salzberg, 2012) to avoid the presence of Illumina’s PhiX
contamination and quality was preliminarily checked with
FastQC v.0.11.8. Primers were stripped using Cutadapt v.1.18
(Martin, 2011). Sequences were quality filtered, trimmed,
denoised using default settings and amplicon sequence variants
(ASVs) were generated with DADA2 v1.14 (Callahan et al,, 2016).
Denoised forward and reverse ASV sequences were merged, and
chimeras were removed. Filtered ASVs were checked using Metaxa2
v2.2.1 (Bengtsson-Palme et al., 2016) for targeting the presence of
V5-V7 16S rRNA regions in both archaeal and bacterial sequences.
Taxonomic assignment of the 16S rRNA marker gene-based ASV's
was performed using the RDP classifier (Wang et al., 2007) against
the SILVA v138 (Quast et al., 2013) database. Bacterial ASV counts
were imported into the R-4.0.3 statistical environment (R Core
Team, 2021) for further analyses.

All statistical analyses concerning plant population genetics and
the microbial community were conducted using R software
packages (Version 3.5.1. and 4.0.3.) Contaminant sequences were
filtered out using the decontam package (Davis et al., 2018),
employing a prevalence method set at a threshold of 1%.
Additionally, the RAM package (Chen et al., 2016) was utilized to
exclude rare ASVs by implementing a maximum relative abundance
threshold of 0.1%. Various functions of the package RAM were used
for the visualization of taxon abundance, for calculating core taxa,
and identifying indicator species. Relative abundances of the filtered
table have been calculated by using the dplyr (Wickham et al., 2019)
and phyloseq (McMurdie and Holmes, 2013) packages. Cumulative
sum scaling before calculating beta diversity values was performed
on the ASV table with the help of packages metagenomeseq
(Paulson et al.,, 2013) and biomformat (McMurdie and Paulson,
2016). PERMANOVA on the resulting table was calculated by
package vegan using the function adonis II. Normalization of the
ASV table before alpha diversity analysis was performed through
multiple rarefaction (permutation=999) with package rtk (Saary
et al,, 2017), by using the lowest number of reads. After conducting
ANOVA, estimated marginal means were calculated in package
emmeans (Lenth, 2023) as post hoc pairwise comparisons to
confirm differences in means among all combinations of variables
within the groups.

Indicator species were calculated with the multipatt function in
indicspecies package (De Caceres and Legendre, 2009). This
method utilizes permutation tests to assess the strength and
statistical significance of associations between genus occurrence/
abundance and groups of sites. In the group.indicators RAM/
multipatt analysis, thresholds were set at 0.85 for indicator
specificity, 0.8 for indicator fidelity, 0.8 for the association
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strength of the combined specificity and fidelity, and a
significance level of 0.05 for p-values. The calculation of
reproducibly occurring ASVs (rASVs) was conducted on DeSeq2
(Love et al., 2014) normalized microbiome data. This was achieved
by generating a hybrid artificial factor, which combined the factors
of soil pH, sample types, and locations using the R package dplyr.
Subsequently, the core.OTU function from RAM was employed,
setting a threshold of 4/6. This threshold determined the ASVs
present in 4 out of 6 replicates within each artificial factor, and 0.05
at p values (Pfeiffer et al., 2017; Csorba et al, 2022). The
significantly differentially abundant rASVs were calculated using
manyglm analysis (multivariate glm in the mvabund package),
considering both factors. Subsequently, an ANOVA based on
manyglm with 999 permutations was conducted. Shared rASVs
and core microbiome were analyzed through Venn diagrams with
venny 2.1.0.

The bacterial root microbial rASVs and UHPLC-HRMS
metabolites were correlated, and strongly correlating (r>]0.7|)
pairs were used to test for co-occuring factors. Co-occurrence
networks were established based on correlation done in the R
package psych (Revelle and Revelle, 2015), random forests were
trained and built with R packages parallel, caret (Kuhn, 2008), tidyR
(Wickham et al., 2023) and rfPermute. Networks were calculated,
analyzed and visualized by using igraph (Csdrdi et. al. 2006) and
tidygraph (Pedersen, 2023) packages.

Stereomicroscopy and confocal laser
scanning microscopy

To locate and visualize microorganisms in the different parts of
the root tissues, we scanned cross-sections obtained from freshly
collected roots from location C. These sections were observed using
a stereomicroscope (Olympus SZX16) and a confocal laser scanning
microscope (Olympus Fluoview FV1000 with multiline laser FV5-
LAMAR-2 HeNe(G) and laser FV10-LAHEG230-2) after staining
with 3.34 uyM Syto9® (ThermoFisher) in PBS, enabling visualization
of microorganisms residing inside the root. For confocal microcopy
X, Y, Z pictures were taken at 405, 488, 594 nm and with different
objectives and then merged (RGB) and observed using Imaris
software (Oxford Instruments). Pictures were cropped, whole
pictures were sharpened, and the light/contrast balance was
improved on whole pictures.

Soil sampling and chemical
property analysis

Soil samples were collected using a 1 ¢cm diameter soil corer
from the sampling sites. Within a 1x1 m square area nine individual
points from the top soil layer of 10-15 cm in depth were taken and
then pooled by location. Subsequently, the soil samples were sifted
through a 2 mm sieve, and the resulting finer fractions were
homogenized using a ball mixer (Retsch mill) for further
measurements. The pH of the samples was measured by following
the protocol of ONORM L 1083. The pH classification is based on
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the recommendation of the United States Department of
Agriculture (Soil Science Division Staff, 2017). Gravimetric soil
water content (GWC) was determined by oven drying 20 g of air-
dried samples at 105°C for 48 h. Carbonate content of the samples
was measured by the Scheibler method (ONORM L 1084). Total
carbon and total nitrogen of the air-dried and at 105°C pre-dried
soils were measured by dry combustion. The C:N ratio was
calculated by dividing the soil organic carbon content (SOC) and
the soil nitrogen content (%N).

Chemicals and sample preparation for
metabolite analysis

The A/S standards, chemicals and protocols for metabolite
extraction used were the same as previously described in former
studies (Tappeiner et al, 2014; Csorba et al., 2022). For NMR
spectroscopy analysis, 600 uL of the crude extract, prepared as
described in our previous Alkanna tinctoria study (Csorba et al,
2022), were evaporated under a stream of nitrogen and
reconstituted in methanol-d, containing 0.001% TSP.

Ultra-high performance liquid
chromatography - high resolution mass
spectrometry method

The UHPLC-HRMS method used in this study, including the
acquisition parameters and subsequent data extraction, was
previously reported (Csorba et al., 2022). In short, the UHPLC-
HRMS data of the E. vulgare root extracts were recorded on an LTQ
Orbitrap Discovery (Thermo Scientific, Waltham, Massachusetts,
USA) instrument with the chromatographic separation being
performed by an Acquity UPLC HSS C18 SB 1.8 pm 2.1 x 100
mm (Waters, Milford, Massachusetts, USA) column. Solvents used
were ultrapure water (A) and methanol (B), with 0.1% formic acid
added in both cases. The gradient elution program was the
following: 0 min 95A/5B, 1 min 50A/50B, 8 min 0A/100B, 13
min 0A/100B, 13.01 min 95A/5B, 16 min 95A/5B. The six most
intense ions in each full scan (m/z 80-1000) were subjected to MS/
MS. Data processing was performed using Xcalibur (Thermo
Scientific, USA) and the XCMS Online platform (The Scripps
Research Institute, USA).

Metabolite annotation and statistical
analysis of UHPLC-HRMS-derived
metabolomics data

UHPLC-HRMS data alignment and feature extraction were
performed utilizing the XCMS Online platform (The Scripps
Research Institute, USA). Features were detected via the centWave
algorithm (Tautenhahn et al., 2008) based on m/z values and their
respective retention times. The maximum tolerated m/z deviation
was set to 2.5 ppm in consecutive scans, with the signal to noise
threshold set to 10. Only chromatographic peaks with a width of at

Frontiers in Plant Science

10.3389/fpls.2024.1369754

least 5 s were extracted. Obiwarp (Prince and Marcotte, 2006) was the
method used for retention time alignment, 5 s being the maximum
allowed retention time shift. Following the feature extraction, the
UHPLC-HRMS data were passed through a relative standard
deviation in the QC filter of 20%. Herein a feature is defined as a
unique combination of m/z ratio and retention time; a single
metabolite can yield multiple features depending on its structure
and analysis conditions. Each feature with a higher relative standard
deviation was removed from the dataset. The data were normalized
by median and subjected to log transformation, which resulted in a
normally distributed data matrix. One-way ANOVA, fold change
analyses and (s)PLS-DA on different subsets of the data, as well as
correlation analyses based on the Pearson correlation coefficient were
done with the help of MetaboAnalyst 5.0 (Pang et al., 2021b) using its
single-factor and multi-factor modules. Compound annotation was
done by matching m/z values and MS/MS fragmentation spectra to
those found in literature, the mzCloud database connected to
Compound Discoverer 3.3 (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), MassBank, MoNA or via automatic MS/MS
matching through the GNPS platform (Nothias et al., 2020), while
also taking into account retention times. GNPS was used to generate
molecular networks which were then further developed in Cytoscape
3.9.1 (Shannon et al., 2003).

HPLC-UV/Vis method for quantitation of
A/S, chiral analysis and NMR analysis

In order to quantify the contents of A/S we used the method
described in our previous study (Csorba et al., 2022) and an adapted
(Tappeiner et al., 2014).

NMR spectra were recorded on a Varian/Agilent (Palo Alto,
California, USA) 600 MHz instrument utilizing the OneNMR probe.
The pulse sequence chosen for recording the spectra was a PRESAT
sequence with pre-saturation pulses for suppressing solvent resonances.
The number of scans was set to 256, with the relaxation delay of 2 s and
the spectral width of 9615.4 Hz. Acquisition took 1.7 s per scan and
resulted in spectra that were linearly predicted to 64k data points. All
spectra were acquired in a temperature-controlled environment, at
298.15 K. A delay of 10 min was allowed for the sample to reach
thermal equilibrium, which was followed by shimming of the magnet
and spectral acquisition. Processing of the spectra was performed by a
combination of Agilent VnmrJ 4.2 and MestReNova 14.2.1 (Mestrelab
Research, S.L., Santiago de Compostela, Spain) software.

Data availability

The microbiome sequencing data were deposited in NCBI SRA
and are available under the BioProject accession number
PRJNA1010776. The metabolomics dataset is available at the NIH
Common Fund’s National Metabolomics Data Repository (NMDR)
website, the Metabolomics Workbench, https://www.metabo
lomicsworkbench.org, where it has been assigned Project ID
PR001283. The data can be accessed directly via its Project DOI:
10.21228/M8VXI1B. The codes of microbiome and co-occurrence
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network analysis are available in Zenodo under DOI:
10.5281/zenodo.11281718.

Results

Soil composition differed across
geographical locations

According to the measured soil pH, the six locations were
grouped in three soil types, neutral (location A, B and C), slightly
alkaline (location E and F) and moderately acidic (location G). The
nitrogen content, the SOC, the carbon-nitrogen ratio, and the GWC
across the six locations based on Kruskal-Wallis test were
significantly not different (p=0.415) (Table 1). However, SOC was
significantly different between the three soil pH categories
(ANOVA, p =0.028).

Two genetic clusters were identified
through plant genotyping

Genetic differentiation estimates grouped the 60 collected
individuals in two genetic clusters (Cluster I: n = 24, Cluster I: n =
36) (Supplementary Figure 2A). In addition, population differentiation
estimates based on the pairwise comparison (Fst) showed the same
two-group genetic distinction. Fst values were lower between
populations from the same genetic cluster, and indicated, that
populations A and B are genetically closer to each other in Cluster I,
than C, E and F in Cluster II (Supplementary Figure 2B).

Confocal scanning laser fluorescence
microscopy verified the presence
of endophytes

To confirm the presence of endophytes in the roots of E.
vulgare, we performed stereomicroscopy and confocal scanning
laser fluorescent microscopy on the top sections of some root
samples. The stained regions showed green, fluorescent cells in
the intracellular space of the root tissues, which confirmed the
presence of microorganisms inside the separated and respective
root tissues of E. vulgare (Figure 2).

TABLE 1 Soil composition factors from the different locations.

10.3389/fpls.2024.1369754

Microbial diversity differed between soil
and root samples and were influenced by
location, soil pH and plant genetic clusters

As a result of sequencing the V5-V7 region of the 16S rRNA
marker gene, from 44680 total ASVs after decontamination and
filtering, 7737 bacterial and archaeal ASVs were identified in 193
samples. Based on regression analysis including all samples, the sample
type (root and bulk soil) was the most important factor influencing the
Simpson s diversity index and microbial richness, while developmental
stages were non-significant in the alpha diversity measures
(Supplementary Table 3). Regarding the microbiome of the inner
root (RI) samples, the soil pH was the main factor on the alpha
diversity measures; while in the outer root (RO) and soil samples, the
geographical location was the most important significant factor
(Supplementary Table 3, Supplementary Figure 3). According to
PERMANOVA based on Bray-Curtis distances on the cumulative
sum scaling normalized microbial data, the microbiome of the sample
types (root/soil), RI, RO and soil, were significantly different (Table 2).
However, post hoc pairwise comparisons revealed that bulk soil samples
had dissimilar beta diversity to all root samples, while RI and RO
samples hosted similar microbiomes (Supplementary Table 2).
Furthermore, prokaryotic beta-diversity was significantly influenced
by location, soil pH and the location groups corresponding to the
genetic clusters in all sample types, while the developmental stage did
not significantly influence the microbiome (Table 2). In the pairwise
analysis of Bray-Curtis dissimilarity values, it was determined that the
microbiome samples of roots and soil from location G (slightly acidic)
were distinct from those of other locations (Supplementary
Table 2, Figure 3).

Taxonomic composition analyses
highlighted the effects of environmental
factors on soil and root microbiome while
specific indicator taxa are identified based
on soil pH

We determined the prokaryotic microbial composition at the
genus level of bulk soil, RT and RO samples. The RO samples also had
unremovable rhizoplane particles attached to the periderm surface
after dissection. In total, we assigned our filtered data to 25
prokaryotic phyla, 59 classes, 109 orders, 160 families, 333 genera

Location Denomination C:N ratio GWC (%)
- pH

A 7318 Neutral 0.18 3.09 18:1 3.1

B 7.339 Neutral 0.13 1.89 16:1 142

C 7.372 Neutral 0.16 251 16:1 2.88

E 7.488 Slightly alkaline 032 527 17:1 4.16

F 7.486 Slightly alkaline 0.24 5.07 21:1 2.04

G 5.903 Moderately acidic 0.16 3.07 19:1 1.42

Frontiers in Plant Science

07

frontiersin.org


https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Csorba et al.

and 7737 ASVs. The RI and RO samples contained primarily
Proteobacteria (Pseudomonadota according to the valid phylum
names (Oren and Garrity, 2021)), Actinobacteriota
(Actinomycetota) and Firmicutes (Bacillota), while the soil samples
were dominated by Actinobacteriota (Actinomycetota),
Proteobacteria (Pseudomonadota) and Bacteroidota. We only
detected one archaeal phylum, Crenarchaeota (Thermoproteota),
which had relative abundances higher than 5% in all locations with
neutral and alkaline soils (locations A, B, C, E, F), while in the acidic
soil (location G) it was only 2%. The taxonomic composition at genus
level consisted of highly varying relative abundances in the individual
sample groups, we visualized them according to locations and
developmental stages (Supplementary Figure 4) and according to
plant genetic clusters (Supplementary Figure 5). The amount of ASVs
taxonomically not assigned (NA) to any genera was relatively high (in
total 29% of the whole relative abundance), especially in soil samples
(all > 25% relative abundance, some >50%), however these were all
assigned at higher taxonomical ranks to known prokaryotic taxa.
By using the soil pH as an indicator factor in our indicator taxa
analysis, with thresholds of 0.8 association strength of the combination of
fidelity and specificity on rarefacted data, we identified genera which
were only found in a certain soil pH range (Figure 4, Table 3). In roots of
plants sampled in the moderately acidic environment (G) and in the
corresponding bulk soil samples, Acidothermus, Acidipila and
Terrabacter genera were exclusively found. The root samples from the
acidic environment (G) also showed a higher abundance of
Burkholderia-Caballeronia-Paraburkholderia than in other soils.
Indicator taxa of both root and soil samples with high relative
abundance from non-acidic (neutral and slightly alkaline) soils (A, B,
C, E, F) were Bacillus, Aeromicrobium, Devosia, Blastococcus and
Microlunatus. The taxa Blastococcus and Microlunatus were
consistently found in bulk soil samples from all locations, except in
location G, which had acidic properties. Root samples collected from

10.3389/fpls.2024.1369754

non-acidic (neutral and slightly alkaline) soils (A, B, C, E, F) contained
the indicator genera Phyllobacterium, Promicromonospora,
Pseudoxanthomonas and Skermanella. When using the same threshold
of association strength in analysis on soil pH indicator species,
Actinomycetospora iriomotensis and Mycobacterium paraterrae were
indicator species of root and soil samples of the moderately acidic
environment (G). By using the same thresholds in the indicator taxa
calculation, geographical locations, developmental stages and genetic
clusters did not result in identified indicator taxa at any taxonomic level.

Transient and core microbiome ASVs
revealed shared taxa between the samples
of different variables

We calculated reproducibly occurring ASVs (rASVs), which were
present in at least four out of six replicates in each group. We analyzed
the DESeq2 normalized rASV tables and identified the core plant rASVs,
which consisted of 138 ASV's present in all root samples independently of
their origin. In our results we applied the definition of complete core
microbiota as a constant microbial community associated with the plant
host independently of all other factors or in the soil specific to the local
environmental conditions (Berg et al, 2020). The root-associated core
rASVs belonged to genera Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Pseudomonas, Microbacterium, Mycobacterium and
Variovorax in the highest relative abundance among other lower
abundance and unassigned genera (Figure 5). However, the RO
samples also contained rhizoplane particles, therefore the 32 rASVs
from the RI were the only taxa purely from root tissues. These 32 rASVs
were from the genera Bosea, Gaiella, Galbitalea, Microvirga,
Nocardioides, Phyllobacterium and Sphingomonas. Furthermore, 50
rASVs were shared between soil and root samples in soil pH subsets
of the data (Supplementary Figure 6), these rASVs were assigned to

TABLE 2 PERMANOVA (adonis2) on normalized data based on Bray distances.

Variable R? F P
Bacteria, All samples Sample type 0.046 4.993 0.001**
Bacteria, Root inside Location 0.281 4.060 <0.0001***
Soil pH 0.017 5.749 <0.0001***
Genetic cluster 0.039 2.642 <0.0001***
Developmental stage 0.031 1.364 0.087
Bacteria, Root outside Location 0.305 4.565 <0.0001***
Soil pH 0.169 5.889 <0.0001***
Genetic cluster 0.053 3.673 <0.0001***
Developmental stage 0.022 0.980 0.449
Bacteria, Soil Location 0.195 2.688 0.001***
Soil pH 0.125 4.204 0.001***
Genetic cluster 0.028 1.822 0.024*
Developmental stage 0.405 0.021 0.081

p<0.05, **p<0.001.
Developmental stages were analysed in a subset of the locations containing both stages®.
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rectangles are Root | (inner root sections).

sevengenera (Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Cellulomonas, Microbacterium, Mycobacterium, Nocardioides,
Pseudomonas and Variovorax). Transient microbiota per definition
was calculated as a specialized section of microbiota changing over
time or between environmental conditions (Berg et al, 2020). We
determined transient microbiota consisting of rASVs exclusive to
specific soil pH conditions (Supplementary Figure 7). The 280 rASVs
exclusively present in root and soil samples from the moderately acidic
soil (location G, Supplementary Figure 6) were assigned to 50 genera
(Supplementary Figure 7). Some of these genera, such as Acidipila,
Acidothermus, Burkholderia-Caballeronia-Paraburkholderia,
Conexibacter, Crossiella, Cytophaga and Terrabacter were all found to
be exclusively present under acidic soil conditions both in root and soil
samples based on their unshared rASVs and on the indicator genera

analysis as well. Similarly, root and soil samples from slightly alkaline soil
conditions (G) harbored 239 exclusive rASVs (Supplementary Figure 6)
in their transient microbiota which belonged to 37 genera
(Supplementary Figure 7). The genera Aeromicrobium and Bacillus
were both part of the alkaline-soil-associated transient microbiota as
well as indicator taxa.

The root metabolome of E. vulgare was
significantly influenced by plant
developmental stage, location and soil pH

Out of all the features extracted from the UHPLC-HRMS raw
data, a total of 1455 features got through our 20% relative standard
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Relative abundance of top 20 indicator genera in different soil pH categories. Moderately acidic soil was found in location G, neutral in location
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Frontiers in Plant Science

09 frontiersin.org


https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Csorba et al.

10.3389/fpls.2024.1369754

TABLE 3 Association strength values of top 20 indicator taxa of soil pH, visualized on Figure 4.

Association

Genus name Specificity Fidelity strength P value
Acidothermus 1 0.96 0.98 0.001
Acidipila 1 0.88 0.938 0.001
Burkholderia-Caballeronia-Paraburkholderia 0.9307 0.92 0.925 0.001
Cytophaga 0.8831 0.92 0.901 0.001
Phyllobacterium 0.9978 0.9281 0.962 0.001
Microlunatus 0.9742 0.8802 0.926 0.001
Steroidobacter 0.9878 0.8144 0.897 0.001
Mucilaginibacter 0.7772 1 0.882 0.001
Blastococcus 0.9795 0.7844 0.877 0.001
Aeromicrobium 0.9769 0.7844 0.875 0.001
Terrabacter 0.9862 0.76 0.866 0.001
Devosia 0.8202 0.8974 0.858 0.001
Actinomycetospora 0.848 0.833 0.841 0.001
Promicromonospora 1 0.7006 0.837 0.001
Bacillus 0.8196 0.8491 0.834 0.003
Pseudoxanthomonas 0.9954 0.6946 0.832 0.001
Cand.Nitrosocosmicus 0.7675 0.8868 0.825 0.001
Crossiella 0.7655 0.88 0.821 0.001
Conexibacter 0.8979 0.72 0.804 0.001
Skermanella 0.9891 0.6527 0.803 0.001

deviation in the QC filter. According to PERMANOVA based on
Euclidean distances on the log-normalized and center-scaled LC-
MS data, location, soil pH and developmental stage significantly
influenced the root metabolomic diversity, while samples from the
two genetic clusters had similar root metabolome compositions
(Table 4). Correlation analyses based on the Pearson r coefficient
revealed 276 UHPLC-HRMS features strongly correlated (|r|>0.7)
with the developmental stage. For the remaining factors, no features
exhibited strong correlations. However, 10 features showed
correlation (0.6<|r|<0.7) with location, and 4 features with soil
pH. For each of the factors, we ranked the features associated with
them using random forest mean decrease accuracy and annotated
some of the top hits. In the case of developmental stage, random
forest highlighted the genus-characteristic alkaloid echimidine
(r=0.89) and a hexosamine (r=0.78), which could be either
glucosamine, galactosamine or mannosamine, as these are
indistinguishable by the analytical method used. Another alkaloid,
viridiflorine (r=0.21) was found to be associated with soil pH, as
were 2-aminobutyric acid (r=0.13) and proline (r=0.07).
Anthranilic acid (r=-0.61) and the tentatively annotated methyl
dihydrojasmonate (r=-0.63) appeared as metabolites most
influenced by the location factor.
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In a data subset that contained only root samples of flowering
plants, one-way ANOVA analysis of samples from different locations
highlighted 11 statistically significant (p<0.05) features, among which
were the already mentioned anthranilic acid and methyl
dihydrojasmonate. In contrast, when only root samples of rosette-
staged plants were included, the same type of analysis revealed 737
statistically significant features. Topping the list of significant features
with the lowest p-value in the entire dataset was the protonated form
of phenylalanine (p<<0.01), while the Fisher post-hoc tests for the
feature revealed that the mean signal intensities for this metabolite
between the two developmental stages vary in a statistically
significant way across all the locations. Within the rosette
developmental stage, phenylalanine abundance was statistically
significant (p<<0.01) when samples from different locations were
compared. A metastable ion at 120 m/z, which arose from
phenylalanine fragmentation, was also observed and was one of the
top features in the above-mentioned one-way ANOVA analyses. The
abundance of phenylalanine, alanine, glutamate, leucine, threonine
and valine, but also the dipeptides alanylproline and valylproline was
highest in location G and was found significant in one-way ANOVA
analysis of rosette-staged plant roots compared to other locations
(p<0.01 in all cases). Proline was an exception; it was found
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significant but was not found in highest quantities in roots from the
mentioned location. In the correlation analysis based on the Pearson r
coefficient, glutamic acid had the highest positive correlation (r=0.67)
with the location factor out of all features in the dataset. The listed
amino acids were among the metabolic features responsible for the
separation of location G in our rosette stage sparse PLS-DA plot
(Figure 6). Component 1 explained 11.7% of the variance and some of
the variables with the highest loadings within said component
included 2-aminobutyric acid, phenylalanine, arachidonic acid,
anthranillic acid and glutamate. The 2-aminobutyric acid was
significantly lower in concentration in location A, anthranillic acid
reached a significantly increased level in location A compared to
other locations, while phenylalanine and glutamate acid were most
abundant in location G compared to other locations (Figure 6).

Pyrrolizidine alkaloid analyses revealed a
correlation to plant developmental stage

The PA echimidine exhibited one of the strongest correlations with
the developmental stage, with its protonated ion ranking third among
the 1455 features included in the correlation analysis. We annotated
several PAs based on their MS/MS fragmentation spectra, as well as
their precursors arginine and the tentatively annotated ornithine. All of
these metabolites were observed to exhibit a positive correlation with
developmental stage, being more abundant in the rosette stage root
extracts, with fold changes FC < 0.5 and p<0.05 in t-tests
(Supplementary Table 4). A subnetwork, obtained through GNPS/
Cytoscape molecular networking based on MS/MS fragmentation
similarity (Figure 7), immediately highlighted the increased

TABLE 4 PERMANOVA (adonis2) on normalized UHPLC-HRMS metabolome data based on Euclidean distances.

Variable R2 F P
Metabolites, Root total Location 0.223 2.987 <0.0001***
Soil pH 0.157 5.138 0.0001***
Genetic cluster 0.018 1.198 0.205
Developmental stage 0.114 5.555 <0.0001***
#4p<0.001.
Frontiers in Plant Science 11 frontiersin.org
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(B) glutamate, (C) phenylalanine, (D) hexosamine, (E) 2-aminobutyric acid and (F) anthranilic acid is shown through boxplots denoting their

abundance across sample groups.

abundance of all annotated PAs in the E. vulgare rosette-staged root
samples compared to roots from the flowering stage. The positive
correlations between PAs and the developmental stage were very weak
in the case of leptanthine N-oxide/echimiplatine N-oxide (r=0.20),
weak for uplandicine N-oxide (r=0.32), intermedine N-oxide (r=0.41)
and echimidine N-oxide (r=0.46), moderate for heliocurassavicine N-
oxide (r=0.57), acetylechimidine N-oxide (r=0.58) viridiflorine
(r=0.59), 9-angeloyltrachelanthamidine (r=0.63), 7-(2-methylbutyryl)-
9-echimidinylretronecine (r=0.66) and uplandicine (r=0.67), and high
for echiuplatine (r=0.73), acetylechimidine (r=0.76) and the already
mentioned echimidine. We also tentatively annotated 7-(2-
methylbutyryl)-9-echimidinylretronecine N-oxide without having
access to its MS/MS spectrum. This alkaloid was annotated based on
the exact mass of its protonated ion, the similarity of its MS/MS
spectrum to that of echimidine N-oxide (and the fact that the
compound eluted together with 7-(2-methylbutyryl)-9-
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echimidinylretronecine. The N-oxide was also positively correlated
with the developmental stage (r=0.40) and was present in higher
amount in the rosette-staged root samples. Intermedine/lycopsamine
and leptanthine were also found in the root samples. The full list of
compounds annotated is available in Supplementary Table 5.

In addition to being influenced by the developmental stage, all the
PAs mentioned, except echimidine, 7-(2-methylbutyryl)-9-
echimidinylretronecine and intermedine-N-oxide, were also found to
be statistically significant in the one-way ANOVA analysis when
considering only rosette-staged root extracts. The location also
influenced their abundance, but not in the same way for all the
compounds. For example, acetylechimidine was present in similar
amounts in samples from locations A, C, E, and F, less so in G, and its
signal intensity was lowest in location B. In contrast, the amounts of
echimidine N-oxide did not follow this pattern. They were similar in
locations B, C, E and F, highest in location A, and lowest in location G.
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Roots of flowering plants exhibited
reduced nuclear magnetic resonance
signals characteristic of sugar molecules

We employed nuclear magnetic resonance (NMR) spectroscopy
to analyze selections of our samples (3 samples per sample group)
with sufficient material. In the resulting spectra it was immediately
obvious that the plant root extracts from flowering plants were almost
entirely devoid of signals in the 3-4.5 ppm range, characteristic of
sugar molecule resonances. Conversely, in the case of rosette-staged
root extracts, this spectral region was populated with a multitude of
overlapping complex multiplet signals that typically arise from sugars
(Figure 8). It is of note that these signals presented the majority of the
total peak area in their respective spectra, which, combined with the
intrinsic quantitative nature of NMR, showed that rosette-staged
plant root extracts contained a much higher total amount of
metabolites than their flowering counterparts. This observation was
made on our methanolic extracts, so the metabolites included in it
were methanol-soluble molecules with concentrations high enough to
give rise to detectable peaks in our NMR experiments. Even though
we did not make metabolite annotations based on NMR spectra, it is
likely that previously mentioned metabolites with sugar structural
components (the annotated hexosamine(s) and N-acetylneuraminic
acid) contributed to complex signal patterns in the spectra.

Some roots of E. vulgare contained A/S
among which ~86% were alkannins and
~14% shikonins

We measured the concentrations of 6 different A/S via HPLC.
Among these, the compound of highest abundance was found to be
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acetyl-A/S. Out of the 65 samples analyzed, only 3 rosette-staged
plant root samples, coming from 3 different locations, contained
quantifiable amounts of A/S. Only these samples were hydrolyzed
and subjected to normal phase chiral HPLC to determine the A/S
enantiomeric ratio. The chiral analysis showed that the A/S in the
samples were on average ~86% alkannins and ~14% shikonins.

Co-occurrence network analysis identified
minimal connectivity between root
microbiome and metabolome of E. vulgare
root samples

We established random forest models on normalized metabolome
and root microbiome datasets to perform correlation analyses and to
build co-occurrence networks based on the significant (p<0.05) strong
correlations (r>]0.7|) between metabolites and microbial rASVs. As
factors, we only included location and soil pH, as these point to
significant differences between groups in both datasets according to
PERMANOVA together with random forest analysis and were rather
balanced factors. As soil pH is a nested factor connected to the
locations and the two factors resulted in highly similar networks, we
only included the soil pH networks in this study, conforming the
indicator taxa and rASV results of the microbiome analysis. We split
the RI and RO samples to independent co-occurrence networks to
separate the datasets of microorganisms which are metabolically active
in the inner tissues from the ones in the outer tissue and in the
remaining rhizoplane on the root surface. The RI network consisted of
21551 significant edges and 583 nodes (Supplementary Figure 8), with
all important nodes identified as metabolites. The key vertices in the RI
network were N-acetylneuraminic acid and 7-(2-methylbutyryl)-9-
echimidinylretronecine. The RO network consisted of 19693
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FIGURE 8

Stack of 'H NMR spectra of methanolic root extracts of E. vulgare, highlighting the 3—4.5 ppm spectral region. Spectra 1-18: rosettes, spectra 19—
30: flowering plants. Sample codes are denoted to the right of each spectrum. Mnova's resolution boosting feature used for clarity.

significant edges and 607 vertices, and all key nodes were metabolites.
The node with maximum degree of eigenvector centrality in the RO
tissue network was N-acetylneuraminic acid, maximum betweenness
was at vertex 7-(2-methylbutyryl)-9-echimidinylretronecine and the
key node was an unannotated metabolite (labelled M504T2 in our
dataset). Notably, both networks showed major separation between the
metabolic and prokaryotic clusters and the largest cliques in the
networks also exclusively consisted of metabolites only, while smaller
cliques consisted of ASVs. There was only one node of connection
between an acidic soil pH cluster and the main metabolite cluster
through a single metabolite in both networks. The metabolite labelled
M504T2 (unannotated, present only in location G, under acidic soil
conditions) was connected to ASV 1026 (Thermoproteota,
Nitrososphaeraceae) and ASV 1198 (Actinomycetota, Acidothermus)
in the RI network, while M504T2 had an edge towards ASV 1527
(Actinomycetota, Mycobacterium) and ASV 1296 (Actinomycetota,
Mycobacterium) in the RO network. The closest neighboring vertices of
the connected ASV 1026 and ASV 1198 in the separated acidic soil pH
cliques of the RI network were ASV 1423 (Actinomycetota,
Acidothermus), ASV 1527 (Actinomycetota, Mycobacterium), ASV
1296 (Actinomycetota, Mycobacterium), ASV 1042 (Actinomycetota,
Mycobacterium), ASV 11 (Bacillota), ASV 1250 (Actinomycetota,
Acidothermus) ASV 1273 (Actinomycetota, Nakamurella) ASV 1143
(Pseudomonadota, Sphingomonas) and ASV 10 (Bacillota). The closest
neighbors in the soil pH clique of the RO network to ASV 1527 and
ASV 1296 were ASV 1290 (Bacteroidota, Chryseolinea), ASV 1198
(Actinomycetota, Acidothermus), ASV 1423 (Actinomycetota,
Acidothermus), ASV 1250 (Actinomycetota, Acidothermus), ASV
1026 (Actinomycetota, Mycobacterium), ASV 1143
(Pseudomonadota, Sphingomonas), ASV 1307 (Bacteroidota,
Chryseolinea), ASV 1042 (Actinomycetota, Mycobacterium) and ASV
1516 (Actinomycetota, Actinoplanes).
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Discussion

We identified two distinct genetic clusters among our plant
samples; however, this grouping between populations did not follow
the geographic origin of the individuals, similarly to the regional
findings in an Alkanna tinctoria L. Tausch across a bigger
geographical range, where several neutral processes were
responsible for the genetic structure of the plant (Ahmad et al,
2021). The influence of plant genetics on the root microbiome in E.
vulgare could not be properly measured in our experimental setup
due to imbalances and low sample numbers, however our findings
in taxonomic composition and prokaryotic diversity results suggest
preference of colonization by certain bacterial genera or species in
plants of different genetic clusters. This host-genetic control of the
microbiota was found previously in these references (Brown et al.,
2020; Cordovez et al., 2021; Zhang et al., 2023).

The roots of E. vulgare and bulk soils obtained from the six
geographical locations hosted dissimilar microbial communities.
These findings are in accordance with most plant microbiome
studies in which geographical distribution has been a major factor
responsible for dissimilarities in plant-associated microbial
community composition (Edwards et al., 2015; Escobar Rodriguez
et al, 2018). The developmental stage was found to have no
influence on the microbial diversity of E. vulgare root and bulk
soil, similarly to our former greenhouse experiment on A. tinctoria
(Csorba et al., 2022) which together with the present finding suggest
a plant-family specific trait. In the present study we sampled plants
at different developmental stages (vegetative rosette stage and
flowering stage) but at the same timepoints, while in our previous
study on A. tinctoria we sampled different stages in subsequent
timepoints. This is contradicting Arabidopsis thaliana L. Heynh
greenhouse studies suggesting a developmental stage-dependent
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microbial selection by the roots (Yuan et al, 2015) and stage-
dependent rhizosphere microbiome assemblage (Chaparro et al,
2014) which can be related to the rhizoplane material sticking on
the surface of our root samples. Microbiome changes related to
developmental-stages were shown in other cultivated plant species:
an exploratory study suggested developmental-stage driven
ecological differentiation in microbial community composition in
maize (Xiong et al., 2021), and the community of the rhizosphere of
potato was shown to be affected by plant development as well
(Pfeiffer et al., 2017).

Across six locations with contrasting soil pH, core microbiota of
E. vulgare roots based on rASVs was identified. In this study we
discovered a common core microbiome between root and soil
samples, which consisted of 50 rASVs assigned to Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, Cellulomonas,
Microbacterium, Mycobacterium, Nocardioides, Pseudomonas and
Variovorax. The shared rASVs between soil, outer root and inner
root samples (RO and RI) and the nature of the assigned species in
the RO tissues allows us to speculate their presence as a result of
recruitment from the soil surrounding the roots. Former studies
suggest such active recruitment of microorganisms through root
exudation (Karlsson et al., 2012; Hu et al., 2018; Vives-Peris et al.,
2020), although our co-occurrence networks did not identify similar
connections to individual root metabolites.

In line with these results, we also found rASVs from the genera
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Mycobacterium, Nocardioides and Sphingomonas to be part of the
root and rhizosphere core microbiome of A. tinctoria (Csorba et al.,
2022). Albeit, the primer pair we used in our study targeting the V5-
V7 region of the 16S rRNA gene is less effective for distinguishing
between closely related prokaryotic species and a targeted isolation
campaign would be needed to confirm the presence of these species
(Beckers et al., 2016; Na et al., 2023). Besides that, only ~80% of all
prokaryotic species are targeted by the primers (799F-1175R) we
used, leaving a portion of prokaryotic microorganisms
undiscovered (Beckers et al., 2016). Former E. vulgare
microbiome studies were not conducted, and only one culture-
independent study of the root microbiome of relatives of the family
Boraginaceae is available for comparison.

The importance of the soil pH on the plant microbiome and
metabolism is highlighted by several statistical analytical results in
our study. Bacteria from the genera Acidipila and Terrabacter, and
the metabolically diverse and biotechnologically important genus
Acidothermus in root tissues and root-associated soils of E. vulgare
correlated with low soil pH. The root samples from the acidic
environment also showed a higher abundance of Burkholderia-
Caballeronia-Paraburkholderia Actinomycetospora iriomotensis and
Mpycobacterium paraterrae which were indicator species of both root
and soil samples of the moderately acidic environment. The transient
core genera Acidipila, Acidothermus, Burkholderia-Caballeronia-
Paraburkholderia, Conexibacter, Crossiella, Cytophaga,
Mucilaginibacter and Terrabacter were found to be exclusively
present under acidic soil conditions, whereas Actinomycetospora,
Aeromicrobium and Bacillus occurred in slightly alkaline
environments. pH is well known to be a major factor influencing
microbial communities and several studies have shown that soil pH
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correlates (Tan et al,, 2020) or has a strong influence on the
composition of root-associated and endophytic microbial
communities (Zarraonalndia et al., 2015; Caceres et al., 2021).

Active environmental recruitment by plant roots is an already
confirmed concept (Brown et al., 2020; Zancarini et al., 2021), and it
has been suggested that soil niches showing different chemical
composition harbor differently composed microbial communities
(Dumbrell et al., 2010). As for the metabolites, we observed
increased concentrations of several amino acids, most notably
glutamate and phenylalanine, in the rosette stage roots collected
at the location with the lowest soil pH value. Phenylalanine, an
aromatic amino acid, induces root growth (Jiao et al.,, 2018), is a
building block of proteins but also has a significant role as a
precursor to phenylpropanoids, lignin, flavonoids, anthocyanins
and other plant metabolites (Pascual et al, 2016). Exogenous
glutamate was found to have an inhibitory effect on primary root
growth in Arabidopsis while stimulating branching in the primary
root’s apical region (Walch-Liu et al., 2006). A recent study showed
increased amino acid (glycine) uptake by maize roots under soil
acidification, which was accompanied by a decrease of microbial
biomass and reduced amino acid uptake by microorganisms (Pan
et al,, 2022). In the present study, six out of the seven amino acids
(along with two dipeptides) exhibited highest abundance in E.
vulgare roots of plants collected from a location with the lowest
soil pH value, although this soil type did not have the highest
nitrogen availability (Table 1). Other root metabolites were present
in highest concentration in the location with lowest soil pH, most
notably hexosamine(s). As soil pH was found to be a significant
factor for both the metabolome and microbiome, we checked its
influence on the associations between these two omics data.

We found significant changes in the metabolome between rosette
and flowering stage plants, PAs were present in roots sampled at the
rosette stage, while their abundance declined in the roots of flowering
plants. One PA, echimidine, was one of the metabolites most
influenced by the developmental stage. This result is in line with a
study on two Echium species, in which E. plantagineum showed the
highest levels of echimidine-N-oxide B and echiumine-N-oxide B in
the rosette and flowering stages compared to the seedling stage
(Skoneczny et al,, 2015). Based on previous findings on metabolic
analyses of above-ground E. vulgare tissues and on our finding on the
decreased level of PAs in the flowering stage, it might be that PAs are
initially synthesized in the roots and then transported to the aerial
parts. Several studies isolated and identified Echium PAs in the plant’
s pollen (Boppre et al., 2005; Beales et al., 2007; Cairns et al., 2015;
Kast et al, 2018) and nectar (Lucchetti et al.,, 2016). These
compounds in the roots could serve as defense against herbivores
and Echium pests, such as the common oligophage of E. vulgare
Mogulones geographicus (Gosik, 2010), however their effects on
microorganisms and microbial pathogens are unknown. The PA
compound 7-(2-methylbutyryl)-9-echimidinylretronecine was not
previously reported in other Echium metabolic studies. This
compound, previously reported in the leaves of endemic
capeverdian Echium species (Carvalho et al., 2013), eluted mere
seconds after echimidine, to which it is very similar structurally,
but only a tentative annotation was performed, due to the lack of
availability of MS/MS fragmentation spectra in databases. It is thus
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necessary to confirm the presence of this PA in future studies.
Random forest and correlation analyses highlighted a hexosamine
(or multiple hexosamines, as we could not differentiate between
them) as a metabolite highly associated with the developmental
stage. This metabolite was almost absent in the roots at flowering
stage across samples from all locations. Our NMR analysis suggested
that this concentration trend held for other sugars as well. In the
rosette stage samples, the spectral region in which sugar resonances
are typically found was populated by a number of complex multiplet
signals and was indeed the spectral region with the largest amount of
signals, both in terms of number and intensity/peak area. Sugars (e.g.,
sucrose) promote flowering in plants, as confirmed by an experiment
on Sinapis alba, where exogenous sucrose was found to induce
flowering (Bernier et al., 1993), or by a study on grapevine where
sugars were mobilized from roots, trunks and canes for flower
formation (Lebon et al., 2008). Due to our focus on roots, it was
not possible to determine the fate of sugars from the rosette stage in
the aerial part of E. vulgare, nor their potential role in regulating the
timing of flowering. Even though our study suggests a near-depletion
of sugars through the rosette-flowering stage transition and therefore
a key role these energy molecules play in E. vulgare flowering, further
studies involving the entirety of the plant are necessary to evaluate
their potential role in regulating flowering timing. Furthermore, while
we found the medicinal compounds alkannin and shikonin in the
roots of the collected E. vulgare plants, their concentrations were not
consistent between samples from the same locations, unlike in other
typical producers of A/S (Tappeiner et al, 2014). This observed
difference might be due to an underlying genetic or environmental
factor in E. vulgare plants.

Co-occurrence network analyses based on soil pH in the RI and
RO tissues showed equally low connectivity between metabolites and
microorganisms and some clustering according to soil pH categories.
In the limited connections between microbiome and metabolome in
the soil pH co-occurrence networks, unannotated compounds
correlated and supposedly interacted with microbial taxa of
Nitrososphaeraceae, Acidothermus and Mycobacterium. The current
literature lacks comprehensive studies or investigations addressing
the interconnected relationship between soil pH, plant metabolome,
and the plant microbiome which could be used to confirm or
contradict our findings. In a study a pathogen infection affected the
connectivity and correlation of only a handful of metabolome-
microbiome connections in a reduced network (Kudjordjie et al,
2022). Our previous study on A. tinctoria grown in the greenhouse
showed a wider connectivity between metabolites and bacterial and
fungal rASVs, and a subnetwork of only six identified metabolites
clearly linked the production of some important metabolites to the
presence of bacteria and fungi (Csorba et al.,, 2022).

Our initial hypothesis regarding a diverse microbiome and
metabolome across different geographical locations and
environmental factors was validated, particularly with soil pH
identified as a significant influencing parameter. Additionally, it was
observed that plant developmental stages exclusively affected the
metabolic composition of E. vulgare roots, while some dissimilarities
in microbiome composition were attributed to plant genetic
clustering. The varying impact of the investigated environmental
factors on the plant microbiome and metabolome furthermore
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features the importance of multi-omics studies and widens the
concept of environmental impact on complex biological systems.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbinlm.nih.gov/,
PRJNA1010776 https://www.metabolomicsworkbench.org/data/,
project ID: PR001283.

Author contributions

CC: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Resources, Software, Validation,
Visualization, Writing — original draft, Writing — review & editing.
NR: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing — original draft, Writing
- review & editing. LA: Data curation, Formal analysis, Methodology,
Software, Writing — review & editing. AS: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing — review &
editing. AV: Formal analysis, Investigation, Methodology, Writing —
original draft. MA: Formal analysis, Investigation, Methodology,
Visualization, Writing - original draft. SC: Investigation,
Methodology, Visualization, Writing - original draft. MP:
Methodology, Supervision, Writing - review & editing. EM:
Conceptualization, Methodology, Supervision, Writing - review &
editing. AA: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing - review & editing. GB:
Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The work for
the recent paper was carried out in the framework of project
MICROMETABOLITE. This project has received funding from
the European Union’s Horizon 2020 Research and Innovation
Program under the Marie Sklodowska-Curie grant agreement
number 721635.

Acknowledgments

The authors also thank the Large Laboratory Research
Infrastructures and Instruments of the Department of Chemical
Engineering, Aristotle University of Thessaloniki and the Center of
Interdisciplinary Research and Innovation of AUTh, for access to
UHPLC-HRMS and NMR instruments, Dr. Evangelos Tzimpilis for
technical support in operating the UHPLC-HRMS instrument, Ass. Prof.
Helen Gika and Prof. George Theodoridis for giving access to a vibratory
micro mill for sample pulverization, and Ass. Prof. Christos

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.metabolomicsworkbench.org/data/
https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Csorba et al.

Chatzidoukas for granting access to the HPLC-UV/Vis instrumentation.
We thank Christos Papakonstantinou for his help with the chiral HPLC
analysis. The authors are grateful to Branislav Nikolic and Franziska
Buchholz for their help with the DNA extraction and IHlumina Miseq
Library preparation protocols and Sarah Miihlbacher for her technical
help with the soil chemical measurements.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

References

Aguirre-Becerra, H., Vazquez-Hernandez, M. C., Saenz de la, O. D., Alvarado-
Mariana, A., Guevara-Gonzalez, R. G., Garcia-Trejo, J. F., et al. (2021). “Role of Stress
and Defense in Plant Secondary Metabolites Production,” in Bioactive Natural Products
for Pharmaceutical Applications. Eds. D. Pal and A. K. Nayak (Switzerland: Springer
International Publishing), 151-195. doi: 10.1007/978-3-030-54027-2_5

Ahmad, M., Lazic, D., Hansel-Hohl, K., Lexer, C., and Sehr, E. M. (2019).
Development of novel microsatellite markers for Alkanna tinctoria by comparative
transcriptomics. Appl. Plant Sci. 7, 11296. doi: 10.1002/aps3.11296

Ahmad, M., Leroy, T., Krigas, N., Temsch, E. M., Weiss-Schneeweiss, H., Lexer, C.,
et al. (2021). Spatial and ecological drivers of genetic structure in Greek populations of
alkanna tinctoria (Boraginaceae), a polyploid medicinal herb. Front. Plant Sci. 12.
doi: 10.3389/fpls.2021.706574

Beales, K., Betteridge, K., Boppre, M., Cao, Y., Colegate, S. M., Edgar, J. A,, et al.
(2007). “Hepatotoxic pyrrolizidine alkaloids and their N-oxides in honey and pollen,”
in Poisonous plants: global research and solutions. Eds. K. E. Panter, T. L. Wierenga and
J. A. Pfister (Wallingford, Oxfordshire, UK; Cambridge: Cabi), 94-100. doi: 10.1079/
9781845932732.0094

Beckers, B., Op De Beeck, M., Thijs, S., Truyens, S., Weyens, N., Boerjan, W., et al.
(2016). Performance of 16s rDNA primer pairs in the study of rhizosphere and
endosphere bacterial microbiomes in metabarcoding studies. Front. Microbiol. 7, 650.
doi: 10.3389/fmicb.2016.00650

Bengtsson-Palme, J., Thorell, K., Wurzbacher, C., Sjéling, A., and Nilsson, R. H.
(2016). Metaxa2 diversity tools: easing microbial community analysis with Metaxa2.
Ecol. Inform. 33, 45-50. doi: 10.1016/j.ecoinf.2016.04.004

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Verges, M.-C. C,, Charles, T, et al.
(2020). Microbiome definition re-visited: old concepts and new challenges. Microbiome
8, 103. doi: 10.1186/540168-020-00875-0

Bernier, G., Havelange, A., Houssa, C., Petitjean, A., and Lejeune, P. (1993).
Physiological signals that induce flowering. Plant Cell 5, 1147-1155. doi: 10.2307/
3869768

Boppre, M., Colegate, S. M., and Edgar, J. A. (2005). Pyrrolizidine alkaloids of
Echium vulgare honey found in pure pollen. J. Agric. Food Chem. 53, 594-600.
doi: 10.1021/jf0484531

Borghi, M., and Fernie, A. R. (2017). Floral metabolism of sugars and amino acids:
implications for pollinators’ Preferences and seed and fruit set. Plant Physiol. 175,
1510-1524. doi: 10.1104/pp.17.01164

Brown, S. P., Grillo, M. A., Podowski, J. C., and Heath, K. D. (2020). Soil origin and
plant genotype structure distinct microbiome compartments in the model legume
Medicago truncatula. Microbiome 8, 139. doi: 10.1186/s40168-020-00915-9

Bundy, J. G., Davey, M. P,, and Viant, M. R. (2009). Environmental metabolomics: a
critical review and future perspectives. Metabol.: Off. J. Metabol. Soc. 5, 3-21.
doi: 10.1007/s11306-008-0152-0

Caceres, P. F. F., Vélez, L. P., Junca, H., and Moreno-Herrera, C. X. (2021).
Theobroma cacao L. agricultural soils with natural low and high cadmium (Cd) in
Santander (Colombia), contain a persistent shared bacterial composition shaped by
multiple soil variables and bacterial isolates highly resistant to Cd concentrations. Curr.
Res. microbial. Sci. 2, 100086. doi: 10.1016/j.crmicr.2021.100086

Frontiers in Plant Science

17

10.3389/fpls.2024.1369754

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/

full#supplementary-material

Cadot, S., Gfeller, V., Hu, L., Singh, N., Sanchez-Vallet, A., Glauser, G, et al. (2021).
Soil composition and plant genotype determine benzoxazinoid-mediated plant-soil
feedbacks in cereals. Plant Cell environ. Wiley 44, 3502-3514. doi: 10.1111/pce.14184

Cairns, E., Hashmi, M. A,, Singh, A. J., Eakins, G., Lein, M., and Keyzers, R. (2015).
Structure of echivulgarine, a pyrrolizidine alkaloid isolated from the pollen of echium
vulgare. ]. Agric. Food Chem. 63, 7421-7427. doi: 10.1021/acs.jafc.5b02402

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Carvalho, J. C. B, dos Santos Almeida, H., and Lobo, J. F. R. (2013). Pyrrolizidine
alkaloids in two endemic capeverdian Echium species. Biochem. Syst. Ecol. 50, 1-6.
doi: 10.1016/j.bse.2013.03.026

Chaparro, J. M., Badri, D. V., and Vivanco, J. M. (2014). Rhizosphere microbiome
assemblage is affected by plant development. ISME J. 8, 790-803. doi: 10.1038/
isme;j.2013.196

Chen, W, Simpson, J., and Levesque, C. A. (2016). RAM: R for amplicon-sequencing-
based microbial-ecology. R package version 1.2. 1.7.

Cordovez, V., Rotoni, C., Dini-Andreote, F., Oyserman, B., Carrion, V. J,, and
Raaijmakers, J. M. (2021). Successive plant growth amplifies genotype-specific
assembly of the tomato rhizosphere microbiome. Sci. total Environ. 772, 144825.
doi: 10.1016/j.scitotenv.2020.144825

Csardi, G., Nepusz, T., Horvat, S., Traag, V., Zanini, F., and Noom, D. (2006). The
igraph software package for complex network research. doi: 10.5281/zenodo.11123046

Csorba, C., Rodic¢, N., Zhao, Y., Antonielli, L., Brader, G., Vlachou, A., et al. (2022).
Metabolite production in Alkanna tinctoria links plant development with the
recruitment of individual members of microbiome thriving at the root-soil interface.
mSystems 7, €0045122. doi: 10.1128/msystems.00451-22

Davis, N. M., Proctor, D. M., Holmes, S. P., Relman, D. A., and Callahan, B.]. (2018).
Simple statistical identification and removal of contaminant sequences in marker-gene
and metagenomics data. Microbiome 6, 226. doi: 10.1186/s40168-018-0605-2

De Caceres, M. D., and Legendre, P. (2009). Associations between species and groups
of sites: indices and statistical inference. Ecology 90, 3566-3574. doi: 10.1890/08-1823.1

Dumbrell, A. J., Nelson, M., Helgason, T., Dytham, C., and Fitter, A. H. (2010).
Relative roles of niche and neutral processes in structuring a soil microbial community.
ISME J. 4, 337-345. doi: 10.1038/ismej.2009.122

Edwards, J., Johnson, C., Santos-Medellin, C,, Lurie, E., Podishetty, N. K., Bhatnagar, S.,
et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of rice.
Proc. Natl. Acad. Sci. United States America 112, E911-E920. doi: 10.1073/pnas.1414592112

Eruygur, N, Yilmaz, G., Kutsal, O., Yiicel, G., and Ustiin, O. (2016). Bioassay-guided
isolation of wound healing active compounds from Echium species growing in Turkey.
J. Ethnopharmacol. 185, 370-376. doi: 10.1016/j.jep.2016.02.045

Escobar Rodriguez, C., Mitter, B., Antonielli, L., Trognitz, F., Compant, S., and
Sessitsch, A. (2018). Roots and Panicles of the C4 Model Grasses Setaria viridis (L). and
S. pumila Host Distinct Bacterial Assemblages With Core Taxa Conserved Across Host
Genotypes and Sampling Sites. Front. Microbiol. 9, 2708. doi: 10.3389/
fmicb.2018.02708

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1369754/full#supplementary-material
https://doi.org/10.1007/978&ndash;3-030&ndash;54027-2_5
https://doi.org/10.1002/aps3.11296
https://doi.org/10.3389/fpls.2021.706574
https://doi.org/10.1079/9781845932732.0094
https://doi.org/10.1079/9781845932732.0094
https://doi.org/10.3389/fmicb.2016.00650
https://doi.org/10.1016/j.ecoinf.2016.04.004
https://doi.org/10.1186/s40168&ndash;020-00875&ndash;0
https://doi.org/10.2307/3869768
https://doi.org/10.2307/3869768
https://doi.org/10.1021/jf0484531
https://doi.org/10.1104/pp.17.01164
https://doi.org/10.1186/s40168-020-00915-9
https://doi.org/10.1007/s11306-008-0152-0
https://doi.org/10.1016/j.crmicr.2021.100086
https://doi.org/10.1111/pce.14184
https://doi.org/10.1021/acs.jafc.5b02402
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.bse.2013.03.026
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1016/j.scitotenv.2020.144825
https://doi.org/10.5281/zenodo.11123046
https://doi.org/10.1128/msystems.00451-22
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1038/ismej.2009.122
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/j.jep.2016.02.045
https://doi.org/10.3389/fmicb.2018.02708
https://doi.org/10.3389/fmicb.2018.02708
https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Csorba et al.

Gosik, R. (2010). Descriptions of the mature larvae of four species of the genus
Mogulones Reitter 1916 (Coleoptera, Curculionidae). Deutsche entomologische Z. 57,
203-218. doi: 10.1002/mmnd.201000017

Hanshew, A. S, et al. (2013). Minimization of chloroplast contamination in 16S
rRNA gene pyrosequencing of insect herbivore bacterial communities. J. microbiol.
Methods 95, 149-155. doi: 10.1016/j.mimet.2013.08.007

Hisa, T., Kimura, Y., Takada, K., Suzuki, F., and Takigawa, M. (1998). Shikonin, an
ingredient of Lithospermum erythrorhizon, inhibits angiogenesis in vivo and in vitro.
Anticancer Res. 18, 783-790.

Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M,, Li, B,, et al. (2018). Root
exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the
rhizosphere microbiota. Nat. Commun. 9, 2738. doi: 10.1038/s41467-018-05122-7

Jiao, Y., Chen, Y., Ma, C, Qin, J., Nguyen, T. H. N,, Liu, D., et al. (2018).
Phenylalanine as a nitrogen source induces root growth and nitrogen-use efficiency
in Populus x canescens. Tree Physiol. 38, 66-82. doi: 10.1093/treephys/tpx109

Karlsson, A. E., Johansson, T., and Bengtson, P. (2012). Archaeal abundance in
relation to root and fungal exudation rates. FEMS Microbiol. Ecol. 80, 305-311.
doi: 10.1111/fem.2012.80.issue-2

Kast, C., Kilchenmann, V., Reinhard, H., Droz, B., Lucchetti, M. A., Diibecke, A.,
et al. (2018). “Chemical fingerprinting identifies Echium vulgare, Eupatorium
cannabinum and Senecio spp. as plant species mainly responsible for pyrrolizidine
alkaloids in bee-collected pollen,” in Food additives & contaminants. Part A, Chemistry,
analysis, control, exposure & risk assessment, vol. 35. (Taylor & Francis), 316-327.
doi: 10.1080/19440049.2017.1378443

Kawasaki, A., Donn, S., Ryan, P. R,, Mathesius, U., Devilla, R., Jones, A., et al. (2016).
Microbiome and exudates of the root and rhizosphere of brachypodium distachyon, a
model for wheat. PloS One 11, e0164533. doi: 10.1371/journal.pone.0164533

Khosravi, E., Mousavi, A., Farhadpour, M., Ghashghaie, J., Ghanati, F., and
Haghbeen, K. (2019). Pyrrolizidine alkaloids-free extract from the cell culture of
lithospermum officinale with high antioxidant capacity. Appl. Biochem. Biotechnol.
187, 744-752. doi: 10.1007/s12010-018-2830-3

Korbecka, G., Vrieling, K., Squirrell, J., Hale, M. L., and Wolff, K. (2003).
“Characterization of six microsatellite loci in Echium vulgare (Boraginaceae),” in
Molecular ecology notes, vol. 3. (Wiley), 274-276. doi: 10.1046/j.1471-
8286.2003.00421.x

Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha, H., et al.
(2020). Rhizosphere microbiome mediates systemic root metabolite exudation by root-
to-root signaling. Proc. Natl. Acad. Sci. United States America 117, 3874-3883.
doi: 10.1073/pnas.1912130117

Krzyzanowska-Kowalczyk, J., Pecio, L., Motdoch, J., Ludwiczuk, A., and Kowalczyk,
M. (2018). Novel phenolic constituents of pulmonaria officinalis L. LC-MS/MS
comparison of spring and autumn metabolite profiles. Molecules 23, 2277.
doi: 10.3390/molecules23092277

Kudjordjie, E. N., Hooshmand, K., Sapkota, R., Darbani, B., Fomsgaard, I. S., and
Nicolaisen, M. (2022). Fusarium oxysporum Disrupts Microbiome-Metabolome
Networks in Arabidopsis thaliana Roots. Microbiol. Spectr. 10, e0122622.
doi: 10.1128/spectrum.01226-22

Kuhn, M. (2008). Building predictive models in R using the caret package. J. Stat.
softw. 28, 1-26. doi: 10.18637/jss.v028.i05

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359. doi: 10.1038/nmeth.1923

Leach, J. E,, Triplett, L. R., Argueso, C. T., and Trivedi, P. (2017). Communication in
the phytobiome. Cell 169, 587-596. doi: 10.1016/j.cell.2017.04.025

Lebon, G., Wojnarowiez, G., Holzapfel, B., Fontaine, F., Vaillant-Gaveau, N., and
Clément, C. (2008). Sugars and flowering in the grapevine (Vitis vinifera L.). J. Exp. Bot.
59, 2565-2578. doi: 10.1093/jxb/ern135

Lenth, R. V. (2023) emmeans: Estimated Marginal Means, aka Least-Squares Means.
Available online at: https://CRAN.R-project.org/package=emmeans.

Liu, H., Li, J., Carvalhais, L. C., Percy, C. D., Prakash Verma, J., Schenk, P. M, et al.
(2021). Evidence for the plant recruitment of beneficial microbes to suppress soil-borne
pathogens. New Phytol. 229, 2873-2885. doi: 10.1111/nph.17057

Love, M. L, Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/
513059-014-0550-8

Lucchetti, M. A., Glauser, G., Kilchenmann, V., Diibecke, A., Beckh, G., Praz, C., et al.
(2016). Pyrrolizidine alkaloids from echium vulgare in honey originate primarily from
floral nectar. J. Agric. Food Chem. 64, 5267-5273. doi: 10.1021/acs.jafc.6b02320

Mangeot-Peter, L., Tschaplinski, T. J., Engle, N. L., Veneault-Fourrey, C., Martin, F.,
and Deveau, A. (2020). Impacts of Soil Microbiome Variations on Root Colonization
by Fungi and Bacteria and on the Metabolome of Populus tremula x alba. Phytobio. J.
Sci. Societies 4, 142-155. doi: 10.1094/PBIOMES-08-19-0042-R

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17, 10-12. doi: 10.14806/¢j.17.1.200

McMurdie, P. J.,, and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PloS One 8, e61217.
doi: 10.1371/journal.pone.0061217

Frontiers in Plant Science

10.3389/fpls.2024.1369754

McMurdie, P. J., and Paulson, J. N. (2016). biomformat: An interface package for the
BIOM file format. doi: 10.18129/B9.bioc.biomformat

Na, H. S, Song, Y., Yu, Y., and Chung, J. (2023). Comparative analysis of primers
used for 16S rRNA gene sequencing in oral microbiome studies. Methods Protoc. 6, 71.
doi: 10.3390/mps6040071

Nothias, L.-F., Petras, D., Schmid, R., Dithrkop, K., Rainer, J., Sarvepall.i, A., et al.
(2020). Feature-based molecular networking in the GNPS analysis environment. Nat.
Methods 17, 905-908. doi: 10.1038/s41592-020-0933-6

Oren, A., and Garrity, G. M. (2021). Valid publication of the names of forty-two
phyla of prokaryotes. Int. J. System. Evolution. Microbiol. 71, 5056. doi: 10.1099/
ijsem.0.005056

Pan, W., Tang, S., Zhou, J.,, Liu, M., Xu, M., Kuzyakov, Y., et al. (2022). Plant-
microbial competition for amino acids depends on soil acidity and the microbial
community. Plant Soil 475, 457-471. doi: 10.1007/s11104-022-05381-w

Pang, Z., Chen, J., Wang, T., Gao, C,, Li, Z., Guo, L., et al. (2021a). Linking plant
secondary metabolites and plant microbiomes: A review. . Front. Plant Sci. 12, 621276.
doi: 10.3389/fpls.2021.621276

Pang, Z., Chong, J., Zhou, G., de Lima Morais, D. A., Chang, L., Barrette, M., et al.
(2021b). MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional
insights. Nucleic Acids Res. 49, W388-W396. doi: 10.1093/nar/gkab382

Papageorgiou, V. P., Assimopoulou, A. N, and Ballis, A. C. (2008). Alkannins and
shikonins: a new class of wound healing agents. Curr. med. Chem. ingentaconnect.com
15, 3248-3267. doi: 10.2174/092986708786848532

Papageorgiou, V. P., Assimopoulou, A. N., Couladouros, E. A., Hepworth, D., and
Nicolaou, K. C. (1999). The chemistry and biology of alkannin, shikonin, and related
naphthazarin natural products. Angewandte Chemie. 38, 270-301. doi: 10.1002/(ISSN)
1521-3773

Pascual, M. B, El-Azaz, ]., de la Torre, F. N, Cafias, R. A., Avila, C., and Canovas, F.
M. (2016). Biosynthesis and metabolic fate of phenylalanine in conifers. Front. Plant
Sci. 7, 1030. doi: 10.3389/fpls.2016.01030

Paulson, J. N,, Stine, O. C., Bravo, H. C., and Pop, M. (2013). Differential abundance
analysis for microbial marker-gene surveys. Nat. Methods 10, 1200-1202. doi: 10.1038/
nmeth.2658

Pedersen, T. L. (2023) tidygraph: A Tidy API for Graph Manipulation. Available
online at: https://tidygraph.data-imaginist.com.

Pfeiffer, S., Mitter, B., Oswald, A., Schloter-Hai, B., Schloter, M., Declerck, S., et al.
(2017). Rhizosphere microbiomes of potato cultivated in the High Andes show stable
and dynamic core microbiomes with different responses to plant development. FEMS
Microbiol. Ecol. 93, fiw242. doi: 10.1093/femsec/fiw242

Prince, J. T., and Marcotte, E. M. (2006). Chromatographic alignment of ESI-LC-MS
proteomics data sets by ordered bijective interpolated warping. Anal. Chem. 78, 6140-6152.
doi: 10.1021/ac0605344

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-6. doi: 10.1093/nar/gks1219

R Core Team. (2021). R: A Language and Environment for Statistical Computing.
Available at: https://www.R-project.org/.

Rat, A., Naranjo, H. D., Krigas, N., Grigoriadou, K., Maloupa, E., Alonso, A. V., et al.
(2021). Endophytic bacteria from the roots of the medicinal plant alkanna tinctoria
tausch (Boraginaceae): exploration of plant growth promoting properties and potential
role in the production of plant secondary metabolites. Front. Microbiol. 12, 633488.
doi: 10.3389/fmicb.2021.633488

Revelle, W., and Revelle, M. W. (2015). “Package ‘psych,” in The comprehensive R
archive network, vol. 337, 338. Available at: https://cran.rstudio.org/web/packages/
psych/psych.pdf.

Saary, P., Forslund, K., Bork, P., and Hildebrand, F. (2017). RTK: efficient rarefaction
analysis of large datasets. Bioinf. academic.oup.com 33, 2594-2595. doi: 10.1093/
bioinformatics/btx206

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Skoneczny, D., Weston, P. A., Zhu, X, Gurr, G. M, Callaway, R. M., Barrow, R. A,
etal. (2017). Metabolic Profiling and identification of shikonins in root periderm of two
invasive Echium spp. weeds in Australia. Molecules 22, 330. doi: 10.3390/
molecules22020330

Skoneczny, D., Weston, P. A., Zhu, X, Gurr, G. M., Callaway, R. M., and Weston, L.
A. (2015). Metabolic profiling of pyrrolizidine alkaloids in foliage of two Echium spp.
invaders in Australia—a case of novel weapons? Int. J. Mol. Sci. 16, 26721-26737. doi:
10.3390/ijms161125979

Soil Science Division Staff (2017). “Chapter 3, Examination and description of soil
profiles,” in Soil Survey Manual 2017. eds. C. Ditzler, K. Scheffe and H. C. Monger
(Washington D.C.: Government Printing Office), 83-233.

Sui, L, Lu, Y., Zhou, L, Li, N,, Li, Q., and Zhang, Z.. (2023). Endophytic Beauveria
bassiana promotes plant biomass growth and suppresses pathogen damage by
directional recruitment. Front. Microbiol. 14, 1227269. doi: 10.3389/
fmicb.2023.1227269

frontiersin.org


https://doi.org/10.1002/mmnd.201000017
https://doi.org/10.1016/j.mimet.2013.08.007
https://doi.org/10.1038/s41467-018-05122-7
https://doi.org/10.1093/treephys/tpx109
https://doi.org/10.1111/fem.2012.80.issue-2
https://doi.org/10.1080/19440049.2017.1378443
https://doi.org/10.1371/journal.pone.0164533
https://doi.org/10.1007/s12010-018-2830-3
https://doi.org/10.1046/j.1471&ndash;8286.2003.00421.x
https://doi.org/10.1046/j.1471&ndash;8286.2003.00421.x
https://doi.org/10.1073/pnas.1912130117
https://doi.org/10.3390/molecules23092277
https://doi.org/10.1128/spectrum.01226-22
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1016/j.cell.2017.04.025
https://doi.org/10.1093/jxb/ern135
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1111/nph.17057
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1021/acs.jafc.6b02320
https://doi.org/10.1094/PBIOMES-08-19-0042-R
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.18129/B9.bioc.biomformat
https://doi.org/10.3390/mps6040071
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1007/s11104-022-05381-w
https://doi.org/10.3389/fpls.2021.621276
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.2174/092986708786848532
https://doi.org/10.1002/(ISSN)1521-3773
https://doi.org/10.1002/(ISSN)1521-3773
https://doi.org/10.3389/fpls.2016.01030
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1038/nmeth.2658
https://tidygraph.data-imaginist.com
https://doi.org/10.1093/femsec/fiw242
https://doi.org/10.1021/ac0605344
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://doi.org/10.3389/fmicb.2021.633488
https://cran.rstudio.org/web/packages/psych/psych.pdf
https://cran.rstudio.org/web/packages/psych/psych.pdf
https://doi.org/10.1093/bioinformatics/btx206
https://doi.org/10.1093/bioinformatics/btx206
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3390/molecules22020330
https://doi.org/10.3390/molecules22020330
https://doi.org/10.3390/ijms161125979
https://doi.org/10.3389/fmicb.2023.1227269
https://doi.org/10.3389/fmicb.2023.1227269
https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Csorba et al.

Tan, W., Wang, J., Bai, W., Qj, J., and Chen, W. (2020). Soil bacterial diversity
correlates with precipitation and soil pH in long-term maize cropping systems. Sci. Rep.
10, 6012. doi: 10.1038/s41598-020-62919-7

Tappeiner, J., Vasiliou, A., Ganzera, M., Fessas, D., Stuppner, H., Papageorgiou, V. P.,
et al. (2014). Quantitative determination of alkannins and shikonins in endemic
Mediterranean Alkanna species. Biomed. chromatogr.: BMC 28, 923-933.
doi: 10.1002/bmc.3096

Tautenhahn, R., Béttcher, C., and Neumann, S. (2008). Highly sensitive feature
detection for high resolution LC/MS. BMC Bioinf. 9, 504. doi: 10.1186/1471-2105-9-
504

Trifan, A., Skalicka-Wozniak, K., Granica, S., Czerwinska, M. E., Kruk, A., Marcourt,
L., et al. (2020). Symphytum officinale L.: Liquid-liquid chromatography isolation of
caffeic acid oligomers and evaluation of their influence on pro-inflammatory cytokine
release in LPS-stimulated neutrophils. J. Ethnopharmacol. 262, 113169. doi: 10.1016/
j.jep.2020.113169

Ujvari, G., Turrini, A., Avio, L., and Agnolucci, M. (2021). Possible role of
arbuscular mycorrhizal fungi and associated bacteria in the recruitment of
endophytic bacterial communities by plant roots. Mycorrhiza 31, 527-544.
doi: 10.1007/s00572-021-01040-7

Vives-Peris, V., de Ollas, C., Gobmez-Cadenas, A., and Pérez-Clemente, R. M. (2020).
Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 3-17.
doi: 10.1007/500299-019-02447-5

Walch-Liu, P., Liu, L.-H., Remans, T., Tester, M., and Forde, B. G. (2006). Evidence
that L-glutamate can act as an exogenous signal to modulate root growth and
branching in Arabidopsis thaliana. Plant Cell Physiol. 47, 1045-1057. doi: 10.1093/
pep/pcj075

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy.
Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/AEM.00062-07

Wang, W, Jin, J., Xu, H,, Shi, Y., Boersch, M., and Yin, Y. (2022). Comparative
analysis of the main medicinal substances and applications of Echium vulgare L. and
Echium plantagineum L.: A review. J. ethnopharmacol. 285, 114894. doi: 10.1016/
j.jep.2021.114894

Frontiers in Plant Science

19

10.3389/fpls.2024.1369754

Wickham, H., Frangois, R., Henry, L., Miiller, K., and Wickham, M. H. (2019)
Package ‘dplyr,” A Grammar of Data Manipulation. R package version. Available at:
https://cran.r-hub.io/web/packages/dplyr/dplyr.pdf.

Wickham, H., Vaughan, D., and Girlich, M. (2023) tidyr: Tidy Messy Data. Available
at: https://tidyr.tidyverse.org.

Wiedenfeld, H., and Edgar, J. (2011). Toxicity of pyrrolizidine alkaloids to humans
and ruminants. Phytochem. Rev. 10, 137-151. doi: 10.1007/s11101-010-9174-0

Xiong, C., Singh, B. K., He, J.-Z., Han, Y.-L,, Li, P.-P,, Wan, L.-H,, et al. (2021). Plant
developmental stage drives the differentiation in ecological role of the maize
microbiome. Microbiome 9, 171. doi: 10.1186/s40168-021-01118-6

Yazaki, K. (2017). Lithospermum erythrorhizon cell cultures: Present and future
aspects. Plant Biotechnol. 34, 131-142. doi: 10.5511/plantbiotechnology.17.0823a

Yuan, J., Chaparro, J. M., Manter, D. K,, Zhang, R,, Vivanco, J. M., and Shen, Q.
(2015). Roots from distinct plant developmental stages are capable of rapidly selecting
their own microbiome without the influence of environmental and soil edaphic factors.
Soil Biol. Biochem. 89, 206-209. doi: 10.1016/j.s0ilbi0.2015.07.009

Zancarini, A., Westerhuis, J. A., Smilde, A. K., and Bouwmeester, H. J. (2021).
Integration of omics data to unravel root microbiome recruitment. Curr. Opin.
Biotechnol. Elsevier 70, 255-261. doi: 10.1016/j.copbio.2021.06.016

Zarraonalndia, I., Owens, S. M., Weisenhorn, P., West, K., Hampton-Marcell, J., Lax,
S., et al. (2015). The soil microbiome influences grapevine-associated microbiota. Am.
Soc. Microbiol. 6, €02527-14. doi: 10.1128/mBi0.02527-14

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., da Rocha, U. N, Shi, S, et al. (2018).
Dynamic root exudate chemistry and microbial substrate preferences drive patterns in
rhizosphere microbial community assembly. Nat. Microbiol. 3, 470-480. doi: 10.1038/
541564-018-0129-3

Zhang, J., Liu, W., Bu, ], Lin, Y., and Bai, Y. (2023). Host genetics regulate the plant
microbiome. Curr. Opin. Microbiol. 72, 102268. doi: 10.1016/j.mib.2023.102268

Zhu, X,, Skoneczny, D., Weidenhamer, J. D., Mwendwa, ]. M., Weston, P. A, Gurr, G. M.,
et al. (2016). Identification and localization of bioactive naphthoquinones in the roots and
rhizosphere of Paterson’s curse (Echium plantagineum), a noxious invader. J. Exp. bot.
academic.oup.com 67, 3777-3788. doi: 10.1093/jxb/erw182

frontiersin.org


https://doi.org/10.1038/s41598-020-62919-7
https://doi.org/10.1002/bmc.3096
https://doi.org/10.1186/1471-2105-9-504
https://doi.org/10.1186/1471-2105-9-504
https://doi.org/10.1016/j.jep.2020.113169
https://doi.org/10.1016/j.jep.2020.113169
https://doi.org/10.1007/s00572-021-01040-7
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1093/pcp/pcj075
https://doi.org/10.1093/pcp/pcj075
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1016/j.jep.2021.114894
https://doi.org/10.1016/j.jep.2021.114894
https://cran.r-hub.io/web/packages/dplyr/dplyr.pdf
https://tidyr.tidyverse.org
https://doi.org/10.1007/s11101-010-9174-0
https://doi.org/10.1186/s40168-021-01118-6
https://doi.org/10.5511/plantbiotechnology.17.0823a
https://doi.org/10.1016/j.soilbio.2015.07.009
https://doi.org/10.1016/j.copbio.2021.06.016
https://doi.org/10.1128/mBio.02527-14
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1016/j.mib.2023.102268
https://doi.org/10.1093/jxb/erw182
https://doi.org/10.3389/fpls.2024.1369754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Soil pH, developmental stages and geographical origin differently influence the root metabolomic diversity and root-related microbial diversity of Echium vulgare from native habitats
	Introduction
	Materials and methods
	Sampling of Echium vulgare plants and bulk soil
	Root dissection and DNA extraction
	Plant genotyping
	Library preparation for 16S rRNA gene sequencing
	Bioinformatic analysis
	Stereomicroscopy and confocal laser scanning microscopy
	Soil sampling and chemical property analysis
	Chemicals and sample preparation for metabolite analysis
	Ultra-high performance liquid chromatography - high resolution mass spectrometry method
	Metabolite annotation and statistical analysis of UHPLC-HRMS-derived metabolomics data
	HPLC-UV/Vis method for quantitation of A/S, chiral analysis and NMR analysis
	Data availability

	Results
	Soil composition differed across geographical locations
	Two genetic clusters were identified through plant genotyping
	Confocal scanning laser fluorescence microscopy verified the presence of endophytes
	Microbial diversity differed between soil and root samples and were influenced by location, soil pH and plant genetic clusters
	Taxonomic composition analyses highlighted the effects of environmental factors on soil and root microbiome while specific indicator taxa are identified based on soil pH
	Transient and core microbiome ASVs revealed shared taxa between the samples of different variables
	The root metabolome of E. vulgare was significantly influenced by plant developmental stage, location and soil pH
	Pyrrolizidine alkaloid analyses revealed a correlation to plant developmental stage
	Roots of flowering plants exhibited reduced nuclear magnetic resonance signals characteristic of sugar molecules
	Some roots of E. vulgare contained A/S among which ~86% were alkannins and ~14% shikonins
	Co-occurrence network analysis identified minimal connectivity between root microbiome and metabolome of E. vulgare root samples

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


