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Abstract

This PhD thesis investigates the complex interactions between the halophyte Salicornia
europaea L. and three major human pathogenic microorganisms (HPMOs): Escherichia coli,
Salmonella enterica, and Listeria monocytogenes in field and in vitro experiments. S. europaea
was used as model crop based on its nutritional and antimicrobial qualities as a sustainable crop
for saline agriculture with possible raw consumption. Given the rising incidence of foodborne
illnesses linked to raw vegetables contaminated with HPMOs, there is a critical need for
innovative and sustainable antimicrobial strategies in agriculture and food safety. Therefore,
the links between the chemical composition of plant shoots (e.g., lignin and lipid content) and
soil properties (e.g., salinity and pH) with the colonization of HPMOs were analysed. The
persistence of HPMOs in §. europaea was investigated using plant transcriptomics.
Additionally, plant endophytic and rhizosphere bacteria were investigated on their production

of volatile organic compounds (mVOCs) with potential to inhibit the HPMOs.

It was hypothesized that: (i) chemical traits of plants and soils control HPMOs’ abundance and
can therefore serve as indicators of food safety risk; (ii) the persistence of HPMOs in S.
europaea can be limited by the plant's native microbiome and internal salinity; (ii1) inhibition

of HPMOs can be based on mVOCs production of endophytic and rhizosphere bacteria.
To address these hypotheses, three different experimental approaches were employed:

1. field experiment: the chemical composition of S. europaea shoots and soils from two
French field sites was analysed using GC-MS jointly with the abundance of HPMOs on

them to identify potential biomarkers of the HPMOs’ contamination;

2. in vitro experiment: interactions between S. europaea and HPMOs were assessed at
varying salinity levels (0, 50, 100 and 200 mM NaCl), focusing on plant growth,
HPMOs’ abundance using selective media and qPCR of shoot and root samples, and

plant transcriptomics of plant samples in responses to HPMOs colonization;

3. functional assay to identify antagonists: endophytic and rhizosphere bacteria isolated
from S. europaea were tested for their inhibitory effects on HPMOs using mVOC-

mediated interactions and identification of volatiles using a bipartite in vitro assay
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coupled with head space - solid phase microextraction - gas chromatography - mass

spectrometry (HS-SPME-GC-MS).

Negative correlations were found between the lignin content in shoots and the abundance of S.
enterica, as well as between the lignin content in bulk soil organic matter and the abundance of
E. coli, suggesting a potential protective role of lignin. Conversely, shoot lipid content was
positively correlated with the abundance of E. coli. The soil pH and the soil salinity were
negatively correlated with the abundance of HPMOs levels in bulk soil. This indicates the
advantage of growth of S. europaea on saline soils for food safety. In the in vitro experiment
a marked decline in the abundance of HPMOs in plant tissues was revealed, despite an initially
high bacterial abundance in sterile sand, suggesting a natural reduction from soil to plant. E.
coli was not found in plant tissues, whereas S. enterica and L. monocytogenes persisted and
induced significant transcriptional changes, notably under specific salinity (0 and 100 mM
NaCl). Transcriptomic analysis revealed no substantial changes in the gene expression in
response to application of E. coli, but notable shifts in response to the other HPMOs (S. enterica
and L. monocytogenes), involving genes linked to stress responses, biosynthesis of secondary
metabolite and cellular responses to extracellular stimuli, e.g., biosynthesis of
phosphoethanolamine N-methyltransferase and pentacyclic triterpenoid. Distinct inhibition
patterns emerged among bacterial taxa. Bacilli, Actinomycetes, and Gammaproteobacteria
predominantly suppressed the growth of L. monocytogenes and E. coli. Key strains identified
for mVOC profiling included Bacillus pumilus CSR28, Xanthomonadales sp. CSE34,
Streptomyces champavatii CSR4, and Bacillus pseudomycoides CSE4, with dimethyl disulfide
(DMDS) highlighted as a principal and potential antimicrobial mVOC. Other detected mVOC:s,
such as cyclohexane and methylcyclopentane, varied across bacterial and pathogen co-cultures,

including in the HPMOs’ monocultures.

Concluding, this PhD thesis highlights high diversity of interactions between S. europaea-and
HPMOs, revealing that only some of these microorganisms are capable of persisting within the
plant tissues. Soil pH and salinity emerge as a key controls and indicator of the risk of HPMOs’
contamination in S. europaea, and can be used to enhance the safety for human consumption.
Moreover, HPMOs trigger notable changes in the plant’s gene expression, suggesting that the
plant actively responds to certain HPMOs. Furthermore, it demonstrates that specific
endophytic and rhizosphere bacteria associated with S. europaea generate mVOCs which are
capable to suppress major foodborne pathogens, positioning these bacteria as viable candidates

for the biocontrol of HPMOs for an increased food safety in agriculture.
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Abstrakt (PL)

Niniejsza rozprawa doktorska bada ztozone interakcje pomiedzy halofitem Salicornia europaea
L. a trzema gtownymi ludzkimi drobnoustrojami chorobotworczymi (HPMOs, ang. Human
Pathogenic Microorganisms): Escherichia coli, Salmonella enterica 1 Listeria monocytogenes
w doswiadczeniach polowych 1 in vitro. S. europaea zostata wykorzystana jako roslina
modelowa ze wzgledu na swoje wartosci odzywcze 1 wlasciwosci przeciwdrobnoustrojowe,
jako zrownowazona uprawa do rolnictwa na glebach zasolonych z mozliwo$cia spozycia na
surowo. W zwigzku ze wzrastajaca liczba chordb przenoszonych przez zywnos$¢, zwigzanych z
warzywami spozywanymi na surowo 1 skazonymi HPMOs, istnieje pilna potrzeba
innowacyjnych 1 zréwnowazonych strategii przeciwdrobnoustrojowych w rolnictwie i
bezpieczenstwie zywnosci. Dlatego przeanalizowano zwiazki pomiedzy sktadem chemicznym
pedow roslin (np. zawarto$cig ligniny i lipidow) oraz wlasciwosciami gleby (np. zasoleniem i
pH) a kolonizacja przez HPMOs. Trwato§¢ HPMOs w S. europaea badano za pomoca
transkryptomiki roslin. Ponadto analizowano bakterie endofityczne 1 ryzosferowe pod katem
ich zdolnosci do syntezy lotnych zwigzkow organicznych (mVOC) o potencjale hamujacym

HPMOs.

Postawiono nastepujace hipotezy: (i) parametry chemiczne ro$lin 1 gleb kontrolujg liczebnos¢
HPMOs 1 moga stuzy¢ jako wskazniki ryzyka dla bezpieczenstwa zywnosci; (ii) trwatos$¢
HPMOs w S. europaea moze by¢ ograniczana przez natywny mikrobiom ro$liny i jej
wewnetrzne zasolenie; (ii1)) hamowanie HPMOs moze wynika¢ z produkcji mVOC przez

bakterie endofityczne i ryzosferowe.
Aby zweryfikowac te hipotezy, zastosowano trzy rdézne podejscia eksperymentalne:

1. doswiadczenie polowe: sklad chemiczny pedow S. europaea oraz gleb z dwoéch
lokalizacji we Francji analizowano za pomocg GC-MS wraz z liczebnoscia HPMOs w

celu identyfikacji potencjalnych biomarkerow skazenia HPMOs;

2. doswiadczenie in vitro: oceniano interakcje mi¢dzy S. europaea a HPMOs przy roznych
poziomach zasolenia (0, 50, 100 1 200 mM NacCl), koncentrujac si¢ na wzroscie roslin,
liczebnosci HPMOs przy uzyciu podiozy selektywnych i qPCR probek pedow i korzeni

oraz transkryptomice roslin w odpowiedzi na kolonizacj¢ przez HPMOs;

12



3. test funkcjonalny w celu identyfikacji antagonistow: bakterie endofityczne i
ryzosferowe izolowane z S. europaea testowano pod katem ich wlasciwosci
hamujacych wobec HPMOs z wykorzystaniem interakcji wywotanych przez mVOC
oraz identyfikacji lotnych zwigzkéw przy wykorzystaniu dwuetapowego testu in vitro

polaczonego z technikg HS-SPME-GC-MS.

Stwierdzono ujemne korelacje pomiedzy zawartoscig ligniny w pedach a liczebnoscig S.
enterica, jak rowniez pomigdzy zawartoscig ligniny w glebowej materii organicznej a
liczebnosciag E. coli, co sugeruje potencjalng ochronng rol¢ ligniny. Natomiast zawarto$¢
lipidow w pedach byta dodatnio skorelowana z liczebno$cig E. coli. Odczyn pH gleby 1 jej
zasolenie byty ujemnie skorelowane z liczebnosciag HPMOs w glebie. Wskazuje to na przewage
S. europaea rosngcej na glebach zasolonych z punktu widzenia bezpieczenstwa zywnosci. W
doswiadczeniu in vitro wykazano wyrazny spadek liczebnosci HPMOs w tkankach roslin,
pomimo poczatkowo wysokiej liczebnosci bakterii w jatlowym piasku, co sugeruje naturalne
ograniczenie od gleby do rosliny. E. coli nie wykryto w tkankach roslin, natomiast S. enterica
1 L. monocytogenes przetrwaly i wywotywaty istotne zmiany w analizach transkryptomicznych,
szczegoOlnie przy okreslonym zasoleniu (0 i 100 mM NaCl). Analiza transkryptomiczna
wykazala brak istotnych zmian w ekspresji gendbw w odpowiedzi na obecno$¢ E. coli, ale
zauwazalne zmiany w odpowiedzi na pozostate HPMOs (S. enterica 1 L. monocytogenes),
obejmujgce geny zwigzane z reakcjami stresowymi, biosynteza wtdérnych metabolitow oraz
odpowiedziami komérkowymi na bodzce zewngetrzne, np. biosyntezg fosfoetanoloaminy N-
metylotransferazy 1 pentacyklicznych triterpenoidéw. Zaobserwowano rdzne wzorce
hamowania wsérod taksondw bakteryjnych. Bacilli, Actinomycetes 1 Gammaproteobacteria
gtoéwnie hamowaty wzrost L. monocytogenes 1 E. coli. Kluczowe szczepy zidentyfikowane do
profilowania mVOC obejmowaty Bacillus pumilus CSR28, Xanthomonadales sp. CSE34,
Streptomyces champavatii CSR4 oraz Bacillus pseudomycoides CSE4, przy czym
dimetylodisulfid  (DMDS)  zostal  wyr6zniony jako gléwny 1  potencjalny
przeciwdrobnoustrojowy mVOC. Inne wykryte mVOC, takie jak cykloheksan 1
metylocyklopentan, r6znity si¢ w zalezno$ci od wspotkultur bakterii i patogendw, w tym takze

w monokulturach HPMOs.

Podsumowujgc, niniejsza rozprawa doktorska podkresla duza réznorodnos$¢ interakceji
pomigdzy S. europaea a HPMOs, ujawniajac, ze tylko niektére z tych mikroorganizmow sa
zdolne do przetrwania w tkankach roslin. Odczyn pH gleby i1 zasolenie wylaniaja si¢ jako

kluczowe czynniki kontrolne 1 wskazniki ryzyka skazenia S. europaea przez HPMOs 1 moga
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by¢ wykorzystane w celu zwickszenia bezpieczenstwa konsumpcji. Ponadto HPMOs wywotuja
istotne zmiany w ekspresji genow rosliny, co sugeruje, ze roslina aktywnie reaguje na niektore
z tych drobnoustrojow. Co wigcej, wykazano, ze okreslone bakterie endofityczne i ryzosferowe
zwigzane z S. europaea wytwarzaja mVOC zdolne do hamowania gldéwnych patogenow
przenoszonych przez zywnos¢, co czyni je potencjalnymi kandydatami do biokontroli HPMOs

w celu zwigkszenia bezpieczenstwa zywnosci w rolnictwie.
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1. Introduction

1.1. Soil salinization: a pressing contemporary issue

Salinization is connected to low rainfall and global issues like population growth and
climate change (Vengosh, 2014). Fluctuating water levels and the mixing of seawater with
groundwater can significantly impact soils, causing rapid salinization of agricultural lands
and groundwater (Vengosh, 2014). This rise in salinity will disrupt agricultural production
systems, alter natural vegetation, and change land-use patterns (Vengosh, 2014). The
vulnerability is heightened because approximately 70% of the world's population resides on
coastal flatlands, making these areas more susceptible to these changes and intensifying
issues like desertification and salinization in arid and semiarid regions (Okur and Orgen,
2020). Drylands in South America, southern Australia, Mexico, the southwestern United
States, and South Africa are predicted to be at the highest risk for increased soil salinity
based on long-term models, while at European scale the Mediterranean coastline stands out
(Daliakopoulos et al., 2016; Hassani et al., 2021). Climate change is expected to increase
soil salinity in dryland areas of Spain, Morocco, and northern Algeria (Hassani et al., 2021).
By 2100, the western and southern Sahara, central Indian drylands, desert soils in
southeastern Mongolia, and northern China are also projected to become more saline due
to climate change (Hassani et al., 2021). Using treated wastewater or brackish water, which
contains high levels of chloride, sodium, and boron, is best for crops that can tolerate salt
(Vengosh, 2014). This type of water requires special soil treatment (Vengosh, 2014). Crop
production losses due to salinization in arid and semiarid regions worldwide vary from 18%
to 43% (Singh, 2021). In areas with high salt levels, planting crops that are highly tolerant
of salt, e.g., spinach, barley, date palm, sugar beet and asparagus, is often recommended
(Singh, 2021). This rising global salinization trend underscores the urgent need for crops
capable of thriving in high-salinity environments. Within this context, halophytes,
specifically Salicornia europaea L. emerges as a viable solution not only for sustainable

saline agriculture but also for food safety applications, as explored in this dissertation.

Halophytes, comprising less than 2% of terrestrial plant life, have evolved unique strategies
to thrive in salty environments. Notably, they can store salts within cell vacuoles and expel
them through specialized leaf glands. These salt-tolerant plants hold potential for long-term

restoration of areas affected by salinity (Litalien and Zeeb, 2019).
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1.2. Revealing the agronomic potential of Salicornia europaea as a valuable halophyte

This background section provides essential ecological and agronomic context for
understanding the growth conditions and environmental adaptability of S. europaea, which
are critical to the experimental design and interpretation of this thesis—particularly in
relation to salinity and pH as key factors influencing food safety risks associated with
human pathogenic microorganisms (HPMOs). Salicornia, a prominent genus of halophytes,
plays a crucial ecological and economic role worldwide. This plant thrives in saline coastal
regions and inland salt marshes due to its remarkable ability to withstand high salt
concentrations, up to 1 M NaCl with optimum salinity for biomass production in the range
between 200 and 400 mM NaCl under laboratory conditions (Cardenas-Pérez et al., 2021;
Cardenas-Pérez et al., 2022; Orzot et al., 2025). Environmental studies have shown that
Salicornia thrives in soils with a pH of 7-8, reflecting its adaptation to neutral to slightly
alkaline saline habitats (Hrynkiewicz et al., 2019; Marangi et al., 2024). Despite its salt
tolerance, high salinity levels can inhibit its germination. Consequently, many coastal
halophytes, including Salicornia, tend to germinate during spring when soil salinity
decreases due to increased freshwater availability and favourable temperatures (Singh et al.,
2014). An EU-supported initiative in Portimao, southern Portugal, aimed to regenerate land
previously abandoned due to excessive soil salinity. The initiative focused on establishing
a 4,600 m? intensive production unit of greenhouses for the cultivation of certified organic

S. europaea  (https://eu-cap-network.ec.europa.eu/sites/default/files/2024-07/eu-cap-

network-good-practice-report-salivitae.pdf). In Europe, the protection of salt marshes

gained special significance with the adoption of Council Directive 92/43/EEC in 1992.
Notably, Baltic coastal meadows and temperate inland salt marshes were classified as

endangered and included in the Red List of European habitats (Janssen et al., 2016).

S. europaea L., a notable species within the genus, belongs to the Amaranthaceae family
under the subfamily Salicornioideae. It is commonly known as glasswort, sea beans, sea
asparagus, or samphire (Kim et al., 2021; Cardenas-Pérez et al., 2022). The species has
garnered attention for its numerous health benefits, prompting researchers to explore its
potential as both a functional food and a medicinal plant. Crude extracts of S. europaea
have demonstrated various therapeutic properties (Kim et al., 2021). S. europaea is highly
versatile in its uses. It can be consumed raw, cooked, or marinated and serves as livestock
feed. Additionally, it holds potential for biofuel production and has promising applications

in the pharmaceutical and cosmetic industries (Fussy and Papenbrock, 2024).
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Studies have shown that S. europaea exhibits reduced growth under extreme salinity
conditions (e.g., 1000 mM NaCl) compared to lower salt concentrations (Cardenas-Pérez et
al., 2022). High salinity leads to a decline in photosynthetic pigment content; however, the
plant demonstrates a high tolerance to salinity by mitigating excessive H>O» production
(Cardenas-Pérez et al., 2022). Optimal growth has been observed at moderate salt
concentrations of 15 g/ NaCl, with fresh mass declining at higher levels. Interestingly,
plants grown without added salt (0 g/L NaCl) exhibited higher total phenolic compound
contents across various harvests (Fussy and Papenbrock, 2024). Laboratory studies revealed
that nutrient solutions with NaCl concentrations of 170 milliequivalents per Liter (meq/L)
and 340 meq/L supported optimal growth for S. europaea, while seed germination occurred
from February to June under lowest soil salinity and was highest in distilled water controls
rather than saline treatments (Ungar et al., 1979). The plant’s salt tolerance is attributed to
its ability to accumulate and compartmentalize Na" and CI™ ions in vacuoles since it lacks
salt glands or bladders (Calone et al., 2022). Irrigation practices also significantly influence
S. europaea's total lipid content: lipid levels increased with the transition from fresh to
brackish water but declined when irrigated with seawater (Araus et al., 2021). Salinity poses
challenges for germination. A significant decline in germination indices was observed as
NaCl concentrations increased; the most pronounced reductions occurred between 400 and
600 mM NaCl (Calone et al., 2020). This observation aligns with our findings, although we
did not assess germination percentage, as the plants were collected at the seedling stage (8
weeks old). Despite this limitation, S. europaea demonstrates resilience under moderate
saline conditions. However, the effects of salinity on S. europaea's growth remain
ambiguous; greenhouse experiments involving salinities ranging from 0 to 1000 mM NaCl
yielded conflicting results regarding whether the plant grows better in saline or non-saline

conditions (Puccinelli et al., 2024).

S. europaea contains a diverse array of metabolites, including oleanane triterpenoid
saponins, caffeoylquinic acid derivatives, flavonoids, chromones, sterols, lignans, and
aliphatic compounds (Kim et al., 2021). However, caution is advised when comparing yield
data since high yields are often derived from dried plant material extractions (Kim et al.,
2021). Plants grown with standard nutrient solutions exhibited higher concentrations of
ascorbate compounds (ascorbate and dehydroascorbate), total chlorophylls, carotenoids,
phenols, and flavonoids compared to those irrigated with wastewater (Puccinelli et al.,

2024). This diverse metabolite profile of S. europaea, particularly its phenolic and

17



triterpenoid compounds, may partially explain the observed plant transcriptomic responses
to HPMOs reported in this thesis. The transcriptome of S. europaea has been primarily
studied under varying salinity conditions, revealing a wide array of genes involved in ion
homeostasis and osmotic regulation, including cation transporters and enzymes associated
with the synthesis of low-molecular-weight osmolytes (Ma et al., 2013; Furtado et al.,
2019). These publications strengthen the biological foundation for why S. europaea’s
endogenous metabolites, and their modulation under saline conditions, can influence
HPMOs’ colonization, plant defence transcriptomes, and metabolite-based food safety

indicators.

1.3. Human pathogen contamination in crops

Plants constitute over 80% of human diets and are the primary nutritional source for
livestock (FAO, 2020; Rizzo et al., 2021). Despite increased efforts to improve hygiene,
outbreaks related to microbial contamination of lightly processed foods, like produce,
continue to occur worldwide (Dandie et al., 2019). The origins of these outbreaks have been
attributed to multiple contamination routes, including pre-harvest elements such as soil,
seeds, irrigation water, and animal excrement, as well as post-harvest procedures like
storage, handling, and packaging (Miceli and Settanni, 2019). While microbial research has
traditionally cantered on the soil and rhizosphere, emerging evidence highlights the
importance of seed-associated and epiphytic microorganisms in influencing plant health and
performance (Truyens et al., 2015; Nelson, 2018; Bintarti et al., 2022; Zeng et al., 2023;
Romao et al., 2025). Unlike root and soil microbes, seed microbiota is capable of vertical
transmission, enabling the inheritance of both beneficial and pathogenic microorganisms
from one generation to the next (Rodriguez et al., 2018; Khan et al., 2025; Romao et al.,
2025). A range of microbiological agents that are mainly originate from the soil, including
bacteria, parasites, viruses, fungi, and mycotoxins, can trigger incidents of foodborne illness
(De Corato, 2020; Paseka et al., 2020; Steffan et al., 2020; Samaddar et al., 2021; Glaize et
al., 2021; Gareth et al., 2024). Crops grown in soil contaminated with human pathogens are
at greater risk of becoming contaminated themselves. In the United States, produce-based
foods accounted for the majority (51%) of outbreak-associated diseases during a ten-year
study (Painter et al., 2013). This percentage was higher than that associated with other food

categories, such as meat, fish, and dairy (Painter et al., 2013). Consuming tainted products
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can lead to both chronic and acute health consequences, potentially resulting in mortality
(Sarma et al., 2017). Foodborne illnesses pose a substantial global health burden, with
reports indicating that they affect 600 million people annually (Foodborne Disease Burden
Epidemiology Reference Group, 2015). The accelerated production of vegetables to meet
growing demand has increased the potential for contamination by pathogenic microbes,
raising concerns about consumer safety (Balali et al., 2020). Arguably, soil harbours some
of the most diverse biological communities on Earth (Nielsen et al., 2015). The physical
characteristics of soil are also crucial in regulating the establishment and survival of
pathogens. Soil texture as the proportion of sand, silt, and clay influences the persistence of
various pathogens in soils. For example, a fine-textured clayey soil may favour pathogen
survival (Obayomi et al., 2019). When irrigating food crops, particularly lightly processed
items like lettuce, spinach, parsley, and other leafy greens, there is significant concern
regarding opportunistic and human pathogens (Dandie et al., 2019). Indeed, many
opportunistic human pathogens colonizing fresh produce exhibit an endophytic existence.
They use vegetables as an alternative host for environmental survival and as a vehicle to
colonize human and animal hosts after consumption (Mendes et al., 2013). An interesting
case is Bacillus cereus, which is both a leading cause of toxin-induced foodborne illnesses
and, intriguingly, one of the most notable bacteria with plant-stimulating properties
(Jovanovic et al., 2021; Kulkova et al., 2023). Although the use of sewage sludge as
fertilizer can foster sustainable agriculture and nutrient recycling, it also introduces
potential risks related to increased chemical and microbiological hazards (Goberna et al.,
2018). For these reasons its use is regulated, partly forbidden. Irrigation practices and
distribution networks must be maintained to the highest standards possible to ensure that

the potential for contamination is minimized (Dandie et al., 2019; Balali et al., 2020).

1.4. Plant—=HPMOs interaction and foodborne illness outbreaks

Over the past ten years, the majority of foodborne illness outbreaks related to fresh produce
have been associated with Salmonella spp., pathogenic Escherichia coli, and Listeria
monocytogenes (Gareth et al., 2024). Although fruits and vegetables are frequently
implicated in foodborne illness outbreaks, the levels of certain human pathogenic
microorganisms (HPMOs) (E. coli, S. enterica and L. monocytogenes) found on these crops

are typically low. This low prevalence can make it challenging to effectively control
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contamination (De Oliveira Elias et al., 2019). Pathogens have the ability to colonize and
penetrate the aerial parts of plants, including through stomata, scar tissue, and wounds (Isik

et al., 2020).

The surface of plants poses several challenges for the colonization of human pathogens.
Physical barriers, such as tough cell walls and waxy cuticles, act as the initial line of defence
against these invaders (George and Brandl, 2021). Additionally, bacteria must be resilient
enough to withstand dry environments and harmful ultraviolet radiation (George and
Brandl, 2021). Seasonal changes and extreme weather conditions can also affect surface
characteristics, either facilitating or hindering the ability of human pathogens to invade
plant tissues (George and Brandl, 2021). Once pathogens establish themselves, they must
compete for nutrients and contend with inhibitory substances like reactive oxygen species
(ROS) (George and Brandl, 2021). Moreover, the native microbiome of the phyllosphere
can further impede the colonization of foreign cells through competition or by producing
antimicrobial compounds (George and Brandl, 2021). In summary, while several steps
involved in the colonization of plants by enteric pathogens have been identified, information
regarding the mechanisms activated during this process remains limited. What is certain is
that the nonspecific adhesion of bacterial cells to plant surfaces is followed by their
irreversible attachment, followed by active production of exopolysaccharides,
multiplication, colonization of the plant surface, and persistence (Kyere et al., 2019; Truong
et al., 2021). Plants initiate their primary immune defence—known as pattern-triggered
immunity (PTI)—by detecting conserved molecular signatures from microbes or pathogens,
such as bacterial flagellin, via transmembrane pattern recognition receptors (PRRs)
(Bigeard et al., 2015). Nonetheless, pathogens may evade this defence by releasing
virulence effectors that either inhibit PTI signalling or avoid recognition by PRRs (Guo et
al., 2009). Although this rationale has traditionally been applied to the interactions between
plants and phytopathogens, the possibility of a comparable mechanism occurring in
HPMO-plant interactions should not be dismissed. Although human pathogens cannot
directly enter root cells, earlier studies indicate that enteric pathogens may colonize the
interior of roots passively, often through wounds caused by transplantation or at the sites
where lateral roots emerge (Zheng et al., 2013). It has been proposed that vegetable seeds
may become contaminated with soil-borne bacterial pathogens either directly through
contact with pathogen cells or indirectly via soil particles carrying the pathogens (Agarwal

and Sinclair, 1997). It is worth noting that, although HPMOs differ from plant pathogens in
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their interactions with host plants, both early studies and findings from the present thesis
suggest that HPMOs’ inoculation may elicit similar transcriptomic changes in plants (Jacob
et al., 2021). Indeed, lettuce and Arabidopsis plants inoculated with HPMOs exhibited
alterations in their transcriptomic profiles, particularly in the phenylpropanoid biosynthetic
process and the ethylene-activated signalling pathway—both of which involve transcripts
associated with plant immune defence, similar to those observed in this thesis (Jacob et al.,

2021).

HPMOs have been reported worldwide as causing diseases in humans. Approximately
265,000 infections caused by Shiga toxin-producing E. coli (STEC) occurs each year in the
United States, with symptoms ranging from mild diarrhea to severe conditions such as
ischemic colitis and hemolytic uremic syndrome. In some cases, these infections can be
fatal (Scallan et al., 2011; Tack et al., 2021). Healthy ruminant animals, such as cattle and
goats, often carry STEC in their intestinal tracts. Transmission to humans can occur through
various routes, including consumption of contaminated food or water, contact with infected
animals or their surroundings, or direct person-to-person spread (Griffin and Tauxe, 1991;
Tack et al., 2021). Between 2010 and 2017, it was reported that 71% of the STEC outbreaks,
which affected thousands of individuals, were caused by the O157 strain. This strain, the
most commonly identified E. coli in the U.S., is responsible for severe cases of STEC
infections. Notably, E. coli O157:H7 is also a primary pathogen behind foodborne illness
outbreaks in Canada (Coulombe et al., 2020; Tack et al., 2021). In 2020, seven out of the
ten multistate foodborne illness outbreaks in the USA were linked to produce (Centers for
Disease Control and Prevention, 2021). Salmonella from contaminated seeds has the
potential to survive for extended periods in both lettuce and hydroponic farming
environments, presenting significant risks of cross-contamination (Li et al., 2022).
However, a study found that planting tomatoes with Salmonella-contaminated seeds or
using contaminated irrigation water did not lead to the presence of the pathogen on the
stems, leaves, or fruit (Miles et al., 2009). Many studies performed under laboratory
conditions confirmed that L. monocytogenes can colonize and persist on plants. Indeed,
inoculation of this pathogen at the surface of roots or leaves resulted in population increase
and colonization of parsley, lettuce, corn salad, spinach, mustard spinach, cultivated rocket,
wild rocket, carrot, radish and many other plants (Truong et al., 2021). The rise of antibiotic-
resistant pathogens has sparked greater interest in the effectiveness of plant extracts as

antimicrobials. Many plant extracts have been shown to effectively combat enteric
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pathogens (Friedman, 2015). Applying bioactive plant compounds to fruit and vegetables,
either directly on the plant tissue or through the wash water, has been shown to reduce
contamination on post-harvest produce with varying levels of effectiveness (George and

Brandl, 2021).

1.5. The potential role of endophytic and rhizosphere bacteria in HPMOS’

suppression: mVOCs

Both plants and microorganisms release volatile organic compounds (VOCs) that enable
communication within and across species. Microbial VOCs (mVOCs) provide significant
advantages to plants, especially in agriculture, by suppressing plant pathogen growth,
activating plant defence mechanisms, and promoting plant growth and development
(Poveda, 2021). However, the full ecological roles of microbial volatiles remain unclear,
and more research is required in this area (Poveda, 2021). Furthermore, only a limited
number of studies have investigated the effects of mVOCs on the suppression of HPMOs.
The majority of the existing research on mVOCs focuses on their action against plant
pathogens. It is essential to recognize that some mVOCs produced by specific bacteria may
exhibit similar effects on HPMOs as those observed with plant pathogens. The profiles of
mVOCs are assessed using gas chromatography-mass spectrometry (GC-MS), a method
that allows for effective separation, identification, and quantification of components within
complex mixtures (Veselova et al., 2019). mVOC:s typically possess low boiling points and
small molecular sizes, averaging around 300 Da (Veselova et al., 2019). These compounds
are mainly byproducts of primary and secondary metabolism, often formed by the oxidation
of glucose and other intermediates (Schmidt et al., 2015). mVOCs have the capacity to
influence the metabolome, genome, and proteome, making them promising biostimulants
and bioprotectants, even under open-field conditions (Chung et al., 2016). mVOCs are small
molecules that belong to various chemical families, including alkenes, alcohols, ketones,
organic acids, terpenes, benzenoids, and pyrazines. Notably, the composition of volatilomes
is species-specific and can change depending on the microorganisms' growth conditions
(Almeidacetal., 2023). As previously mentioned, some endophytic and rhizosphere bacteria,
along with their associated mVOCs, which have demonstrated antibacterial and antifungal
activity, may also possess anti-HPMOs activity. Indeed, three rhizobacterial isolates, such

as Bacillus amyloliquefaciens and Bacillus thuringiensis, were shown to inhibit the growth

22



of two HPMOs (Bacillus cereus and Enterococcus faecalis) (Ajilogba and Babalola, 2019).
These rhizobacteria produced several compounds, including dimethylfuvene, formic acid
2-methylpropyl ester, tridecane, acetic acid butyl ester, paraldehyde, s-(+)-1,2 propanediol,
tropone, phthalan, and p-xylene (Ajilogba and Babalola, 2019). Several endophytic strains
from Origanum vulgare ssp. displayed bactericidal and/or bacteriostatic properties against
most strains of the Burkholderia cepacia complex (Polito et al., 2022). These endophytes
also synthesized mVOCs with well-established antimicrobial effects, including dimethyl
disulfide, dimethyl trisulfide, and monoterpenes (Polito et al., 2022). mVOCs offer
significant potential for addressing infectious diseases and antibiotic resistance, paving the
way for a new generation of antimicrobial agents that could treat previously hard-to-manage
infections (Ueda and Beppu, 2017; Yu et al., 2022; Koilybayeva et al., 2023). Moreover,
sulphur-containing compounds, such as dimethyl disulfide (DMDS) and dimethyl trisulfide
(DMTS), are recognized for their strong inhibitory effects against a broad range of
phytopathogens (Weisskopf et al., 2021). These sulphides are commonly produced by soil-
associated bacteria including Bacillus, Pseudomonas, and Serratia, and are thought to
disrupt microbial cell membranes or induce oxidative stress (Kai et al., 2009). Other
important classes of antimicrobial mVOCs include alkanes, which can interfere with
membrane stability, and alcohols, which inhibit microbial growth by altering metabolic
processes and signalling mechanisms (Effmert et al., 2012; Weisskopf et al., 2021).
Together, these mVOCs contribute to the ecological role of the endophytic and rhizosphere
bacteria in plant protection and microbial competition, including phytopathogens and

HPMOs, forming a chemical defence network within the plant environment.

1.6. Influence of the chemical composition of plants and soils on endophytes

A comprehensive introduction to this topic is thoroughly presented in P1, Annex I (Marangi

et al., 2024).

Pathogenic bacteria penetrate plant tissues and multiply within the extracellular spaces. In
response, plants have developed an immune system capable of detecting and restricting
pathogen growth (Lee et al., 2019). Furthermore, the properties of the soil play a significant

role in shaping the microbial community present.

Research on the influence of soil pH on HPMOs’ survival remains limited. Most

investigations have been conducted under controlled laboratory conditions to mimic the
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effects of pH on HPMOs’ persistence, with some studies performed in the field (Arcari et
al., 2020; Cheng et al., 2021). Acidic environments, characterized by high proton
concentrations, pose significant challenges for unicellular organisms. The protonation of
biological molecules can alter their charge, structure, and function, potentially leading to
detrimental effects on cellular integrity (Arcari et al., 2020). Following bio-activation of the
soil, there was an observable increase in the abundance of beneficial microorganisms, which
correlates positively with plant pathogens suppression and elevated pH levels (Cheng et al.,
2021). A recent study indicated that the complete inhibition of four foodborne pathogens —
S. enterica, E. coli, L. monocytogenes and Staphylococcus aureus— occurred within a pH
range of 3.80 to 3.87 (Caballero-Guerrero et al., 2022). Additionally, the populations of .
coli, S. enterica, and L. monocytogenes in bulk soil decreased as soil pH increased, a trend
also associated with saline soil types (Marangi et al., 2024). Notably, higher concentrations
of NaCl (5%) typically suppress the growth of E. coli and impair virulence traits like biofilm

formation, resistance to oxidative stress, and motility (Li et al., 2021).

Some soil microorganisms are capable of adapting their physiological metabolism to cope
with salinity, for this reason they are considered halotolerant (Zhang et al., 2024). Certain
halotolerant bacteria can establish themselves as endophytes in plant roots, where they
produce antimicrobial metabolites to defend against pathogens (Nabti et al., 2015). Notably,
the open reading frames (ORFs) in Cluster 111 are present exclusively in three halotolerant
strains, implying a role for taurine accumulation as an osmoprotective mechanism (Zhou et
al., 2023). Additionally, these halotolerant bacteria contain genes associated with multiple
glutamate biosynthesis pathways (Zhou et al., 2023). For example, ORFs in Cluster 113
are annotated as members of the hydantoinase B/oxoprolinase family, including 5-
oxoprolinase, which catalyses the conversion of 5-oxo-L-proline into L-glutamate, thereby
contributing to salt tolerance (Niehaus et al., 2017). B. halotolerans, a halotolerant bacterial
species, mitigates pathogen threats in crops like wheat, rice, date palm, and tomato through
a multifaceted strategy involving siderophore and phytohormone synthesis,
exopolysaccharide secretion, and the emission of antifungal and nematocidal agents
(Rafanomezantsoa et al., 2025). Genomic and metabolomic profiling further underscored
its capacity to generate diverse secondary metabolites that enhance its anti-pathogenic

efficacy and plant-growth promotion (Rafanomezantsoa et al., 2025).

Plants have a natural defence mechanism against infections that involves the production of

various protective metabolites, including lignin (Ninkuu et al., 2023). Lignin is a complex
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biopolymer predominantly found in the secondary cell walls of plants (Gallego-Giraldo et
al., 2018). It plays a crucial role not only in plant growth and development but also in how
plants respond to a range of biotic and abiotic stresses (Cesarino, 2019). Lignin is widely
recognized for its contribution to disease resistance against pathogens (Zhao and Dixon,
2014). The resistance mechanisms attributed to lignin involve the formation of physical
barriers that impede pathogen entry and restrict the movement of toxins and nutrients from
pathogens to the host plant (Weng and Chapple, 2010). Both the overall lignin content and
stress-induced lignin are vital for enhancing disease resistance; their combined effects
significantly bolster this resistance (Ma et al., 2018). Furthermore, the presence of lignin in
plants negatively impacts the motility of pathogenic bacteria (Lee et al., 2019). These
insights regarding plant pathogens may also extend to human pathogens like S. enterica

(Marangi et al., 2024).
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2. Hypotheses

S. europaea, a salt-tolerant halophyte, thrives in high-salinity soils. Its unique ecological niche

and microbial associations present a compelling system to explore natural mechanisms of

resistance against HPMOs. We suggest that environmental factors such as soil and plant

chemistry may play critical roles in suppressing the growth of HPMOs. Additionally, the

colonization of S. europaea by HPMOs may vary between strains, altering the plant

transcriptome in different ways. Moreover, plant-associated bacteria capable of emitting

mVOC:s in vitro may inhibit the growth of certain HPMOs. Investigating these interconnected

factors in S. europaea may not only enhance our understanding of plant-microbe-HPMOs

interactions but also identify biomarkers and biocontrol strategies relevant to food security in

marginal soils. In light of these observations, we hypothesize that:

1.

specific physicochemical characteristics of the soil surrounding S. europaea,
particularly pH and lignin content, may be significantly correlated with the plant’s
susceptibility to contamination by HPMOs. These variables may influence HPMOs’
colonization, thereby serving as reliable environmental biomarkers for predicting
infection risk and informing early detection strategies for food security and sustainable
agriculture;

while HPMOs may successfully initiate colonization when introduced into a sterile
sand, their long-term persistence will be significantly reduced in S. europaea at varying
levels of salinity. This may be due to the plant-associated bacteria, and the high salinity.
Furthermore, we expect that the plant gene expression profile in response to HPMOs’
inoculation will be detectable at the transcriptomic level, reflecting molecular
adjustments associated with HPMOs’ recognition and stress adaptation;

endophytic and rhizosphere bacteria associated with S. europaea may actively inhibit
the growth of HPMOs through the production of mVOCs. These volatiles, known for
their antimicrobial properties, may represent a valid eco-friendly alternative to the use

of standard chemical products in agriculture.
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3. Research objectives

Understanding how halophyte like S. europaea interact with HPMOs offers valuable insight
into natural defence strategies in extreme environments. Within this context, the present
study seeks to uncover how S. europaea responds to HPMOs, what roles its native
endophytic and rhizosphere bacteria play in limiting HPMOs’ growth, and how
environmental conditions shape the outcomes of these interactions. In accordance with

these observations, we aimed to:

1. identify and quantify critical environmental and biochemical factors—such as soil
pH, lignin content, and salinity levels—in both the soil and tissues of S. europaea
that influence the establishment and abundance of HPMOs. This objective seeks to
uncover how abiotic conditions and host-derived compounds contribute to HPMOs’
regulation, with potential applications in developing biomarker-based monitoring
systems for plant health;

2. investigate the temporal and spatial dynamics of colonization by HPMOs in S.
europaea, and to assess how this interaction alters the plant’s gene expression
profile. This objective includes evaluating the extent of HPMOs establishment,
persistence, and any physiological responses at the molecular level using
transcriptomic analysis to uncover key pathways activated or suppressed in response
to inoculation;

3. identify and select endophytic and rhizosphere bacterial strains from S. europaea
that exhibit inhibitory activity against HPMOs, with a specific focus on the role of
mVOCs. This objective aims to determine the spectrum and mechanisms of
inhibition provided by native microbiota, thereby elucidating potential biocontrol

agents inherent to the plant’s microbiome.
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4. Materials and methods

4.1. HPMOs in S. europaea: analyses of shoots and soil chemistry

A comprehensive section of the materials and methods to this topic is thoroughly presented in

P1, Annex I (Marangi et al., 2024).

Samples of S. europaea, its rhizosphere and bulk soil were collected in October 2022 from two
salt marshes in France differing in site age and salinity: an old sandy marsh (F1, municipality
of Plurien, 48.634379, —2.415823) and a young muddy marsh (F2, municipality of Beaussais-
sur-Mer, 48.582263, —2.159779). At each site, three 1x1 m plots were established, from which
five plants and adjacent soil were collected (15 plants per site). Bulk soil samples were also
taken. All samples were stored at 4°C and transported to Nicolaus Copernicus University in
Poland. Sampling complied with environmental protection regulations with the permission of

the General Director for Environmental Protection (DZP-WG.6400.13.2022.EP.1).

For thermochemolysis, plant (10 mg) and soil (100 mg) samples were placed in modified
Pasteur pipettes and treated with tetramethylammonium hydroxide (TMAH). The system,
connected to a charcoal-filled pipette and flushed with nitrogen, was heated to 220 °C for 6
minutes after a 5S-minute reaction time. Following cooling, the samples were transferred to vials,
rinsed with a dichloromethane/methanol mixture, and sonicated at 35 °C for 5 minutes. The
suspension was then left to settle for 55 minutes. For GC/MS analysis, 1 uL of the sample was
injected into a Thermo Scientific Trace 1310-GC with a 60 m BP5 column at an injector
temperature of 300 °C. Helium was used as the carrier gas at a constant flow of 1 mL/min. A
splitless injection was followed by split ratios of 1:100 (45-90s) and 1:5 (after 90s). The
temperature program began at 100 °C for 5 min, increased at 5 K/min to 280 °C, with a total run
time of 120 min. The GC was coupled to a Thermo Scientific DFS magnetic sector mass
spectrometer. Compound classes—carbohydrates, lignin, and lipids—were identified based on

peak areas and assigned using the NIST 2017 database.

At each site, three plots (A, B, C) with five replicates were used. Rhizosphere and/or bulk soil
(1 g) and surface-sterilized plant organs (roots and shoots) were collected. Shoots and roots
were homogenized in 2% NaCl, and serial dilutions were prepared for both plant (10'-1072)
and soil (107'-107%) samples. Dilutions (100 uL) were plated in triplicate on selective media to

quantify HPMOs, targeting L. monocytogenes, E. coli, S. enterica, and B. cereus using ISO-
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standard chromogenic agars. Plates were incubated at 37 °C for 2—7 days, and colony-forming
units (CFU) were counted, normalized to 1 g of dry weight, and expressed as logio CFU g™
Soil samples were air-dried, sieved (2 mm), and analysed for total carbon (Ct) and nitrogen (Nt)
using an Elementar Vario CNS analyser. Calcium carbonate (CaCOs) was measured
volumetrically, with total inorganic carbon (TIC) and total organic carbon (TOC) calculated
accordingly. Bioavailable phosphorus (Pca) was determined colorimetrically. Soil pH (CaCly),
electrical conductivity (EC), and concentrations of Mg, Ca (via atomic absorption
spectrometry), K, Na (via optical emission spectrometry), HCOs™ (via titration), and SO4*, CI
, Br™ (via ion chromatography) were measured. Soil texture was assessed using 10 g of bulk soil
through a multi-step process involving carbonate removal, organic matter digestion, dispersion
with pyrophosphate, ultrasonic treatment, and sedimentation. Silt, clay, and sand fractions were

separated, dried, weighed, and used to calculate the total soil texture composition.

Data were analysed using R (versions 4.4.0 and 5.2-0). Normality and variance homogeneity
were tested using Shapiro—Wilk and Levene’s tests, respectively. Differences were assessed
using one-way ANOVA and Tukey's test (p < 0.05), and Pearson correlation coefficients were

used for association analyses.

4.2. In vitro pot-experiment

Biological material
The S. europaea seeds used in the in vitro experiment were purchased from AlsaGarden
(France). Three strains of HPMOs bacteria were used in the experiments: E. coli (non-
pathogenic, PCM 2057), S. enterica subsp. enterica (PCM 2565) and L. monocytogenes (PCM
2191), all from the microbial collection of Department of Microbiology at Nicolaus Copernicus
University in Torun (Poland). Bacterial strains were maintained as starting stock in glycerol

and stored at -80°C in Eppendorf tubes.

Experimental design
The experimental design included: (i) four inoculation variants - a control group (not inoculated
with bacteria) and three groups inoculated with bacteria: E. coli, S. enterica, and L.
monocytogenes, (i) four salinity treatments: 0 mM, 50 mM, 100 mM, and 200 mM NaCl. A

total of 2000 plants were analysed, with 125 plants for each of the 16 variants of the experiment
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(Figure 1). The in vitro experiment was conducted under sterile conditions in sealed magenta
boxes (107 x 94 x 96 mm, Duchefa, Netherlands), which were maintained in plant growth
chambers under controlled cycles of light and darkness (16 hours of light/8 hours of darkness)
at a constant temperature of 21°C. The growing medium for the plants was sand (0.5-1.4 mm,
KREISEL, Poland) in a volume of 150 mL/magenta box and Hoagland's medium (30 mL per
box) (Hoagland and Arnon, 1950) with four different salinity levels (0 g/L, 2.92 g/L, 5.84 g/L
and 11.68 g/L NaCl), which were sterilized before use in an autoclave (0,8 atm., 121°C, 20
min). Seeds of S. europaea were placed in the magenta boxes at a density of approximately 30
seeds per box. Seeds of S. europaea were not surface-sterilized prior to sowing, for several
biological and technical reasons. Firstly, sterilization procedures carry the risk of removing
native epiphytic bacteria, which may play a role in modulating plant—-HPMOs interaction. At
the same time, seeds may also carry some HPMOs. For this reason, the qPCR analyses in this
thesis were compared to a control (non-inoculated). Secondly, due to the extremely small size
of S. europaea seeds, standard sterilization treatments resulted in a marked reduction in
germination rates, compromising experimental consistency and plant viability.

Before preparing the bacterial suspension for plant inoculation, a portion of the bacterial cells
was taken with a sterile loop from the starting stock (stored at -80°C) and transferred to 35 ml
of Tryptic Soy Broth (TSB; Biomaxima, Poland) and incubated for 24h at 37°C. After this time,
the grown bacterial cells were centrifuged using a vortex and the bacterial suspension was
prepared in saline solution (0.85% NaCl) at a concentration of 1.5x10% CFU/mL. Inoculation
of germinated S. europaea plants was carried out four weeks after sowing. In each bacterial
variant of the experiment, 5 ml of the prepared bacterial suspension was spread evenly on the
surface of the sand, while in the control variant, 5 ml of a sterile solution of 0.85% NaCl was
spread. After 8 weeks of plant cultivation and 4 weeks after inoculation, we proceeded to
measure plant growth parameters, determine HPMOs’ abundance in their organs, and prepare
samples for transcriptomic analysis.

A total of 25 plants were selected from each magenta box and measured and weighed: total
biomass (measured as total plant weight in g), shoot length and root length (in mm). After
measurements: 5 plants were used for evaluation of total bacterial abundance and abundance of
HPMO bacteria in selective media, 10 plants were used for DNA isolation and quantitative PCR
(qPCR) (stored at -20°C), 10 plants were reserved for transcriptomic analyses (stored at -80°C).

All procedures were carried out under a laminar flow hood to ensure sterile conditions.
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Experimental design

Ct (non-inoculated)

E. colitreatment (Ec)

5. enterica treatment (5e)

L. monocytogenes treatment (Lm)

.--. Number of variants = 16

Number of plants per
variant,n =125

Type of inoculation -

Number of plants per
experiment = 2000

Levels of salinity
(mM Nacl)

Methodology

Seeds sowed in sterile sand

4-week plant growth (21°C, D 16h/N 8 h)
Inoculation of HPMOs in sand

Additional 4-week plant growth (21°C, D 16h/N 8 h)
Collection of samples

ot LSRR

Analyses

Plant growth parameters (length of shoots/roots and total plant weight)

* Abundance of total bacteria on TSA medium
(shoots/roots)

* Abundance of HPMOs in selective media
(shoots/roots)

* PCR total bacteria (shoots/roots)
* gPCR HPMOs (shoots/roots)

Transcriptomic analyses of shoots (GO enrichment and dbRDA analyses)

Figure 1. Presentation of the experimental design: the pot experiment and the analyses

performed.
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Particularly, plants of S. europaea were cultivated in sterile sand at varying levels of salinity
(0, 50, 100, 200 mM NaCl) including four different treatments (non-inoculated, E. coli, S.
enterica and L. monocytogenes). Eight weeks after sowing, plants were collected and surface
sterilised for different analyses: plant growth parameters, abundance and detection of HPMOs

and total bacteria in shoots and roots, and transcriptomic analyses of shoots.

Abundance of total bacteria and HPMOs in selective media
Before analysis all plants were surface sterilized using 0.85% NaCl (three washes of 30 s each)
followed by a single wash with 5% hydrogen peroxide (H2O>) for 5 min. After sterilization, the
roots and shoots were separated using a sterile scalpel. For the assessment of total bacteria and
HPMOs, the shoots (200 mg) and roots (100 mg) were milled in 0.85% NaCl at a ratio of 1:9,
and two dilutions (107! and 1072) were prepared from the resulting mixture. From each dilution
100 uL was pipetted onto Tryptic Soy Agar (TSA; Biomaxima, Poland) and selective media (in
triplicate) including Chromogenic Sa/monella LAB-AGAR™ with Salmonella Chromogenic
Supplement, Chromogenic Listeria according to Ottaviani and Agosti LAB-AGAR™ Base
with Chromogenic Listeria Kit Supplement, and E. coli Chromogenic Medium (Biomaxima,
Poland). Colony counts were performed seven days after streaking on the Petri plates,
incubated at 37°C. The results were expressed as CFU/g, which were then transformed into

logio values for analysis.

Genomic DNA isolation from shoots and roots of S. europaea
Five and two biological replicates were prepared for shoots and roots, respectively, resulting in
a total of seven samples per variant. Genomic DNA was isolated using the Plant and Fungi
DNA Purification Kit (EURx, Poland) according to the manufacturer's instructions. The DNA
concentrations were determined using a Qubit™ dsDNA HS Assay Kit (Invitrogen™). The
isolated DNA was then stored at —20°C. The genomic DNA was isolated in order to be used

for the detection of HPMOs and total bacteria in shoots and roots through real-time qPCR.

Real-Time quantitative PCR assay: detection of HPMOs in shoots and roots of S.
europaea
The absolute quantification of each analysed HPMO and the total 16S rRNA gene copy
numbers in the shoots and roots of S. europaea was carried out using the LightCycler 480
system along with the LightCycler 480 SYBR Green I Master Kit (Roche). The qPCR reactions
were set up in a total volume of 10 pL, comprising 5 pL of 2x SYBR Green I Master Mix
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(Roche), 2 pL. of PCR-grade water, 0.5 pL of each specific primer (10 pmol/pL), and 2 pL of
DNA template (5 ng/uL for shoots and 2.5 ng/uL for roots). The cycling conditions included
an initial denaturation step at 95°C for 5 minutes, followed by 40 cycles of 10 seconds of
denaturation at 95°C, 20 seconds of annealing at the optimal temperature for the primer pair
(Table 1), and 20 seconds of elongation at 72°C. A melting curve analysis was conducted with
a continuous temperature increase from 65°C to 95°C. Positive (DNA of specific bacterial
strains) and negative controls (molecular-grade water) were included and analyzed alongside
the experimental samples. The qPCR analyses were performed with five biological replicates
for shoots and two biological replicates for roots, each with three technical replicates. Standard
curves for the quantification of specific gene copy numbers for each strain were generated using
PCR-amplicons. The amplicons were purified using AMPure XP (Beckman Coulter) and their
concentrations were determined with a Qubit™ dsDNA HS Assay Kit (Invitrogen™, USA) and
a Qubit fluorometer (ThermoFisher Scientific, USA). Standard curves were established by
performing 5-fold serial dilutions of amplicons, resulting in a copy number range from
100,000,000 to 1,280 copies per reaction. These standard curves were utilized to evaluate the
reaction efficiency for each primer set. Absolute quantification results were expressed as the

number of specific bacterial gene copies detected in 1 ng of total plant DNA.

Table 1. Oligonucleotide sequences and annealing temperature (AT) used in qPCR. The design
of the primers was carried out by Dr. Edyta Deja-Sikora (Department of Microbiology, Faculty
of Biological and Veterinary Sciences, Nicolaus Copernicus University, Lwowska 1, Torun,
87-100, Poland), with the primers for E. coli, L. monocytogenes and total bacteria adopted from
Szymanska et al. (2024), Amagliani et al. (2010), and Johnson et al. (2011) respectively.

Oligo name Sequence (5 — 3) Detected bacteria = AT
EcRTF1 GAAGGGAGTAAAGTTAATAC
E. coli 50°C
EcRTR1 AGTATCAGATGCAGTTCC
SeqPCRr ATTTCACATCCGACTTGACAG
S. enterica 61°C
SeqPCRf GGGGAGGAAGGTGTTGTG
634F ACTTCGGCGCAATCAGTGA
L. monocytogenes | 54°C
770R TTGCAACTGCTCTTTAGTAACAGCTT
357F CCTACGGGAGGCAGCAG
Total bacteria 50°C
515R TTACCGCGGCKGCTGGCAC
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RNA isolation

RNA isolation was carried out by Dr. Marcin Sikora (Centre for Modern Interdisciplinary
Technologies, Nicolaus Copernicus University in Torun, Wilenska 4, PL-87-100 Torun,
Poland). A total of 100 mg of tissue was homogenized in 1.2 ml of RNA Extracol reagent (Eurx,
Gdansk, Poland) using a bead-beating method. The homogenization was performed with a
PowerLyzer 24 (MO BIO Laboratories, CA, USA) at 4000 cpm for 45 s and repeated twice.
The tissue was disrupted using a mixture of iron beads with diameters of 42.5 mm and 61.5
mm. 300 puL of chloroform was added to the lysate, and the mixture was vortexed for 20 s. The
sample was centrifuged at 14,000 x g for 10 minutes at 4 °C. Then, 450-500 pL of the aqueous
phase was carefully transferred to a new 2 ml microcentrifuge tube and further extracted with
500 pL of a chloroform—isoamyl alcohol mixture (24:1, v/v). RNA was precipitated with 0.7
volume of 2-propanol, washed twice with 75% ethanol and air-dried no longer than 10 min.
RNA pellet was resuspended in nuclease-free water. Remaining DNA was digested by DNAse
I (Eurx, Gdansk, Poland) according to manufacturer protocol. RNA was further purified using
Canvax CleanEasy mini spin columns (Canvax Biotech, Kordoba, Spain) as described by Deja-
Sikora et al. (2024). RNA concentration was measured with NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). RNA integrity was checked with Agilent RNA 6000 Nano
Kit and 2100 Bioanalyzer using Plant RNA Assay (Agilent Technologies, CA, USA). RNA
samples with RIN values above 8 were used for transcriptomic libraries preparation.

Library was prepared using NEBNext Ultra II Directional RNA Library Prep Kit [llumina (New
England Biolabs, Ipswich, MA, USA; protocol section 4) according manufacturer protocol.
PCR products were purified using AMPure XP beads (Beckman Coulter Life Sciences,
Indianapolis, IN, USA). The purified products were quantified by NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific) and quality check was done using Agilent RNA
6000 Nano Kit and 2100 Bioanalyzer (Agilent Technologies, CA, USA).

Development of depletion protocols
The development of depletion protocols was carried out by Dr. Marcin Sikora (Centre for
Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Torun, Wilenska 4,
PL-87-100 Torun, Poland) and Dr. Edyta Deja-Sikora (Department of Microbiology, Faculty
of Biological and Veterinary Sciences, Nicolaus Copernicus University, Lwowska 1, Torun,
87-100, Poland). Small RNAs were removed from total RNA using carboxylate-modified
magnetic beads. Briefly, 20 uL of total RNA (containing at least 3 ug) was mixed with 16 uL

of 5 M guanidinium thiocyanate and 4 uL of nuclease-free water, and the mixture was incubated
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at RT for 10 min. Next, 40 uL. of SpeedBeads™ magnetic carboxylate-modified particles
(Cytiva, Marlborough, MA, USA), suspended in 50% ethanol, was added and the sample was
incubated for 15 min. The tube was then placed on a magnetic rack for 10 min, and the
supernatant was removed. The beads were washed twice with 200 uL. of 80% ethanol, then air-
dried for 3 min. RNA was eluted by adding 20 pL of nuclease-free water. The tube was removed
from the magnetic rack and gently mixed for 10 min at RT. After incubation, it was returned to
the magnetic rack for 5 min, and the supernatant containing the RNA fraction depleted of small
RNAs was transferred to a fresh tube.

Plant rRNA was depleted using Sera-Mag™ Magnetic Streptavidin-Coated Particles (Cytiva,
Marlborough, MA, USA) and a custom biotinylated probe mixture (Annex II, Table 1). For
each sample, 200 puL of beads was washed three times with 1 volume of 1x binding and wash
(B&W) buffer (0.5 M Tris—HCI, pH 7.0; 0.5 M Tris—HCI, pH 8.0; 0.25 M EDTA; 2.5 M NaCl).
Next, beads were resuspended in 60 pL of 2x B&W buffer (1 M Tris—HCI, pH 7.0; 1 M Tris—
HCIL, pH 8.0; 0.5M EDTA; 5M NaCl) supplemented with 1 pL of RNase inhibitor (Eurx,
Gdansk, Poland).

Separately, 2 pg of size-selected total RNA was combined with 1.5 uLL of SSC buffer (0.15 M
NacCl, 0.015 M sodium citrate), 0.8 pL of the biotinylated rRNA probe mix, and nuclease-free
water to a final volume of 30 pL. The mixture was incubated in a C1000 Touch™ Thermal
Cycler (Bio-Rad, Hercules, CA, USA) at 70 °C for 5 minutes, followed by a gradual cooling to
25 °C (1 °C per 30 seconds) to allow probe hybridization.

Next, 30 uL. of the prepared bead suspension in 2x B&W buffer was added to the annealed
RNA-—probe mixture. The sample was mixed gently by pipetting and incubated at RT for 5 min,
then transferred to 50 °C for another 5 min. After incubation, the tube was placed on a magnetic
rack for 5 min, and 55-60 uL of the supernatant (containing rRNA-depleted RNA) was
carefully transferred to a fresh 200 pL tube, avoiding bead carryover.

To further deplete residual ribosomal RNA, 30 pL of nuclease-free water and 30 puL of fresh
bead suspension were added to the collected supernatant. The binding and incubation steps were
repeated. During two-round depletion, 100—110 pL of the final supernatant was collected. RNA
was precipitated by adding 0.1 volume of 3 M sodium acetate and 3 volumes of chilled 96%
ethanol. After incubation at —20 °C for 1 h samples were centrifuged at 14,000 x g at 4 °C for
30 min. The resulting RNA pellet was washed twice with 1 ml of 80% cold ethanol, air-dried,

and resuspended in 10 puL of nuclease-free water.
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Transcriptomic analyses of S. europaea shoots

Bioinformatics analyses of transcriptomic data were carried out by Prof. Marcin Golebiewski
(Interdisciplinary Centre for Modern Technologies, Nicolaus Copernicus University, Torun,
Poland). Raw reads were denoised with rcorrector v.1.0.4 (Song and Florea, 2015). Reads
containing unfixable errors were removed using the ‘FilterUncorrectabledPEfastq.py’ script
(https://github.com/harvardinformatics/TranscriptomeAssemblyTools/tree/master/utilities)
and quality trimming as well as adapter removal was performed using TrimGalore v.0.6.7
(https://github.com/FelixKrueger/TrimGalore). Reads mapping to ribosomal RNAs were
removed (mapping with Bowtie2 v.2.4.2 to SILVA v.138.1). Clean reads were assembled with
Trinity v.2.15.1 (Grabherr et al., 2011), and the resulting transcripts were annotated using
TransDecoder and Trinotate (Bryant et al., 2017). Clean reads were mapped to assembled
transcriptome with HiSat2 v.2.2.1 (Kim et al., 2019). Transcripts were quantified using stringtie
v. 2.2.0 (Pertea et al., 2015) and differentially expressed genes and transcripts were identified
using ballgown v. 2.36.0 (Frazee et al., 2015) in R 4.4.1. GO enrichment was performed using
topGO v. 2.56.0 (Alexa and Rahnenfuhrer, 2023).

4.3. In vitro bipartite assay coupled with HS-SPME-GC-MS

Bacterial strain collection
A total of 58 endophytic and rhizosphere bacterial isolates belonging to Bacilli,
Gammaproteobacteria, Actinomycetes and Alphaproteobacteria, were included in this study.
These isolates were previously characterized and taxonomically identified by Dr. Szymanska
et al. (2016). Of these, 46 strains had been fully identified (Table 2), while the remaining 12
were unclassified. In the present study, we performed taxonomic identification for the 12
previously unidentified isolates. All 58 endophytic and rhizosphere bacteria were analysed and
tested against 3 HPMOs: E. coli (non-pathogenic, PCM 2057), S.
enterica subsp. enterica (PCM 2565) and L. monocytogenes (PCM 2191). The endophytic and
rhizosphere bacteria and the HPMOs used in this experiment came from the collection at the
Department of Microbiology (Nicolaus Copernicus University, Torun, Poland) stored in

glycerol stock at -80°C.

Table 2. List of the 58 endophytic and rhizosphere bacteria used for the realisation of the
bipartite in vitro assay. Detailed description in the work of Szymanska et al. (2016).
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ID code Bacteria Class

CSR28 Bacillus pumilus Bacilli

CSR1 Bacillus toyonensis Bacilli
CSR14 Bacillus pumilus Bacilli
CSR12 Bacillus pumilus Bacilli
CSE31 Bacillus sp. Bacilli
CSE32 Bacillus pumilus Bacilli

ISE27 Bacillus cereus Bacilli

ISES Bacillus sp. Bacilli

ISE28 Bacillus weihenstephanensis Bacilli

ISE11 Bacillus cereus Bacilli
CSR23 Bacillus pumilus Bacilli
CSR25 Bacillus toyonensis Bacilli
CSE22 Bacillus baekryungensis Bacilli

ISR12 Bacillus sp. Bacilli

ISR22 Bacillus cereus Bacilli

ISR13 Bacillus sp. Bacilli

ISR8 Bacillus mycoides Bacilli

ISR25 Bacillus sp. Bacilli

CSR2 Bacillus pumilus Bacilli

ISRS Bacillus sp. Bacilli
CSE34 Xanthomonadales sp. Gammaproteobacteria
CSE6 Serratia marcescens Gammaproteobacteria
ISE14 Serratia plymuthica Gammaproteobacteria
ISE12 Pseudomonas sp. Gammaproteobacteria
CSES Serratia marcescens Gammaproteobacteria
CSE16 Hafnia psychrotolerans Gammaproteobacteria
CSE25 Salinicola socius Gammaproteobacteria
ISR14 Serratia plymuthica Gammaproteobacteria
ISR2 Serratia plymuthica Gammaproteobacteria
CSR13 Microbacterium oxydans Actinomycetes
CSR21 Microbacterium foliorum Actinomycetes
CSR36 Dietzia sp. Actinomycetes




CSR4 Streptomyces champavatii Actinomycetes
CSR15 Microbacterium oxydans Actinomycetes
ISE7 Microbacterium thalassium Actinomycetes
ISE29 Streptomyces sp. Actinomycetes
ISE16 Rhodococcus erythropolis Actinomycetes
ISR1 Streptomyces sp. Actinomycetes
ISE22 Williamsia sp. Actinomycetes
ISES Microbacterium oxydans Actinomycetes
ISR6 Mycobacterium sacrum Actinomycetes
ISR7 Microbacterium oxydans Actinomycetes
ISR30 Oerskovia paurometabola Actinomycetes
ISR15 Rhodococcus erythropolis Actinomycetes
CSR16 Mycobacterium vaccae Actinomycetes
CSE28 Thalassospira permensis Alphaproteobacteria

DNA isolation and identification of bacteria
Identification of the 12 selected bacterial isolates was conducted through 16S rRNA gene
sequencing. Genomic DNA was extracted utilizing the Bacterial & Yeast Genomic DNA
Purification Kit (EURXx), following the manufacturer’s protocol with a modified elution volume
of 50 uL. DNA concentration and purity were measured using a NanoDrop 2000 UV-Vis
spectrophotometer. The extracted DNA served as the template for polymerase chain reaction
(PCR) targeting the 16S rRNA gene, using the primer pair 27F (5'-AGA GTT TGA TCC TGG
CTC AG-3’) and 1492R (3'-CTA CGG CTA CCT TGT TAC GA-5") (Mapelli et al., 2013).
DNA samples were stored at —20°C until further use. PCR reactions were carried out using Taq
PCR Master Mix (Qiagen, Hilden, Germany). The cycling conditions were as follows: one cycle
of 2 min at 95 °C, followed by 30 cycles of 1 min at 94 °C, 1 min at 55 °C, and 2 min at 72 °C,
and one final cycle of 5 min at 72 °C. Amplification products were visualized on 1.0% (w/v)
agarose gels stained with Simply Safe (EURX) to verify their size and presence, compared to a
known bacterial strain (Control). Sequencing was carried out using the same primer pair, and
forward and reverse reads were assembled using Sequencher 5.1 software (Gene Codes 20).
The resulting sequences were compared against entries in the GenBank database, with a

minimum of 97% identity required for confident taxonomic identification.
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Bipartite in vitro assay - selection of endophytic and rhizosphere bacteria inhibiting

the growth of HPMOs

Tryptic Soy Agar (TSA) (Biomaxima S.A., ul. Vetterow 5, 20-277 Lublin, Poland) culture
medium was prepared, autoclaved (121°C for 21 minutes) and distributed in a total volume of
25 mL for each bipartite Petri plate. When the Petri plates dried, a portion of endophytic and
rhizosphere bacteria was transferred in one side of each bipartite Petri plate (Figure 2) with a
sterile inoculum loop from a specific Petri plate containing a determined endophytic or
rhizosphere bacterium. After 3-5 days (at 26°C), based on the growth of the
endophytic/rhizosphere bacteria, an inoculum of the HPMOs was distributed in a 3-cm-long
line in the middle of the second side of the bipartite Petri plate following a draft picture at the
bottom of the Petri plate. All the Petri plates were sealed with parafilm and secured with
transparent cook foil. Each endophytic and rhizosphere bacterium had 3 variants (S. enterica,
L. monocytogenes, E. coli) with 2 replicates each. In total, there were 6 replicates (3 per one

plate).

HPMOs:
1. E. coli(Gram -)
— 2. S. enterica (Gram -)
3. L. monocytogenes (Gram +)

Endophytic or
rhizosphere bacteria ¢

QAN

Figure 2. Representation of the performed bipartite assay to evaluate the width of the HPMOs

in relationship to the presence of the endophytic or rhizosphere bacteria.

The inoculum of the HPMOs was prepared as follows. A volume of 30 mL of Tryptic Soy Broth
(TSB) (BD BBL™, Becton, Dickinson and Company, Sparks, MD 21152 USA) was added in
100 mL flasks; a portion of HPMO from glycerol stock at -80°C was transferred onto a Petri
plate and allowed to incubated for 24 hours at 37°C. After overnight growth, a portion of HPMO
from Petri plate was inoculated into the TSB flasks with a sterile inoculum loop. After 24 hours
at 37°C, a fresh Petri plate with TSA medium received a volume of 100 uL. of HPMO-TSB
medium and then distributed all over the surface of the new Petri plate. 24 hours after (at 37°C),
the inoculum of HPMO was distributed in a 3-cm-long line in the middle of the second side of

the bipartite Petri plate. 3 and 7 days (at 37°C) after the realisation of the bipartite assay, a
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measurement of the HPMO’s width was detected and calculated by comparing to control; in
total 6 measurements were considered for each sample. Particularly, the percentage of growth
of the HPMOs in bipartite Petri plate compared to control was calculated:

W _Wi*100
f= Wc

Wf= % of growth of HPMOs
Wi = width of HPMOs

Wec = width of HPMOs (control)

mVOCs analysis through HS-SPME-GC-MS

The four bacterial strains—Bacillus pumilus CSR28, Xanthomonadales sp. CSE34,
Streptomyces champavatii CSR4, and Bacillus pseudomycoides CSE4—that exhibited
significant inhibition of HPMOs in the bipartite in vitro assay were further analysed for their
production of mVOCs using HS-SPME-GC-MS. The HS-SPME-GC-MS was carried out by
Dr. Robert Gasior (Central Laboratory of the National Research Institute, Jurajska 44,
Aleksandrowice, 32-084 Morawica). In addition, E. coli, S. enterica, and L. monocytogenes
were included in the analysis. To assess whether the selected strains produced mVOCs active
against these HPMOs, co-cultures were established and analysed as follows: B. pumilus CSR28
with E. coli and L. monocytogenes; Xanthomonadales sp. CSE34 with E. coli, S. enterica, and
L. monocytogenes; S. champavatii CSR4 with E. coli and S. enterica; and B. pseudomycoides
CSE4 with E. coli and S. enterica. Fresh bacterial cultures were prepared on TSA by incubating
the selected bacterial strains for 3 days at 26 °C, and the HPMOs (E. coli, S. enterica, and L.
monocytogenes) for 24 hours at 37 °C. For co-culture experiments, the selected bacterial strains
were inoculated onto one half of a TSA-filled bottle and incubated for 3 days at 26 °C. After
this incubation period, a single HPMO was streaked onto the opposite half of the same TSA-
filled bottle, and the bottles were incubated at 37 °C for an additional 7 days. All bottles were
sealed with a septum to retain headspace volatiles. Following the incubation period, mVOC
profiles were analysed using HS-SPME-GC-MS. Each bacterial treatment was performed in

triplicate.

A gas chromatography-mass spectrometry method (GC-MS-QP 2020 NX, Shimadzu,

Duisburg, Germany) was developed for VOCs analysis. Volatiles were isolated by headspace
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solid-phase microextraction using 120pm DVB/CAR-WR/PDMS SPME Smart Arrow (Shim-
Pol, Warszawa, Poland). A semi-polar column —Zebron ZB-5MSi 30m x 0.25mm, 0.25um
column (Phenomenex; Shim-Pol, Warszawa, Poland) — was used for volatiles separation. The
injection was performed using the AOC-6000 Plus Shimadzu (Shimadzu, Duisburg, Germany).
The autosampler rack was cooled to about +3 °C and the sample was equilibrated at 50 °C for
30 min before injection. The SPME Smart Arrow exposition time was 15 min at 50 °C and then
VOCs were desorbed in the splitless port for 2 min. The quadrupole electron ionization (70
eV) mass spectrometer was operated in full scan mode in a range of 35—450 m/z. The total time
of the analysis was 60 min. The remaining GC-MS operating conditions were as follows:
column temperature range of 37 °C to 240 °C, injector temperature of 220 °C, helium as the
carrier gas (3 mL/min, 99.99% purity; Linde Gaz Polska, Krakéw, Poland), ion source

temperature of 230 °C, and interface temperature of 240 °C.

4.4. Statistical analysis

The statistical analysis of plant growth parameters, bacterial abundance on selective media, and
bacterial abundance quantified through qPCR was performed using R software. This statistical
analysis was performed by Prof. Marcin Golebiewski (Interdisciplinary Centre for Modern
Technologies, Nicolaus Copernicus University, Torun, Poland). For comparison of plant
growth parameters and bacterial abundance across multiple groups, the Kruskal-Wallis’s test
was used to assess differences in distributions among groups. This non-parametric test was
applied to determine if there were significant differences in the data across three or more
independent groups. In cases where the Kruskal-Wallis’s test indicated significant differences,
pairwise comparisons were carried out using the Wilcoxon rank-sum test (Mann-Whitney U
test) to identify which specific groups differed from each other. All tests were conducted at a

significance level of p < 0.05.

Statistical analyses were performed in R (RStudio, agricolae package) to identify the most
significant bacteria for mVOCs analysis. The raw data were assessed for normality using the
Shapiro-Wilk test, which indicated that the data were not normally distributed (p < 0.05).
Therefore, non-parametric methods were applied to evaluate significance. The Kruskal-
Wallis’s test was used to compare the groups, with a significance level set at p <0.05. Post-hoc

pairwise comparisons were conducted using the Dunn test, with p-values adjusted for multiple
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comparisons (p < 0.05). Statistical analysis of mVOCs was performed by Dr. Jakub Wojtasik
(Centre for Statistical Analysis, Nicolaus Copernicus University in Torun, Poland) using a t-
test to compare the mVOCs emitted by bacterial cultures against the control samples, which
consisted of TSA medium only. This approach allowed for the identification of significant
differences in mVOC production attributable to bacterial activity relative to the baseline

medium.
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5. Results

5.1. HPMOs in S. europaea: impact of shoots and soil chemistry

A comprehensive section of the results to this topic is thoroughly presented in P1, Annex I

(Marangi et al., 2024).

To better understand the physicochemical and HPMOs dynamics within the study sites, we
compared soil properties, chemical composition of plant shoots, and HPMOs’ associations
across old and young marsh soils. This section presents the observed differences in pH, salinity,
soil texture, as well as key HPMOs’ correlations that highlight potential interactions between

soil chemistry and HPMOs’ abundance.

At the old marsh site, soil pH levels were generally slightly alkaline, ranging from 7.4 to 7.8 in
both bulk and rhizosphere soils, with the exception of the rhizosphere soil in plot A, which was
closer to neutral (pH 6.6—7.3). In contrast, at the young marsh site, the bulk soil maintained a
slightly alkaline pH (7.4-7.8), while the rhizosphere soil was moderately alkaline, with pH
values ranging from 7.9 to 8.4. Electrical conductivity measurements indicated that soils at the
old marsh site had varying salinity levels: the bulk soil was moderately saline (§ <EC < 16 mS
cm'), and the rhizosphere soil was strongly saline (EC > 16), except in plot C, where it
remained moderately saline. At the young marsh site, the pattern was reversed—the bulk soil
was strongly saline, while the rhizosphere soil was moderately saline. Soil texture also differed
between the two sites, with the old marsh characterized by loamy sand or clayey sand, and the

young marsh exhibiting a finer texture of loamy silt or clayey silt.

Chemical analyses revealed no statistically significant differences in carbohydrate content
across any of the sample types or locations. However, lignin content showed significant
differences (p < 0.05) between shoots and rhizosphere soils at both sites, with the rhizosphere
consistently having the highest lignin levels and shoots the lowest. Lipid content also varied
significantly (p < 0.05) between bulk soil samples, with the young marsh site showing a higher

lipid concentration than the old marsh.

Microbial correlations revealed several notable associations, primarily involving E. coli, S.
enterica, and L. monocytogenes, but not B. cereus. In plant shoots, the abundance of S. enterica
was negatively correlated with lignin content (p = 0.0130; r =—0.82), while E. coli abundance

was positively correlated with lipid content (p = 0.0304; r = 0.75). In the bulk soil, E. coli
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abundance was negatively associated with lignin content (p = 0.0494; r = —0.81) and also
negatively correlated with soil pH (p = 0.0306; r =—0.85). Similarly, L. monocytogenes and S.
enterica abundances were negatively correlated with pH (p =0.0013; r =-0.97 and p = 0.0283;
r =—0.86, respectively). In the rhizosphere soil, however, L. monocytogenes showed a positive
correlation with pH (p = 0.036; r = 0.84). These interactions were visually summarized in a
correlation network graph, illustrating both strong and weak relationships among the
physicochemical and microbial variables across soil types and locations. The comparative
analysis of old and young marsh soils revealed distinct physicochemical profiles and notable
patterns in HPMOs’ associations. While pH and salinity varied between bulk and rhizosphere
soils at both sites, soil texture differences aligned with marsh age. Organic compound
distributions showed consistent trends, particularly elevated lignin in rhizosphere soils.
HPMOs’ correlations highlighted specific associations between key HPMOs and soil
chemistry—especially pH and lignin content—suggesting that HPMOs’ dynamics are strongly
influenced by localized soil conditions. These findings underscore the complex interplay

between soil physicochemical properties and HPMOs’ ecology in marsh environments.

5.2. In vitro pot experiment: abundance of HPMOs, plant growth parameters and

HPMOs-modulated plant gene expression profiles

Plant growth parameters

In this section, we present the findings related to the growth parameters of S. europaea assessed
during our study. These parameters include length of shoots and roots (mm), and total plant
weight (g), which collectively provide insights into the overall health and productivity of the
plants under investigation.

In the analysis of plant biomass (Figure 3), measured as total plant weight (g), most of the
significant differences were observed in non-inoculated (Ct) plants and in L. monocytogenes
treatments. A consistent pattern across all inoculated and non-inoculated treatments was the
significantly reduced total plant weight observed at 200 mM NacCl. In the non-inoculated plants
(Ct) (Figure 3a), the control group (0 mM NaCl) displayed markedly higher biomass compared
to plants exposed to 50, 100, and 200 mM NacCl, with reductions of 20%, 26.5%, and 37%,
respectively. Additionally, plants treated with 50 mM NaCl were 20.5% heavier than those
subjected to 200 mM NacCl. For the E. coli treatment group (Figure 3b), significant differences
were identified between plants at 200 mM NaCl and those at lower salinity levels. Specifically,
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plants exposed to 200 mM NacCl exhibited reduced biomass compared to those at 0, 50, and 100
mM, with decreases of 29%, 24%, and 25.5%, respectively. In the S. enterica treatment group
(Figure 3c¢), plants grown at 50 mM NaCl showed significantly greater biomass compared to
those at 0, 100, and 200 mM NaCl, with increases of 26%, 28%, and 26%, respectively.
Similarly, in the L. monocytogenes treatment group (Figure 3d), plants subjected to 50 mM
NaCl exhibited significantly higher weights than those grown at both 0 and 200 mM NaCl, with
increases of 18% and 46%. Additionally, plants grown at both 0 and 100 mM NaCl were
significantly heavier than those exposed to the highest salinity level (200 mM), with differences
of 34% and 46%, respectively. Across all treatments, 200 mM NaCl consistently led to the
lowest plant biomass, confirming high salinity as a major growth inhibitor. Notably, 50 mM
NaCl enhanced biomass in S. enterica and L. monocytogenes treatments, indicating that
HPMOs can shape plant responses to moderate salinity. Non-inoculated controls also showed
progressive biomass reduction with increasing salinity, supporting a dose-dependent stress

effect.
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Figure 3. Total plant weight (g) measured at varying salinity levels (0, 50, 100, and 200 mM
NaCl) across four different treatments: non-inoculated (Control - Ct) (a), E. coli (b), S. enterica
(c), and L. monocytogenes (d) after 8 weeks of growth. Statistical significance was determined

atp <0.05 (n=125).

A comparison of the total plant weight percentage for different inoculation treatments relative
to non-inoculated controls (Figure 4) showed that E. coli and L. monocytogenes treatments
increased total plant biomass, particularly at 50 and 100 mM NaCl concentrations. In contrast,
S. enterica treatment led to a decrease in total plant weight at both 0 and 100 mM NaCl
concentrations. This comparative analysis revealed that E. coli and L. monocytogenes
treatments enhanced plant biomass at moderate salinity levels (50 and 100 mM NaCl),

indicating a potential growth-promoting effect. In contrast, S. enterica treatment reduced
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biomass at both 0 and 100 mM NaCl, suggesting a possible negative impact on plant growth

under these conditions.
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Figure 4. Comparison of the percentage total biomass of S. europaea for the different variants
of HPMOs’ inoculation relative to the control without inoculation after 8 weeks of growth.

Abbreviations: Ec - E. coli; Se - S. enterica; Lm - L. monocytogenes.

Shoot length analysis (Figure 5) revealed a consistent trend of reduced growth in plants exposed
to 200 mM NaCl, with the most pronounced statistical differences observed under L.
monocytogenes treatment across salinity levels. In contrast, plants treated with 50 mM NaCl
generally exhibited longer shoots compared to other salinity levels in both non-inoculated and
inoculated groups. In the control group (non-inoculated) (Figure 5a), plants treated with 50 mM
NaCl had significantly longer shoots than those treated with 0, 100, and 200 mM NaCl, with
increases of 15%, 14.5%, and 9%, respectively. Similarly, under E. coli treatment (Figure 5b),
plants in the 50 mM NaCl group exhibited greater shoot length compared to the 0 and 200mM
groups by 17% and 15%. Additionally, plants treated with 100 mM NaCl showed longer shoots
than those in the 0 and 200 mM groups, with increases of 20% and 15%. For S. enterica
treatment (Figure 5c¢), plants exposed to 50 mM NaCl had longer shoots than those in the 0,
100, and 200 mM variants, with differences of 12%, 15%, and 18%, respectively. Under L.
monocytogenes treatment (Figure 5d), plants at 0 mM NaCl exhibited shorter shoots than those
at 50 and 100 mM by margins of 12% and 9%, but they were still longer than those at 200 mM
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by 8.5%. Furthermore, plants treated with both 50 mM and 100 mM NaCl consistently
displayed greater shoot length compared to those at 200 mM NaCl, with increases of 20% and
17%. Shoot length was significantly influenced by both salinity levels and microbial treatments.
Plants exposed to moderate salinity (50 mM NaCl) consistently showed the greatest shoot
growth across all inoculation variants, including non-inoculated controls and treatments with
E. coli, S. enterica, and L. monocytogenes. In contrast, high salinity (200 mM NaCl) markedly
reduced shoot length, with the most pronounced growth inhibition observed under L.
monocytogenes treatment. These results highlight that moderate salinity conditions favour plant
growth regardless of microbial exposure, while high salinity combined with certain HPMOs

can exacerbate growth reduction.
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Figure 5. Length of shoots (mm) measured at varying salinity levels (0, 50, 100, and 200 mM
NaCl) across four different treatments: non-inoculated (Control) (a), E. coli (b), S. enterica (c),
and L. monocytogenes (d) after 8 weeks of growth. Statistical significance was determined at p

<0.05 (n=125).

The length of roots (Figure 6), similar to total plant weight (Figure 3) and shoot length (Figure
5), was significantly reduced in the majority of treatments at 200 mM NaCl. The non-inoculated
control plants exhibited the highest number of statistical differences across the various salinity
levels, mirroring the patterns observed for total plant weight. In the control group (non-
inoculated) (Figure 6a), plants treated with 0 mM NaCl had root lengths that were 14% and
27% longer than those treated with 50 and 200 mM NaCl, respectively. Additionally, roots in
the 50 mM variant were longer than those in the 200 mM group by 15%. Notably, plants in the
100 mM variant showed root lengths that exceeded those in both the 50 and 200 mM groups by
19% and 32%, respectively. For the E. coli treatment (Figure 6b), significant differences were
noted between the 0 and 50 mM groups, with roots in the 0 mM group being 7% longer.
Moreover, plants in the 100 and 200 mM groups had longer roots than those in the 50 mM
group by 13% and 12%, respectively. In contrast, root length under S. enterica treatment (Figure
6¢) did not show significant variation across different salinity levels; however, plants in the 0
mM group had roots that were longer than those in the 200 mM group by 6%. Regarding L.
monocytogenes treatment (Figure 6d), plants subjected to the 200 mM condition displayed
shorter roots compared to those in the 0, 50, and 100 mM groups, with reductions of 17%, 20%,
and 19%, respectively. Root length was generally reduced at the highest salinity level (200 mM
NaCl) across most treatments, paralleling trends seen in shoot length and total plant weight.
Non-inoculated plants showed the greatest sensitivity to salinity changes, with significant root
length differences between all salinity variants. In contrast, E. coli-treated plants displayed
inconsistent patterns, with shorter roots at 50 mM but relatively longer roots at 100 and 200
mM compared to 50 mM. S. enterica treatment had minimal influence on root length across
salinity levels, showing only a slight decrease at 200 mM. Meanwhile, L. monocytogenes
treatment led to noticeably shorter roots at 200 mM, with reductions of up to 20% compared to
lower salinity levels. These findings suggest that while high salinity broadly suppresses root
development, HPMOs’ effects on root length vary depending on the species and salt
concentration. Root length responses to salinity varied by treatment: non-inoculated and L.
monocytogenes-treated plants showed clear reductions at high salinity, E. coli showed mixed

effects, and S. enterica had minimal influence across salinity levels.
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Figure 6. Length of roots (mm) of S. europaea measured at varying salinity levels (0, 50, 100,
and 200 mM NaCl) across four different treatments: non-inoculated (Control) (a), E. coli (b),
S. enterica (c), and L. monocytogenes (d) after 8 weeks of growth. Statistical significance was

determined at p < 0.05 (n = 125).

Abundance and detection of total bacteria in shoots and roots of S. europaea
In this section, we present a comprehensive analysis of total bacterial counts in both S. europaea
shoots and roots, obtained from two distinct methodologies: traditional culture on TSA medium
(log CFU g!) and qPCR (log bacterial 16STRNA gene copy ng'). By employing both
techniques, we aim to provide a robust comparison of bacterial populations, highlighting the

strengths and limitations of each method. The findings will clarify how effective TSA is in
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growing viable bacteria and how sensitive qPCR is in detecting bacterial DNA. This will
provide valuable insights into microbial quantification for our study.

Overall, we observed more significant statistical differences in total bacterial counts measured
via qPCR compared to those on TSA medium. While bacterial abundance on TSA was
consistent across shoots and roots, qPCR results showed a notably higher bacterial presence in
shoots than in roots.

In the bacterial count analysis on TSA medium from shoot samples (Figure 7), statistical
differences were primarily observed under the E. coli treatment. The control treatment (non-
inoculated) (Figure 7a) showed consistent bacterial counts across salinity levels, except for
plants subjected to 100 mM NacCl, which had a 25% higher bacterial count compared to those
at 50 mM NaCl. For the E. coli treatment (Figure 7b), plants at 0 mM NaCl exhibited
significantly higher bacterial counts than those at 50, 100, and 200 mM NacCl, with increases of
5% for each salinity level. In contrast, in the S. enterica treatment (Figure 7c), plants exposed
to 200 mM NacCl had a 10% higher bacterial count than those at 50 mM NaCl. No statistically
significant differences were observed in the L. monocytogenes treatment (Figure 7d) across the
different salinity groups. Thus, in shoots, bacterial count analysis on TSA medium revealed
significant differences primarily under E. coli treatment, where bacterial counts were highest at
0 mM NaCl, while S. enterica treatment showed increased counts at 200 mM NaCl and a
reduction at 50 mM NaCl, and L. monocytogenes exhibited no significant variations across
salinity levels. Bacterial counts in shoot samples varied primarily under the E. coli treatment,
with the highest counts at 0 mM NaCl and reductions at higher salinities. S. enterica showed a
modest increase in bacterial counts at 200 mM, while L. monocytogenes exhibited no significant
changes across salinity levels. The control group remained largely stable, except for a slight

increase at 100 mM NaCl.
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Figure 7. Total bacteria count on TSA medium measured in shoots of S. europaea at varying
salinity levels (0, 50, 100, and 200 mM NaCl) across four different treatments: non-inoculated
(Control - Ct) (a), E. coli (b), S. enterica (c), and L. monocytogenes (d) after 8 weeks of growth.

Statistical significance was determined at p < 0.05 (n = 3).

In the analysis of total bacterial counts on TSA medium from root samples (Figure 8), a
consistent trend was observed at 200 mM NaCl, where roots exhibited higher bacterial counts.
In the control treatment (non-inoculated) (Figure 8a), plants at 50 mM NaCl had lower bacterial
counts than those at 0, 100, and 200 mM NaCl, with reductions of 7%, 7%, and 8%,
respectively. For the E. coli treatment (Figure 8b), plants exposed to 200 mM NaCl had
significantly higher bacterial counts than those at 0, 50, and 100 mM NaCl, with increases of
7%, 9%, and 7%, respectively. In the S. enterica treatment (Figure 8c), plants at 50 mM NaCl
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had lower bacterial counts than those at 0, 100, and 200 mM NacCl, with reductions of 13%,
14%, and 17%, respectively. No significant differences in bacterial counts were found in the L.
monocytogenes treatment (Figure 8d) across the salinity groups. Total bacterial count analysis
from root samples revealed consistently higher counts at 200 mM NacCl and lower at 50 mM
NaCl, with the most significant differences observed in non-inoculated, E. coli-, and S. enterica
— treated plants, while L. monocytogenes treatment showed no significant variations across

salinity levels.
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Figure 8. Total bacteria count on TSA medium measured in roots of S. europaea at varying
salinity levels (0, 50, 100, and 200 mM NaCl) across four different treatments: non-inoculated
(Control) (a), E. coli (b), S. enterica (c), and L. monocytogenes (d) after 8 weeks of growth.

Statistical significance was determined at p < 0.05 (n = 3).

53



gPCR analysis of total bacterial counts in shoots (Figure 9) revealed more significant
differences in the control (non-inoculated) treatment across salinity levels than in inoculated
treatments. In the control treatment (non-inoculated) (Figure 9a), plants at 0 mM NaCl had
lower bacterial counts than those at 50, 100, and 200 mM NaCl, with reductions of 38%, 21%,
and 21%, respectively. Additionally, plants at 50 mM NaCl had higher bacterial counts than
those at 100 and 200 mM NaCl, with increases of 22% and 21%. For the E. coli treatment
(Figure 9b), plants at 50 mM NaCl had greater bacterial counts than those at 0, 100, and 200
mM NaCl, with increases of 28%, 21%, and 21%, respectively. In the S. enterica treatment
(Figure 9c), plants at 0 mM NaCl had fewer bacteria than those at 50 and 100 mM NacCl, with
reductions of 18%. Conversely, plants at 200 mM NaCl had fewer bacteria than those at both
50 and 100 mM NaCl, with reductions of 22%. For the L. monocytogenes treatment (Figure
9d), plants at 50 mM NaCl exhibited significantly lower bacterial counts compared to those at
0 and 100 mM NacCl, with reductions of 32% and 35%, respectively. The qPCR analysis of total
bacterial counts in shoots showed that the control (non-inoculated) plants experienced the most
pronounced changes across salinity levels, with bacterial counts increasing at 50, 100, and 200
mM NaCl compared to 0 mM. In contrast, E. coli-inoculated plants had the highest bacterial
counts at 50 mM NaCl, while S. enterica counts peaked at 50 and 100 mM NaCl but declined
at 0 and 200 mM. L. monocytogenes-inoculated plants showed the lowest bacterial counts at 50
mM NaCl, with higher counts at 0 and 100 mM NaCl. Overall, salinity influenced the total
bacteria abundance differently depending on the inoculation, with the control showing the

greatest variability.

54



{a] Ct (b} Ec

5.25
5001 — ,
1 ?';T

o~

.

ol
I

1
19
o
o
'l
T
Ll
b |
,i}:
-1
4
-

.U.J &]* E

= & e P
g = | T
> 4.25- -

[

@Q

o

=

o {C} Se {d} Lm

@ 5257 S

E ! } EEEEY

= —

© 5.00-

L]

(1] I 1

O ..

‘5‘; 1 - 1

S 4751

450 el I:“; 25 . -4 .

4.25 & = E

i I
OomM  50mM 100mM 200mM omM  50mM 100mM 200mM

Figure 9. Total bacteria count (16S rRNA) on qPCR measured in shoots of S. europaea at
varying salinity levels (0, 50, 100, and 200 mM NaCl) across four different treatments: non-
inoculated (Control - Ct) (a), E. coli (b), S. enterica (c), and L. monocytogenes (d) after 8§ weeks

of growth. Statistical significance was determined at p < 0.05 (n = 15).

Regarding the qPCR analysis of total bacteria in roots (Figure 10), in the control treatment (non-
inoculated) (Figure 10a), no statistically significant differences in bacterial counts were
observed across the various salinity levels. In the E. coli treatment (Figure 10b), plants at 50
mM NaCl had higher bacterial counts than those at 0, 100, and 200 mM NacCl, with increases
of 40%, 28%, and 41%, respectively. Similarly, in the S. enterica treatment (Figure 10c), plants
at 50 mM NacCl had greater bacterial counts than those at 0 and 200 mM NaCl, with increases

of 34% and 33%, respectively. In the L. monocytogenes treatment (Figure 10d), plants at 0 mM
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NaCl exhibited lower bacterial counts than those at 50 and 200 mM NaCl, with reductions of
45% and 50%, respectively. Plants at 100 mM NacCl also had lower bacterial counts than those
at 50 and 200 mM NaCl, with reductions of 23% and 30%. Root bacterial counts (qQPCR) were
influenced by both inoculation type and salinity. E. coli and S. enterica treatments showed peak
colonization at 50 mM NaCl, while L. monocytogenes treatment had higher counts at 50 and
200 mM NacCl. Non-inoculated plants showed no significant salinity effects. This highlights

species-specific responses to salinity in root colonization.
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Figure 10. Total bacteria count (16S rRNA) on qPCR measured in roots of S. europaea at
varying salinity levels (0, 50, 100, and 200 mM NaCl) across four different treatments: non-
inoculated (control - Ct) (a), E. coli (b), S. enterica (c), and L. monocytogenes (d) after 8§ weeks

of growth. Statistical significance was determined at p < 0.05 (n = 6).
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Abundance and detection of HPMOs in shoots and roots of S. europaea
In this study, we assessed the abundance of HPMOs in selective media (Figure 11) and their
quantification in the shoots and roots of S. europaea using qQPCR (Appendix III, Figures 1-6,
pages 117-122). Our results highlight variations in HPMOs populations between plant tissues,
providing insight into HPMOs dynamics in different levels of salinity. In contrast to L.
monocytogenes, the abundance of E. coli and S. enterica showed a similar trend to the qPCR
detection results. All gPCR detections of HPMOs were below the limit of detection (1.28 x
10°); however, these values are still reported for comparison with non-inoculated plants (Ct)
(Appendix 11, Figures 1-6, pages 117-122). Our findings from both selective media and qPCR
detection consistently showed a greater abundance of HPMOs in the roots rather than in the
shoots. In selective media, the abundance of HPMOs in the shoots (Figure 11a) showed more
notable differences in plants treated with L. monocytogenes. However, no consistent patterns
were observed when comparing all three HPMOs across different salinity levels. In E. coli-
treated plants, there were no significant differences, with the pathogen only detected at 50 mM
NaCl. For L. monocytogenes-treated plants, the highest colonization occurred at 100 mM NacCl,
where bacterial levels were 16%, 25%, and 29% higher compared to 0, 50, and 200 mM NacCl,
respectively. In S. enterica-treated plants, no colonization was observed at 50 mM NaCl,
making these plants significantly different from those grown at 0, 100, and 200 mM NaCl. In
examining the abundance of HPMOs in the roots (Figure 11b), we noted a consistent trend
among plants treated with E. coli, similar to our findings in the shoots. However, unlike the
shoots, weobserved more significant differences in plants treated with S. enterica. Specifically,
S. enterica was not detected in the roots of plants at 200 mM NaCl, resulting in significant
differences compared to the other salinity levels (0, 50, and 100 mM NaCl). For L.
monocytogenes-treated plants, the lowest abundance was recorded at 50 mM NaCl, which was

15% lower than the levels observed at both 0 and 100 mM NaCl.
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Figure 11. The abundance of E. coli (Ec), L. monocytogenes (Lm), and S. enterica (Se) in
selective media (log CFU g™') measured in the shoots (a) and roots (b) of S. europaea at varying

salinity levels: 0, 50, 100, and 200 mM NaCl after 8 weeks of growth. Statistical significance

was assessed at p < 0.05 (n = 3).

In our analysis of HPMOs using qPCR, we found no evidence of detection in the E. coli and L.
monocytogenes treated plants (Appendix III, Figures 1-4, pages 117-120). When detections did
occur, they were not significantly different from those in the non-inoculated control plants. It
is noteworthy that while amplification was observed in all samples, the melting profiles differed
from the bacterial control, leading us to classify these as non-specific and treat them as negative.
The qPCR results indicated that S. enterica was detected in the shoots and roots (Appendix I1I,
Figures 5,6, pages 121,122), with higher concentrations found in the roots compared to the

shoots. Specifically, in the shoots, S. enterica-treated plants (Appendix III, Figure 5, page 121)

58



exhibited increased pathogen detection at 50, 100, and 200 mM NaCl, with detection rates of
100%, 99%, and 100%, respectively, compared to the non-inoculated control. In terms of root
samples (Annex III, Figure 6, page 122), S. enterica-treated plants consistently showed a higher
presence of pathogens than the non-inoculated controls across all saline treatments (0, 50, 100,

and 200 mM NaCl), with detection rates of 100%, 88%, 100%, and 97%, respectively.

Transcriptomic analyses

Distance-based redundancy analysis (dbRDA) was performed to assess the influence of
inoculation treatment and salinity levels on S. europaea transcriptomic responses in shoots
(Figure 12). Separate ordination plots were generated for each inoculation treatment: non-
inoculated (Control), E. coli-inoculated, S. enterica-inoculated, and L. monocytogenes-
inoculated across four salinity levels (0, 50, 100, and 200 mM NaCl). The significance of the
observed patterns was statistically evaluated using permutational multivariate analysis of
variance (PERMANOVA), with corresponding F-statistics and p-values indicating the effects
of salinity within each inoculation condition. Additionally, homogeneity of multivariate
dispersions (beta dispersion) was tested to determine whether observed differences were driven
by shifts in dispersion rather than location within the ordination space.

dbRDA analysis revealed that the impact of salinity on the global transcriptomic profiles of S.
europaea shoots varied depending on the inoculation treatment. In the non-inoculated (Ct)
plants (Figure 12a), salinity had a significant effect on gene expression patterns
(PERMANOVA: F = 2.04, p = 0.003), while multivariate dispersion remained unchanged
(Betadisper: F = 0.18, p = 0.908), indicating that observed transcriptomic shifts were driven by
differential gene expression rather than changes in dispersion. A similar trend was observed in
E. coli-treated plants (Figure 12b), where salinity significantly influenced transcriptomic
profiles (PERMANOVA: F =1.68, p=0.017), yet no significant differences in dispersion were
detected (Betadisper: F = 0.96, p = 0.443). In contrast, no significant effect of salinity on
transcriptomic profiles was detected in S. enterica-treated plants (PERMANOVA: F = 1.18, p
= 0.258) (Figure 12c¢) or L. monocytogenes-treated plants (Figure 12d) (PERMANOVA: F =
1.27, p =0.163). Likewise, multivariate dispersion did not differ across salinity levels in either
S. enterica (Betadisper: F = 2.05, p = 0.165) or L. monocytogenes (Betadisper: F = 0.34, p =
0.799) treatments, suggesting that salinity did not induce major shifts in gene expression or

dispersion in these cases.
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Figure 12. Distance-based redundancy analysis (dbRDA) visualizing the impact of salinity (0
= C, 50, 100, and 200 mM NaCl) on S. europaea shoots subjected to different inoculation
treatments: (a) non-inoculated control, (b) E. coli inoculated, (c) S. enterica inoculated, and (d)

L. monocytogenes inoculated plants.

Circos plots were utilized to illustrate the number of genes that fit into each category for each
variant and treatment. These plots were based on the results of gene ontology enrichment
analyses. Differential gene expression related to biological processes showed distinct
associations with saline variants across bacterial treatments. In S. enterica treatment, all saline

variants were associated with differential gene expression. For L. monocytogenes, associations
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were observed with 0, 100, and 200 mM NaCl concentrations. In contrast, E. coli treatment
showed a limited association with 0, 50, and 100 mM NaCl concentrations. These findings align
with the quantification of HPMOs using both selective media and qPCR. Notably, the majority
of genes were associated with plants treated with S. enterica and L. monocytogenes at a
concentration of 100 mM NaCl. In these treatments, genes were linked to distinct biological
processes (Figure 13), notably responses to stress, nitrogen and organonitrogen compound
metabolism, and responses to external biotic stimuli. These biological processes were

predominantly localized (Figure 14) in the cytoplasm, plastid, and membrane, with fewer

occurrences in the mitochondrion and nucleus.
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Figure 13. Circos plots illustrating biological process categories across inoculation treatments

of S. europaea with E. coli (Ec), S. enterica (Se), and L. monocytogenes (Lm) under four

salinity levels (0, 50, 100, and 200 mM NacCl).
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Figure 14. Circos plots illustrating cellular compartment categories across inoculation

treatments of S. europaea with E. coli (Ec), S. enterica (Se), and L. monocytogenes (Lm) under

four salinity levels (0, 50, 100, and 200 mM NacCl).
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Consistent with the absence of E. coli detection in shoots and roots using both selective media
and qPCR, transcriptomic analyses showed no significant gene expression changes associated
with E. coli treatment across all saline variants.

In S. europaea shoots treated with S. enterica, we observed significant changes in gene
expression across different NaCl concentrations. At 0, 50, and 100 mM NaCl, the gene encoding
phosphoethanolamine N-methyltransferase was upregulated in non-inoculated control plants
but downregulated in those inoculated with S. enterica, as indicated by fold change values. The
biosynthesis of choline and phosphatidylcholine was associated with transcripts related to this
enzyme. At 0 mM NacCl, the biosynthesis of pentacyclic triterpenoids was downregulated in S.
enterica-treated plants compared to non-inoculated controls. In the same treatment and salinity
variant, non-inoculated plants showed upregulation of xyloglucan endohydrolysis (XEH)
and/or endotransglycosylation (XET) compared to S. enterica-treated plants. In non-inoculated
plants at 0 mM NaCl, there was an upregulation of hydroquinone: oxygen oxidoreductase
activity, which is involved in the lignin catabolic process, compared to S. enterica-treated
plants. Finally, at 100 mM NaCl, plants treated with S. enterica exhibited upregulation of
cellular responses to extracellular stimuli, which helps protect cells from the toxic effects of
hydrogen peroxide.

At 0 mM NaCl, the biosynthesis of pentacyclic triterpenoids was downregulated in L.
monocytogenes-treated plants compared to non-inoculated controls, a pattern similar to that
observed with S. enterica treatment. In this condition, the gene encoding phosphoethanolamine
N-methyltransferase, which is involved in the biosynthesis of choline and phosphatidylcholine,
was upregulated in non-inoculated control plants but downregulated in those inoculated with L.
monocytogenes. Additionally, under both 0 mM and 100 mM NaCl conditions, non-inoculated
plants showed upregulation of XEH and/or XET compared to inoculated-treated plants. At 0
mM NaCl, L. monocytogenes treatment resulted in downregulation of the class III peroxidase
subfamily, which is linked to plant-type cell wall organization. Conversely, in the same salinity
condition, inoculated plants exhibited upregulation of cellular responses to extracellular stimuli,

potentially helping protect cells from the toxic effects of hydrogen peroxide.

5.3. Selection of S. europaea endophytes and their mVOC:s identification

Taxonomic identification of unknown bacterial isolates
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A total of twelve bacterial strains were identified based on 16S rRNA gene sequence analysis
(Table 3). The isolates were assigned to three major bacterial classes: Bacilli, Actinomycetes,
and Gammaproteobacteria. Among the Bacilli, four strains were identified: B. pseudomycoides

CSE4, Paenibacillus sp. ISR16, B. mycoides CSE27, and B. zhangzhouensis CSE23. The

Actinomycetes class included Streptomyces sp. CSR7, CSR6, and CSE3, as well as S. mediolani

CSR34 and CSR30, S. zaomyceticus ISR17, and S. peucetius CSR27. A single strain,

Stutzerimonas stutzeri ISE9, was classified within the Gammaproteobacteria.

Table 3. Identified bacterial strains isolated as determined by 16S rDNA nucleotide sequencing.

GenBank
No of Coverag Percentage of
Strain Accession Blast NCBI bp
strain e identity
number
Bacillus
CSE4 Bacillus
. pseudomycoid 1413/1420
1 pseudomycoides  py642498 o 99% 1423
(99.51%)
NR 113991
Streptomyces
CSR7 cyaneofuscatu 1379/1396
2 PV642499 s 99% 1398
Streptomyces sp. (98.78% )
NR 041226
ISE9
Stutzerimonas Stutzerimonas 1414/1414
3 stutzeri Stutzeri 99% 1417
o
PV642500 NR 118798 (100%)
CSR6 Streptomyces 1386/1402
4 S PV642501 cyaneofuscatu 100% 1402
treptomyces Sp. 0
promycessp sNR 041226 (98.86%)
ISR16 Paenibacillus 1353/1376
5 Paenibacillus  PV642502  alkaliterrae 97% 1409
o
p. NR_ 043293 (98.33%)
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Bacillus

CSE27 Bacillus 1423/1423
‘ PV642503 mycoides 100% 1423
ycotdes NR_036880 (100%)
Streptomyces
CSE3 cyaneofuscatu 1379/1396
7 PV642504 s 99% 1398
Streptomyces sp. (98.78%)
NR 041226
Bacillus
CSE23 Bacillus 1420/1422
8 - PV642505  zhangzhouensi 100% 1421
zhangzhouensis CNR 148786 (99.93%)
CSR34 Streptomyces 1390/1391
9 Streptomyces ~ PV642506 mediolani 100% 1391
mediolani NR_112465.1 (99.93%)
ISR17 Streptomyces 1399/1401
10 Streptomyces ~ PV642507  zaomyceticus 99% 1402
0
zaomyceticus NR 112376 (99.86%)
CSR27 Streptomyces 1385/1393
11 Streptomyces ~ PV642508 peucetius 100% 1393
o
peucetius NR 112574 (99.43%)
CSR30 Streptomyces 1399/1402
12 Streptomyces ~ PV642509 mediolani 100% 1400
o
mediolani NR_112465 (99.79%)

Screening of endophytic and rhizosphere bacteria highlights selective inhibition of
HPMOs

The bipartite in vitro assay revealed distinct antagonistic profiles among bacterial classes
(Figure 15). Isolates belonging to the Bacilli and Actinomycetes classes exhibited predominant
inhibitory activity against L. monocytogenes, with several strains also inhibiting E. coli.
Similarly, members of the Gammaproteobacteria class demonstrated inhibition of L.
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monocytogenes and E. coli, with a few also active against S. enterica. Notably, the sole isolate
representing Alphaproteobacteria displayed broad-spectrum inhibitory effects against all three
HPMGOs: E. coli, S. enterica, and L. monocytogenes. A general trend emerged in which nearly
all tested endophytic and rhizosphere bacteria were effective in suppressing L. monocytogenes,
but showed limited ability to inhibit S. enferica. Interestingly, despite these antagonistic
interactions, some isolates from Bacilli, Gammaproteobacteria, and Actinomycetes classes also
promoted the growth of E. coli and S. enterica. Based on statistical significance (p < 0.05), the
the top significant bacterial strains were selected, representing the highest significant levels of
growth inhibition against E. coli, S. enterica, and L. monocytogenes. Indeed, the bipartite in
vitro assay allowed to identify several endophytic and rhizosphere bacterial isolates with
inhibitory activity against the three HPMOs. Against E. coli, the following isolates
demonstrated notable inhibition, along with their respective percentages: CSR28 (45%), CSR12
(44%), CSR13 (44%), CSE4 (46%), CSE28 (47%), CSR4 (46%), CSES (56%), CSE34 (47%),
CSE27 (49%), CSE31 (50%), and CSE6 (55%). For S. enterica, the isolates showing
measurable inhibition included: CSE4 (41%), CSR4 (35%), CSE34 (42%), and CSES5 (60%).
In the case of L. monocytogenes, a uniform inhibition percentage (57%) was observed across a
broader set of isolates: CSE28, CSE31, CSE32, CSE34, CSR1, CSR12, CSR13, CSR14,
CSR21, CSR28, and CSR34. Based on overlapping inhibitory activity against two or more of
the tested HPMOs, four bacterial strains were selected for subsequent mVOCs analysis: B.
pumilus CSR28, Xanthomonadales sp. CSE34, S. champavatii CSR4, and B. pseudomycoides
CSE4. It is important to highlight that in the vast majority of the bipartite in vitro assays
conducted with all tested bacterial strains, a consistent trend was observed: prolonged exposure

(from 3 days to 7 days) of the bacteria to HPMOs generally resulted in the HPMOs’ inhibition.
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Class Bacteria Lm 3d Lm 7d Ec 3d Ec7d Se 3d Se 7d
Bacillus pumilus CSR28 -46.1 -56.7 -43.0 -44.9 -35.3 -27.7
Bacillus toyonensis CSR1 -28.1 -56.7 -37.8 -40.9 -26.6 -27.7
Bacillus pumilus CSR14 -28.1 -56.7 -33.9 -32.1 -31.8 -34.9
Bacillus pumilus CSR12 -28.1 -56.7 -45.6 -43.9 -37.1 -27.7
Bacillus sp. CSE31 -28.1 -56.7 -57.3 -49.8 -26.6 -27.7
Bacillus pumilus CSE32 -28.1 -56.7 -41.7 -40.9 -26.6 -27.7
Bacillus cereus 1SE27 -28.1 -45.8 -14.5 -13.4 -16.1 -12.0
Bacillus sp. ISE8 -28.1 -45.8 -8.0 -11.4 -16.1 -13.3
Bacillus weihenstephanensis 1SE28 -28.1 -45.8 142.2 -12.4 -16.1 -22.9
Bacillus cereus 1SE11 -28.1 -45.8 6.2 2.4 -16.1 -19.3
Bacillus pumilus CSR23 -19.2 -35.0 14.0 15.2 -3.8 -1.2
Bacill Bacillus toyonensis CSR25 -10.2 -35.0 -0.3 -0.6 -19.6 -10.8
Bacillus baekryungensis CSE22 -10.2 -35.0 -31.3 -27.2 -26.6 -30.1
Bacillus sp. 1SR12 -10.2 -24.2 16.6 10.2 -19.6 -12.0
Bacillus cereus 1SR22 -10.2 -24.2 -10.6 -13.4 -0.3 -25.3
Bacillus sp. ISR13 -10.2 -24.2 16.6 14.2 -9.1 -3.6
Bacillus mycoides 1SR8 -10.2 -24.2 -6.7 -8.5 -9.1 -12.0
Bacillus sp. 1SR25 -4.2 -24.2 19.2 24.0 1.4 9.6
Bacillus pumilus CSR2 -10.2 -18.8 14.0 15.2 -23.1 -22.9
Bacillus sp. ISR5 4.8 -18.8 29.5 16.1 -16.1 6.0
Bacillus mycoides CSE27 -10.2 -45.8 -36.5 -48.8 -19.6 -28.9
Bacillus pseudomycoides CSE4 -10.2 -38.6 -43.0 -45.9 -26.6 -41.0
Bacillus zhangzhouensis CSE23 -28.1 -35.0 -37.8 -32.1 -26.6 -27.7
Paenibacillus sp. 1SR16 -10.2 8.3 14.0 12.2 -0.3 1.2
Xanthomonadales sp . CSE34 -28.1 -56.7 -45.6 -46.8 -37.1 -42.2
Serratia marcescens CSE6 -31.1 -47.7 -50.8 -54.7 -33.6 -31.3
Serratia plymuthica 1SE14 -28.1 -45.8 -6.7 -9.4 -2.1 -6.0
Pseudomonas sp. ISE12 -19.2 -45.8 -13.2 -11.4 -16.1 -15.7
b . Serratia marcescens CSES -10.2 -45.8 -49.5 -55.7 -58.0 -60.2
Gammaproteobacteria e o hsychrotolerans CSE16 251 | 458 275  -232 231  -19.3
Salinicola socius CSE25 -10.2 -42.2 -48.2 -54.7 -9.1 -9.6
Serratia plymuthica 1SR14 -10.2 -24.2 16.6 -26.2 10.1 6.0
Stutzerimonas stutzeri ISE9 -28.1 -45.8 14.0 10.2 -16.1 -2.4
Serratia plymuthica 1SR2 -10.2 -24.2 7.5 0.4 -3.8 -2.4
Microbacterium oxydans CSR13 -28.1 -56.7 -37.8 -43.9 -31.8 -27.7
Microbacterium foliorum CSR21 -28.1 -56.7 -33.9 -40.9 -26.6 -20.5
Dietzia sp. CSR36 -28.1 -45.8 -31.3 -27.2 -31.8 -27.7
Streptomyces champavatii CSR4 -28.1 -45.8 -41.7 -45.9 -31.8 -34.9
Microbacterium oxydans CSR15 -28.1 -45.8 -37.8 -40.9 -26.6 -27.7
Microbacterium thalassium 1SE7 -28.1 -45.8 -9.3 -4.5 -14.3 -21.7
Streptomyces sp. I1SE29 -28.1 -45.8 -2.8 -10.4 -12.6 -6.0
Rhodococcus erythropolis ISE16 -28.1 -45.8 19.2 8.3 -5.6 2.4
Streptomyces sp. I1SR1 -22.2 -45.8 8.8 1.4 -5.6 -9.6
Williamsia sp. 1SE22 -19.2 -45.8 11.4 14.2 -10.8 7.2
Microbacterium oxydans 1SE5 -10.2 -45.8 -1.5 6.3 4.9 9.6
Actinomycetes Mycobacterium sacrum ISR6 -10.2 -24.2 23.1 18.1 27.6 19.3
Microbacterium oxydans I1SR7 -10.2 -24.2 16.6 18.1 -2.1 1.2
Oerskovia paurometabola ISR30 -1.2 -24.2 16.6 18.1 6.6 13.3
Rhodococcus erythropolis ISR15 -4.2 -18.8 20.5 17.1 6.6 1.2
Mycobacterium vaccae CSR16 -1.2 -9.7 -22.3 -23.2 -26.6 -24.1
Streptomyces mediolani CSR34 -28.1 -56.7 -26.2 -35.0 -21.3 -13.3
Streptomyces sp. CSR6 -28.1 -45.8 -26.2 -23.2 -31.8 -27.7
Streptomyces sp. CSE3 -28.1 -45.8 -30.0 -23.2 -26.6 -24.1
Streptomyces sp. CSR7 -28.1 -44.0 -24.9 -20.3 -2.1 10.8
Streptomyces mediolani CSR30 7.8 -24.2 -37.8 -40.9 -0.3 9.6
Streptomyces zaomyceticus 1ISR17 -10.2 -17.0 19.2 15.2 15.4 14.5
Streptomyces peucetius CSR27 -10.2 -11.5 14.0 16.1 -5.6 19.3
Alphaproteobacteria Thalassospira permensis CSE28 -28.1 -56.7 -45.6 -46.8 -37.1 -27.7

Figure 15. Heat map showing the mean percentage growth of HPMOs in bipartite Petri plates
relative to the control (n = 6). Bacterial strains: Lm (L. monocytogenes), Ec (E. coli), Se (S.
enterica). Time points: 3d (3 days) and 7d (7 days). The data are shown using a color scale,

ranging from green (-60%) to red (140%).
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Significant shifts in mVOCs profiles among HPMOs-inhibiting bacterial strains

The four bacterial strains (B. pumilus CSR28, Xanthomonadales sp. CSE34, S. champavatii
CSR4, and B. pseudomycoides CSE4) that demonstrated significant level of inhibition of
HPMOs in the bipartite in vitro assay were further analysed for their mVOCs using HS-SPME-
GC-MS. Not all selected strains demonstrated significant inhibition against all three HPMOs.
Therefore, the HS-SPME-GC-MS analysis was conducted based on the specific strains that
showed the highest significant inhibition against each individual HPMO. For each mVOC
produced by the selected bacterial strains, the absolute difference and significance (p < 0.05)
were calculated, according to % peak area, by comparison to the control samples containing
only TSA medium. Overall, the significant absolute differences (Figure 16) revealed that some
mVOCs were produced in higher amounts by the control samples, while others were more

abundant in the bacterial treatments.
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Figure 16. Heat map showing the significant absolute differences of mVOC between bacterial
treatments and the control (TSA medium only). Green or green-shaded values indicate higher
mVOC production compared to the control (TSA medium only), while red or red-shaded values

indicate lower mVOC production relative to the control.

Among the mVOCs analysed, dimethyl disulfide (DMDS) (CAS No. 624-92-0) emerged as a
particularly notable mVOC (Figure 17). This compound was significantly produced by CSE4
in monoculture (37.33%) and remained prominent in co-cultures with E. coli (32.426%) and S.
enterica (8.88%). Notably, DMDS was not significantly detected in the monocultures of the
tested HPMOs (E. coli, S. enterica, and L. monocytogenes). It was also detected, though at

much lower peak areas, in CSR28 monoculture (0.82%) and its co-culture with E. coli (1.26%).

dimethyl disulfide
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Figure 17. Relative dimethyl disulfide peak area (%) across all treatments (n = 3). Ec — E. coll,
Lm — L. monocytogenes, Se — S. enterica, CSE4 - B. pseudomycoides, CSE34 -
Xanthomonadales sp., CSR28 - B. pumilus, CSR4 - S. champavatii.

The compound hexane (CAS No. 110-54-3) (Figure 18) was prominently identified in the
HPMO monocultures of E. coli (19.494%) and S. enterica (27.18%), in the endophytic
bacterium CSE34 (19.25%), and in co-culture conditions involving CSR28 and L.
monocytogenes (32.68%).
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Figure 18. Relative hexane peak area (%) across all treatments (n = 3). Ec — E. coli, Lm — L.

monocytogenes, Se — S. enterica, CSE4 - B. pseudomycoides, CSE34 — Xanthomonadales sp.,
CSR28 - B. pumilus, CSR4 - S. champavatii.

Methylcyclopentane (CAS No. 96-37-7) (Figure 19) was primarily detected in the

monocultures of the HPMOs: E. coli (10.681%), L. monocytogenes (8.40%), and S. enterica
(10.75%). This mVOC also appeared in co-cultures: CSE4 with E. coli (9.82%), CSE34 with

L. monocytogenes (8.38%), and CSR28 with L. monocytogenes (14.85%).
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Figure 19. Relative methylcyclopentane peak area (%) across all treatments (n = 3). Ec — E.
coli, Lm — L. monocytogenes, Se — S. enterica, CSE4 - B. pseudomycoides, CSE34 —
Xanthomonadales sp., CSR28 - B. pumilus, CSR4 - S. champavatii.

Among all detected compounds, cyclohexane (CAS No. 110-82-7) (Figure 20) exhibited the
highest peak area percentages. It was abundantly present in the HPMOs (E. coli: 58.67%; S.
enterica: 53.26%; L. monocytogenes: 35.78%) and in monocultures of the endophytic and
rhizosphere bacteria (CSE34: 42.19%; CSR28: 34.87%; CSR4: 36.62%), with the exception of
CSE4, where it was not significantly detected. Cyclohexane was also prevalent in co-cultures
of L. monocytogenes with CSE34 (42.21%), CSR28 (38.84%), and CSR4 (67.69%), but was

notably absent in its co-culture with CSE4.
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Figure 20. Relative cyclohexane peak area (%) across all treatments (n = 3). Ec — E. coli, Lm —
L. monocytogenes, Se — S. enterica, CSE4 - B. pseudomycoides, CSE34 — Xanthomonadales
sp., CSR28 - B. pumilus, CSR4 - S. champavatii.

3-Methyl-1-butanol (CAS No. 123-51-3) (Figure 21) was observed in the monoculture of S.
enterica (6.02%) and unexpectedly in the co-culture of CSE4 with E. coli (7.16%), though it

was absent in the CSE4 and S. enterica co-culture.
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Figure 21. Relative 3-methyl-1-butanol peak area (%) across all treatments (n = 3). Ec — E. colli,
Lm - L. monocytogenes, Se — S. enterica, CSE4 - B. pseudomycoides, CSE34 -
Xanthomonadales sp., CSR28 - B. pumilus, CSR4 - S. champavatii.

Finally, nonanal (CAS No. 124-19-6) showed high abundance in the control samples (TSA-
only bottles). This is further supported by the heat map data (Figure 16), where negative peak
area values were primarily recorded in CSE34 monocultures and in its co-cultures with all tested

HPMOs, suggesting suppression or absence of nonanal production in these conditions.
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6. Discussion

6.1. Influence of chemical traits on HPMOs dynamics in saline marsh ecosystems

A comprehensive discussion to this topic is thoroughly presented in P1, Annex I (Marangi et

al., 2024).

This study analysed the impact of environmental conditions on the abundance of human
pathogenic microorganisms (HPMOs) on S. europaea, focusing on its chemical composition
and its rhizosphere and in bulk soils at old and young marsh sites in France. The lignin content
was consistently lower in plant shoots than in rhizosphere soil at both sites, confirming the
naturally low lignin levels in S. europaea and persistence cause accumulation in the soil. A
negative correlation was observed between lignin content and the abundance of S. enterica in
shoots, as well as between lignin content and E. coli in bulk soil, suggesting a possible
antimicrobial role of lignin or related compounds. Lipid content in plant material was positively
correlated with E. coli abundance, with most lipids assumed to originate from the plant, though

microbial contributions could not be excluded.

Additionally, several significant correlations were found between soil pH and HPMO
abundance. In bulk soil, E. coli, L. monocytogenes, and S. enterica all showed negative
correlations with pH, indicating reduced bacterial abundance at higher pH levels. In contrast, a
positive correlation was found between pH and L. monocytogenes colonization in the
rhizosphere soil. These findings suggest that pH plays a critical role in shaping microbial

populations in both soil types.

Saline soils, typical of S. europaea habitats, are generally unfavourable for HPMOs’ survival,
as salt has been shown to inhibit the growth and virulence of these pathogens. According to the
literature included in Marangi et al. (2024), higher NaCl concentrations generally inhibited the
growth of E. coli and its virulence-related traits. A 5% NaCl concentration significantly reduced
the growth of S. enterica, while a 7% NaCl concentration was the lowest to affect the growth
of L. monocytogenes. However, the study also considers the potential for increased HPMO
colonization in the future, as global climate change may raise soil temperatures to levels closer
to the optimal range for these bacteria. Overall, the results highlight the importance of plant and

soil chemical traits—particularly lignin, lipids, and pH—in influencing microbial colonization
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and underscore the need for further research to determine causal relationships through

inoculation experiments.

6.2. Gene expression and growth response of S. europaea to HPMOs under different

salinity conditions

The inoculation of HPMOs affected differently the plant colonization and its

growth parameters
Given that S. europaea shoots are eaten raw, the potential contamination of this plant by
HPMOs has to be analysed (Ozturk et al., 2018). This highlights the novelty of our
experimental design, research and results, particularly in the context of enhancing food security
through the utilization of halophytes. Previous studies on the potential colonization of different
plants, including S. europaea, by HPMOs have shown that various HPMOs can effectively
penetrate plant tissues and organs (Marangi et al., 2024). Notably, studies related to different
plants, such as radish, Arabidopsis, lettuce and tomato, assessed colonization by analysing plant
materials at intervals ranging from hours to days or up to two/three weeks post-inoculation (Gu
et al., 2011; Jacob et al., 2021; Szymanska et al., 2024). Through the use of both culture-
dependent and culture-independent methods, we demonstrated a notable decline in HPMOs’
growth by the fourth week post-inoculation, despite starting with an inoculum of millions of
cells (OD = 0.5) in sterile sand, with similar pattern observed in Szymanska et al. (2024).
Furthermore, although direct seed contamination with HPMOs is widely regarded as the most
effective approach to ensuring high colonization in various plant tissues and organs (Szymanska
et al., 2024), our study might have simulated an alternative scenario in which HPMOs were
unintentionally introduced into saline and non-saline soils, potentially via a contaminated
irrigation system in an agricultural field.
The variation in HPMOs infection across plants replicates may be attributed to biological
factors, such as natural plant genome variations that can influence how individual plants
respond to pathogens, leading to diverse infection outcomes (Saxena et al., 2014). To
comprehensively assess HPMOs abundance, we considered both biochemical properties
(selective media) and genetic material (bacterial DNA and plant RNA). We recognized that not
all detected L. monocytogenes colonies in selective media might represent human pathogens.
Missleading results can be caused e.g. by other Listeria species with same and/or similar shapes

and colours. Conversely, qPCR results, which utilized melting profiles for high specificity,
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might have been compromised by the presence of phenolic compounds in S. europaea during
the first eight weeks of growth, potentially leading to inhibition or inaccurate detection (Sidstedt
et al., 2020; Turcios et al., 2023). In general, column-based DNA extraction kits, such as the
one employed in our experiments, outperformed magnetic bead-based alternatives (Vojkovska
et al., 2015). The inherent complexity of food matrices, like that one of S. europaea—marked
by low concentrations of pathogens, diverse native endophytes, and varied sample
composition—makes isolating target organisms a significant challenge (Brehm-Stecher et al.,
2009; Kawasaki et al., 2011). A comparative study of DNA extraction kits found that, although
the PrepSeq Nucleic Acid Extraction Kit yielded higher amounts of DNA than other Kkits, it
resulted in complete PCR inhibition (Vojkovska et al., 2015). This indicates an insufficient
removal of PCR inhibitors—such as plant-derived polysaccharides, terpenoids, phenolic
compounds, and tannins—a limitation that might have been similar to our study using Plant and
Fungi DNA Purification Kit (Vojkovska et al., 2015). Therefore, for future experiments
involving bacterial DNA isolation from S. europaea, we recommend optimizing the lysis of
plant tissues and employing specialized kits capable of removing PCR inhibitors, such as
cetyltrimethylammonium bromide-spin-based protocols, in order to obtain more accurate
estimations of bacterial DNA content (Kiselev et al., 2023). In the analysis of plant growth
parameters, under both inoculated and uninoculated conditions, total plant weight exhibited a
consistent decline at the highest salinity level (200 mM NacCl), corroborating earlier findings
that elevated salt concentrations hinder S. europaea germination and early development (Ungar
et al., 1979; Calone et al., 2020; Cardenas-Pérez et al., 2022). Importantly, these results suggest
that the different types of inoculations tested did not provide a mitigation effect on the
adaptation of S. europaea to salinity. Our results shown that bacterial inoculation, particularly
with E. coli and L. monocytogenes, enhanced plant biomass at 50 and 100 mM NaCl, suggesting
potential growth-promoting—contrasting with findings in radish (Szymanska et al., 2024). The
plant growth observed in our inoculation treatments may be attributed to nutrient released from
dead HPMOs cells, a mechanism similar to that reported for different bacteria, where sonicated
and autoclaved bacterial cells promoted plant growth (Hayashi et al., 2022; Agake et al., 2022).
Notably, different non-pathogenic Staphylococcus strains have been shown to modulate stress-
responsive pathways and regulate ion homeostasis under saline conditions, thereby enhancing
maize growth (Shahid et al., 2019). Studies on Brassica napus shown that PGPB inoculation,
under salt stress, enhanced plant growth, water content, proline, and antioxidant activity, while
reducing electrolyte leakage and H>O> (Neshat et al., 2022). The plant growth promotion
observed in E. coli and L. monocytogenes treatments may be linked to the HPMOs’ ability to
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evade plant defence mechanisms by secreting virulence effectors that suppress PTI signalling
or escape recognition by pattern recognition receptors (PRRs) (Guo et al., 2009). While
suggestive, our evidences are insufficient to confirm that certain HPMOs possess PGPB-like
activity. Conversely, S. enterica reduced plant biomass at both 0 and 100 mM NaCl, indicating
a negative or pathogenic interaction that impairs growth regardless of salinity, in line with
previous studies (Klerks et al., 2007; Jayaraman et al., 2014; Deering et al., 2015; Szymanska
et al., 2024). These findings suggest that certain HPMOs can have beneficial effects on plant
biomass, while others may be harmful (Tyler and Triplett, 2008). This dichotomy highlights
the complex interactions between plants and HPMOs and underscores the importance of
understanding these relationships for potentially optimizing plant growth in challenging
environments. With regard to total bacterial counts, our results aligned with those of Szymanska
et al. (2024) using the culture-dependent method, showing higher total bacterial abundance in
roots than in shoots. However, qPCR results, in our analysis, revealed a higher 16S rRNA gene
copy number in shoots than roots. The physical characteristics of soil, particularly soil texture,
significantly impact the establishment and survival of pathogens (Obayomi et al., 2019). The
proportions of sand, silt, and clay in the soil affects the persistence of various pathogens. For
example, fine-textured clayey soils may facilitate pathogen survival due to their properties
(Obayomi et al., 2019), in contrast to the sterile sand in our study, which likely presents a less
favourable environment for pathogen persistence. However, it is worth to consider that in the
last decade, S. europaea extracts have been investigated for their antimicrobial properties
(Rahmani et al., 2022). Notably, the phenolic and other metabolite content in this halophyte has

been associated with antimicrobial activity against certain HPMOs (Castagna et al., 2022).

Plant transcriptomics analysis revealed connections with HPMOSs’ colonization in

shoots
The lack of E. coli PCM 2057 detection in both shoots and roots of treated plants, as determined
by selective media and qPCR, raises intriguing questions regarding its ability to associate with
plant tissues. Consistent with this, no significant differential gene expression was observed in
the shoots, further suggesting a limited or absent interaction. In contrast, E. coli PCM 2561 and
the pathogenic O157:H7 strain have demonstrated the capacity to colonize a range of plant
species, such as radish, leafy greens, fruits, and nuts (Deering et al., 2012; Szymanska et al.,
2024). Whether this colonization ability is a key determinant of pathogenicity remains unclear
and warrants deeper investigation. Although E. coli PCM 2057 has been studied extensively

for its antimicrobial activity and detection methodologies (Kosikowska et al., 2015; Zieniuk
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and Betkowska, 2021), its potential to colonize plants remains unexplored, with the exception
of the analysis presented in this thesis.

S. enterica was detected in both shoots and roots by selective media and qPCR, indicating
systemic colonization, in line with previous studies (Szymanska et al., 2024). The
downregulation of phosphoethanolamine N-methyltransferase in treated plants may suggest
disruption of key metabolic processes, which may underlie the negative effects on plant
growth. This finding aligns with previous observations in Triticum monococcum, where
inoculation with Blumeria graminis f. sp. tritici also led to its downregulation (Bhuiyan et al.,
2007). Despite these biotic stress responses, the enzyme is primarily associated with abiotic
stress conditions, such as drought (Chen et al. 2019; Wang et al., 2021). Interestingly, the
biosynthetic processes of choline and phosphatidylcholine have been found to be associated
with transcripts related to phosphoethanolamine N-methyltransferase. The methylation of
phosphoethanolamine to form phosphocholine, catalyzed by phosphoethanolamine N-
methyltransferases, has emerged as a crucial biochemical step in the synthesis of the major
phospholipid, phosphatidylcholine (Bobenchik et al., 2011). In plants treated with S. enterica
at 0 mM NaCl, the biosynthesis of pentacyclic triterpenoids is suppressed compared to non-
inoculated controls. The presence of these compounds in cuticular waxes across the
Brassicaceae family and other plants has been associated with resistance to the pest Plutella
xylostella, as noted by Augustin et al. (2011). Additionally, pentacyclic triterpenoids have
shown antimicrobial properties (Huang et al., 2012). It is noteworthy that the downregulation
observed in S. enterica-treated plants may be attributed to pathogen-induced alterations
disrupting normal biosynthetic pathways, as evidenced by comparison with non-inoculated
controls. In S. enterica-treated plants at 0 mM NaCl, the expression of XEH and/or XET was
suppressed compared to controls. This finding aligns with previous research demonstrating a
significant reduction in XET activity in fruits infected with Penicillium, relative to their
respective controls, as infection progressed (Munoz-Bertomeu and Lorences, 2014). In non-
inoculated plants, compared to those treated with S. enterica in 0 mM NaCl, there is an
upregulation of hydroquinone: oxygen oxidoreductase activity linked to the lignin catabolic
process. Notably, similar upregulation of hydroquinone: oxygen oxidoreductase activity has
been observed in plants following infection by Globodera pallida and Bacillus velezensis (Tao
et al., 2023; Varandas et al., 2024). In our study, the downregulation of the lignin catabolic
process in response to S. enterica treatment may be attributed to the enhanced biogenesis of
lignin, which serves to reinforce the plant cell wall in response to the pathogen, rather than its

degradation into monomers (Marangi et al., 2024). In the 100 mM NaCl variant, plants treated
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with S. enterica exhibited upregulation of cellular responses to extracellular stimuli, which
helps protect cells from the toxic effects of hydrogen peroxide (H20:). This observation
suggests that plants infected with S. enterica activated the production of H>O,, potentially
triggering programmed plant cell death during the hypersensitive response: this response might

have restricted the spread of infection (KuzZniak and Urbanek, 2000).

The discrepancy between the detection of L. monocytogenes in selective media and qPCR has
been previously discussed. However, our analysis of differential gene expression revealed
significant alterations in plants treated with L. monocytogenes compared to non-inoculated
controls. Similar to plants treated with S. enterica, L. monocytogenes treatment resulted in the
suppression of pentacyclic triterpenoid biosynthesis, a process linked to plant defense
mechanisms (Augustin et al., 2011). Furthermore, the gene encoding phosphoethanolamine N-
methyltransferase, which is involved in the biosynthesis of choline and phosphatidylcholine,
was downregulated in L. monocytogenes-inoculated plants. This effect is similar to that
observed in plants inoculated with Blumeria graminis f. sp. tritici (Bhuiyan et al., 2007).
Additionally, the expression of XEH and XET was suppressed in L. monocytogenes-treated
plants, aligning with previous research showing reduced XET activity in fruits infected with
Penicillium (Munoz-Bertomeu and Lorences, 2014). At 0 mM NaCl, L. monocytogenes
treatment led to the downregulation of the class I1I peroxidase subfamily, which plays a crucial
role in plant cell wall organization in response to both biotic and abiotic stresses (Duroux and
Welinder, 2003; Passardi et al., 2005; Yan et al., 2019). Conversely, inoculated plants exhibited
upregulation of cellular responses to extracellular stimuli, potentially protecting cells from
hydrogen peroxide toxicity. This suggests that plants infected with L. monocytogenes may
activate hydrogen peroxide production, triggering programmed cell death during the
hypersensitive response, which could restrict the spread of infection (Kuzniak and Urbanek,
2000). These findings highlight the complex interactions between L. monocytogenes and plant
hosts, involving both suppression of certain plant biosynthetic pathways and activation of
defence mechanisms. Understanding these interactions can provide valuable insights into how
plants respond to this pathogen and how these responses might be manipulated to enhance plant

resistance and food security.

6.3. Bacterial mVOCs as emerging bioactive agents: insights from S. europaea

microbiome and its inhibitory effects on foodborne pathogens
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The role of mVOCs in inhibiting human pathogens of major concern remains underexplored,
despite substantial progress in understanding their effects against phytopathogens (Wang et al.,
2021; Naz et al., 2022; Diyapoglu et al., 2022; Wang et al., 2023; Ling et al., 2023; Zhao et al.,
2023). In particular, the inhibition of HPMOs—such as E. coli, S. enterica, and L.
monocytogenes—via mVOCs has received limited attention in the current literature. These
pathogens are among the most critical agents of foodborne illness globally, posing severe risks
to public health and food safety (Bhatia et al., 2024). This study addresses this knowledge gap
by investigating whether endophytic and rhizosphere-associated bacteria from S. europaea L.,
a halophytic plant adapted to extreme environments (Puccinelli et al., 2024), can serve as
natural sources of antimicrobial mVOC:s. To test this, we employed a bipartite in vitro assay to
evaluate antimicrobial activity, in combination with HS-SPME-GC-MS for the identification

and characterization of volatiles.

Our results support earlier findings that B. pumilus CSR28 possesses antibacterial activity
against several HPMOs, such as S. enterica, E. coli, and L. monocytogenes (Chu et al., 2019;
Saggese et al., 2022). Those studies identified aliphatic alcohols and peptides as the main
antimicrobial compounds. However, we propose a different mechanism in the case of E. coli:
the elevated % peak area of dimethyl disulfide (DMDS) observed during co-culture suggests
that DMDS is a key metabolite responsible for the inhibition. This highlights a potential strain-
specific or target-specific shift in the mode of inhibition. Interestingly, no inhibitory mVOCs
were detected in cultures with L. monocytogenes, suggesting either an absence of effective

mVOC:s or a resistance mechanism in that species.

One of the most compelling findings of our study was the broad-spectrum inhibitory activity
exhibited by Xanthomonadales sp. CSE34 against all three tested HPMOs. To our knowledge,
no prior reports in the literature have documented this activity, indicating that this species may
represent a novel and previously unexplored biocontrol agent against HPMOs. Based on our
observations, the inhibitory effect could be attributed to the production of mVOCs such as
hexane, methylcyclopentane, and cyclohexane, which may play a key role in its antimicrobial

mechanism.

The antimicrobial potential of S. champavatii CSR4 remains somewhat ambiguous based on
current literature. In our study, however, this strain demonstrated significant inhibitory activity
against E. coli and S. enterica. Previous work supports its effect on E. coli, as an extract of S.

champavatii was found to inhibit certain strains (Ibrahimi et al., 2020), while others reported
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no inhibition (Pesic et al., 2013), suggesting that strain-level specificity may influence
susceptibility. Notably, no prior studies have reported inhibitory activity of S. champavatii
against S. enterica, making our findings a potential novel contribution. Cyclohexane was
detected in both monoculture of S. champavatii CSR4 and its co-culture with L. monocytogenes,
which may imply a potential inhibitory role. However, this compound was also detected in

HPMO cultures, which complicates the interpretation of its role in inhibition.

In our study, B. pseudomycoides CSE4 exhibited clear inhibitory activity against both E. coli
and S. enterica. Although this species has been previously reported to possess antimicrobial
properties, these were largely restricted to Gram-positive bacteria (Basi-Chipalu et al., 2015),
and to our knowledge, no prior studies have reported its effects on E. coli or S. enterica.
Notably, DMDS emerged as the predominant mVOC produced by B. pseudomycoides CSE4 in
both monocultures and co-cultures with E. coli and S. enterica, suggesting a strong correlation
between our bipartite in vitro inhibition assays and the HS-SPME-GC-MS mVOCs profiles.
Additionally, methylcyclopentane was detected in co-culture with E. coli, although this
compound was also present in monocultures of the HPMOs, complicating attribution.
Intriguingly, while cyclohexane was abundant in HPMO monocultures, it was significantly
reduced or absent in co-cultures with B. pseudomycoides CSE4, suggesting a potential

suppression mechanism that warrants further investigation.

It is not unexpected that certain mVOCs, included those reported in this thesis, are also
produced by endophytic or rhizosphere bacteria as a means of antagonism against
phytopathogens. Indeed, certain endophytic bacteria classified as plant growth-promoting
bacteria (PGPB), such as Pseudomonas stutzeri E25 and Stenotrophomonas maltophilia CR71,
have been shown to produce the antimicrobial mVOC dimethyl disulfide (DMDS), which
inhibits the mycelial growth of phytopathogens like Botrytis cinerea (Rojas-Solis and Santoyo,
2018). Using 16S rRNA sequencing, researchers have also identified bacteria from the genera
Bacillus and Enterobacter that promote tomato seed germination and seedling growth by
reducing B. cinerea colonization. These bacteria produce several mVOC:s, including 1-octyn-
3-o0l, 4-ethyl-, B-fenchol, benzene, m-di-tert-butyl, 2-undecanone, 3,3,5-trimethylbicyclo
[3.3.0] octan-2,8-dione, and 2-pentadecanone, 6,10,14-trimethyl (Chaouachi et al., 2021).
Massawe et al. (2018) identified B. velezensis and B. amyloliquefaciens as particularly effective
antagonists of Sclerotinia sclerotiorum. Among the most potent antimicrobial volatiles, 2-
undecanone demonstrated a 98% inhibition of mycelial growth. Other volatiles, such as

benzothiazole, 1,3-butadiene, and N,N-dimethyldodecylamine, also showed antibiotic activity,
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though to a lesser extent. Gao et al. (2017) further identified pyrazine (2,5-dimethyl),
benzothiazole, 4-chloro-3-methylphenol, and 2,4-bis(1,1-dimethylethyl)phenol as key

antifungal compounds.

Interestingly, we also observed that several mVOCs were emitted in notable quantities from the
TSA control medium itself, with nonanal being particularly abundant. This finding is consistent
with previous reports indicating that nonanal is a plant-derived compound known for its
antimicrobial properties. Studies have shown that nonanal, often found in plant extracts, can
exhibit inhibitory activity against various emerging plant pathogens (Oyedeji et al., 2005;
Zhang et al., 2017; Li et al., 2021). The detection of such biologically active volatiles in the
control medium carries important methodological implications. It suggests that components of
the medium—possibly plant-based hydrolysates or additives—may themselves serve as sources
of volatiles with potential bioactivity. As such, failure to account for these background
emissions could lead to overestimation of the effects attributed to microbial strains or
experimental treatments. Therefore, our results reinforce the critical importance of including
well-characterized and carefully controlled blanks in experiments investigating mVOC-
mediated bioactivities. This ensures that any observed antimicrobial effects are genuinely
attributable to the metabolites produced by the organisms under study, rather than to volatiles

inherently present in the growth medium.

By integrating microbial inhibition assays with metabolite profiling, this research provided new
insight into the antagonistic potential of underexplored microbial strains. The findings may
contribute not only to the development of mVOC-based biocontrol strategies in agriculture but
also to novel antimicrobial applications in food preservation and public health. To confirm and
quantify the antimicrobial potential of the selected mVOC:s identified in this study, further
investigations are essential using e.g. the disk diffusion method as a standardized and widely
accepted approach. This would involve testing each compound individually against the target
HPMOs—E. coli, S. enterica, and L. monocytogenes—to evaluate their inhibitory effects under
controlled conditions. Importantly, these assays should be conducted at a range of
concentrations to assess potential dose-dependent antimicrobial responses and to determine the
minimum inhibitory concentrations (MICs) for each mVOC. Such an approach would not only
validate the bioactivity suggested by our bipartite in vitro and GC-MS results but also help
distinguish the specific contributions of each mVOC. Moreover, incorporating synthetic
standards of the identified compounds could provide a reliable means of verifying activity,

enhancing reproducibility, and enabling comparisons with existing antimicrobial agents. These
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further investigations will be crucial for assessing the feasibility of mVOCs as novel biocontrol

agents or antimicrobial candidates in food safety and medical applications.
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7. Conclusions

The overarching aim of this PhD research was to explore the interactions between S. europaea
L., a halophyte of growing agronomic and nutritional interest, HPMOs, and the plant
endophytic and rhizosphere bacteria under various biological and environmental contexts.
Through a combination of microbiological, molecular, and chemical analyses, this work offered
new insights into the persistence, suppression, and ecological dynamics of HPMOs in saline
plant-soil systems. The findings presented across the included studies highlight several key
themes with direct relevance to food safety, biocontrol innovation, and sustainable agriculture

in saline environments.

According to hypothesis 1, this thesis examined the role of plant and soil chemistry in
modulating HPMOs’ abundance. Selective culturing and spectrometric analysis of plant shoots
and soils revealed multiple correlations between biochemical composition and HPMOs
presence. For instance, higher lignin content in shoots was associated with decreased abundance
of E. coli, likely due to lignin’s structural and chemical recalcitrance. Conversely, lipid-rich
tissues supported increased abundance of E. coli, suggesting exploitation of these compounds
as carbon sources via microbial lipolytic activity. On the soil side, soil salinity and pH were
leading controls of HPMOs levels, offering general and fundamental soil parameters for
enhancing food safety through soil management practices for saline sites. These results support
a model in which chemical and environmental variables act as natural regulators of microbial

colonization, with direct applicability to halophyte cultivation strategies.

According to hypothesis 2, this thesis demonstrated that S. europaea can support the transient
colonization of certain foodborne pathogens, particularly S. enterica subsp. enterica and L.
monocytogenes, while resisting colonization by non-pathogenic E. coli strain PCM 2057.
HPMOs presence declined significantly by the fourth week post-inoculation, yet was
accompanied by measurable changes in plant gene expression. Transcriptomic analysis
revealed suppression of biosynthetic pathways, including those related to triterpenoid
production and phosphoethanolamine N-methyltransferase activity—pathways typically
associated with plant defence and membrane function. In contrast, genes linked to reactive
oxygen species (ROS) metabolism, especially hydrogen peroxide-related responses, were

upregulated, suggesting activation of a hypersensitive-like response. These results confirm that
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S. europaea possesses innate immune strategies to cope with HPMOs and that bacteria of this

group can manipulate plant transcriptome during colonization.

According to hypothesis 3, this work both identified and selected endophytic and rhizosphere
bacteria associated with S. europaea that exhibit strong antagonistic effects against foodborne
pathogens. Using a bipartite in vitro assay coupled with HS-SPME-GC-MS, four bacterial
strains—B. pumilus CSR28, Xanthomonadales sp. CSE34, S. champavatii CSR4, and B.
pseudomycoides CSE4—were found to significantly suppress the growth of E. coli, S. enterica,
and L. monocytogenes. Volatile profiling identified DMDS as a key antimicrobial metabolite,
with consistent HPMOs’ inhibition across multiple assays. These findings provide compelling
evidence for the potential of naturally associated microbes and their mVOCs as sustainable
biocontrol agents. They also highlighted the untapped reservoir of antimicrobial activity present
in halophyte-associated microbiomes, which may be particularly well-suited to function under

saline conditions where traditional biological control agents are less effective.

In conclusion, this thesis underscores the complexity and promise of halophyte-HPMOs-
microbiome systems. By unravelling these dynamics, we not only gain tools for safer crop
production but also enrich our understanding of plant-microbe interactions in extreme
environments—insights increasingly relevant in the context of climate change and global food

security.
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8. Prospects for experimental validation

Future research should aim to:

. characterize the genetic basis of resistance against colonization with HPMOs within S.

europaea populations, leveraging genomic tools to identify resistant genotypes;

. develop field-scale applications for beneficial microbes and mVOCs, optimizing

delivery mechanisms for saline agriculture;

. explore synergistic effects of chemical and biological controls, including the design of

tailored cultivation substrates or bio-inoculants;

. assess risks of horizontal gene transfer and unintended ecological impacts of both

pathogens and introduced biocontrol strains under field conditions.
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Abstract: Salicornia europaea L. is a halophilic plant species belonging to Chenopodiaceae, whose
shoots are used as a vegetable. Since the shoots can be eaten raw, the objective of the present study
was to investigate possible controls on the abundance of human pathogenic microorganisms (HPMOs)
in the shoots as a health risk. For this reason, the molecular-chemical composition of shoots, site-
specific soil organic matter (bulk and rhizosphere), and soil pH and salinity were analyzed. Plant and
soil samples were taken from two test sites with differing salinity levels in France (a young and an
old marsh). We hypothesized that the chemical traits of plants and soils could suppress or promote
HPMOs and, thus, serve as risk indicators for food quality. The chemical traits of shoots and bulk
and rhizosphere soil were measured through thermochemolysis using gas chromatography /mass
spectrometry (GC/MS). The densities of cultivable HPMOs (Salmonella enterica, Escherichia coli, and
Listeria monocytogenes) were determined in plant shoots, rhizosphere soil, and bulk soil using selective
media. Negative correlations between lignin content in the shoots and the abundance of S. enterica,
as well as between lignin content in bulk soil and the abundance of E. coli, are explained by the
lignin-based rigidity and its protective effect on the cell wall. In the shoot samples, the content of
lipids was positively correlated with the abundance of E. coli. The abundance of E. coli, S. enterica,
and L. monocytogenes in bulk soil decreased with increasing soil pH, which is linked to increased
salinity. Therefore, soil salinity is proposed as a tool to decrease HPMO contamination in S. europaca
and ensure its food safety.

Keywords: human pathogenic bacteria; lipids; lignin; gas chromatography-mass spectrometry;

Salicornia europaen

1. Introduction

Salicornia europaea L. (also known as glasswort or sea asparagus) is a halophilic plant
species belonging to Chenopodiaceae [1,2]. It prefers temperate and subtropical climates [3,4].
This plant has an important economic value as a healthy food source [5] and is also used as
forage and in pharmaceutics and cosmetics [6,7]. It is increasingly grown in open fields and
greenhouses for edible or non-edible purposes, and can be irrigated with salt watet, sea
watet, or wastewater with a moderate to high salinity, which cannot be used for other crop
species [8]. Increasing soil salinity and scarcity of fresh water, which are the result of climate
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change and anthropic activities, make halophytic species an alternative food source for
which salt water is used [8]. The most important molecules commonly found in halophytes
are phenolic compounds, polysaccharides, and lipids [9]. Lignin is a phenolic polymer
that confers rigidity and protection to the cell wall [10,11]. It has been demonstrated
that plants under attack by pathogens have a higher lignin content due to increased
transcription of genes for lignin biosynthesis [12-14]. Lignin acts as a mechanical barrier
that restricts the spread of pathogens, such as pathogenic bacteria, within the extracellular
space of the plant tissues. When plants are under attack by pathogens, they induce
lignification, a process that strengthens the cell wall’s resistance to invasion [12]. Lipids
have an important role in conferring resistance to plants against their pathogens [15,16]
but are also produced in response to microbial colonization. During pathogen attack, the
plant lipid profile is altered, resulting in modifications to plant membrane fluidity and
lipid biosynthesis [17]. The genes that encode enzymes involved in lipid metabolism
are often upregulated upon infection, leading to synthesis, modification, or re-allocation
of lipid-derived molecules, which are crucial for establishing membrane integrity and
function during the infection process [18]. The special properties of halophytes can also
affect the level of infection by human pathogens of concern (HPMOs—human pathogenic
microorganisms), which is especially important when they can be consumed in unprocessed
forms, the preparation of which lacks steps to inactivate the pathogens [19]. Among the
many enteric pathogens associated with ready-to-eat fresh produce (RTEFP) contamination,
Escherichia coli, Salmonella spp., Listeria monocytogenes, and Bacillus spp. were the most
commonly reported in previously published studies [19]. Certain HPMO bacteria, such
as Salmonella sp. and E coli, use plants as vectors between animal hosts. These pathogens
adhere to the life cycle patterns of plant-associated bacteria and can establish themselves
in agricultural production areas, which may pose food safety risks, especially considering
global warming [20]. HPMOs were found to be able to colonize many parts of different
plant species including the epidermis, cortex, vascular tissue, pith, and apoplastic fluid
in spinach and peanut [21-24]. Until now, no studies have shown the colonization of S.
europaea by HPMOs. Furthermore, to the best of our knowledge, the relationships between
the composition of plant and soil organic matter (SOM) and the abundance of HPMOs
have not yet been investigated for §. europaea. Therefore, the aim of the present study
is to investigate the chemical composition of plant and soil material and the abundance
of HPMOs in order to deduce possible control tools for food safety in this regard. We
hypothesize that lignin and lipids might be indicators of a suppressed abundance of
HPMOs due to their role in plant protection and partly high resistance to decomposition.

2. Materials and Methods
2.1. Test Sites Description, Envirommental Conditions and Sampling

The plant and soil samples were collected at two test sites in France in October 2022,
which were selected based on the differing salinity levels between a young and an old marsh.
Three plots (1 m x 1 m) were delineated at each site, from which five plants were taken,
together with the soil adjacent to their roots (a total of 15 plants per site). The individual
plots were located at a distance of 5-10 m from each other. In addition, a bulk soil sample
(10 cm x 10 cm x 10 cm; approximately 200 g soil per sample) was taken at each site (a total
of five samples per plot). Each sample was stored in a plastic bag and sent immediately by
courier at 4 °C to the Department of Microbiology at Nicolaus Copernicus University in
Torun (Poland) for further analyses. All root samples were collected in accordance with
institutional, national, and international guidelines and legislation with the permission
of the General Director for Environmental Protection (DZP-WG.6400.13.2022. EP.1). One
test site (F1) was located in the estuary of L'llet in the municipality of Plurien (48.634379,
—2.415823), and the second site (F2) was located in a salt marsh in the municipality of
Beaussais-sur-Mer (48.582263, —2.159779). Both sites have a temperate oceanic climate
(sub-type Ctb in the Képpen classification) but differ in their history. F1 is an old, mature
salt marsh that developed from a sandy substrate (which is rather unusual for this type of
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habitat). It is dominated by Atriplex portulacoides, and Salicornia stands that occur along the
(natural) drainage creeks [25]. F2 is a recently (2020) created young salt marsh, developing
on a classical muddy substrate, where pioneer stands of Salicornia were found all over
the area.

2.2. Thermochemolysis and Pyrolysis-Gas Chromatography/Mass Spectrometry

For thermochemolysis, about 10 mg of plant material and 100 mg of soil, respectively,
were inserted into Pasteur pipettes (ISO 7712, 150 mm, [26]) with the tips broken off.
Tetramethylammonium hydroxide (TMAH) in water (25%) was added to the sample using
a microsyringe (30 pL for plant material and 60 pL for soil). Afterwards, the pipette was
connected to a second pipette filled with activated coarse charcoal and a small amount
of glass wool at the tip. The whole system was flushed with a nitrogen stream; 5 min
after adding TMAH, the sample was heated to 220 °C for 6 min using a hot air gun. After
allowing it to cool for 5 min, the sample was scratched into a 4 mL vial and both pipettes
were rinsed with 1.5 mL each of a dichlormethane /methanol mixture (4:1). The vial was
placed in an ultrasonic water bath of 35 °C for 5 min, after which the suspension was
allowed to settle for 55 min. For GC/MS, 1 uL from the upper part of the solution was
injected into a Thermo Scientific Trace 1310-GC (Thermo Fisher Scientific, Waltham, MA
USA 02451) equipped with a 60 m BP5 column (0.25 mm i.d., 0.25 um coating) at an injector
temperature of 300 °C. The carrier gas, helium 5.0, was set up with a constant flow of
1 mL min—L Following split injection for up to 45 s (splitless), the split ratio was 1:100
from 45 s up to 90 s and 1:5 from 90 s onward. The temperature program was set as
5 min at 100 °C, and was subsequently heated at a rate of 5 K min ! to 280 °C for a total
measurement time of 120 min. The GC was connected to a Thermo Scientific DFS magnetic
sector MS (Thermo Fisher Scientific, Waltham, MA, USA, 02451). The conditions for mass
spectrometric detection in the electron impact mode were as follows: 4.7 kV accelerating
voltage, 70 eV electron energy, 1.2 kV multiplier voltage, m/z 48-600 mass range, 0.5 s
(mass decade)™! scan rate, and 0.6 s interscan time. The identified single compounds were
summed into the compound classes of carbohydrates, lignin, and lipids. The peak areas
of each compound class to the total peak area of the carbohydrates, lignin, and lipids are
given in %. Peaks were assigned by comparing spectra with the NIST 2017 database using
Thermo Xcalibur version 2.2.

2.3. Abundance of HPMOs in Bulk Soil, Rhizosphere, Shoot and Root of S. europaen

Three plots (A, B, C) with five replicates per plot were considered for each site. Rhi-
zosphere and /or bulk soil (1 g) was transferred into falcon tubes for the next part of the
experiment. Separated plant organs (roots and shoots) were surface sterilised with 70%
ethanol (3 min), rinsed three times with 2% NaCl (1 min each time), treated with 7.5%
H>0O; (3 min), and washed three times with 2% NaCl (1 min each time). Then, dried shoots
and roots (1 g of fresh biomass) were homogenized in 2% NaCl (1:9 ratio) using a sterile
mortar and pestle. Serial dilutions for plant (10~1-10-2) and soil (10~1-10-3) samples
were prepared and 100 uL of dilutions were plated in triplicate on selective media for the
abundance of HPMOs: L. monocytogenes (Chromogenic Listeria acc. to Ottaviani and Agostii
LAB-AGAR™ Base and Chromogenic Listerin Supplement acc. to ISO 11290-1:2017 [27],
Biomaxima, Lublin, Poland), E. coli (E. coli Chromogenic Medium, Biomaxima, Lublin,
Poland), S. enterica (Chromogenic, Salmonella LAB-AGAR™ and Salmonelln Chromogenic
Supplement, EN-ISO 6579 [25], Biomaxima, Lublin, Poland), and B. cereus (B. cereus Selec-
tive LAB—AGAR™ Base and B. cereus Supplement, EN SO 7932:2004 [29], Biomaxima,
Lublin, Poland). The plates were incubated for seven (for 5. enterica, L. monocytogenes,
E. coli) and two days (for B. cereus) at 37 °C. The colony forming units (CFU) were counted
and calculated per 1 g of dry weight. The CFU g’l was transformed into logg.
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2.4. Bulk and Rhizosphere Soil Analysis

The soil samples were air-dried at room temperature and passed through a 2mm mesh
sieve to remove debris. Total carbon (Ct) and total nitrogen (N;) were determined using Ele-
mentar Vario CNS analyser (Elementar Analysensysteme GmbH, Langenselbold, Germany).
The calcium carbonate (CaCO3) content of the soil was determined by the volumetric
method using a Scheibler apparatus [30]. Total inorganic carbon (TIC) was calculated from
the calcium carbonate content. Total organic carbon (TOC) was calculated as the difference
between TC and TIC. Bic-available phosphorus (P¢;) was determined colorimetrically by
the citrate method using a Rayleigh UV-1601 spectrophotometer (Beifen-Ruili Analytical In-
strument Co., Ltd., Beijing, China) [31]. The saturated paste extracts were prepared accord-
ing to the methodology of van Reeuwijk [31]. The pH (CaCl,) was measured potentiometri-
cally using a CP-551 Elmetron pH meter. Electrical conductivity (EC) was determined at
25 °C using the conductometric method with a CPC-401 conductivity meter (Elmetron Ltd.,
Zabrze, Poland). The concentrations of Mg and Ca were determined by atomic absorption
spectrometry (AAS), while the concentrations of K and Na were determined by optical
emission spectrometry (OES) using a SOLAAR Unicam 969 (Unicam Ltd., Cambridge,
UK) flame spectrometer. The concentration of bicarbonates (HCO; ™) was determined by
titration with 0.1 M HCI [32]. The concentration of sulphate (504%7), chloride (C17), and
bromide (Br™) was determined by ion chromatography using a Thermo Scientific Dionex
Aquion system (Thermo Fisher Scientific Inc., Waltham, MA, USA, 02451). Soil texture was
measured using 10 g of bulk soil from each test site as follows: Carbonate was dissolved in
the soil sample taken from the young marsh by incubation in a 1:3 dilution with 10% HCl
for 60 min. This suspension was filtrated, and the filtrate was collected in a tube, to which
NH;" oxalate was added. For the organic matter destruction, 10 mL bi-distilled water
(H20pigest) and about 300 to 500 mL H>O; (30%) were added to the remaining soil under
heat (ca 95 “C) for approximately 2 weeks (until no reaction was visible). The resulting
dry samples were then transferred to new vessels. For sedimentation preparation, the
remaining soil was weighed, and 25 mL pyrophosphate (0.1 M) was added to the sam-
ples, mixing the solution thoroughly. Disaggregation was carried out in a supersonic bath
(15 min in HyOy;yeqt)- For the final step, sedimentation, the samples were transferred toa 1L
cylinder, with HyOy;qes; added, and placed in a Sedimat instrument (Sedimentation device;
Sedimat 4-12 Umwelt-Geriite-Technik GmbH (Hallbergmoos, Germany). Sedimentation
took place in a 25 °C water bath for one night. The instrument automatically separated the
silt and clay fractions and transferred them to vessels of known mass, where the samples
were dried and weighed. The remaining soil in the cylinder was transferred to a sieve
(0.063 mm mesh size) to determine the sand fraction. Finally, the total texture fraction
composition was calculated.

2.5, Statistical Analyses

The results showing the abundance of HPMOs in the selective media, the % peak
area of lipids and lignin from GC/MS, and the log pH values of bulk soil and rhizosphere
soil samples were analysed by evaluating the Pearson coefficient of correlation (r) and
the significance of correlation (p < 0.05) in R 5.2-0 (RStudio, Hmisc package). Statistical
analyses of carbohydrate, lignin, and lipid content in shoots, bulk soil, and rhizosphere soil
were performed using R (RStudio, agricolae package) in order to mark the significance:
the raw data were normally distributed in all variants (Shapiro-Wilk test, p > 0.05); the
equality of variance was performed according to Levene test (p > 0.05); the significance
was evaluated using one-way ANOVA analyses and the Tukey test (p < 0.05). Correlation
graphs were calculated in R version 4.4.0 with package corrr 0.4.4.

3. Results

At the old marsh site, the bulk soil and the rhizosphere soil were slightly alkaline
(pH 7.4-7.8) with the exception of rhizosphere soil at plot A (neutral, pH 6.6-7.3). At the
young marsh site, the bulk soil was slightly alkaline (pH 7.4-7.8) while the rhizosphere soil
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was moderately alkaline (pH 7.9-8.4) (Table 1). With regard to electrical conductivity at the
old marsh site, the bulk soil was moderately saline (8 < EC < 16 mS em ™1 and the rhizo-
sphere soil was strongly saline (EC > 16), with the exception of plot C (moderately saline,
8 < EC < 16). At the young marsh site, the bulk soil was strongly saline (EC > 16) and the
rhizosphere soil was moderately saline (8 < EC < 16).

Table 1. Physicochemical parameters of the bulk and rhizosphere soils (RS) at an old, mature salt
marsh (OM) and a recently (2020) created salt marsh (YM) in France (mean values and standard
deviations values are presented). Significant differences (p < 0.05, one-way ANOVA with Newman-—
Keuls post hoc comparisons) between sites (OM, YM)) are marked by different letters. The following
parameters are included: Carg—organic carbon, Ni—total nitrogen, the C:N ratio, the calcium
carbonate (CaCOj3) content, the P.jp—concentration, the pH values, the electroconductivity (EC),
the chloride—(Cl™), sulfate—(SO4>~), hydrogen carbonate—(HCO3 ™), bromide—(Br ™), calcium-,

magnesium, sodium, and potassium concentrations.

Old Marsh Soil Old Marsh RS Young Marsh Seil Young Marsh RS
Corg (%) 18+16a 12=+2a 28+06a 37=x02a
Ni (%) 02+ 01ab 02+01b 04 +0ab 04+0a
CN 72+31a 43 +54a 76+ 07a 85+ 0.6a
CaCO;3 (%) 69+21c 132+ 38¢ 275+£07b 354+28a
Peitr (mg kg™ 1) 257 £ 72.8b 1474 +126b 4138+ 795a 2858 & 12.6 ab
pH 7.6+ 0.1ab 75+ 03ab 75+01b 81+01a
EC mScm 1) 104+ 16b 156 £ 63 ab 244+ 23a 141+16b
Cl- (mgL™!) 2933.8 £ 4888 b 49105 + 2385.9 ab 77451 + 1067.1a 44355 + 820.6 ab
5042~ (mg L) 405+ 741D 638.6 - 286.6b 24094 + 271.7 a 72154+ 1163 b
HCO; (mgL1) 2526+ 58b 4626+ 742a 4396+ 42a 4274 +69a
Br~ (mgL~!) 97+25b 185+£82ab 229+ 24a 13+ 22ab
Ca(mgL™) 638+ 268b 73.8 £335b 5477 £ 763a 156 £ 20b
Mg (mg L 1) 959+ 366b 1312+ 706b 5497 £ 6l.6a 2339+354b
Na(mgL™h 964.6 + 351.1b 1418.5+ 681D 37535+ 359.7a 17954 + 293.8 b
K(mgL 1) 714+ 656a 749 £ 295a 1603 £ 29.2a 1548+ 14a

The soil texture at the OM site was loamy sand/clayey sand while that at the YM site
was loamy silt/clayey silt (Table 2).

Table 2. Proportions of particle-size fractions (%) and classification of the bulk soil texture at an old,
mature salt marsh (Old marsh) and a recently (2020) created salt marsh (Young marsh) in France.

Particle-Size Fraction Old Marsh Young Marsh
Clay 13.9 18.7
Fine silt 2.9 3.2
Medium silt 46 126
Coarse silt 17.9 419
Fine sand 60.7 236
Texture class Loamy sand/clayey sand Loamy silt/ clayey silt

Statistical analyses of carbohydrate, lipid, and lignin content in shoots, bulk soil,
and rhizosphere soil for the two sites (old marsh and young marsh) (Table S4) in France
revealed no statistically significant differences in carbohydrate content across all sample
types and locations (Figure 1a). However, lignin content analysis (Figure 1b) yielded
significant differences (p < 0.05) between shoots and rhizosphere soil at both test sites.
Notably, the thizosphere soil consistently exhibited the highest lignin content, while shoots
had markedly lower levels. Furthermore, a significant difference (p < 0.05) in lipid content
was observed between bulk soil samples from the two test sites (Figure 1c). Specifically, the
bulk soil at the young marsh site contained a higher concentration of lipids compared to
the old marsh site.
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Figure 1. Relative abundance (% peak area) of (a) carbohydrates, (b) lignin, and (c) lipids in shoots,
rhizosphere soil, and bulk soil as mean values with standard deviation at an old, mature salt marsh
(Old marsh) and a recently (2020) created salt marsh (Young marsh) in France. Different letters
indicate significance of differences between samples.

In shoots (Table S1), the abundance of 5. enterica was negatively correlated with the
content of lignin (p = 0.0130; r = —0.82) (Figure 2a), while the abundance of E. coli was
positively correlated with the content of lipids (p = 0.0304; r =0.75) (Figure 2b).

W =3
5 5 -F:D\.,\ 2
g 4 * = 24 y=01487x-85
g3 y= 0,084 + 5 5969 = ¥ R = 0 5606
k3] Rt = 0.6701* s
= 2 S
S w
wi 1
0+ 0+ .
0 5 10 15 20 25 50 55 60 65 70 75 80 8
Lignin (% Peak area) Lipids (% Peak area)

Figure 2. Correlation between (a) the log (CFU g=1) of S. enterica and the lignin (% Peak area) content
in shoots of 5. europaea; and (b) between the log (CFU g~1) of E. coli and the lipid (% Peak area)
content in shoots of S. europaen. * means significance level of correlation coefficient is 0.05
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In the data set from bulk soil samples (Table 53), lignin content (% peak area) was
negatively correlated (p = 0.0494; r = —0.81) with the abundance of E. coli log (CFU g_l)
(Figure 3a). Furthermore, pH values and the abundance of E. coli (p = 0.0306; r = —0.85)
(Figure 3b) and of L. monocytogenes (p = 0.0013; r = —0.97) (Figure 3c) and S. enterica
(p = 0.0283; r = —0.86) (Figure 3e) were negatively correlated. In the rhizosphere soil
(Table 52) we found a positive correlation (p = 0.0356; r = 0.84) between the colonisation den-
sity of L. monocytogenes and the pH (Figure 3d). The correlation network graph (Figure 3f)
visualizes that there were strong and weak relationships between the data determined for
the bulk and rhizosphere soil samples.

g Buksoil @ Bulksoil ~ ®
o 4 ™4
2 ' ]
G 3 o3l
S ol Z21 y=_2612x+2313
8 g * 8 4] RE=07283 . !
wi w

0+ ; : R : ;

0 10 20 30 40 50 085 087 0875 088 0885
Lignin (% Peak area) log (pH)

i =
z 2
G5 Bulk soil (© S5 Rhizosphere soil oo (d
2y 2y 2
8 \.\l 4 . .
g? 3
g g =3193x+ 247
52| y=-m0xe522 52 2 07084
S 14 RI=00416 51 '
E E
-0 T T T  ~i 7

0865 087 0875 088 0885 0B85 086 087 088 089 09 091 092

log (pH) log (pH)

&9 Bulk soil () e @
25
E L] ' Se_bulk
S 4 b o
23 « $ e PVENY.
@ i - .lf.,‘nnu .
£ 2] y=-1909x + 171.1 . - .
E 11 R2=0.7383
w

0855 087 0875 08 0885

log (pH) .

Figure 3. Correlation between the lignin content (% peak area) and the abundance of E. coli log
(CFU g~ 1) (a), between the pH and E. coli log (CFU g~') (b), between the pH value and L. monocy-
fogenes log (CFU g~ 1) (c), and between the pH value and 5. enferica log (CFU g~!) (e), and in the
rhizosphere soil, between the colonisation density of L. monocytogenes log (CFU g—1) and the pH (d),
and visualization of interdependencies between these data in a correlation network graph (f).

4. Discussion

The abundance of HPMO:s is affected by environmental conditions and the specific
controls for defined bacterial species were investigated in the present study. The results
of the present study focus on soil characteristics and microbial dynamics in old marsh
and young marsh sites in France, as well as on their potential implications for HPMOs.
According to our results (Figure 1), the lignin content found in shoots was lower than in
the rhizosphere soil, suggesting both that S. enropaea has a low lignin content and that the
rhizosphere soil is a complex system where the activity of the plant roots plays a crucial
role. This is confirmed by the same significant difference at both sites analysed in France.
The low lignin content in S. europaea (Figure 1) confirms results reported by other studies
where S. europaea was compared to other halophilic plants [33,34]. Until now, no studies
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have shown the colonization of 5. europaea by HPMOs. Furthermore, to the best of our
knowledge, the relationships between the composition of plant and soil organic matter
(SOM) and the abundance of HPMOs have not yet been investigated for S. europaea. The
negative correlation between lignin content and the abundance of 5. enterica in shoots of
S. europaea and between the abundance of E. coli and lignin content in bulk soil suggest that
lignin or associated compounds may have antimicrobial properties against these pathogens.
Indeed, polyphenols in lignin can damage bacterial cell walls, causing lysis and leakage
of internal fluids [35]. While lignin’s role in plant defence against plant pathogens is
documented as explained in detail below, the impact of lignin on HPMOs within plant
tissues has still not been tested. Lignin has been reported to confer resistance to both
abiotic and biotic stress [36]. Among these, the growth of plant pathogens was inhibited in
plants with high lignin presence [37]. Interestingly, the attack of plant pathogens stimulates
the plants to produce more lignin to reinforce their cell walls and block the traffic of the
plant pathogens [12,38]. In halophilic plants like 5. europaea, lignin plays a crucial role
in strengthening the cell wall in response to salt stress [39,40]. It has been demonstrated
that Bacillus subtilis, under specific saline conditions, increased the quantity of lignin in
common bean roots, strengthening the cell walls, which was connected to a better plant
growth and reduction of oxidative damages [41]. The transcriptomic profile of Eutrema
salsugineun, another halophilic plant, revealed that salt stress led to the over-expression of
lignin-biosynthesis genes, suggesting that enhanced lignin accumulation could have an
active role in response to a salt environment [42]. Quantitative trait loci (QTLs) analyses
revealed that crown rust resistance mapped onto LG3 and LG7 loci; coincidentally, those
mapped genes were connected to cell wall development, including lignin biosynthesis [43].
Interestingly, the importance of lignin is not only linked with stronger immune systems for
plants, but also with healthy diet for humans, since lignin derivatives can reduce blood
cholesterol, obesity, and diabetes [44]. Moreover, we found a positive correlation between
the lipids content and abundance of E. coli in the plant material (Figure 3). We assume
that the majority of lipids originate from the plant; however, a potential contribution
from the bacterial biomass to the total lipid content cannot be ruled out. The above cor-
relation might be based on adequate changes in the plant membrane composition and
in its fluidity [15]. Lipids, including phospholipids and sphingolipids, are not only in-
volved in plant development and membrane fluidity, but can also confer salt tolerance in
S. europaea [45]. One particular lipid molecule—phosphatidylserine—protects cells from
biotic and abiotic stress, including pathogens and salinity, respectively [46,47]. Cuticular
lipids serve as messenger molecules during pathogen attack [48,49]. A significant contri-
bution of plant bacteria to total lipid content has been reported [50]. Human pathogenic
bacteria, such as E. coli, Salmonella spp., and L. monocytogenes, have demonstrated remark-
able adaptability in colonizing plant surfaces and, in some cases, internalizing within plant
tissues [51]. The presence of these pathogens in fresh produce has been a persistent concern
for public health, leading to numerous foodborne illness outbreaks worldwide. However,
to the best of our knowledge, no studies have shown if and how the above bacteria interact
with S. europaea. Understanding the factors that generally influence the abundance of
these bacteria in plants is crucial for developing effective strategies to enhance food safety.
Moreover, saline soils are less likely to be colonized by HPMOs, as salt has been previously
identified as an inhibitory factor for these pathogenic bacteria [52-54]. Increased NaCl
concentrations typically inhibit the growth of E. coli and its virulence-related traits, includ-
ing biofilm formation, oxidative resistance, and motility [52]. A 5% NaCl concentration
significantly decreased the growth of 5. enterica, whereas the lowest concentration that
affected the growth of L. monocytogenes was 7% NaCl [53,54]. However, we must also
consider situations where HPMOs might promote plant growth, e.g., by improving the
nitrogen nutrition of plants [55]. It is possible that the presence of HPMOs will increase as
changes in global climate raise the temperature of soils close to body temperature, which
is the optimal temperature for HMPO growth [55]. Thus, in summary, the relationships
between plant and soil chemistry and their microbial colonization are fundamental controls
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for food quality and will become even more important due to global climate change. The
ongoing challenge will be to divide causal and successive changes in chemical plant traits
in response to colonization by HPMOs in subsequent inoculation experiments.

5. Conclusions

The new insights into the relationships between the molecular-chemical composition
of 5. europaen L. shoots and soils and the abundance of HPMOs confirm that the method-
ological approach using selective media and mass spectrometric analyses of plant and soil
materials was suitable and can be recommended in forthcoming studies. Our findings
suggest that plants” chemical composition and environmental factors play crucial roles
in controlling HPMO populations, with potential implications for food safety. the key
findings from our research are as follows: (i) lignin content indicates a protective role of
lignin against some HPMOs; (ii) the negative correlation of E. coli abundance with lignin
content in bulk soil indicates a possible direct suppressing effect of soil organic matter
composition, as bacteria cannot use lignin as a carbon source; (iii) the positive correlation of
lipid content in shoots with the abundance of E. coli points to the use of lipids as a carbon
source due to their lipolytic enzymes; (iv) the higher soil pH values and salinity associated
with lower contamination levels by E. coli, 5. enterica, and L. monocytogenes in bulk soil
underscore the potential of these fundamental soil parameters as simple natural tools
for enhancing food safety in 5. enropaea cultivation. Further research is recommended to
explore the mechanisms behind these correlations and to investigate potential applications
in agricultural practices. This knowledge could lead to improved cultivation methods and
risk assessment strategies for 5. europaen and potentially other halophilic crops, contributing
to safer food production in saline environments.
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enterica, Listeria monocytogenes and Bacillus cereus with % peak area of carbohydrate, lignin, and lipid
content and log pH in rhizosphere soil; Table S3: logyy CFU g~! of Escherichia coli, Salmonella enterica,
Listeria monocytogenes and Bacillus cereus with % peak area of carbohydrate, lignin and lipid content
and log pH in bulk soil; Table S4: Carbohydrate, lignin, and lipid content at two sites in France.
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Addition of References Citations

In the original publication [1], references number 30-32 were not cited. The citation has
now been inserted in Section 2.4 “Bulk and Rhizosphere Soil Analysis”, the first paragraph,
and should read as follows:

The soil samples were air-dried at room temperature and passed through a 2 mm
mesh sieve to remove debris. Total carbon (Ci) and total nitrogen (N;) were determined
using Elementar Vario CNS analyser (Elementar Analysensysteme GmbH, Langenselbold,
Germany). The calcium carbonate (CaCO3) content of the soil was determined by the
volumetric method using a Scheibler apparatus [30]. Total inorganic carbon (TIC) was
calculated from the calcium carbonate content. Total organic carbon (TOC) was calculated
as the difference between TC and TIC. Bio-available phosphorus (P¢;) was determined
colorimetrically by the citrate method using a Rayleigh UV-1601 spectrophotometer (Beifen-
Ruili Analytical Instrument Co., Ltd., Beijing, China) [31]. The saturated paste extracts were
prepared according to the methodology of van Reeuwijk [31]. The pH (CaCly) was mea-
sured potentiometrically using a CP-551 Elmetron pH meter. Electrical conductivity (EC)
was determined at 25 "C using the conductometric method with a CPC-401 conductivity
meter (Elmetron Ltd., Zabrze, Poland). The concentrations of Mg and Ca were determined
by atomic absorption spectrometry (AAS), while the concentrations of K and Na were
determined by optical emission spectrometry (OES) using a SOLAAR Unicam 969 (Unicam
Ltd., Cambridge, UK) flame spectrometer. The concentration of bicarbonates (HCO; ™) was
determined by titration with 0.1 M HCI [32].

In addition, references citations [29,30] should be changed into [33,34] in Section 4.
With this correction, the order of some references in Section 4 has been adjusted accordingly.
References 52-55 should also be added as outlined below.
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Table 1. Sequences of probes used for rRNA depletion from total RNA.

Appendix 11

Probe name Sequence Target rRNA
i Mitochondrial 16S
mit1 GAGCCTCTTTTCTTTCTGCCTAGCTCCC hondn
mit2 ACGCACCCGTTCGCCACTTTGTTCTC  Mitochondral 165
mit3 GTCCTGTCATGATCGCGCACTCAACG  Miochondrial 165
mitd CGACTTTCACTTTCAACCCGATTCACCG Mltoc};%l\?:al 165
mit5 GATCCGTGTAGACCAAGGGCGAACAC ~ MHtochondral 165
mit6 GGCTCCTTGGCTCACTTCGGTTGC Mltoc};;‘;\?zal 165
mit7 CCATTGTAGCACGTGTGTGGCCCAG Mltoc&;‘;ﬁzal 168
chil GGATTCCTCCTTTTGCTTCTCAGCCT Chloroplast 165
chI2 GATAGTTTCCACCGCCTGTCCAGGG Chloroplast 165
ACAACACTGCACGGGTCGATACGCACAG  Chloroplast 163
chl3
C rRNA
chl4 CTGTTCAGGGTTCCAAACTCAACGT Chlorrfl’{l’;lajit 165
chl5 GAACTGAGGACGGGTTTTTGGGGTTAG ~ “MOIoRst 165
chl6 GTCACTAGCCCTGCCTCCGGCATCC Chloroplast 165
nucl GAGCCATTCGCAGTTTTACAGTCTGA Nuclear 185
nuc2 CCTCCAATGGATCCTCGTTAAGGGAT Nu‘;‘}‘zﬁggs
nuc3 CCCATGCTAATGTATACAGAGCGTAGGC NS 189
nuc4 AGTTTCAGCCTTGCGACCATACTCCC Nuclear 185
nucs CTAAGAACGGCCATGCACCACCACC Nuclear 185
nuc6 CCGTGGCCTAAAAGGCCATAGTCCCTC Nuclear 185
nuc? TCACCGGACCATTCAATGGGTAGGAG Nuclear 185
nucs CCCTCGCGGTACTTGTTCGCTATCGG Nuclear 285
nuc9 GACTCGCACACATGTCAGACTCCTTG Nuclear 285
nucl0 CATCCCGCATCGCCAGTTCTGCTTAC Nuclear 288
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rRNA

nucll GCAAGTGCCGTTCACATGGAACCTTTCC N“ﬂf;{fgs
nucl2 GGATTCCCCTTGTCCGTACCAGTTCTGA N“ﬂf;{fgs
nucl3 AACTCCCCACCTGACAATGTCCTCCG N“ﬂf;{fgs
nucl4 TCTAAACCCAGCTCACGTTCCCTATTGGT Nuclear 283

rRNA
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Appendix III
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Figure 1. E. coli counts (gene copy number ng') were measured through qPCR analyses in the
shoots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM (c), and 200
mM NaCl (d). The results were compared between E. coli-treated plants (Ec) and non-
inoculated controls (Control = Ct). Statistical significance was determined at p < 0.05.
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Figure 2. E. coli counts (gene copy number ng™') were measured through qPCR analyses in the
roots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM (c), and 200 mM
NaCl (d). The results were compared between E. coli-treated plants (Ec) and non-inoculated
controls (Control = Ct). Statistical significance was determined at p < 0.05.
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Figure 3. L. monocytogenes counts (gene copy number ng ') were measured through qPCR
analyses in the shoots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM
(c), and 200 mM NacCl (d). The results were compared between L. monocytogenes-treated plants
(Lm) and non-inoculated controls (Control = Ct). Statistical significance was determined at p <

0.05.
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Figure 4. L. monocytogenes counts (gene copy number ng ') were measured through qPCR
analyses in the roots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM
(c), and 200 mM NacCl (d). The results were compared between L. monocytogenes-treated plants
(Lm) and non-inoculated controls (Control = Ct). Statistical significance was determined at p <
0.05.
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Figure 5. S. enterica counts (gene copy number ng ') were measured through qPCR analyses in
the shoots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM (c), and 200
mM NacCl (d). The results were compared between S. enterica-treated plants (Se) and non-
inoculated controls (Control = Ct). Statistical significance was determined at p < 0.05.
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Figure 6. S. enterica counts (gene copy number ng ') were measured through qPCR analyses in
the roots of S. europaea at varying salinity levels: 0 mM (a), 50 mM (b), 100 mM (c), and 200
mM NaCl (d). The results were compared between S. enterica-treated plants (Se) and non-
inoculated controls (Control = Ct). Statistical significance was determined at p < 0.05.
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