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Abstract

Background Plasma-activated water (PAW) is a recently developed cutting-edge technology that is increasingly
gaining interest for its applications in medicine, food industry and agriculture. In plant biology, PAW has been shown
to enhance seed germination, plant growth, and plant resilience against biotic and abiotic stresses. Despite increasing
knowledge of the beneficial effects exerted by PAW on plants, little information is currently available about how this
emerging technology may affect mutualistic plant-microbe interactions in the rhizosphere.

Results In this work we investigated the impact of irrigation with PAW, generated by a plasma torch, on arbuscular
mycorrhizal (AM) symbiosis. Roots of the model legume Lotus japonicus expressing the bioluminescent Ca** reporter
aequorin responded to treatment with PAW 5’ (obtained by 5 min water exposure to plasma) with the immediate
induction of cytosolic and nuclear Ca?* signals, indicating that Ca?*-mediated signalling is one of the earliest

cellular responses to PAW. The long-lasting elevations in intracellular Ca?* levels were not found to alter cell viability.
Quantitative analyses of AM fungal accommodation in the host plant roots along with phosphate accumulation in
leaves, as well as chemical analysis of N, C, S in shoots, showed that treatments with PAW play a modulatory role on
plant AM symbiotic performance, in a manner dependent on the time interval of water exposure to the plasma and
on the duration of plant treatment with PAW. In particular, irrigation with PAW 5'increased fungal colonization after 4
weeks, leading to a significant increase in leaf phosphate content after 7 weeks.

Conclusions Our findings reveal that PAW enhances AM symbiosis by facilitating early fungal accommodation

in roots and subsequently increasing phosphate content in leaves at later stages. A better understanding of the
mechanisms underlying the effects of PAW on the plant microbiome may drive research towards a fine-tuning of this
novel green technology to maximize its beneficial effects in the context of a more sustainable agriculture.
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Introduction

The world’s increasing demand for food, combined with
limited natural resources and rising concerns about the
environmental impact of food production, is driving the
search for innovative technological solutions in agricul-
ture and food systems. In this context, plasma-activated
water (PAW) is emerging as a promising technology with
the potential to tackle these pressing challenges. PAW is
generated by exposing water (or other liquids) to atmo-
spheric non-thermal plasma, i.e. an ionized gas charac-
terized by relatively weak ionization with electrons at
higher temperature than heavy particles (e.g. ions, mole-
cules, radicals). The condition of non-equilibrium favours
the presence of excited chemicals which, when interact-
ing with water, result in a wide range of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) with
varying half-lives, ranging from days or longer for long-
lived species to less than 1 s for short-lived ones [1, 2].
The rich mixture of chemicals has been shown to stimu-
late biological responses when applied to living systems
[3, 4]. In particular, the resulting PAW is increasingly
seen as a safe, rather inexpensive, and eco-friendly alter-
native that may reduce the use of pesticides and fertiliz-
ers in agriculture, thanks to its antimicrobial/disinfection
properties as well as to its effects on the improvement of
seed germination and plant growth [5-7]. Moreover, the
ability of PAW to mildly induce plant defence responses,
effectively boosting plant resistance against subsequent
pathogen attacks (a pre-alert state termed “priming”) is
leading the research towards the fine-tuning of this novel
“green” technology to maximize its beneficial effects in
the context of a more sustainable agriculture, according
to the Farm to Fork strategy [5, 8, 9].

A relevant subject of potential great impact, but rather
unexplored so far, is how PAW treatment may impact
beneficial plant-microbe interactions in the rhizosphere.
The arbuscular mycorrhizal (AM) symbiosis, established
between most land plants and Glomeromycotina fungi
[10], and the symbiotic nitrogen fixation, a mutualistic
interaction between legumes and rhizobia [11], positively
influence plant growth, by improving plant mineral nutri-
tion and increasing plant tolerance to abiotic and biotic
stresses [12]. In addition, they offer ecosystem services
in natural and agricultural environments. In the cur-
rent context of growing environmental concerns, AM
and nitrogen-fixing symbioses play a key role in ecosys-
tem functioning and environment restoration [10, 12,
13]. The double symbiotic aptitude in staple leguminous
crops raises great interest in sustainable agriculture to
feed the growing global population. Moreover, increas-
ing threats to crops by the ongoing climate change and
their consequences on soil nutrient and water availabil-
ity made the modulation of plant-microbe symbioses an
urgent strategy to strengthen plant tolerance to abiotic
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stresses and enhance plant development [14]. As these
symbiotic associations are crucial to overall plant health
and productivity, understanding how PAW and in general
plasma-based treatments may affect them is fundamental
for large scale agricultural implementation of this inno-
vative technology. It has recently been demonstrated that
pre-sowing treatment of soybean, pea and lentil seeds
with non-thermal plasmas resulted in the enhancement
of nodulation and biological nitrogen fixation [15, 16].
Moreover, novel approaches for industrial-scale nitrogen
fixation based on atmospheric plasma, implying lower
energy consumption than the traditional Haber-Bosch
process, are currently under investigation [17].

Plasma-activated water (PAW), generated by exposure
of water to different plasma sources and conditions to
span a wide range of doses and chemical mixtures, has
recently been shown to induce rapid and remarkable
elevations in the intracellular concentration of Ca*" in
the model plant Arabidopsis thaliana [18, 19]. Unravel-
ling the mechanisms of perception of PAW by plants may
offer a solid scientific background to modulate the large
variety of effects that PAW play on plants, ranging from
the promotion of plant growth to increased resistance to
environmental stresses [20].

In this study we aimed to analyse how PAW treatment
may impact plant-microbe symbiotic interactions in the
rhizosphere, in particular the AM symbiosis. Therefore,
the leguminous plant Lotus japonicus was used as plant
experimental system, being able, unlike A. thaliana, to
establish symbioses with both AM fungi and rhizobia.
We investigated how L. japonicus plants respond to treat-
ments with PAW generated by a plasma torch, in terms of
cytosolic and nuclear Ca** signalling, AM fungal accom-
modation in roots and phosphate accumulation in leaves.
The obtained data provide insights into the potential use
of PAW to improve plant mineral nutrition and further
develop sustainable agricultural practices.

Results

PAW triggers fast and sustained Ca* signals in the cytosol
and nucleus of Lotus japonicus root cells

To check the potential Ca’*'-mediated perception of
PAW, we transformed L. japonmicus with constructs
encoding the bioluminescent Ca®>" reporter aequorin,
targeted to either the cytosol or the nucleus [21]. Root
segments from L. japonicus composite plants were
challenged with freshly prepared PAW, tested at differ-
ent dilutions. PAW was generated by exposing 50 ml
deionized H,O for 5 min to a plasma torch operating at
900 W. The Ca** response of L. japonicus roots to treat-
ment with PAW was monitored, by tracking changes in
cytosolic ([Caz+]cyt) and nuclear ([Ca*'],,) Ca*" con-
centrations. As shown in Fig. 1A-C, the treatment of L.
japonicus roots with PAW (final dilution 1:2) triggered
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Fig. 1 Monitoring dynamic changes in cytosolic and nuclear Ca%* concentrations ([Caz*]cy1 and [Ca”]nuc) induced by plasma-activated water (PAW) in
Lotus japonicus roots. L. japonicus roots expressing aequorin-based Ca?* probes targeted to either the cytosol (A-C) or nucleus (D-F) were challenged with
progressive dilutions of PAW (lighter colours indicate more diluted PAWs) generated by exposing deionized H,O to plasma torch-derived atmospheric
plasma for 5 min at 900 W. Control samples were subjected to untreated deionized H,O (black). Data are the means (solid lines) £ SE (shading) of > 9 bio-
logical replicates. The arrowhead indicates the time of stimulus application (at 100 s). Statistical analyses were performed on the [Caz*]Cyt peaks recorded
in the first 10 min (B, E) and on the integrated [Caz*]Cyt dynamics over 20 min (C, F). Bars labelled with different letters differ significantly (p <0.05, Kruskal-
Wallis test followed by Dunn post-hoc test)

an immediate and sustained elevation in [Caz+]cyt, simi-  previous findings concerning Ca’*'-mediated sensing of
larly to what previously observed in A. thaliana [18]. PAW by plants [18, 19].
No Ca** increases were detected in control samples, in To analyse if the treatment with PAW might induce
which deionized H,O (without activation by plasma) changes in [Ca**] not only in the cytosol, but also in the
was administered to L. japonicus roots. The magnitude nucleus, PAW was administered to L. japonicus roots
of the induced Ca®* signals, in terms of both [Ca®'] peak  transformed with the construct encoding nuclear-tar-
value (Fig. 1B) and integrated [Ca”*] dynamics (Fig. 1C),  geted aequorin. As illustrated in Fig. 1D-F, PAW was
were found to correlate with the degree of PAW dilu- found to trigger significant elevations in [Ca®'], ., char-
tion, demonstrating a dose-dependent effect in the PAW-  acterized by an amplitude correlated with PAW dilution.
induced cytosolic Ca®" changes triggered in L. japonicus ~ The Ca*' response triggered by PAW 1:8, measured as
roots. Taken together, these data confirm and extend our  integrated Ca*" dynamics over 20 min, was significantly
higher than the control (Fig. 1F), marking a difference
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from the pattern observed in the cytosol (Fig. 1C). These
results highlight for the first time the occurrence of
nuclear Ca®" changes triggered by PAW and add a fur-
ther layer of complexity to our understanding of PAW-
induced Ca" responses in plants.

Plant cell viability is not affected by treatment with PAW 5’
Ca?* measurement assays in L. japonicus demonstrated
that PAW 5’ (obtained by 5 min exposure to plasma)
induced, at the highest concentration tested, sustained
intracellular Ca** elevations, characterized by remarkable
levels of Ca** (above 1 uM) in both cytosol and nucleus,
at least during the first 20 min after administration of
the stimulus (Fig. 1A, D). To check whether the long-
lasting elevation in intracellular [Ca*'] induced by PAW
5" may affect cell viability, the Evans blue test was applied
on L. japonicus cell suspension cultures after treatment
with PAW. The viability of L. japonicus cells was found
to remain unaltered following the application of PAW.
Indeed, no significant increase in cell death was found
either 1 h (Fig. 2A) or even 48 h (Fig. 2B) after PAW
administration, in comparison with control samples. The
absence of adverse effects on cell viability in response to
PAW 5’ treatment validates its potential use as a benign
intervention in plant-related applications.

PAW irrigation plays a modulatory effect on the
establishment and development of the AM symbiosis in L.
japonicus

To evaluate the impact of the irrigation with PAW in
terms of the establishment and development of the
AM symbiosis of L. japomicus with the AM fungus
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Rhizophagus irregularis, 14-day-old L. japonicus seed-
lings were co-cultivated with propagules of R. irregularis
for 4 weeks. Plants were weekly irrigated alternating the
supply of low-phosphate (20 uM Pi) Long Ashton liquid
medium, to boost symbiosis establishment, and PAW 5’
(obtained by exposing deionized H,O for 5 min to the
plasma torch). Different concentrations of PAW 5’ were
tested (undiluted, 1:2, 1:4), whereas deionized H,O was
used as a control. Quantification of the root colonization,
according to the Trouvelot method [22], revealed sig-
nificant differences between PAW-treated plants and the
controls (Fig. 3A and B). Treatment of L. japonicus plants
with undiluted PAW 5’ resulted in a significant increase
in most symbiotic parameters, i.e. the intensity of mycor-
rhizal colonization (M%), abundance of arbuscules (A%)
and the presence of vesicles (V%). On the other hand, no
significant differences were observed when plants were
irrigated with diluted (either 1:2 or 1:4) PAW (Fig. 3A).
These data demonstrate that PAW positively modulates
the establishment of AM symbiosis at an early phase of
fungal colonization.

Given the positive impact of PAW 5’ on mycorrhizal
colonization, subsequent sets of experiments were car-
ried out with extended time durations (5 and 7 weeks
post-inoculum) and including, in addition to PAW 5; also
a more intense PAW, i.e. H,O exposed to the plasma for
10 min (PAW 10’). Figure 4A shows that after 5 weeks
there were no significant differences between PAW-
treated plants and controls, with the only exception of
the statistically significant variation in the frequency of
mycorrhiza (F%), where the PAW 10’ showed a negative
effect on the root colonization level. It has to be noted
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Fig. 2 Viability of L. japonicus cell suspension cultures treated for either 1 h (A) or 48 h (B) with PAW. PAW was generated by exposing deionized H,O to
plasma torch-derived atmospheric plasma for 5 min at 900 W (1:4 diluted, light green; 1:2 diluted, dark green). Control cells were incubated with cell cul-
ture medium only (grey). The 100% value corresponds to cells treated for 10 min at 100 °C (black bars). Data are the means + SE of 3 biological replicates.
Bars labelled with different letters differ significantly (p <0.05, ANOVA test followed by Tukey’s HSD)
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(See figure on previous page.)

Fig. 3 Phenotypic evaluation of mycorrhizal colonization after 4 weeks (early phase) in L. japonicus plants inoculated with the AM fungus R. irregularis
and irrigated twice per week, alternating low phosphate modified Long-Ashton with PAW (1:4 diluted, light blue; 1:2 diluted, blue; undiluted, dark blue)
or H,0 (control, green). PAW was obtained by exposing deionized H,O for 5 min to atmospheric plasma (PAW 5') generated by a plasma torch operating
at 900 W. (A) The quantification of the degree of mycorrhization was conducted via the Trouvelot method. F%, frequency of mycorrhiza; M%, intensity of
the mycorrhizal colonization; A%, arbuscule abundance. Vesicle abundance (V%) was also determined. Data are the means + SE of 5 biological replicates.
Bars labelled with different letters differ significantly (p <0.05, ANOVA test followed by Tukey's HSD). (B) Representative images of the colonized root ap-
paratus of L. japonicus plants from the different condition groups. Fungal structures are highlighted in blue by ink-lactic acid staining. ar, arbuscule; fh,

fungal hypha; ve, vesicle

that also the other symbiotic parameters in the PAW 10’
treatment showed a slight reduction trend, although not
statistically significant, after 5 weeks. These effects were
not apparent at the earlier time-point (4 weeks) (Fig. S1).
The analysis conducted at the late-phase time point (7
weeks) did not reveal significant differences among the
various treatment groups, suggesting a recovery phase
after the potentially detrimental effect exerted by PAW
10’ at the mid-time point (5 weeks). Indeed, all the plant
root samples displayed an extremely high level of AM
fungal colonization (close to 100% of the root segments),
suggesting that saturation was reached (Fig. 4B). There-
fore, the beneficial effects played by PAW 5’ seem to char-
acterize the early phase of AM interaction, by promoting
a faster fungal colonization of the plant root apparatus
(Fig. 3), whereas when the symbiotic interaction between
the partners is fully established there are no more visible
differences in the symbiotic phenotype (Fig. 4).

The effects of PAW on AM colonization levels are reflected
in shoot and root biomass

For each above-mentioned experimental conditions,
measurements of fresh weight were carried out for both
shoot and root at the different timepoints. At the early
time point (4 weeks) a positive effect of PAW 5’ treatment
was observed concerning both shoot and root biomasses
in comparison with control (Fig. 5A). On the other hand,
no statistically significant differences were observed in
samples undergoing PAW 10’ treatment. At the mid time
point (5 weeks), PAW 10" exhibited a slight inhibitory
impact on the fresh weight of the samples, indicative of
a negative influence of PAW 10’ on the overall growth of
the plants at this specific time interval. This is consistent
with viability assays on suspension-cultured cells, high-
lighting an increase in cell death that becomes statisti-
cally significant after 48 h of PAW 10’ treatment (Fig. S2).
Samples treated with PAW 5’ did not show significant
differences in either shoot or root fresh weight at mid
phase (Fig. 5B). When the investigations were extended
to the late time point of 7 weeks no significant differences
in fresh weight were observed among the three treat-
ments - control, PAW 5" and PAW 10’- suggesting a cer-
tain degree of uniformity in growth responses at this later
stage (Fig. 5C). These data confirm and extend the find-
ings obtained by Trouvelot analyses (Figs. 3 and 4).

To sum up, the obtained biomass data underscore the
nuanced temporal dynamics of the effects of different
PAWSs on plant growth. Whereas a significant promot-
ing effect is observed in PAW 5'-treated plants at the
early phase (4 weeks), a mild depressive effect is detected
with PAW 10’ treatment at the mid-time point (5 weeks).
Both these divergent effects on plant biomasses appear
to wane as the plants progress to the late time point of 7
weeks.

PAW increases leaf phosphate content in a manner
dependent on AM symbiosis

The analysis of inorganic phosphate levels at different
time points provides valuable insights into the effects of
PAW treatment on the mineral nutrition of L. japonicus
mediated by the AM fungus. Soluble inorganic phos-
phate was extracted from the leaf samples and quantified
with a colorimetric assay based on the Malachite green
dye. At the early phase and mid-phase time points (4
and 5 weeks), no statistically significant differences were
observed among the treatments (Fig. 6). Even if small
variations in the root colonization could be observed in
plants treated with PAW 5’ (Fig. 3) and PAW 10’ (Fig. 4),
they did not reflect on the accumulation of phosphate
in the leaves of the host plant, possibly because of the
limited time interval analysed (4—5 weeks). However, at
the late phase time point (7 weeks), noteworthy varia-
tions emerged; specifically, samples treated with PAW
5" exhibited a significantly higher concentration of leaf
inorganic phosphate (Fig. 6). Notably, no differences
between PAW-treated and controls were found in non-
mycorrhizal plants, i.e. cultivated in the absence of the
AM fungus (Fig. S3). This observation points towards an
improvement in mineral nutrition facilitated by PAW 5,
which might have stimulated phosphate uptake via the
AM fungus or plants’ assimilation processes in the pres-
ence of the fungus.

Nitrogen, carbon and sulphur analyses in L. japonicus
shoot samples

Total nitrogen, carbon and sulphur concentrations within
the aerial parts of the mycorrhizal L. japonicus plants
collected at different time points after the onset of irri-
gations with either PAW 5; PAW 10; or H,O only were
determined (Fig. 7). At the early stage (4 weeks) neither
PAW 5 nor PAW 10’ treatment resulted in a nitrogen
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Fig. 4 Phenotypic evaluation of mycorrhizal colonization after 5 weeks (A, mid phase) or 7 weeks (B, late phase) in L. japonicus plants irrigated twice
per week, alternating low phosphate modified Long-Ashton with PAW 5’ (blue), PAW 10 (violet) or H,O (control, green). PAW was obtained by exposing
deionized H,0O for either 5 min (PAW 5") or 10 min (PAW 10) to atmospheric plasma generated by a plasma torch operating at 900 W. The quantification of
the degree of mycorrhization was conducted via the Trouvelot method. F%, frequency of mycorrhiza; M%, intensity of the mycorrhizal colonization; A%,
arbuscule abundance. Vesicle abundance (V%) was also determined. Data are the means + SE of 5 biological replicates. Bars labelled with different letters
differ significantly (p <0.05, ANOVA test followed by Tukey’s HSD)
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Fig.5 Shoot and root biomass of L. japonicus inoculated with R. irregularis and repeatedly irrigated with PAW 5, PAW 10"or H,O. Pots containing L. japoni-
cus seedlings were treated twice per week alternating low phosphate modified Long-Ashton with either PAW 5’ (blue), PAW 10’ (violet) or H,O (control,
green) and harvested after 4 weeks (A, early phase), 5 weeks (B, mid phase) or 7 weeks (C, late phase) after the first treatment, respectively. PAW was
obtained by exposing deionized H,O for either 5-10 min to atmospheric plasma generated by a plasma torch operating at 900 W. Data are the means + SE
of 5 biological replicates. Bars labelled with different letters differ significantly (p <0.05, Kruskal-Wallis test followed by Dunn'’s post-hoc test)
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Fig. 6 Inorganic phosphate (Pi) content in leaves of L. japonicus seedlings inoculated with R. irregularis and repeatedly irrigated with PAW 57 PAW 10’ or
H,0. Pots containing L. japonicus seedlings were irrigated twice per week alternating low phosphate modified Long-Ashton with either PAW 5 (blue), PAW
10’ (violet) or H,O (control, green) and harvested after 4 (A, early phase), 5 (B, mid phase) or 7 weeks (C, late phase) after the first treatment, respectively.
PAW was obtained by exposing deionized H,O for either 5-10 min to atmospheric plasma generated by a plasma torch operating at 900 W. Data are the
means+ SE of 5 biological replicates. Bars labelled with different letters differ significantly (p < 0.05, ANOVA test followed by Tukey's HSD)
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Fig.7 Quantification of nitrogen, carbon and sulphur content in dry shoots of L. japonicus seedlings inoculated with R. irregularis and repeatedly irrigated
with PAW 57 PAW 10" or H,0. Pots containing L. japonicus seedlings were treated twice per week alternating low phosphate modified Long-Ashton with
either PAW 5’ (blue), PAW 10’ (violet) or H,O (control, green) and harvested after 4 (early phase), 5 (mid phase) or 7 weeks (late phase) after the first treat-
ment, respectively. PAW was obtained by exposing deionized H,O for either 5 min (PAW 5') or 10 min (PAW 10') to atmospheric plasma generated by a
plasma torch operating at 900 W. The content of nitrogen (panel A), carbon (panel B), sulphur (panel C) is expressed as percentage relative to the dry
shoot biomass (% w/w). Data are the means+ SE of 5 biological replicates. Bars labelled with different letters differ significantly (p <0.05, ANOVA followed

by Tukey's post-hoc)

content significantly higher than the control. As the
experiment progressed into the mid phase, a shift in
the relationship between PAW treatments and N con-
tent became apparent. Indeed, at 5 weeks the PAW 10’
treatment, which is associated with lower fresh weight
(Fig. 6), shows the highest N content. This fact could be
interpreted as smaller plants having more concentrated
N content. As the experiment reached its late phase (7
weeks), both PAW treatments exhibited a statistically sig-
nificant increase in respect with the control. As a general
trend, PAW treatments resulted in increased N accumu-
lation in the shoots (Fig. 7A). Notably, a similar effect of
PAW 5 and PAW 10’ was obtained in non-mycorrhizal
plants at 7 weeks, suggesting a beneficial effect of PAW
treatment on the plant content of these elements, inde-
pendently of fungal colonization (Fig. S4). In terms of
carbon content (Fig. 7B), the data exhibit an almost uni-
form behaviour across treatments and time intervals
analysed, in line with the constant role of this element
in herbaceous plants of this type and age. The data about
sulphur content (Fig. 7C) indicate that mycorrhizal plants
undergoing PAW 10’ treatments are associated with a
statistically significant S accumulation at all time points,
whereas in the case of non-mycorrhizal plants this effect
is only observable with PAW 5’ after 7 weeks.This sug-
gests a potential complex dual role for PAW treatment
in enhancing plant sulphur content, both through the
direct S uptake pathway and by stimulating mycorrhizal-
dependent pathways, depending on the length of plasma
exposure time.

Discussion

Plasma-activated water (PAW) represents a novel and
emerging eco-friendly technology with potential broad
impact in agriculture, regarding plant fertilization,
increased tolerance to abiotic stresses and control of
pests [8, 23, 24]. Despite in the last few years there has

been a surge of papers in this field, information on how
PAW and in general plasma treatments may impact
plant-microbe symbiotic interactions is still scarce and
only limited to nodulation [15, 16, 25]. In this study, we
conducted an experimental investigation into PAW sens-
ing mechanisms and effects on the initiation and pro-
gression of the mutualistic symbiosis between the model
legume L. japonicus and the arbuscular mycorrhizal
(AM) fungus R. irregularis.

Since PAW perception has recently been demonstrated
to occur through Ca?*-mediated signalling in A. thaliana
[18, 19], in this work we monitored early responses to dif-
ferent dilutions of PAW in L. japonicus roots expressing
the bioluminescent Ca®* reporter aequorin. Our results
demonstrate that PAW triggers fast and sustained Ca®*
elevations not only in the cytosol, but also in the nucleus
of L. japonicus root cells, adding a further layer of com-
plexity in PAW-activated signal transduction pathways.
Very recently, non-thermal plasma irradiation has been
shown to induce a rapid and transient increase in cyto-
solic Ca?* in the liverwort Marchantia polymorpha
expressing the GFP-based Ca*" indicator GCaMP6f [26)].
Moreover, exposure of A. thaliana plants to the plasma-
generated reactive gas N,O5 was found to trigger long
distance Ca®" signalling within tens of seconds [27].
These findings indicate that fast intracellular Ca** eleva-
tions can be considered as hallmarks of initial cellular
responses to both PAW and direct plasma treatments in
plants [20].

The experimentalset-up for mycorrhizal experiments
involved the inoculation of L. japonicus seedlings with
the AM fungus R. irregularis, followed by weekly irri-
gation with PAWs, generated by exposing H,O to the
plasma for either 5 min (PAW 5’) or 10 min (PAW 10’)
for different time intervals, and the following analyses of
mycorrhizal fungal colonization after 4, 5 and 7 weeks.
The obtained results indicate that the treatments with
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PAW shape AM development and functioning, in a man-
ner dependent on the time interval of water exposure to
the plasma and on the duration of plant irrigation with
PAW. Our investigation reveals that the administration of
PAW 5’ displays a significantly promoting effect on AM
symbiosis that leads to an fungal increased colonization
after 4 weeks. On the other hand, PAW 10’ seems to exert
a mild depressive effect in the exponential phase of the
colonization process (5 weeks). An intriguing possibil-
ity is that a longer exposure of water to the plasma, and
the consequent higher content of ROS and RNS in the
PAW, may activate a pre-alert state in the plant, mount-
ing a response more directed to the activation of defence
mechanisms against environmental stresses, such as
potential pathogens [5], rather than the accommodation
of fungal symbionts.

The determination of inorganic phosphate levels in
the leaves and the chemical analysis of N, C, S content
in the entire shoots of PAW-treated plants versus control
plants allowed to link PAW composition and AM-medi-
ated plant nutrient uptake. PAWs generated by either
plasma torches or dielectric barrier discharge sources are
enriched in H,O,, nitrate (NO;") and nitrite (NO,") [18,
19]. H,0, is a well-known ROS that plays a dual role in
plant biology, acting as both a stress inducer and a signal-
ling molecule [28]. Nitric oxide (NO), a signalling mol-
ecule derived from (NO; )" and (NO, )~ has multifaceted
roles in plants, including mediation of root growth and
modulation of stress responses [29]. Moreover, NO has
been demonstrated to play a regulatory role during plant
interactions with both pathogenic and mutualistic fungi
[30, 31]. In both NO- and ROS-based signal transduction
pathways, Ca®" has been proposed to act as intracellular
mediator [32—34], with mutual interplay resulting in the
amplification of the respective signalling mechanisms

4 weeks

H,0 (control)
== PAW &'
== PAW 10'

root colonization

5 weeks
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[35]. Considering the relatively high concentration of
(NO;™ )" and (NO, )™ in plasma torch-generated PAW
[18], it is likely that treatment with PAW provides the
plant with a nutritional advantage as suggested by the N
content data, along with the putative activation of H,O,-
and NO-triggered signalling pathways, leading to either a
priming status or facilitating the accommodation of sym-
biotic fungi. Further investigations are needed to address
the importance of these two effects of treatment with
PAW on plant physiology and interactions with the plant
microbiome. For phosphate, the beneficial effect of PAW
was dependent on fungal presence, while PAW treatment
inherently enhanced plant nitrogen content, even in the
absence of the AM fungus.

The data obtained in this work concerning the effects
induced by the application of PAW on AM symbiosis in
L. japonicus align well with the model proposed by Song
and colleagues [36] about the effects of plasma treat-
ments on plant responses, that critically depend on the
operational parameters of the plasma source. Indeed, the
impact of PAW on AM symbiosis in L. japonicus can be
explained with the intriguing concept of plant horme-
sis, which is a distinctive dose-response phenomenon
characterized by stimulatory responses at low doses and
inhibitory responses at higher doses [37—40]. Based on
the obtained results, we propose a model about the hor-
metic effect of PAW treatment on AM symbiosis, which
encompasses the following: i) PAW 5”: promotion of AM
fungal colonization and plant growth in the early phase,
along with an increase of phosphate uptake in the late
phase; ii) PAW 10’: delay in root colonization and plant
growth during the mid-phase, but no long-lasting side
effects in the late phase (Fig. 8).

Future investigations should be carried out by using
different plasma sources, such as the dielectric barrier

7 weeks

time

Fig. 8 Proposed model of hormetic effect played by PAW on the establishment and development of the AM symbiosis
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discharge, which allows different mix of chemical species
to be generated and finely tuned acting on parameters of
the plasma generator [26]. Further insights into potential
applications of PAW will be obtained by extending these
studies to plant species of agronomic interests and to
additional beneficial plant-microbeinteractions.

Conclusions

This study underscores the potential of PAW technol-
ogy to finely tune the ability of plants to engage in sym-
biotic relationships with beneficial microorganisms of
the rhizosphere, in particular AM fungi. As AM sym-
biosis is crucial to overall plant health and productivity,
understanding how PAW may affect them is fundamen-
tal for large scale agricultural implementation of PAW.
Our results suggest that plasma treatments may be used
to improve plant mineral nutrition and/or induce a pre-
alert state (priming) through a controlled generation and
administration of PAW to plants. Further investigations
are needed to analyse the fine balance, under different
PAW treatment regimes, between accommodation and
defence responses during the dynamic relationships of
the plant with its associated microbiome.

Materials and methods

Sterilization and germination of Lotus japonicus seeds
Lotus japonicus Gifu ecotype seeds were scarified in
a mortar with sandpaper. The sterilization was per-
formed in a 2-mL tube with 2 mL of 0.5% NaClO for
11 min. Seeds were washed five times with sterile H,O
and left swollen in water for about 30 min. Seeds were
plated in half-strength B5 (Duchefa Biochemie, Haar-
lem, The Netherlands) medium (pH 5.5, adjusted with
KOH), supplemented with 1% (w/v) Plant Agar (Duch-
efa) in 12 x 12 cm squared Petri dishes and were vertically
incubated covered with an aluminum foil. After 3 days,
the aluminum foil was removed and seedlings were left
growing in the same conditions.

L. japonicus hairy root transformation by Agrobacterium
rhizogenes

Hairy roots transformation was performed according to
Boisson-Dernier et al. [41]. -80 °C stocked Agrobacterium
rhizogenes AR1193 strains carrying the plasmid encoding
either cytosolic or nuclear-targeted aequorin-based Ca?*
chimeras [21] were plated in LB medium containing 1%
Bacto-Agar and supplemented with 50 pg/ml rifampicin,
100 pg/ml ampicillin and 50 pg/ml kanamycin. Bacteria
were grown for 2 days at 28 °C, and then plated again
to have a full Petri dish of actively growing cells. 7-day-
old L. japonicus seedlings were cut with a scalpel in the
hypocotyl region to remove the root. The scar at the base
of the remaining shoot was then dipped into the bacte-
rial film on the plate and placed in a new squared Petri
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plate provided with half-strength B5, 1% Plant Agar. The
shoots were then co-cultivated with bacteria at 22 °C for
3 days in the dark and for additional 3 days at 16 h/8 h
light/dark cycle. The shoots were then transferred to new
squared 12x12 cm Petri dishes containing half-strength
B5, 1% Plant Agar and 300 pg/ml cefotaxime (Duchefa)
and let grow for 4-5 weeks (22 °C, 50% humidity, 16 h/8 h
light/dark). Transformed roots were then identified at the
fluorescence stereomicroscope MZ16f (Leica, Wetzlar,
Germany) via the fluorescence of the YFP-aequorin chi-
meras [21].

Generation of plasma-activated water (PAW)

Plasma-activated water (PAW) was produced by exposing
deionized H,O to the atmospheric plasma generated by a
plasma torch operating at 900 W power and 3 bar pres-
sure. The torch used for this study was a single rotating
FLUME Jet RD1004 with an FG 1001 plasma generator
(Plasmatreat, Elgin, IL, USA) with a maximum power of
2.7 kW (230 V, 12 A). Throughout the study, the reported
results employed 50 mL of deionized H,O with its sur-
face exposed for 5 to 10 min at 1.5 cm from the torch
nozzle. H,O was kept in beakers immersed in an ice and
salt cooling bath (Fig. S5) to keep the water temperature
constant during the exposure. Once generated, PAW was
divided into single-use aliquots, rapidly cryogenically fro-
zen through immersion in liquid nitrogen, and stored at

-80°C.

Evaluation of cell viability

Cell viability was assessed using the Evans blue method
[42] using L. japomicus suspension cell cultures, estab-
lished and subcultured as previously described [43].
Cultured-cells were either maintained in control con-
ditions or treated with PAW 5 and PAW 10’ for 1-48 h
during their mid-exponential growth phase (4 days). Fol-
lowing a 15 min incubation with 0.05% (w/v) Evans blue
dye (Merck, Darmstadt, Germany), unbound dye was
removed by thorough washing with H,O. The dye bound
to dead cells was then solubilized in a solution contain-
ing 1% (w/v) SDS and 50% (v/v) methanol, maintained
at 55 °C for 30 min and then collected. The extent of cell
death was determined by measuring the absorbance at
600 nm. As positive control representing 100% cell death,
a separate cell aliquot was incubated at 100 °C for 10 min.

Aequorin-based Ca?* measurement assays

Ca®" measurement assays were conducted in L. japoni-
cus roots using the recombinant expression of aequorin
chimeras targeted to either the cytosol or nucleus [21].
5-mm-long transformed root segments from composite
plants were reconstituted overnight with 5 pM coelenter-
azine (Prolume, Pinetop, AZ, USA). On the following day,
the root segments were extensively washed to remove



Binci et al. BMC Plant Biology (2025) 25:544

excess coelenterazine and transferred in a custom-built
luminometer (ET Enterprises Ltd, Uxbridge, UK) con-
taining a 9893/350A photomultiplier (Thorn EMI). Each
root segment was placed in 50 ul H,O and challenged by
injection of an equal volume of PAW produced through a
5 min long exposure to plasma torch at different dilutions
(1:2, 1:4, 1:8). Ca*" dynamics were recorded for 20 min
and each experiment was terminated with the injection
of 100 pL of the discharge solution (30% v/v ethanol, 1 M
CaCl,). The light signal was recorded and later converted
into Ca®" concentration values using an algorithm based
on the Ca?* response curve of aequorin [44]. The Ca?*
peak (i.e. the highest [Ca®"] value obtained over time as
means of the Ca®" response intensity) and the Ca?* inte-
gral (i.e. sum of all [Ca*'] values over time, as means of
the total mobilized Ca®* in the cell) were used as param-
eters to compare the Ca®" signals activated by different
concentrations of PAW.

PAW treatment of L. japonicus seedlings co-cultivated with

the AM fungus Rhizophagus irregularis

14 days after sterilization, L. japonicus seedlings were
transplanted into plastic pots (220 ml volume) with 4
seedlings per pot. The pots were filled with washed and
autoclaved river sand characterized by a granulometry of
1-5 mm, which was subsequently inoculated with 3000
propagules of the AM fungus Rhizophagus irregularis
(Agronutrition, Carbonee, France). A set of plants was
cultivated in the absence of the fungus (non-mycorrhizal
control). Afterwards, each pot was irrigated using 20 ml
of a modified Long Ashton liquid medium (1.5 mM
Ca(NO3)y, 1 mM KNOg, 0.75 mM MgSO,, 0.1 mM Fe-
EDTA, 10 pM MnCl,, 50 uM H;BO,, 1.75 pM ZnCl,, 0.5
puM CuCl,, 0.8 pM Na,MoO,, 1 uM KI, 0.1 uM CoCl,)
with low phosphate content (20 pM KH,PO,). Starting
from the 10" day of pot cultivation, a bi-weekly irriga-
tion regimen was initiated. The first irrigation involved
applying 20 ml of the appropriate treatment, either H,O
(control samples) or freshly prepared PAW activated by
plasma torch for 5 min (PAW 5’) or 10 min (PAW 10’).
The second irrigation, conducted 3 days later in the same
week, employed 20 ml of modified liquid Long Ashton,
containing 20 pM Pi. Plants were cultivated in pots for
4, 5 and 7 weeks in order to assess the impact of PAW
treatment at distinct stages of the AM symbiosis estab-
lishment and functioning. The full experimental set-
up is depicted in Fig. 9. All irrigations were performed
from the bottom of the pot. At the end of each irrigation
period L. japonicus plants were harvested by pooling
together the 4 seedlings growing in each pot, represent-
ing a single biological replicate. The roots were separated
from the shoots of each plant and rinsed gently with H,O
to remove excess sand debris. For each plant, the fresh
biomasses of the root apparatus and of the entire shoot
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were evaluated with a precision digital balance. For each
plant, roots and aerial parts (either entire shoots or only
leaves) were processed as described in the next sections.

Evaluation of AM fungal colonization

Roots of inoculated plants were ink-stained to highlight
intraradical fungal structures and quantify them accord-
ing to the Trouvelot method [22]. Before staining, the
roots were clarified with 10% KOH at 96 °C on a heating
block for 6 min. After incubation, KOH was discarded
and 2 washing steps were performed with 5% lactic acid.
Roots were then incubated in the staining solution (5%
black ink, 5% lactic acid) at 96 °C for 11 min. The stain-
ing solution was then discarded and stained roots were
washed in 5% lactic acid, replacing the washing solution
until the liquid was clear. From each biological replicate
(1 pot, 4 plants) five microscope slides were prepared,
each containing 20 root fragments of 1 ¢cm in length.
Consequently, for each pot approximately 100 cm of root
apparatus were analysed.

Measurements of phosphate concentration

Each leaf sample (second leaf triplet from the shoot
apex) was weighted in an analytical balance and stored
at -80 °C until use. Frozen samples were homogenized
with the help of a metal bead in a TissueLyser II (Qia-
gen, Hilden, Germany) via two rounds of shaking at
30 Hz for 20 s. The tissue powder was resuspended in
1 ml ultrapure H,O, vortexed for 10 s and incubated at
100 °C for 1 h. After 10 min incubation on ice, samples
were centrifuged at 4 °C for 15 min at 13,200 rpm. The
supernatant was used for measurement of the concentra-
tion of soluble phosphate using the Phosphate Assay Kit
(Merck, Darmstadt, Germany), following the manufac-
turer’s instructions, as previously described [45]. Stan-
dards were prepared to make a calibration curve ranging
from 0 to 40 uM phosphate. Both standards and samples
were mixed with an equal volume of the dye Malachite
green in a transparent 96-well plate and incubated for
30 min at room temperature in the dark. Absorbance
at 620 nm was measured using a Tecan multiwell plate
reader (Méannedorf, Switzerland). Each sample was ana-
lysed in two technical replicates. Absorbance data were
converted into concentrations of phosphate using the
calibration curve and normalized to the fresh weight of
the leaf sample.

Chemical analyses of L. japonicus shoot samples

Shoots from harvested seedlings were used to quantify
N, C and S concentrations. To this aim, the samples were
dried in an oven set at 60 °C until a constant weight was
achieved (2-16 h). The dried plant samples were ground
into a fine powder to ensure homogeneity. Chemical
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Fig. 9 Experimental set-up for the evaluation of the effects of PAW treatment on the co-cultivation of L. japonicus seedlings with the AM fungus R. ir-
regularis. (A) Schematic representation of the irrigation regime alternating low Pi (20 uM KH,PO,) Long-Ashton with PAW. (B) Representative picture of L.

Japonicus seedlings in pots

analyses of N, C and S were conducted using a CNS Mac-
rovario combustion analyzer (Macrovario, GmbH).

Statistical analyses

Statistical analyses were performed via R-Studio soft-
ware, using the packages: tidyverse, multcomp, ggpubr,
rstatix, patchwork and ggplot2. After verifying that the
data presented normal distribution and homogeneity
of variances, an ANOVA was performed, followed by
Tukey’s HSD (Honestly Significant Difference) post-hoc
test. In case data did not exhibit normal distribution or
homoscedasticity, the Kruskal-Wallis non-parametric
test was performed, followed by Dunn’s post-hoc test. In

each figure letters are used to indicate statistically differ-
ent groups (p-value <0.05).
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Supplementary Material 1: Fig. S1. Phenotypic evaluation of mycorrhizal
colonization after 4 weeks (early phase) in L. japonicus plants inoculated
with the AM fungus R. irregularis after repeated irrigations with PAW 10" or
H20 only. Fig. S2. Viability of L. japonicus cell suspension cultures treated
for either 1 h (A) or 48 h (B) with PAW 10" Fig. S3. Inorganic phosphate (Pi)
content in leaves of non-mycorrhizal L. japonicus seedlings after repeated
irrigations with PAW 5, PAW 10" or H20 only. Fig. S4. Quantification of
nitrogen, carbon and sulphur content in dry shoots of non-mycorrhizal L.
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Jjaponicus seedlings after repeated irrigations with PAW 5, PAW 10’ or H20
only. Fig. S5. Representative image of the generation of plasma-activated
water (PAW) by exposing water to a plasma torch.
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