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Abstract

Seed-associated microorganisms influence seed quality, seedling establishment, and plant
health and also constitute a major source of seed-borne pathogens. Cold atmospheric
plasma (CAP) has emerged as a promising alternative to chemical seed treatments because
of its antimicrobial activity, although its effects on fungal communities associated with
developing seedlings remain poorly understood. Here, Arabidopsis thaliana seeds from two
ecotypes (Columbia and Landsberg erecta) were exposed to CAP for 5 or 15 min. Seed de-
contamination efficiency was assessed by culturing on malt extract agar and nephelometric
analyses, while fungal communities associated with seedlings derived from treated and
untreated seeds were characterized by ITS1 amplicon sequencing. CAP efficiently reduced
fungal contamination without affecting seed germination. CAP altered the composition
of fungal communities associated with developing seedlings, but the magnitude of these
changes depended on seed batch and ecotype. Dominant taxa markedly declined after
treatment, whereas several low-abundance taxa increased in relative abundance. These
findings demonstrate that CAP is an effective pesticide-free technology for seed decontam-
ination and can also reshape fungal communities associated with developing seedlings,
highlighting broader ecological consequences of plasma-based seed treatments.

Keywords: Arabidopsis; cold plasma; decontamination; microbiota; seedlings; seeds

1. Introduction
Plant diseases represent a major constraint to agricultural productivity and are re-

sponsible for substantial crop losses worldwide. Their control relies heavily on the use of
chemical pesticides, fungicides, and antimicrobial compounds. Over the last decades, the
global consumption of these products has increased considerably, reflecting the growing
pressure exerted by plant pathogens on agricultural systems [1]. Although effective, these
conventional approaches raise important environmental concerns. Repeated applications of
phytosanitary products can alter soil biological quality, reduce microbial diversity, promote
the emergence of resistant microorganisms, and contribute to environmental contamination
of soils and water resources [2,3]. Consequently, the development of sustainable alternatives
for plant disease management has become a major challenge for modern agriculture.
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Seeds are the main propagules of most crop species and can act as vectors of both
beneficial and detrimental microorganisms. Seeds harbor diverse microbial communities
collectively referred to as the seed microbiota [4]. These communities include endophytic
microorganisms residing within seed tissues and epiphytic microorganisms colonizing
external seed surfaces [5]. The composition of the seed microbiota results from complex
interactions between host genotype and environmental factors and contributes to the estab-
lishment of microbial communities throughout plant development [6]. Beyond their role
in plant colonization, seed-associated microorganisms can directly influence seed quality,
germination, seedling establishment, and plant health. The effects of plant-associated micro-
bial communities on their host are highly context dependent. Depending on environmental
conditions and community composition, microorganisms may exert beneficial, neutral,
or detrimental effects on plant performance [7]. Numerous studies have highlighted the
beneficial functions of plant-associated microbes, including growth promotion, nutrient
acquisition, stress tolerance, biological control of pathogens, and the production of bioactive
compounds [7,8]. These properties have stimulated growing interest in the exploitation
of microbiota-based approaches for sustainable agriculture and ecological restoration [9].
However, environmental conditions can profoundly modify microbial behavior and alter
host–microbe interactions. For example, Hiruma et al. [10] demonstrated that Colletotrichum
tofieldiae promotes Arabidopsis growth under phosphate-deficient conditions, whereas Finkel
et al. [11] showed that phosphate limitation can shift Burkholderia species from a commensal
to a pathogenic lifestyle. Such observations illustrate how environmental disturbances may
disrupt microbial equilibrium and reveal pathogenic traits in microorganisms that remain
harmless under favorable conditions.

Among the environmental factors affecting seed-associated microbial communities,
post-harvest storage conditions are particularly important. Variations in storage duration,
temperature, or moisture content can modify microbial abundance and community struc-
ture, influencing both seed quality and health [12]. Under unfavorable storage conditions,
microorganisms already present on seeds may proliferate, leading to seed deterioration,
reduced germination capacity, and increased risks of transmitting pathogens to the next
plant generation [12]. Consequently, seed treatments capable of reducing microbial con-
tamination while preserving seed quality represent an important objective for sustainable
crop production.

Among the alternative technologies currently being explored, cold atmospheric plasma
(CAP) has emerged as a promising approach for seed decontamination. Cold plasma is
a partially ionized gas composed of highly energetic electrons, ions, reactive oxygen and
nitrogen species, neutral particles, and photons. Unlike thermal plasmas, CAP operates
close to room temperature because only the electron population reaches high energy levels,
while the bulk gas remains near ambient temperature [13]. This unique property makes
CAP particularly suitable for biological applications. Owing to the generation of reactive
species, CAP exhibits strong antimicrobial activity and has been widely investigated for
medical and industrial disinfection applications [14,15]. In agriculture, numerous studies
have demonstrated its ability to inactivate seed-borne pathogens and reduce microbial con-
tamination without the use of chemical pesticides [16,17]. These characteristics make CAP
an attractive candidate for the development of environmentally friendly seed treatment
technologies. Despite increasing interest in plasma-based seed treatments, their effects on
the structure of seed-associated microbial communities remain poorly understood. Pre-
vious studies in Arabidopsis and sunflower have suggested that plasma treatment may
modify bacterial communities associated with seedlings derived from treated seeds [18,19].
Effects on seed-associated fungal communities have received less attention. In common
and Tartary buckwheat, CAP treatment reduced the frequency and diversity of seed-borne
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fungi, with fungal taxa showing differential sensitivity to plasma exposure [20]. However,
how CAP treatment of seeds affects the composition of fungal communities subsequently
associated with developing seedlings remains poorly characterized.

We hypothesized that CAP treatment would efficiently reduce the microbial load asso-
ciated with seeds and induce measurable changes in the composition of fungal communities
associated with emerging seedlings. To test this hypothesis, we investigated the effects of
CAP treatment on seeds of Arabidopsis thaliana ecotypes Columbia and Landsberg erecta.
We first assessed the efficiency of CAP-mediated seed decontamination by monitoring
microbial growth on culture medium, complemented by nephelometric analysis of fungal
growth. We then used ITS1 amplicon sequencing to determine whether CAP treatment
altered the composition and diversity of fungal communities associated with seedlings
derived from treated seeds. The use of two ecotypes and two independent seed batches
allowed us to assess the consistency of these responses across seed lots differing in their
initial levels of microbial contamination.

2. Results
2.1. Effects of Cold Plasma Treatment on Seed Contamination
2.1.1. CAP Treatment Reduces Microbial Growth from Seeds on MEA Medium

We first assessed the effect of CAP exposure on seed-associated microbial contam-
ination by monitoring visible microbial growth from untreated and CAP-treated seeds
on malt extract agar (MEA) medium, using two independent seed batches from the Col
and Ler ecotypes. All seeds batches germinated to 100% within 3 days at 15 ◦C and CAP
treatment did not markedly modify final germination percentage nor germination speed
(Supplemental Figure S1). Without any treatment, seed contamination levels, evaluated
after 6 days on MEA medium, ranged from 20 to 100% in Col seeds (Figure 1A,B) and from
80 to 100% in Ler seeds (Figure 1C,D), depending on the seed batch.

Figure 1. Effect of CAP treatment on microbial growth from Columbia (Col) and Landsberg (Ler) seeds
on malt extract agar (MEA) medium. Seeds were either untreated or plasma-treated for 5 or 15 min.
(A) Contamination of Columbia seeds from batch A (AColc, ACol5 and ACol15); (B) contamination
of Columbia seeds from batch B (BColc, BCol5 and BCol15); (C) contamination of Landsberg seeds
from batch A (ALerc, ALer5 and ALer15); (D) contamination of Landsberg seeds from batch B (BLerc,
BLer5 and BLer15). The percentage of contaminated seeds was determined after 6 days at 21 ◦C; a
seed was considered contaminated when visible microbial growth developed around the seed on the
culture medium. Each bar represents the mean of two replicates of 45 seeds ± standard deviation (SD).
Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons
test. Significance levels shown in the figure are: **, p ≤ 0.01; ****, p ≤ 0.0001.
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The morphology of the mycelium after 6 days of growth on MEA medium sug-
gested that the fungus likely belonged to the genus Penicillium (Supplemental Figure S2).
Macroscopically, Penicillium colonies typically appear as velvety textures with shades of
blue-green, often surrounded by a white peripheral margin. In addition, lactophenol blue
staining was performed on mycelium and spores directly sampled from the seeds, revealing
a characteristic brush-like conidial structure typical of Penicillium species (Supplemental
Figure S2). A 5 min CAP treatment was sufficient to almost totally suppress seed contami-
nation of all batches (Figure 1). After 15 min treatment no contamination at all was detected
for any seed batch (Figure 1).

2.1.2. CAP Treatment Inhibits Fungal Growth Assessed by Nephelometry

We investigated the effect of CAP treatment on the development of fungal spores
in suspension using nephelometry. This experiment was conducted with seeds from
Col ecotype from the heavily contaminated batch (batch B, Figure 1B). Three hours after
inoculation, Nephelometric Turbidity Unit (NTU) values were below 60,000 for the three
tested conditions, indicating low initial turbidity in the wells (Figure 2A). However, after
48 h, turbidity significantly increased in the untreated condition and in the positive control,
indicating fungal growth. In these two conditions, NTU values were 13 and 9 times higher
than at the start of the experiment, reaching peak levels of 692,274 and 525,132, respectively.
In contrast, in the wells corresponding to 15 min of plasma exposure of seeds, turbidity
did not increase between the 3 h and 48 h measurements and remained low (Figure 2B).
These results, combined with the previous findings (Figure 1), indicate that a 15 min CAP
treatment effectively prevents the development of fungal spores present on the seeds,
thereby reducing the risk of contamination.

Figure 2. Fungal growth at 3 h (A) and 48 h (B) after nephelometry measurements. The tested spore
suspensions were obtained from untreated (BColC) and plasma-treated (15 min) (BCol15) seeds, and
from a spore culture derived from Col seeds (SS, spore suspension), all from the most contaminated
batch (batch B). The results correspond to the average NTU (Nephelometric Turbidity Unit) ± stan-
dard deviation (SD). Statistical analysis was performed using a one-way ANOVA followed by
Dunnett’s multiple comparisons test. Significance levels are indicated as follows: ns (p > 0.05),
* (p ≤ 0.05), **** (p ≤ 0.0001).

2.2. Deciphering the Effects of Plasma Treatment on Seed Fungal Communities

Amplicon library construction and sequencing were performed on seedlings derived
from seeds germinated and grown under sterile conditions. Under these conditions, i.e., on
cotton wool moistened with sterile water, no visible bacterial contamination was observed,
and only a few cases of visible fungal contamination occurred, exclusively in the control
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plates, after 8 days. The fungal community associated with seeds contained a small number
of dominant taxa common to both ecotypes and both batches, notably Penicillium olsonii,
Acremonium sclerotigenum, and Cladosporium cladosporioides (Figure 3). Plasma exposure
induced significant changes in the composition of fungal communities associated with Col
seedlings compared to the untreated condition.

(B) (A) 

Figure 3. Taxonomic profiles of fungal communities associated with Arabidopsis seedlings of Columbia
(Col) (A) and Landsberg (Ler) (B) ecotypes. Fungal diversity associated with seedlings issued from
untreated (C) seeds and seeds treated with plasma for 5- or 15 min from two batches (A & B). Each
stacked bar represents the average relative abundance of taxa from 3 samples per condition. Taxa
with an abundance greater than 1% are shown in the figure, while the others are grouped under “rare
taxa” and are provided as Figure S3.

The strongest CAP-induced restructuring was observed in Columbia (Col) (Figure 3A).
In the less contaminated seed batch (batch A), the two dominant taxa of untreated samples,
P. olsonii and A. sclerotigenum, became undetectable or represented less than 1% of assigned
sequences after CAP treatment. Concomitantly, C. cladosporioides, initially present at less
than 1%, represented approximately 30% of sequences after 15 min of treatment. Changes
in Col batch B followed the same general pattern but required longer CAP exposure.
Penicillium olsonii remained dominant after 5 min of treatment (~75% of sequences), whereas
after 15 min its relative abundance decreased below 1%, and approximately 98% of se-
quences could not be assigned below the phylum level (Figure 3A). Thus, although the
response differed quantitatively between the two Col batches, prolonged CAP exposure
consistently resulted in a strong reduction in the relative representation of the initially
dominant fungal taxa. These compositional changes were accompanied by a tendency
towards increased alpha diversity in Col samples (Figure 4A,B). Shannon and Chao1 indices
generally increased following CAP exposure, particularly after the strongest restructuring
of the dominant community, although differences were not statistically significant. This
pattern is consistent with a decrease in the relative dominance of a few abundant taxa,
increasing the relative contribution of low-abundance taxa to the community profile, rather
than demonstrating an absolute increase in fungal richness.

CAP treatment was also associated with changes in the contribution of rare fungal
taxa (relative abundance < 1%) in Col seedlings (Supplemental Figure S3, Supplemental
Table S1). In batch A, rare taxa represented 2.26% of sequences after 5 min of CAP treatment,
compared with a very low proportion in untreated samples. In batch B, which initially
contained a larger number of rare taxa, their number increased from 8 in untreated samples
to 11 following plasma exposure. These changes coincided with a tendency towards
higher Shannon and Chao1 indices, although differences were not statistically significant
(Figure 4A,B). Overall, the increased contribution of rare taxa likely reflects the reduced
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relative dominance of the major fungal taxa following CAP treatment rather than evidence
for an absolute increase in fungal diversity.

Figure 4. Alpha diversity metrics of the fungal microbiota (Shannon (A,C) and Chao1 (B,D)) for
Columbia (Col) and Landsberg (Ler) seedlings issued from untreated (C) or plasma-treated for 5- or
15 min seeds from batches A and B. Symbols in (A,C) correspond to individual replicates (circles,
control; squares, 5 min plasma treatment; triangles, 15 min plasma treatment) and horizontal bars
correspond to the means. Statistical analysis was performed using a one-way ANOVA followed by
Dunnett’s multiple comparisons test. Errors bars represent standard deviation (SD). Significance
levels are indicated as follows: ns (p > 0.05), * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001).

CAP treatment was associated with a marked increase in sequences that could not be
taxonomically resolved beyond the phylum or kingdom level in several samples (A Col5,
A Col15, B Col15, Figure 3A). Although this increase coincided with the decrease or disap-
pearance of several dominant fungal taxa, the metabarcoding approach does not allow the
origin of these poorly assigned sequences to be determined. They were therefore retained
as unclassified fungal or Ascomycota sequences without further biological interpretation.

The effect of CAP treatment was also examined by analyzing the total number of
reads before rarefaction, which varied across conditions. A significant decrease in the
number of reads was observed in treated samples, particularly after 5 min for batch A
and after 15 min for batch B (Supplemental Figure S4). The observed decrease in the
total number of reads in the CAP-treated samples, particularly noticeable after 5 min for
batch A and 15 min for batch B, could indicate a reduction in fungal load due to plasma
treatment. This reduction in raw read counts may result from the elimination of abundant
microorganisms, especially those located on the seed surface and thus directly exposed to
plasma. However, because amplicon read numbers can be influenced by DNA extraction,
amplification efficiency, library preparation, and sequencing depth, they cannot be used
as a direct quantitative measure of fungal load. Consequently, the lower read numbers

https://doi.org/10.3390/plants15172719

https://doi.org/10.3390/plants15172719


Plants 2026, 15, 2719 7 of 14

observed after CAP treatment are reported as an additional sequencing-related observation
rather than as evidence of a reduction in fungal biomass.

In contrast to Col, fungal communities associated with Ler seedlings were less consis-
tently affected by CAP treatment (Figure 3B). Penicillium olsonii remained highly abundant
in most treated samples, particularly in batch A, where it represented more than 97% of
sequences following plasma exposure. Consequently, Shannon and Chao1 indices remained
low and did not increase following treatment (Figure 4C,D). Nevertheless, A. sclerotigenum,
which represented more than 20% of sequences in untreated Ler samples, decreased to
below 1% or became undetectable following CAP treatment in both batches, indicating that
individual fungal taxa differed in their response to plasma exposure.

A more pronounced but transient community shift occurred in Ler batch B, where
C. cladosporioides increased from 1.3% in untreated samples to 87% after 5 min of CAP
treatment, while P. olsonii decreased from approximately 70% to 8% (Figure 3B). After
15 min, however, P. olsonii again dominated the community (~85%). Alpha diversity indices
did not differ significantly among these conditions (Figure 4C,D). Rare taxa remained a
minor component of the Ler fungal communities across treatments, consistent with the
overall low diversity observed in this ecotype (Supplemental Table S1). Thus, CAP did not
produce a uniform shift in fungal community composition across seed lots.

2.3. Fungal Beta Diversity

Beta diversity was assessed using the Bray–Curtis distance. The Principal Coordinate
Analysis (PCoA) revealed a clear separation of fungal communities between the different
samples. For the Col ecotype, the first two axes explained 86% of the total variance
(PC1 = 72.74%, PC2 = 14.15%) (Figure 5A), while for the Ler ecotype, they accounted for
91% (PC1 = 80.7%, PC2 = 10.31%) (Figure 5B).

(A) (B) 

Figure 5. Principal Coordinate Analysis (PCoA) of fungal communities associated with Columbia
(Col) (A) and Landsberg (Ler) (B) seedlings issued from untreated (C) or plasma-treated for 5- or
15 min seeds from batches A and B, based on Bray–Curtis distance matrix analysis of triplicate DNA
extractions. Each point represents a biological replicate, and the first two axes illustrate the explained
variance in community composition.

PERMANOVA analysis revealed a significant effect of the group factor, combining
seed batch and CAP exposure time, on fungal community composition in both ecotypes
(R2 = 77.5% for Col and R2 = 91.5% for Ler; p = 0.001 for both) (Supplemental Table S2).
In contrast, the batch effect differed between ecotypes: it was not significant in Col
(R2 = 4.8%, p = 0.431) but was significant in Ler (R2 = 19.5%, p = 0.004), indicating a
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greater contribution of seed production conditions to fungal community variation in Ler
(Supplemental Table S2).

Pairwise PERMANOVA comparisons among individual batch × treatment groups
did not remain significant after correction for multiple testing (adjusted p > 0.05), despite
high R2 values for some comparisons (Supplemental Tables S3 and S4). These effect sizes
should therefore be interpreted cautiously, as they may partly reflect the limited sample
size. When CAP exposure time was considered independently of seed batch, fungal
communities differed significantly between treated and untreated seeds in both ecotypes.
In Col, significant differences were detected between 5 and 0 min (p = 0.039, R2 = 0.36)
and between 15 and 0 min (p = 0.003, R2 = 0.94), with no significant difference between 5
and 15 min (p = 0.052). A similar pattern was observed in Ler, with significant differences
between 5 and 0 min (p = 0.048, R2 = 0.33) and between 15 and 0 min (p = 0.012, R2 = 0.70),
but not between 5 and 15 min (p = 0.112) (Supplemental Figure S4B).

Overall, our findings indicate that CAP treatment was associated with changes in the
β-diversity of seed-associated fungal communities, as reflected by Bray–Curtis distances
(Figure 5). Differences between treated and untreated seeds were detected after 5 min of
exposure, while no consistent differences were observed between the 5- and 15 min treat-
ments. In Ler, a significant batch effect also contributed to variation in fungal community
composition, indicating that seed production conditions influenced β-diversity patterns.
Although some pairwise comparisons yielded high R2 values, they did not remain statisti-
cally significant after correction for multiple testing and therefore cannot be considered as
evidence of confirmed differences between groups. These results should consequently be
interpreted with caution.

3. Discussion
In this study, we demonstrate that short cold atmospheric plasma (CAP) treatments ef-

ficiently decontaminate Arabidopsis thaliana seeds and significantly influence the structure of
seedling-associated fungal communities, without altering germinative properties. The data
obtained from assessing seed contamination levels, either on MAE medium (Figure 1) or by
nephelometry (Figure 2), demonstrate that 15 min of CAP treatment reduced contamination
to undetectable levels in seeds of both ecotypes, regardless of their initial contamination
level, including the most heavily contaminated batches. The effects of plasma treatments
on seed contamination are well known and have been evidenced in a wide range of species
for fungi and bacteria [21,22]. Although not fully understood, it has been proposed that
this effect might mainly result from reactive oxygen species (ROS) and reactive nitrogen
species (RNS) produced by the plasma, which can in turn lead to various oxidative damage
towards microorganisms [22].

Surprisingly, the Arabidopsis seed microbiota has been poorly studied until now, the
studies by Barret et al. [23] and Johnston-Monje et al. [24] being among the few investigating
fungal and bacterial communities in seeds of sf-2 and Col ecotypes, respectively. In their
study, Johnston-Monje et al. [24] showed that the fungal microbiome of Col seeds was
dominated by the phylum Ascomycota and bacteria were almost all proteobacteria. The
effects of cold plasma on seed-associated fungal communities have also been investigated
in buckwheat, where plasma treatment altered fungal community structure and different
fungal taxa displayed contrasting sensitivities to treatment [20]. Here, as stated before, we
investigated the microbiota of 7 d old seedlings issued from seeds that were or were not
treated with plasma exposure. As shown by Barret et al. [23], the process of emergence
significantly impacts the structure of microbiota, leading to a decrease in both bacterial and
fungal diversity; thus, we only provide a proxy of microbiota in seeds. Here Penicillium
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olsonni and Acremonium scelortigenum were the most represented fungi in all seedlings,
independently of the ecotype and of the production (Figure 3).

The effect of plasma on fungal communities greatly depended on the ecotype and on
the seed batch, as first shown by the number of reads in each sample, which decreased
with plasma treatment in Col seedlings whereas it remained unaffected in Ler seedlings.
The contrasting responses of Col and Ler therefore indicate that the effect of CAP on seed-
associated fungal communities is context-dependent. The greater restructuring observed in
Col than in Ler may reflect differences associated with host genotype, but also differences
in the initial composition and abundance of the seed-associated microbiota. The batch-
dependent responses within each ecotype further support an important contribution of
the initial microbial community. The present experimental design does not allow host-
genotype effects to be separated from initial microbiota effects, but it demonstrates that
CAP efficacy against individual fungal taxa depends on the biological context of the seed lot.
The observed decrease in the total number of reads in Col plasma-treated samples, which
was particularly noticeable after 5 min for batch A and 15 min for batch B, could indicate a
reduction in fungal load due to plasma treatment. This reduction in raw read counts may
result from the elimination of abundant microorganisms, especially those located on the
seed surface and thus directly exposed to plasma. This suggests that the treatment may
have led to a decrease in overall fungal abundance in the Col treated samples, but not in
the Ler treated ones.

In all samples, plasma exposure resulted in the disappearance of Acremonium scleroti-
genum DNA, while Penicillium olsonii DNA remained dominant in Ler seedlings, regardless
of the treatment duration (Figure 3B). However, since no fungal growth was detected on
Col and Ler seeds exposed to plasma (Figure 1), we hypothesize that the detection of
Penicillium olsonii DNA in seedlings derived from plasma-treated seeds reflects the presence
of DNA from non-viable fungi. In some CAP-treated samples (A Col5, A Col15, B Col15,
and B Ler15; Figure 3), a significant proportion of sequences could only be assigned to
Ascomycota or Fungi. One possible explanation is that plasma-induced damage to fungal
material, including DNA damage, may have reduced the recovery of intact and reliably
classifiable fungal amplicons. However, this interpretation remains hypothetical, since
the metabarcoding approach used here cannot distinguish DNA degradation from other
factors affecting taxonomic assignment, including sequence quality, amplification biases, or
limitations of the reference database. Therefore, the increase in poorly assigned sequences
should not be considered direct evidence of plasma-induced fungal DNA degradation.

In certain cases, plasma treatment was associated with the development of novel fungal
communities, mostly rare species, in Col seedlings (Figure 3A), which was reflected by an
increase in Shannon and Chao1 indexes (Figure 4A,B). We propose that the disappearance
of the dominant and viable Penicillium olsonii allowed the colonization of seedling tissues
by other fungi, notably endophytes present in low abundance, once Penicillium olsonii lost
its competitive advantage. This was not the case for Ler seedlings, where diversity indices
remained low before and after plasma treatment, with very few abundant or rare taxa.
Only the relative abundance of the genus Trichoderma, found exclusively on Ler seedlings
and initially below 1% in samples from batches A and B, was found at higher relative
abundance in the samples from batch B issued from seeds exposed for 5 min. It is worth
noting that several endophytic fungi belonging to this genus are being studied for their
potential to stimulate plant growth due to their ability to solubilize phosphorus present in
the soil [25], as well as to enhance plant stress resistance, notably drought tolerance [26].
Finally, our statistical analysis identified exposure time as the primary driver of fungal
community variation in both ecotypes. Interestingly, our findings indicate that fungal
species exhibited different susceptibility, resilience and colonization potential thresholds to
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treatments. Upon treatment, Cladosporium cladosporioides appeared more opportunistic and
resistant, whereas Acremonium sclerotigenum systematically declined in relative abundance
in exposed samples, even after 5 min of treatment.

Beyond its decontamination efficiency, CAP treatment may have important ecological
implications because it modifies the pool of microorganisms available to colonize develop-
ing seedlings. In the present study, the elimination of dominant seed-borne fungal taxa,
particularly Penicillium, was associated with shifts in the fungal communities detected
after germination, suggesting that plasma treatment can alter early microbial assembly pro-
cesses. Such changes may result from the release of ecological niches previously occupied
by sensitive microorganisms, thereby enabling the proliferation of taxa that persist after
treatment or originate from internal seed tissues. From an agricultural perspective, these
findings highlight that CAP should not be viewed solely as a tool for pathogen control but
also as a factor capable of influencing plant-associated microbiota. Because seed-associated
microorganisms can contribute to plant growth, stress tolerance and disease suppression,
understanding how plasma treatment affects microbial community assembly will be im-
portant for optimizing treatment conditions. Future work should therefore aim to identify
treatment parameters that effectively reduce undesirable microorganisms while preserving
or promoting beneficial members of the seed microbiome.

This study confirms the effectiveness of a short cold atmospheric plasma (CAP) treat-
ment for fungal decontamination of Arabidopsis thaliana seeds. CAP strongly reduced
the abundance of seed-associated fungi and markedly altered the composition of fungal
communities detected in developing seedlings. In particular, the treatment eliminated
dominant seed-borne fungal taxa, including Penicillium, and was associated with shifts
in the relative abundance of other fungal groups during seedling establishment. Our
results further demonstrate that the impact of CAP treatment on seedling-associated fungal
communities is influenced by both seed lot and plant genotype, highlighting the com-
plexity of plant–microbe interactions following microbiome perturbation. Together, these
findings show that CAP is not only an efficient seed decontamination technology but also
a factor capable of modifying the fungal microbiota associated with emerging seedlings.
Future studies should investigate the mechanisms underlying microbial persistence or
elimination following plasma exposure and assess the long-term consequences of these
microbiome changes for plant development and health. These analyses should also be
extended to agriculturally important crop species and larger, naturally contaminated seed
lots to determine whether the microbiota changes observed here are maintained under more
representative production conditions. Such validation, together with the development or
evaluation of plasma systems suitable for high-throughput seed treatment, will be impor-
tant for assessing the potential transfer of CAP technology from laboratory experiments to
agricultural applications.

4. Materials and Methods
4.1. Plant Material and Germination Assays

This study was performed with two ecotypes of Arabidopsis thaliana: Columbia-0 (Col)
and Landsberg-0 (Ler). Seeds used in this study were produced in-house under controlled
growth conditions. Seeds were stratified for 4 d at 4 ◦C before being sown in soil and placed
in growth chambers under non-sterile conditions with a temperature of 20–22 ◦C of and a
photoperiod of 16 h per day with the light intensity of 150 µmol m2 s1. Seeds were collected
from mature siliques after 2 weeks drying at room temperature and subsequently stored
at room temperature. Two batches of seeds (A and B) from two independent production
cycles were used for each ecotype. Seeds were germinated at 15 ◦C on a layer of cotton
wool covered by a filter paper sheet soaked with water for 10 d at 15 ◦C in darkness.
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A seed was considered germinated when the radicle had protruded through the testa.
The results presented correspond to the mean of the germination percentages obtained for
3 replicates of 50 seeds.

4.2. Plasma Treatment

Dry seeds were treated with cold atmospheric plasma (CAP) using a dielectric barrier
discharge (DBD) system [27,28]. Air plasma was generated in a DBD device consisting
of two flat electrodes, each measuring 30 × 40 cm2, one connected to a high voltage
source and the other grounded. The electrodes were separated by a 2 mm thick insulating
dielectric material to prevent any transition from streamer to arc, ensuring uniform plasma
distribution within the reactor where the seeds were exposed. The background gas used
was ambient air, with a relative humidity of approximately 40%. The high-voltage electrode
was powered by a 9 kV supply at a frequency of 140 Hz (sine wave), provided by a
high-voltage generator comprising a function generator (ELC, Annecy, France, GF467AF)
and a power amplifier (CC5500, Crest Audio, Meridian, MS, USA). The two durations of
treatment tested here, 5 min and 15 min, were selected based on previous studies [28] and
preliminary experiments indicating that they represent distinct levels of plasma exposure
while maintaining seed viability. The inter-electrode gap was 1 mm.

4.3. Assessment of Seed Contamination on Malt Extract Agar Medium

For each replicate, between 40 and 50 non-disinfected seeds for each replicate were
placed under sterile conditions onto malt extract agar (MEA) medium (30 g malt extract
and 10 g agar per liter) for each untreated and plasma-treated condition (5 and 15 min of
plasma treatment) and each ecotype (Col and Ler) in 2 replicates (each consisting of at least
40 seeds). Photos were taken daily to monitor contamination levels, and the percentage of
contaminated seeds was calculated after 6 days at 21 ◦C with a 16 h light/8 h dark pho-
toperiod. A seed was considered contaminated when visible microbial growth developed
around the seed on the culture medium during incubation. One-way Anova followed by
Dunnett’s multiple comparisons tests were performed using Prism 9 to compare results
across conditions and GraphPad Prism 9 was used to generate figures.

4.4. Nephelometry

Nephelometry was performed on Columbia seeds from the highly contaminated
batch B. Eighty mg of Col seeds from each treatment condition (untreated control, 5 min
and 15 min CAP treatment) were processed separately. Seeds from each condition were
stirred for 1 h in sterile liquid malt medium (30 g malt extract L−1) to recover epiphytic
microorganisms. The incubation mixture from each sample was then filtered to retain the
seeds and collect the medium containing the detached fungal spores. A volume of 200 µL
per well were pipetted under sterile conditions into a 96-well plate. On the plate, 12 wells
were filled per condition, changing rows every 4 wells to prevent cross-contamination
between conditions. A negative control (sterile liquid malt medium) and a positive control,
consisting of a spore suspension prepared in sterile liquid malt medium from a Penicillium
culture isolated from control seeds, were included. To prepare the spore suspension, the
spores were scraped off the mycelium grown on solid malt agar mixed with 100 µL of
liquid malt medium and filtered using filter cloth (10 µm pores) and diluted in sterile
liquid malt medium. The concentration of the 3 control suspensions was measured with a
Malassez counting chamber (Jeulin, Evreux, France) and adjusted by adding liquid malt
medium to reach final concentrations of 103, 104, and 105 spores/mL. Nephelometric
assays were conducted using a NEPHELOstar® Plus microplate reader (BMG LABTECH
GmbH, Ortenberg, Germany), equipped with a 635 nm laser diode capable of detecting
scattered light up to an 80◦ angle. Growth was automatically recorded for 72 h at 25 ◦C
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and measurements were done every 20 min with a laser intensity of 40%. The data are
given in nephelometric turbidity units (NTU) and were analyzed using MARS software
(version 3.31).

4.5. Metabarcoding Analysis

Seeds were sown under sterile conditions on moistened cotton pads with sterile water,
in two replicates. Both water and cotton were sterilized. After 8 d of incubation at 21 ◦C
with a 16 h light/8 h dark photoperiod, 0.1 g of seedlings (i.e., approx. 35 seedlings) were
collected per condition (control, 5 and 15 min) and per ecotype (Col and Ler) in triplicates.
Whole Arabidopsis seedlings were harvested, immediately frozen and stored at −80 ◦C until
analysis. Since DNA was extracted from whole 8-day-old seedlings, the detected microbial
DNA may originate both from microorganisms actively associated with seedling tissues
and from residual DNA derived from seed-associated microorganisms that persisted after
germination. Prior to DNA extraction, approximately 100 mg of seedlings was ground to a
fine powder in a pre-chilled mortar using liquid nitrogen. The resulting powder was then
processed for genomic DNA extraction using the DNeasy Plant Pro Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions. The extracted DNA samples were
sequenced by Novogene Europe (Cambridge, UK) using paired-end Illumina (San Diego,
CA, USA) amplicon sequencing, targeting the ITS1 region of the internal transcribed spacer
for fungi [29,30]. Primer sequences are given in Supplemental Table S5. Sequencing depths
of 50k reads for the ITS1 region were applied.

4.6. Bioinformatic Analyses

Raw paired-end sequencing reads were first demultiplexed according to their unique
barcodes, and barcode and primer sequences were removed. Paired-end reads were then
merged using FLASH (v 1.2.11) to generate contiguous sequences, referred to as raw tags.
Quality filtering was subsequently performed following the QIIME pipeline to remove low-
quality sequences and obtain high-quality clean tags. Chimeric sequences were identified by
comparison with the Gold reference database using the UCHIME algorithm and removed,
resulting in the final set of effective tags. All downstream analyses were conducted using
the clean data. The amplicon was sequenced on Illumina paired-end platform to generate
250 bp paired-end raw reads (Raw PE) and then merged and pre-treated to obtain Clean
Tags. The chimeric sequences in Clean Tags were detected and removed to obtain the
Effective Tags which can be used for subsequent analysis. The main characteristics of
sequencing obtained in each step of data processing is shown Supplemental Table S6.

The clean sequencing data for fungal ITS regions was analyzed using the QIIME2
(version 2024.5) bioinformatics platform, leveraging GitHub resources from Simonin et al.
(2022) [29]. Taxonomic classification of each amplicon sequence variant (ASV) was per-
formed using the naïve Bayes classifier implemented via the scikit-learn package (version
1.9.0). in QIIME2, with the UNITE release 10 database used as reference for ITS sequences.
Sequence data analyses were primarily conducted using QIIME2 and R packages (R ver-
sion 4.5.0 and RStudio version 2024.12). The total number of ASVs obtained after the full
processing pipeline is given as Supplemental Data S1. Alpha diversity indices at the ASV
level, including the Chao1 richness estimator, Shannon index, and Pielou’s evenness, were
calculated in QIIME2. Principal coordinate analysis (PCoA) was performed in R to estimate
and visualize beta diversity based on the Bray–Curtis distance matrix generated in QIIME2.
PERMANOVAs and pairwise PERMANOVAs were conducted in RStudio to assess the
statistical significance (α = 0.05; 999 permutations used for each test) of differences between
groups, with Bonferroni correction applied for multiple comparisons. Differences in the
number of contaminated seeds, diversity indices, and read counts prior to rarefaction were
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evaluated in Prism 9 using unpaired t-tests. Rarefaction thresholds were determined based
on rarefaction curves to maximize diversity while retaining the highest number of samples
in the analysis. A threshold of 51,364 reads for fungal communities was applied. One repli-
cate from the Columbia batch A exposed to CAP for 5 min was excluded because it failed
the predefined rarefaction threshold and therefore could not be retained for downstream
diversity analyses. This exclusion did not alter the overall conclusions of the study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants15172719/s1, Table S1: Alpha diversity indexes for Columbia
and Landsberg based on ITS region; Table S2: PERMANOVA results for group and batch factors
in Columbia and Landsberg; Table S3: Pairwise PERMANOVA results for group (a) and time (b)
factors in Columbia; Table S4: Pairwise PERMANOVA results for group (a) and time (b) factors in
Landsberg; Table S5: IST1-1F primer used in this study; Table S6: Summarizations obtained in each
step of processing for sequencing data of fungal ITS; Data S1: Number of ASVs after sequencing for
fungal ITS region; Figure S1: Germination of CAP treated seeds; Figure S2: Microscopic observations
of Penicillium structures; Figure S3: Taxonomic profiles of rare taxa of fungal communities; Figure S4:
ITS1 region read counts for Columbia (a) and Landsberg (b) in seedlings.
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