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Abstract

Background Parasitic plants are affected by various abiotic stressors including water and drought stress, fluctuations
or extremes of temperature, salinity, mineral deficiencies or toxic concentrations of heavy metals in soils. While

the molecular mechanisms and the ecological roles of these parasitic angiosperms have been well-studied, their
responses to abiotic stress remain poorly understood. This study explores the relationship between environmental
metal stress and the seed endophytic bacterial community of the holoparasitic plant Orobanche lutea Baumg.
(Orobanchaceae).

Results Our findings reveal significant shifts in microbial community composition across different environmental
conditions, developmental stages and time points. Orobanche lutea seeds selectively accumulate metals such as Zn
and Pb. Significant differences in the O. lutea seed microbial community composition suggest a strong influence

of both, environmental conditions and plant developmental stages. Certain bacterial genera, including Bacillus,
Paenibacillus, Pantoea, Okibacterium, Staphylococcus and Micromonospora were consistently detected across all
samples, suggesting a vertically transmitted core microbiome. Notably, seed endophytic bacterial communities in
O. lutea, respond dynamically to metal stress. Several isolated strains (e.g. Bacillus, Paenibacillus, Curtobacterium and
Mictobacterium) showed high tolerance to Zn and Pb salts. However, elevated Zn and Pb concentrations in seeds
do not promote the enrichment of metal-tolerant endophytes. Furthermore, metal stress appeared to increase the
frequency of plant growth-promoting (PGP) traits within the seed microbiome supporting the idea that endophytes
contribute to the adaptation of holoparasitic plants to heavy metal stress.

Conclusions These results highlight the dynamic nature of seed-associated microbial communities under metal
stress and underscore the critical role of seed endophytes in mediating the responses of holoparasitic plants to
environmental challenges. The relationship between seed microbiome composition and metal exposure offers new
insights of understanding stress resilience and developing microbial-based mitigation strategies.

*Correspondence:
Kristine Petrosyan
petrosyan@umk.pl

Full list of author information is available at the end of the article

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.



Petrosyan et al. BMC Plant Biology (2026) 26:485

Page 2 of 17

Keywords Holoparasites, Orobanchaceae, Metal stress, Plant growth promoting bacteria, Immature and ripe seeds,

Seed microbiome, Metal tolerance

Background

The rapid developments of heavy industry and resulting
environmental pollution have led to large-scale transfor-
mations of landscapes. Such industrial lands often harbor
a limited number of adapted plant species including some
holoparasitic members of the Orobanchaceae family [1].
Parasitic plants represent a fascinating line of evolution
and are often found in extreme environments —such
as saline, arid, cold or polluted habitats [2]. Although
numerous studies have explored the molecular mecha-
nisms of plant parasitism and the ecological impacts of
these highly specialized angiosperms, significant knowl-
edge gaps remain regarding their responses to abiotic
stress factors. However, like their hosts, parasitic plants
are affected by abiotic stress factors, such as water and
drought stress, fluctuations or extremes of temperature,
saline soils, mineral deficiencies or toxic concentrations
of heavy metals in soils [3]. These challenging conditions
can alter their host preference, and stress responses may
be host-dependent or -independent. Such effects may
result from either direct influence through restrictions
in seed germination or from host mediated factors such
as limited host availability, host susceptibility to parasit-
ism or changes in host signaling. In response to abiotic
stress, parasitic plants may transfer stress-responsive
metabolites and stress-induced signals to their hosts
when exposed to abiotic stresses. The host plant, in turn,
activates defense mechanisms, often transferring harmful
compounds back to the parasites [3].

Despite obligatory interaction with their plants, para-
sitic plants are self-regulating organisms with own met-
abolic profiles that differ from their hosts [4-7]. The
ability of holoparasitic plants, particularly Orobanche
s.l, to decrease the levels of potentially toxic metals in
their host plants is well documented [4]. They can thrive
in metal-rich environments or in industrial waste areas,
often forming large populations. Species such as O. lutea,
O. laxissima, Phelipanche nowackiana and P. nana tend
to accumulate various minerals and potentially toxic
metals—such as Zn, Ni and Cd while decreasing the
concentrations in the host plants [1, 8—10]. Turnau et al.
(2018) [1] demonstrated that potentially toxic metals (Zn,
Cd and Pb) were shared between the host plant Medi-
cago falcata L. (Fabaceae) and the parasite O. lutea, when
growing on an industrial waste land in Poland (Silesia-
Cracow Upland). The concentrations of potentially toxic
metals in the host plants infected by O. lutea were sig-
nificantly lower compared to non-infected individuals of
the same species. They also reported that both, parasites
and metal stress, may activate several physiological and

metabolic pathways in the infected host. In the case of
M. falcata infected by O. lutea, increased photosynthetic
capacity, enhanced mycorrhizal colonization and greater
arbuscular richness were observed [1]. Similarly, a study
on Odontarrhena lesbiaca (Brassicaceae) demonstrated
that infected plants had lower Ni concentrations in their
leaves than their non-infected counterparts [9].

Within the parasite-host complex, stress-responsive
molecules and potentially harmful compounds, including
heavy metals, are exchanged via the haustoria [11-13].
The haustorium functions like a pump, facilitating the
uptake of water and solutes from the host plant to the
parasite. It also absorbs osmotic compounds, such as
polyol mannitol, which facilitates this flow [4].

Parasitic plants are connected to their hosts via haus-
toria not only for the uptake of nutrients, energy and
water, but also for the exchange of endophytic micro-
organisms [14]. In general, bacterial secretions such as
indole-3-acetic acid (IAA), organic acids, siderophores,
and ACC-deaminase contribute to enhance the availabil-
ity of nutrients for plants [15]. In this context, endophytic
bacteria play an important role in understanding the
uptake mechanisms of heavy metal ions and in support-
ing plant tolerance to metal toxicity. They can decrease
metal accumulation in plant tissues and reduce bioavail-
ability of metals in the soil through various mechanisms
[16]. Additionally, exposure to metals has been shown
to promote the migration of specific endophytes to the
aboveground parts of the plant [17].

In this study, we investigated the endophytic bacte-
rial microbiome richness and diversity of O. lutea seeds
in various developmental stages and their plant growth
promoting (PGP) traits under metal stress. The results
provide essential evidence highlighting the importance
of the seed endophytic bacterial diversity of this species.
Specifically, we investigated modifications in bacterial
communities during seed maturation across two consec-
utive generations and examined how bacterial diversity
and the potential PGP traits of the endophytic bacteria
were affected by metal stress. We hypothesized that toxic
metal concentrations in the soil may influence both the
composition of the seed endophytic community of O.
lutea and the dynamics of this community during seed
maturation. Furthermore, these bacteria possess PGP
traits that contribute to an abatement of the metal stress
experienced by their host.

To verify our hypothesis, we employed arrange of
interdisciplinary methods, including microbiological,
molecular, biochemical, spectroscopic, bioinformatic and
statistical approaches.
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Material and methods

Study design

Sampling was conducted over two consecutive grow-
ing seasons at two distinct locations in Poland: a metal-
polluted site and a non-polluted reference site. The heavy
metal polluted site (HM) is characterized by elevated
concentrations of zinc (Zn), nickel (Ni) and lead (Pb) [18]
while the other, non-polluted (NHM), served as a refer-
ence site. At each site, seeds of O. lutea were collected at
two developmental stages: immature and ripe. To assess
the impact of environmental pollution on seed-associ-
ated microbial communities, the study included both
culture-dependent and molecular methods.

Element concentrations in seeds were quantified using
ICP-OES in order to assess metal accumulation pat-
terns in seeds. Microbiome profiling was performed
using high-throughput sequencing to characterize bacte-
rial communities associated with seeds. To evaluate the
functional relevance of isolated strains in polluted envi-
ronments, metal tolerance assays were conducted. In
parallel, culturable bacterial isolates were obtained and
screened for plant growth-promoting (PGP) traits such
as ACC deaminase (ACCD) activity and production of
indole-3-acetic acid (IAA), organic acids (OA) and sid-
erophores (SID).

This multifactorial design allowed us to compare
microbial composition, functional traits, and metal
uptake between polluted and non-polluted origins,
across different seed maturity stages and throughout two
consecutive generations.

Site description and sampling of Orobanche lutea

The polluted site (HM) is located in the Silesia-Cracow
Upland, Zabkowice, Dabrowa Goérnicza district. It is
situated at the edge of a forest, along a path bordering
meadow wastelands created after the exploitation of cala-
mine- an ore rich in heavy metals. The site coordinates
are 50°22’07” N, 19°16,53” E., at an elevation of 325 m
a.s.l. (Fig. 1A).

The region hosts some of the largest Zn, Ni and Pb
deposits in Europe [18]. The soil in this region is typi-
cally calcareous (pH 7.3) and supports a variety of metal
tolerant plant species, providing favorable conditions for
the growth of O. lutea [1, 18]. Previous detailed analyses
did not show significant differences in pH value (ranged
between 6.4 and 7.3) of the soil at both locations (pol-
luted and non-polluted) [1]. The historical exploitation
of calamine rich in Zn, Pb and silver (Ag) may have con-
tributed to the prolific development of O. lutea popula-
tions [1]. A detailed analysis of toxic metal and nutrient
concentrations in the polluted soil from Silesia-Cracow
Upland and the non-polluted soil from the Ponidzie
regions can be found in Turnau et al. (2018) [1], who
showed substantial differences in metal concentrations
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between the polluted and non-polluted sites, especially
for Cd and Zn. High levels of heavy metal concentrations
in soil and in plants from this site have been confirmed
by Turnau et al. (2018) [1] and Wisniewska et al. (2025)
[19]. Moreover, this site and the surrounding area is char-
acterized by a high level of industrialization and air pol-
lution, and is already known for centuries as one of the
largest zinc and lead deposits in Europe [20-23].

The non-polluted site (NMH), Ostra Goéra is located
within the Ponidzie region, in the mesoregion of the
Pificzowski Garb (Swietokrzyskie Voivodeship), far from
industrial areas. In the Swietokrzyskie Voivodeship, no
exceedances of the permissible values for Cd, Zn and
other heavy metals have been recorded. Additionally,
among the analyzed trace elements, no trend of their
accumulation in soils has been observed at least over
the past 15 years [24]. The site is situated at 50°26'36.0"
N 20°47'05.0” E, at an elevation of 265 m a.s.l. and this
is characterized by typical xerothermic grassland vegeta-
tions (Fig. 1B) [18].

Historical monthly climate data for the study sites
were obtained from WorldClim 2.1, downscaled from
CRU-TS 4.06 [19]. For each site, annual minimum and
maximum temperatures and total annual precipitation
were recorded. The polluted site was characterized by
slightly higher minimum temperatures and precipitation,
whereas the unpolluted site exhibited higher maximum
temperatures [19].

Plant material and identification

All experimental procedures in this study including the
field studies, collection of plant material, were conducted
in strict accordance with local, institutional, national and
international guidelines and legislation, and necessary
permits were obtained. The collection of O. lutea seeds
was conducted with permission no. WPN.1.6400.3.1.2021.
AD (Ostra Goéra) and WPN.6400.4.2021.MS1.1 (Dabrowa
Gornicza) issued by the Regional Directors for Envi-
ronmental Protection in Poland accordance with Pol-
ish and EU biodiversity legislation. The field collection
of seeds was performed by Renata Piwowarczyk and
Karolina Wisniewska (Institute of Biology, Jan Kochan-
owski University, Kielce, Poland). Renata Piwowarczyk
also conducted the formal taxonomic identification of
the species. The plant names were updated based on the
International Plant Names Index (IPNI) [25].

The voucher specimen has been deposited in the Her-
barium of Jan Kochanowski University in Kielce (KTC),
Poland (acronym according to Thiers) [26]. The collection
is not numbered, but the herbarium sheets are stored in
a separate section under the name “Parasitic plants’, and
the species are sorted alphabetically, in boxes labeled
with the species name.
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Fig.1 A (a) General habit of Orobanche lutea from the polluted site; (b) The polluted habitat in Zgbkowice, Dabrowa Gérnicza district, and 200 m from the
cemetery at Gorzysta Street, the edge of the forest by the path and the meadows and wastelands. Photos by K. Petrosyan. (c) Satellite image of the study
site obtained from the Google Earth; image modified by R. Piwowarczyk. 1 B: (@) General habit of Orobanche lutea at the non-polluted site, (b) The non-
polluted site in Ostra Gdra, south of Peczelice (Busko-Zdroj), xerothermic grasslands. Photos by K. Petrosyan. (c) Satellite image of the study site obtained

from the Google Earth: image modified by R. Piwowarczyk

Sampling of seeds

Orobanche lutea is one of the most abundant representa-
tives of the genus Orobanche in Poland [18]. Despite the
high density of populations in some regions of Poland
— such as the Silesia-Cracow Upland—O. [utea is classi-
fied as a species under partial legal protection in Poland
and has been included in several regional red lists [22, 27,
28]. Orobanche lutea is an oligophagous species (infect-
ing host species belonging to one taxonomic family)
parasitizing on the genus Medicago (family Fabaceae). It
commonly infects the species M. falcata, M. sativa and
the hybrid M. xvaria which are the typical hosts of O.
lutea populations across Europe [18, 22, 29]. The young
(immature) seeds of O. lutea were collected from both
sampling sites in May—June in the years 2021 and 2022.

Portions of the closed ovaries were stored in aseptic con-
ditions for subsequent experiments, while additional
samples were preserved in 99% glycerol at —80°C. Mature
seeds were collected from opened capsules of fully devel-
oped plants in June-July of the same years. The collected
mature seeds were air-dried.

Morphological observations of both young and ripe
seeds of O. lutea were conducted using a Nikon SMZ-
800 stereoscopic microscope coupled with a Nikon DSFi3
camera (Tokio, Japan) (Fig. 2).

Elements analysis in the seeds by ICP-OES

The concentrations of the elements in seeds were deter-
mined by Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES, Agilent Technologies 700



Petrosyan et al. BMC Plant Biology

(2026) 26:485

Page 5 of 17

Fig. 2 Nikon SMZ-800 stereoscopic microscope images of Orobanche lutea seeds: A young seeds within the ovary (longitudinal section) (1:1000), B

young seeds (1:100), C ripe seeds (1:500). Photos by K. Zubek

Series, Australia) using standard method described by
Thijs et al. (2018) [30]. Fifty mg of dried ripe seeds of O.
lutea were rinsed with distilled water and dried in an
oven (105 °C) and chipped. After the dried seeds were
hammer-milled (Retsch SM100) to obtain a fine pow-
der. Samples were wet digested in Pyrex tubes in a heat-
ing block overnight in Suprapur 14N HNO; (1 mL) at
40 °C, followed by a hot digestion at 110 °C. After 3 times
drying, the samples were cooled down and resolved in
1 mL HCI Suprapur 37%. The samples were dried again
in the heating block at 110 °C. When dry, the samples
were dissolved in 10 mL 2% HCI [30]. Blanks of reagents
(concentrated acids) and standardized reference samples
(Trace Elements in Spinach Leaves 1570a, NIST, U.S.)
were included. All analyses, including blanks and refer-
ence material were performed in three replicates (n=3).
The experimental data were statistically analyzed using
the Microsoft Office Excel program. The concentra-
tions of minerals and metals were expressed as pgx L.
The results were expressed as a mean of the triplicates
with * standard error (SE) and standard deviation (SD).
The element concentrations are expressed on dry weight
(dw) of plant tissue.

Seed surface sterilization and homogenization

The aim of the seed surface sterilization procedure was
to obtain only the endophytic communities of the seeds.
This was performed according to the protocol by Petro-
syan et al. (2022) [31]. For each sampling location and
year, 50 mg of young and ripe seeds of O. lutea were
collected per replicate, using a design of 8 samples in 4
replicates.

Sterilization efficiency was confirmed using both
microbiological and molecular approaches. 100 pL of the
last rinsing water was planted on Petri dishes containing
869 rich medium (0.035gL™" CaCl,-2H,0, 0.5gL~! NaCl,
1.0gL™! MgSO,7H,0, 1gL™' Tryptone, 0.5gL™! Yeast
extract, 0.1gL.™ D (+)-glucose, 15gL-1 Agar, pH 7.0) and

incubated for 5 days [32]. DNA was also isolated from the
rinsing water using the AX Bacteria Spin kits (A&A Bio-
technology, Gdynia, Poland) and analyzed via standard
PCR with universal 16S rDNA primers (Com1/Com?2).
Deionized water served as a negative control. Absence of
bacterial colonies on the plates and PCR products con-
firmed successful sterilization.

The surface sterilized seeds were homogenized in
0.5mL 10mM MgSO, using a sterile pellet pestle (Kim-
ble®). To complete the homogenization and obtain a
homogeneous suspension, 5-6 metal stainless steel
ball beads were added (2.8 mm) and the mixture was
shaken using a two-bladed mixer mill (Retsch MM400,
Germany) for min at 25 Hz. The homogenate was then
divided: one portion was used for DNA extraction, and
the other for growing culturable bacteria.

Molecular analysis of the endophytic bacteria

Isolation of bacterial DNA and 16S rRNA amplicon
sequencing

To assess both cultivable and uncultivable bacterial
diversity of the seeds, fractions of the homogenized sus-
pensions of the surface sterilized seeds were used. DNA
was extracted from the seed homogenate in 4 replicates
using the Mobio PowerPlant protocol based on the Pow-
erPlant® Pro DNA Isolation Kit and patented solution
(Inhibitor Removal Technology® IRT). For isolation of
high-quality DNA from seeds, 450 pL of Bead Solution
(181mM NaPO,, 121mM guanidinium thiocyanate, pH
7) was added to the seed homogenate, followed by 50uL
of C1 solution (150 mM NaCl, 4% SDS, 0.5 M Tris, pH
7), 30 pL lysozyme (10 mg mL™' H,O) and incubation
at 37 °C for 15 min. Afterward, 5 pL proteinase K (100
mg mL"!) was added, followed by incubation at 58 °C for
20 min. Then, 3 uL RNAse A solution (25 mg mL™') was
added and briefly vortexed. Subsequently, a 500 pL equal
volumes of phenol: chloroform: isoamyl alcohol (pH 6-8)
was added and vortexed until no biphasic layer remained.
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The samples were lysed at 25 Hz for 5 min using a shred-
der (Retsch MM400), centrifuged for 2 min, and 450—500
uL of supernatant were transferred to clean 2mL tubes
and resuspended in 175 uL of patented solution PD3
(Inhibitor Removal Technology® IRT) for removal of PCR
inhibitors from plant extracts. The tubes were vortexed
for 5 s and then incubated at 4 °C for 5 min avoiding the
pellet move. 600 pL supernatant was transferred into
clean 2 mL tubes. Finally, 600 puL of C4 (5 M guanidine
hydrochloride, 30 mM Tris, 9% isopropanol, pH 6.8), 600
uL of 100% absolute ETOH were added and vortexed for
5 s 750 puL were loaded onto the spin filter, centrifuged
at 10,000 rpm for 30 s 500 pL of C5 (10 mM Tris, 100
mM NaCl, 50% ETOH pH 7.5) were added to spin fil-
ter, centrifuged for 30 s at 10,000 rpm. The DNA pellet
was washed with 500 pL of 100% ETOH and centrifuged
for 30 s at 10,000 rpm. To remove residual ETOH, the
samples were centrifuged for 3 min at maximum speed.
Finally, isolated DNA samples were carefully placed into
a new clean 1.5 mL Eppendorf and twice 40pL of elu-
tion buffer C6 (10 mM Tris, pH 8) added. DNA samples
were quality checked using a Nanodrop 2000 (Thermo
Fisher Scientific, Wilmington, DE, United States). Part of
the DNA was stored at —20 °C, and the rest was used for
16S rRNA amplicon sequencing. Library preparation and
Ilumina sequencing were done as described by Petro-
syan et al. [33].

Bioinformatic processing of reads

Raw reads were demultiplexed using Illumina MiSeq soft-
ware and processed using the DADA2 package 1.10.1 [34]
in R version 4.1.4. Parameters for length trimming were
set to keep the first 290 bp of the forward read and 200
bp of the reverse read, maxN =0, MaxEE =(2,5), and PhiX
removal. Error rates were inferred, and the filtered reads
were dereplicated and denoised using the DADA2 default
parameters. After merging paired reads and removal of
chimeras via the RemoveBimeraDenovo function, an
amplicon sequence variant (ASV) table was constructed.
Taxonomic assignment was done using the SILVA v138
database [35, 36]. The resulting ASVs and taxonomy
tables were combined with the metadata file into a phylo-
seq object (Phyloseq, version 1.26.1) [37]. Contaminants
were removed using Decontam (version 1.2.1) applying
the prevalence method with a 0.5 threshold value [38].
The ASV table was further processed removing organ-
elles (chloroplasts, mitochondria) and prevalence filtered
using a 2% inclusion threshold (unsupervised filtering) as
described by Callahan et al. (2016) [34].

Data visualization and statistical analyses

Alpha-diversity indexes (Simpson, Shannon) were cal-
culated on unfiltered data using MicrobiomeSeqscripts.
ANOVA and Tukey Honest Significant Differences
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(Tukey HSD) was applied for hypothesis testing; where
assumptions of normality and homoscedasticity were not
met, Kruskal-Wallis Rank and Wilcoxon tests were used.
The results were summarized in boxplots and relative
abundances were calculated and visualized in bar charts
using Phyloseq. All performed statistical tests were cor-
rected for multiple testing and alpha<0.05 was consid-
ered statistically significant. All graphs were generated in
R version 4.1.4.

Beta-diversity assessed using the Bray—Curtis dis-
similarity matrix after transforming the data into rela-
tive abundance and visualized using Principal Coordinate
Analysis (PCoA) and Canonical Analysis of Principal
Coordinates (CAP). Differences between samples were
evaluated using the anosim, adonis, and betadisper func-
tions from the Vegan package (version 2.5-7).

Genomic DNA extraction and taxonomic identification of
the culturable endophytic bacterial strains
The first aliquot of the homogeneous suspension of sur-
face sterilized seeds was used for DNA extraction, the
second for isolation of culturable bacteria. In order to
cultivate diverse endophytic bacteria, 100 uL of the seed
suspension were put onto 1/10 diluted 869 (rich) media
and incubated at 30 °C for 7 days. For further experi-
ments, single, morphological diverse colonies were
picked and purified. The pure colonies were used for fur-
ther experiments. DNA isolation was performed using a
standard procedure for DNA isolation from bacterial pel-
lets using an ABI MAGMAX automated DNA extraction
system. DNA was quantified with a Qubit® 2.0 Fluorom-
eter (Thermo Scientific, US) and verified for purity on a
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington,
DE, United States) spectrophotometer with an A260/
A280 ratio of 1.7-2.0. The near full-length sequences of
the 16S rRNA gene were amplified with the primers 27f
(5-AGAGTTTGATCCTGGCTCAG-3’) and 1492r (5-G
GTTACCTTGTTACGACTT-3’) [39]. The products were
verified on agarose gel and shipped to Macrogen for 16S
rRNA Sanger sequencing. Sequences were processed
in Geneious v4.8 and were analyzed over the ribosomal
database SILVA (https://www.arb-silva.de/aligner/).
Ribosomal RNA gene sequences were compared with
reference sequences from the GenBank databases, using
the Ribosomal Database Project (RDP) website (http://r
dp.cme.msu.edu/), Basic Local Alignment Search Tool
(BLAST) software (http://blast.ncbi.nlm.nih.gov/Blast.c
gi). The isolates were assigned to species or the highest
best taxonomic rank possible.

Metal tolerance test

The isolated bacterial strains were evaluated for their
metal tolerance ability using liquid 869 rich medium
enriched by varying concentrations of lead (PbCl,)
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and zinc (ZnSO4.H,0) salts with 1.0 mM PbCl, and
ZnSO,H,0 0.6 mM, 1.0 mM, 2.0 mM and 2.5 mM [40].
The assay was performed in three replicates. After 5 days
of incubation, bacterial growth was evaluated as a (-) no
growth and (+) growth.

In vitro plant growth promoting (PGP) traits of isolated
endophytes

The bacterial strains isolated from the ripe seeds of O.
lutea were screened for their plant growth-promoting
(PGP) traits in vitro. All assays were performed at least
two times. The assays were performed using two techni-
cal replicates for each isolate. The outcomes of the PGP
trait assays were evaluated qualitatively and recorded as
binary results (positive/negative) based on the presence
or absence of the respective phenotypic response.

IAA production was assessed using the Salkowski after
cultivation in 1/10 869 medium [32] supplemented with
20mL L-tryptophan per 0.5L [41]. Organic acid produc-
tion was tested following Cunningham and Kuiack (1992)
[42]. ACC-deaminase activity was evaluated in SMN
medium with 5 mM ACC as N-source [43]. Production
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of siderophores was evaluated using 284 media with 0.25
pL iron and CAS solution and with 0 pl of Fe as control
[44]. Detailed methods were presented in Petrosyan et al.
(2022) [31].

Results

Elements concentrations in seeds

In the seeds collected from the polluted site (HMSd)
prominent enrichments of Fe and Mn (Fig. 3A) were
observed. Concentrations of Zn, Cu and Pb were obvi-
ously higher in seeds from the polluted site (HMSd).
Mo concentrations were below the detection limit. Pb
concentrations were high in seeds from polluted site
(HMSd). However, in seeds from the polluted site (HM)
lower concentrations of Ni and Cr were found compared
to non-polluted site (NHM) (Fig. 3B).

Total bacterial communities of young and ripe seeds of
Orobanche lutea growing on metal polluted and non-
polluted sites

In total 36,839 high-quality sequences were obtained
from Illumina MiSeq sequencing, resulting in 244
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amplicon sequence variants (ASVs) across all libraries
from O. lutea seeds collected at the polluted (n = 8 plants)
and reference (n =8 plants) sites. Among the 11 identified
bacterial phyla, the relative abundance profiles of domi-
nant bacterial phyla (>1%) revealed that all seed samples
were consistently dominated by Pseudomonadota, Bacil-
lota, and Actinomycetota, although their proportional
contributions varied significantly among developmental
stages and years (Fig. 4). Low abundance phyla, including
Planctomycetota and Fusobacteriota, were detected and
contributed marginally to the overall community compo-
sition (>1%), therefore, they were considered major div-
ers of community differences among seed samples.

Alpha diversity metrics demonstrated pronounced dif-
ferences among seed groups (Fig. 4). The lowest alpha
diversity (Observed richness, Shannon and Simpson
indices) was recorded in young seeds from the polluted
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site in both years (PY 2021, PY 2022) and young seeds
from non-polluted site in 2022 (NPY2022) in contrast to
Non-Polluted-Young-2021 (NPY2021) (Fig. 4A).

Shannon—Wiener diversity analyses shown significant
differences between young and ripe seeds from pol-
luted sites in 2021 (PY2021 vs. PR2021), indicating seed
developmental stage and environmental effects (Fig. 4B).
In contrast, alpha diversity patterns in 2022 were more
uniform across treatments. These findings suggest that
year-to-year variation and seed maturity are key factors
influencing microbial composition.

Taxonomic composition varied between years and
seed maturity stages. Seeds collected in 2021 exhibited a
higher abundance of Bacillota across most samples. This
indicates that Bacillota played a dominant role in the
microbial communities during that year, in seeds from
both polluted and non-polluted sites. However, in 2022,
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Pseudomonadota were the dominant phylum, particu-
larly y-Proteobacteria in Polluted-Ripe 2022 (PR2022);
Bacillota were lower. These shifts highlight a tempo-
ral restructuring of microbial communities from 2021
to 2022, with Bacillota declining and Pseudomonadota
increasing in relative abundance (Fig. 4A).

Ripe seeds, irrespective of the site, were largely domi-
nated by a-Proteobacteria in both years. Ripe seeds from
the polluted site in 2022 (PR2022) exhibited a strong
presence of y-Proteobacteria, and a markedly decline
in Bacilli. In young seeds from polluted sites (YP),
y-Proteobacteria, Bacilli, and Actinomycetes were promi-
nent, while in young seeds from the non-polluted site
(NPY), y-Proteobacteria and Bacilli were the most abun-
dant. Interestingly, in young seeds from polluted sites in
2022 (PY2022) Actinomycetes were dominating, while
Bacilli were less abundant.

Based on unconstrained ordination using the Bray-
Curtis dissimilarity we observed that samples NPR2021
and PR2021 are more diverse compared to the sample
groups PR2021 — NPR2021, NPR2022 — PR2022, and
NPY2022 - PY2022. Grouping by site, ripeness and
year of collection was statistically significant (ANOSIM
p- value<0.05) but not strong (ANOSIM R=0.3718)
explaining about 38% of the differences in distances
(ADONIS R2=0.388). Significant differences were
detected between young and ripe seeds groups from the
non-polluted site only (q-value<0.05). Also dispersion
analysis further indicated that seed maturity significantly
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influenced  community (BETADISPER
p-value<0.05) (Fig. 5).

Canonical Analysis of Principal Coordinates (CAP)
showed temporal and environmental effects on the seed
microbiota. Bacillota, particularly Paenibacillus, were
prominent in ripe seeds from the polluted site. The genus
Stenotrophomonas was more abundant in ripe seeds from
the non-polluted (NPR) site in comparison to ripe seeds
from the polluted site (PR) and young seeds from the
non-polluted site (NPY) (Fig. 5).

variability

Diversity and in vitro PGP activities of isolates

Using homogenized suspensions of surface-sterilized
seeds and 16S rRNA Sanger sequencing, the cultivable
endophytes of young and ripe seeds of O. lutea popula-
tions from metal polluted and non-polluted sites were
isolated, identified and tested for their PGP traits. Our
analyses indicated a diverse microbial occurrence across
different seed types and conditions. A total of 231 bacte-
rial strains belonging to the main bacterial phyla Bacil-
lota, Pseudomonadota and Actinomycetota were isolated
and identified using the NCBI taxonomy browser. 65%
of all cultivable seed isolates belong to the Bacillota with
the class Bacilli. The remaining isolates belong to - and
y-Proteobacteria (10.35%), Actinomycetia (11.65%) and
unclassified bacteria (13.0%) (Table 1). The bacterial
group “Other/Unclassified” represents bacterial taxa that
could not be assigned at lower taxonomic levels due to
limited reference information.
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Fig. 5 Canonical Analysis of Principal Coordinates (CAP) highlighting the variations in microbial community structure of Orobanche lutea seeds
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Table 1 Cumulative list of the cultivable endophytic bacteria in the young and ripe seeds of Orobanche lutea in non-polluted and

metal polluted soils and their taxonomic information

Phyla Class Order Genus Count of isolated bacteria %
Bacillota Bacilli Bacillales Bacillus"™ " 65%

Priestia® "

Peribacillus*""

Paenibacillales

Actinomycetota Actinomycetia Micrococcales

Actinomycetales

Micrococcales

Actinomycetales

Micrococcales

Actinomycetales
Sphingomonadales

Pseudomonadota  a-Proteobacteria

[-Proteobacteria Rhodocyclales

y-Proteobacteria

Enterobacterales

Other Unclassified  Unclassified in lower taxonomic level  Unclassified

Pseudomonadales

Staphylococcus'™*

RisungbinellaUncultured" '™
Exiguobacterium™™ "

Paenibacillus

Micromonospora' ™" 11.65%
Okibacterium'™*"
Curtobacterium'™ %"
Brevibacterium?"*""
Promicromonospora® "
Kocuria®”
Plantibacter"*"

Microbacterium®*

unclassified Actinomycetes "

% 0%

Sphingomonas 10.35%
Dechloromonas

Pseudomonas” "

Pantoea" """
Erwinia®™
Enterobacter”™"™
Citrobacter”™

Unclassified environmental spp.2"?"  13%

"non-polluted young, """non-polluted ripe,?"polluted young, 2"“polluted ripe

The class Bacilli was dominant, with genera such as
Bacillus, Paenibacillus, Priestia, and Staphylococcus.Ente
robacter, Risungbinella and uncultured Exiguobacterium
were limited to the non-polluted site, suggesting stress
sensitivity. Curtobacterium and Plantibacter were only
isolated from young seeds, while Brevibacterium, Pseu-
domonas, Priestia, Streptococcus, and Microbacterium
were specific to ripe seeds from both sites (Table 1).

A core endophytic community can be proposed based
on a consistent presence in all seed types and environ-
mental conditions a cultivable core endophytic com-
munity at the genus level can be proposed, comprising
Bacillus, Paenibacillus, Pantoea, Okibacterium, Staphy-
lococcus, Micromonospora, Peribacillus, Promicromonos-
pora and Sphingomonas. Across all conditions, the core
bacterial groups were dominated by members of Pseu-
domonadota, Bacillota and Actinomycetota (Fig. 1).
Pseudomonadota represented by, genera like Pantoea,
Sphingomonas. Actinomycetota were represented pri-
marily by Okibacterium, Micromonospora, Promicro-
monospora, whereas Bacillota included several abundant
and persistent Bacillus, Staphylococcus, Peribacillus.
While the present work defines a stable core seed micro-
biome at the genus level, the full ASV-based structure of
the core community will be explored in a follow-up study
to better resolve strain-specific responses to metal stress.

In vitro PGP tests showed that bacterial isolates from
ripe seeds (from the polluted and non-polluted site taken
together) could produce Indole-3-Acetic Acid (IAA),
organic acids (OA), produced siderophores (SID) and
exhibited ACC deaminase (ACCD) activity (Figure S1).

However, significant differences between isolates from
ripe seeds originating from polluted and non-polluted
sites were observed (Fig. 6a).

Strains isolated from the ripe seeds (R) of O. lutea
growing on the metal polluted site (HM) demonstrated
the highest numbers of positive responses for the tested
PGP traits regardless of the seed generation (2021, 2022)
(not shown). High numbers of siderophore and ACC-
deaminase producing bacteria were found in seeds from
the polluted soil (Fig. 6b). Strains of genera like Pseudo-
monas spp., Microbacterium spp., Staphylococcus and
Promicromonospora isolated from both polluted and
non-polluted sites displayed the highest numbers of posi-
tive responses for production of siderophores (SID) and
ACC deaminase activity (ACCD). Most abundant bac-
terial groups demonstrated the highest number of posi-
tive reactions for production of IAA. Only Pseudomonas
spp. and Staphylococcus displayed the highest number
of positive reactions for production of organic acids
(OA) (Fig. 6b). Other bacterial groups displayed high
numbers of positive reactions only for certain traits, like
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A PGP activity in polluted and non-polluted sites
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Fig. 6 Plant growth-promoting (PGP) traits for the isolated bacterial groups. a The relative abundance of positive responses to four key PGP assays:
Indole-3-Acetic Acid (IAA), Siderophores (SID), Organic Acids (OA) and 1-Aminocyclopropane-1-Carboxylate Deaminase (ACCD) across all bacterial iso-
lates. Bacterial isolates from the polluted site (HM) are shown in dark grey, while those from the non-polluted area (NHM) are depicted in light grey. b
Highest positive responses for the abundant bacterial groups isolated from polluted and non-polluted sites. Data represent the summarized values from

the 2021 and 2022 experimental years

production of siderophores and IAA or organic acids or
ACC deaminase activity.

Metal tolerance and PGP traits under metal stress

The metal tolerance of endophytic bacterial strains was
assessed under in vitro conditions using various con-
centrations of Zn and Pb. Among the 83 strains isolated
from ripe seeds originating from the polluted site (HM),
only 63 demonstrated tolerance to the lowest applied
concentration of Zn. While, only a few strains belonging
to Bacillus, Microbacterium and Paenibacillus demon-
strated tolerance to 1 mM Pb. All tested isolates able to
growth in Zn-free control media (Table 2). However, sig-
nificant differences in Zn tolerance were observed among

bacterial genera and across Zn concentrations. The four
dominant genera such as Bacillus, Paenibacillus, Micro-
bacterium and Curtobacterium along with a group of
unclassified environmental isolates, displayed the highest
overall tolerance. Bacillus, Curtobacterium and Micro-
bacterium were the most Zn-tolerant, while Paenibacil-
lus and the unclassified isolates were more sensitive to
higher Zn concentrations. Bacillus spp. maintained the
highest proportion of tolerant isolates at both 0.6 mM
and 1.0 mM Zn. Notably, even at 2.5 mM Zn, several
remained viable, indicating strong Zn tolerance. Other
genera exhibited consistent but comparatively lower tol-
erance levels. Several strains like Bacillus, Paenibacillus
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and Microbacterium able to growth in presence of 1.0
mM Pb (Table 2).

The Zn tolerance of strains originating from the non-
polluted site (NHM) was also assessed. Among 63 bacte-
rial strains only a few strains —Bacillus, Microbacterium
sp., Micromonospora spp. Pseudomonas, Risingbinella
massiliensis demonstrated tolerance to 0.6 mM Zn. Addi-
tionally, two strains Bacillus sp. and Microbacterium sp.
were tolerant to 1.0 mM Zn (Table 2).

NHM

Pb 1.0 mM
HM

NHM

Discussion

We examined the interactions between the holopara-
sitic plant O. [utea and its environment, focusing on
environmental stressors, such as soil metal pollution,
and the seed endomicrobiome. Specifically, we investi-
gated the survival strategies of the microbiome and the
potential roles in host adaptation in polluted habitats.
Current knowledge about the effects of metals on seeds
remains limited, particularly concerning the underlying
mechanisms of damage. Generally, most plants avoid the
accumulation of high concentrations of potentially toxic
metals in their seeds to preserve germination potential
[45]. However, some plant seeds selectively accumulate
different heavy metal ions. For example, peanuts and
corn primarily accumulate Pb, while wheat seeds tend
to accumulate Zn [46]. Such accumulation may reflect
an evolutionary adaptation; whereby toxic metals are
sequestered in the seed coat to protect vital metabolic
processes. Alternatively, it may indicate a passive accu-
mulation due to the failure of other protective mecha-
nisms in highly polluted environments [46, 47]. Our
findings show that O. [utea seeds exhibit a remarkable
tendency to accumulate Zn and Pb (Fig. 3), which corre-
lates with the high concentration of these metals in the
soil. However, in vitro Pb tolerance assays show that only
few strains demonstrated tolerance (Table 2). Indeed, the
absence of Pb-tolerant endophytic bacterial strains in O.
lutea seeds suggests that Pb may be predominantly accu-
mulated in the seed coat, thereby limiting the need for
Pb tolerance of the bacteria within the internal seed tis-
sues. A similar tendency was observed for Zn (Table 2) as
well. Even, strains of Pseudomonas spp., Micromonospora
spp. and Risungbinella sp. originating from plants grow-
ing on non-polluted soils displayed Zn tolerance only on
the lowest concentrations (Table 2). Our findings indicate
that enhanced Zn and Pb concentrations in seeds do not
necessarily enhance the selection or persistence of metal-
tolerant endophytes. On the other hand, increased metal
concentrations might lead to a selection pressure, reduc-
ing the overall endophytic diversity. Similar trends have
been observed in other holoparasitic species. For exam-
ple, flowers of O. laxissima growing in cinnamomic soil
habitats in Georgia (Caucasus) exhibited high concen-
trations of Ni, Zn and Cd [10], suggesting that selective

Zn 2.5 mM
HM

Zn2.0 mM
NHM HM NHM
12

Zn 1.0 mM
HM

22
4
4
2
2

Zn 0,6 mM

HM
30

NHM

15

Zn OmM
HM

36

12

8
3
4
Tolerance was defined based on visible growth under Zn and Pb stress conditions. Values represent the number of colonies (n) of tolerant isolates per genus under each Zn and Pb concentration from the polluted (HM)

and non-polluted site (NHM)

Table 2 Zn and Pb tolerance (n) of endophytic bacterial genera isolated from ripe seeds from both polluted and non-polluted site under in vitro conditions
NHM

unclassifed environmental samples

Microbacterium
Risingbinella massiliensis

Zn-Pb treatment
Bacterial Genera
Bacillus spp.
Paenibacillus
Curtobacterium
Micromonospora
Pseudomonas
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metal accumulation may be a common strategy among
holoparasites to manage with metal stress [1, 9, 10, 48,
49].

In contrast, Ni concentrations in O. lutea seeds from
the polluted site were notable lower compared to those
from the non-polluted site (Fig. 3), indicating a selective
exclusion mechanism that varies with growing conditions
and soil pollution. This pattern is consistent with findings
in other holoparasitic plants. A study on the holoparasitic
plants Phelipanche nowackiana and P. nana, parasitizing
Odontarrhena lesbiaca in Lesbos (Greece), showed that
Ni concentrations declined progressively from tubercles
to shoots and flowers, indicating a filtering mechanism
that prevents Ni accumulation in reproductive struc-
tures [9]. The ‘filtering out’ of Ni, particularly from veg-
etative to reproductive tissues supports the hypothesis
of a corrective adaptation in hyperaccumulator—polli-
nator mutualisms, whereby toxic metals are excluded
from floral tissues that interact with pollinators [50] as
a ‘corrective’ adaptation tool in the context of the hyper-
accumulator—pollinator mutualism, related to the hyper-
accumulator-pollinator interaction. This mechanism
is further supported by Pavlova and Bani (2019), who
reported low Ni concentrations in the anthers and pollen
of P. nowackiana in Albania [51].

Soil pollution can suppress the immune responses of
plants, potentially increasing their vulnerability to para-
sitic invasion due to synergistic stress effects [10]. On
the other hand, the parasite may contribute to lowering
the toxic metal concentrations in the host plant, thereby
helping to maintain the host’s defense mechanisms
against metal stress [1, 4, 9, 10]. This interaction not
only supports the tolerance of parasitic plants in harsh
environments but is also crucial for understanding the
survival strategies of holoparasitic species under metal
stress.

Influence of environmental pollution and seed maturity on
microbial diversity

The hyperaccumulation of metals in plant tissues is influ-
enced by several factors, including the bioavailability of
the metals in soil, the activity of metal transporters, the
expression of detoxification genes, and the interactions
with plant-associated microbiota [52, 53]. Exposure of
the plant to metals can also promote the migration of
specific endophytes to the aboveground parts of the plant
[17].

Our findings indicate that both environmental pollu-
tion and seed maturity shape the diversity and structure
of seed endophytic communities. While Shannon diver-
sity and microbial richness did not differ significantly
across groups, ordination analysis (ADONIS R2=0.388)
revealed substantial differences in community composi-
tion between sites, years, and seed developmental stages
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(Fig. 4). Notably, bacterial community profiles in 2022
appeared more stable than in 2021, possibly reflecting
adaptation or stabilization in response to consistent envi-
ronmental conditions [19]. This also underscores the pos-
sible influence of annual environmental fluctuations on
microbial community structure [54].

The seeds of holoparasitic plants may be colonized by
microbial communities with functional roles in the early
stages of seed conditioning and germination [14, 55,
56]. The increased presence of microbial taxa in mature
seeds may be attributed to anatomical changes in fruit
structure or to physiological processes occurring dur-
ing late seed development, which may enhance coloni-
zation opportunities [57]. Across all seed samples, the
most dominant phyla included Pseudomonadota, Bacil-
lota, and Actinomycetota. Interestingly, Actinomycetota
were notably more abundant in young seeds from pol-
luted sites, which was not observed in young seeds from
the non-polluted site (Fig. 4). The higher abundance of
Actinomycetota in seeds from the polluted site correlates
with elevated metal concentrations in the soil [58].

Our results highlight dynamic changes in the diversity
of the endophytic bacterial community and relative abun-
dance of bacterial taxa during seed maturation, poten-
tially driven by physiological and anatomical changes in
the seed structure that facilitate the colonization by spe-
cific bacterial taxa [57]. We assume that this dynamic col-
onization pattern reflects a complex interaction between
the holoparasitic plant and its microbiota, influenced by
both internal developmental processes and external envi-
ronmental pressures, such as metal stress.

In mature seeds of O. lutea, colonization by a- Proteo-
bacteria was high regardless of soil pollution. Wisniewska
et al. (2025) [19] demonstrated that in O. lutea pistil stig-
mas the Pseudomonadota (99.25%), mainly Enterobacte-
riaceae (49.88%) and Pseudomonadaceae (48.28%) were
dominant bacterial groups. This supports the hypoth-
esis that certain bacteria may have a selective advantage
under metal stress, underscored by the dominance of
y-Proteobacteria, as members of this group are known
for their stress response capabilities in polluted sites [59].

Canonical correspondence analysis revealed taxon-spe-
cific patterns associated to pollution and seed maturity.
For example, Paenibacillus (known for its role in nutrient
cycling and heavy metal tolerance) was more prevalent in
seeds from the polluted site [60, 61] whereas Stenotroph-
omonas was more common in ripe seeds from the non-
polluted site (Fig. 5).

Overall, our results indicate that metal stress, environ-
mental and climatic factors (including wind, tempera-
ture and rainfall), soil physicochemical properties, the
holoparasitic plant species and host genotypes all con-
tribute to shaping the diversity of the seed endophytic
community. Further research is necessary to clarify how
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these factors, particularly metal stress, environmental
and climatic conditions influence the bacterial richness
and community shifts during the maturation of seeds of
holoparasites.

Culturable candidate core endophytes

Heavy metals in soil can change the structure of plant-
associated bacterial communities and their metabolic
properties, leading to the selection of the most-adapted
strains [40]. Among the culturable seed endophytes,
genera such as Bacillus, Paenibacillus, Pantoea, Okibac-
terium, Staphylococcus and Micromonospora were consis-
tently present across all seed types, suggesting that they
can be part of the core seed microbiome. Several were
also detected across seed maturation stages and sites,
suggesting possible vertical transmission (see below).

Certain genera demonstrated site-specific preva-
lence, potentially reflecting selection for traits involved
in metal tolerance. The genera Citrobacter, Erwinia and
Kocuria were predominantly isolated from ripe seeds
collected from the polluted site (RP), suggesting their
possible adaptation to and/or role in metal stress toler-
ance of their host plant. The genera Peribacillus and Pro-
micromonospora were consistently found in both young
and ripe seeds from the polluted sites (PY, PR). The gen-
era Bacillus, Paenibacillus, Pantoea and Staphylococcus
were identified as potential core genera across all samples
and might be transferred from generation to genera-
tion (Table 1). These bacteria may play key roles in seed
physiology and health across different developmental
stages and environmental conditions. Specifically, sev-
eral bacterial strains like Bacillus spp., Paenibacillus spp.,
Curtobacterium sp., Microbacterium spp. and a group
of unclassified environmental strains isolated from the
ripe seeds demonstrated strong tolerance to high con-
centrations of Zn and Pb salts (Table 2). Zn is an impor-
tant trace element, however; elevated Zn levels can be
extremely toxic for living organisms [62].

There is a growing body of evidence suggesting that
plant-associated microorganisms play a crucial role in
protecting plants from excess metal exposure. These
microorganisms enhance plant growth and nutrient
uptake through mechanisms such as nitrogen fixation,
phosphate solubilization, and protection against both
abiotic and biotic stresses [52, 63].

In our study, more strains isolated from the ripe seeds
of O. lutea growing on the metal-polluted site exhibited
remarkably higher production of IAA, siderophores,
organic acids and ACC deaminase activity compared
to those isolated from seeds growing on a non-polluted
area, which demonstrated fewer positive responses
(Fig. 6). These findings are in line with Truyens et al.
(2013) [64] who reported that Cd-tolerant seed-borne
endophytes from grasses growing in Cd-polluted areas
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can support phytoextraction and phytostabilization
efforts. This supports earlier findings that heavy metal-
tolerant PGP bacteria, including genera such as Bacillus,
Pseudomonas, Streptomyces, and Methylobacterium, can
enhance growth and biomass production in crops by mit-
igating the harmful effects of metal stress and improving
metal tolerance [59, 65]. However, the bacteria inhabited
the O. lutea immature stigmas from polluted sites dem-
onstrated the less positive PGP traits like auxin produc-
tion, phosphate solubilization, siderophores production
compared to unpolluted ones [19].

In contrast, Micromonospora spp. strains isolated from
O. lutea seeds demonstrated fewer PGP traits compared
to those from the seeds of Cistanche phelypaea grow-
ing in saline marshes with high salt concentrations [33].
This suggests that endophytic Micromonospora strains
may express PGP traits specific to the stress conditions of
their native environment.

Several studies have also reported heavy metal toler-
ance and PGP abilities of Sphingomonas, which is known
to maintain its growth and exhibits PGP traits under
heavy metal stress, such as the production of phytohor-
mones and suppression of abiotic/biotic stresses [59].
In our study, Okibacterium spp. and Sphingomonas
spp. were only tolerant to lower Zn concentrations and
showed the fewest positive responses for the in vitro PGP
traits (Fig. 6), indicating that may rely on alternative tol-
erance mechanisms.

Overall, these findings highlight the complex interplay
between metal exposure and the functional potential of
bacterial communities within seed microbiomes.

Conclusion

Seed endophytic communities of O. [utea were shaped
by both environmental pollution and developmental
stage of the seeds. Certain bacterial genera were consis-
tently detected across all samples, suggesting the pres-
ence of a vertically transmitted core microbiome. The
high frequency of plant growth-promoting traits and ele-
vated metal tolerance among isolates from polluted sites
emphasizes the resilience and ecological importance of
seed endophytes under metal stress conditions.

Overall, O. lutea provides a valuable model for explor-
ing the complex host-parasite-microbe-metal interac-
tions and underscores the potential role of holoparasitic
plants and their microbiomes in ecological restoration
and phytoremediation strategies.

Abbreviations

ACC deaminase- 1 Aminocyclopropane-1-carboxylic acid deaminase
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PCoA Principal Coordinate Analysis

PGP Plant growth-promoting
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