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Microbial bioremediation of persistent
organic pollutants in plant tissues provides
crop growth promoting liquid fertilizer

James Butcher1,2,7, Claire Villette 3,4,7, Julie Zumsteg 3, Loïc Maurer 5,
Thierry Barchietto6, Richard Rigo6, Kevin Floch 6, Anita Cseh6, Sergej Buchet6,
Alain Stintzi 1,2 & Dimitri Heintz 3,4

Constructed wetlands are used to clean domestic wastewater via phytor-
emediation, commonly involving the use of reeds. The process results in the
production of large amounts of polluted plant tissues, which are then con-
sidered unusable waste products. In this study, the reusability of reeds and
nettle-polluted tissues is investigated. Fermenting contaminated plant tissues
to produce liquid fertilizer is a sustainable means to remove 87-95% of per-
sistent organic pollutants. A multiomics approach combining metabolomics
and amplicon metagenomics is used to analyze the mechanisms that occur
during fertilizer production from polluted plant tissues and identify the
microbes that are likely key for this transformation. A consortium of bacteria
and fungi with cellulolytic activity is identified. In addition, the obtained liquid
fertilizer positively impacts plant growth in the presence of pathogens and
therefore exhibits potential application in farming. This approach may be a
simple, commercially attractive solution for themanagement of contaminated
plant tissues originating from constructed wetlands, which are currently
considered problematic, useless waste products.

The removal of persistent organic pollutants (POPs) is a key goal of
wastewater treatment strategies, as POPs can be harmful to both
humans and the environment. However, this is challenging as they are
not easily degraded via conventional means. One means that has
achieved success is the use of constructed wetlands (CWs), which are
typically used to treat domestic wastewater discharged from small
towns. CWs are usually composed of reed beds, sometimes followed
by tertiary treatment by spontaneous plants1. CWs are natural solu-
tions for treating wastewater and rely on ecosystemic functions such
as phytoremediation. Phytoremediation is described as the ability of
plants and associated microbes to remove pollutants. Several
mechanisms are involved in phytoremediation, including microbial

metabolism of pollutants and pollutant sequestration within plant
tissues2.

The common reed (Phragmites australis) is used worldwide in
CWsbecause it is able to grow in awide variety of climates and survives
in polluted environments where it sequesters pollutants within its
tissue3,4. Indeed, CW management strategies typically involve cutting
the aerial parts of the reeds at least once a year to allow for continuous
reed growth and concomitant POPs sequestration. These cut plant
tissues are dried on a pile to reduce their weight, but then they are
considered waste, as they contain sequestered POPs. These piles
simply accumulate, and the plant tissues are left to compost, or they
are burned if the piles become unmanageable.
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The annual amount of reed biomass produced in constructed
wetlands is high; for example, 107 Mt in China5 and 42.1 kt in Lake
Winnipeg6. Considering a mean biomass value of 4 kg/m27,8 and
6,178,094m2 of reed beds in France9, we estimate that 25 kt of reed
biomass is produced in CWs per year. This does not consider the
numerous CWs that have been recently built near commercial areas
and roads to manage rain runoff in the context of “sponge cities”. In
2024, according to the World Health Organization, only 56.6% of the
world’s population has access to water treatment services, which
means that the reed biomass generated each year will increase in the
future as we improve access to clean water, given that CWs potentially
represent a simple and cheap solution for wastewater treatment.
Unfortunately, there is no realistic management strategy for the plant
tissues discarded from CWs. The lack of a commercial use for these
plant cuttings represents a key limitation for the wider usage of CWs
for wastewater treatment.

Common nettle (Urtica dioica L.) is another plant that is often
naturally found in close proximity to reeds in CW beds, where it
appreciates the elevated nitrogen content. It is typically considered
invasive8,10 and is often removed by controlled flooding while main-
taining the reedpopulations. Althoughnettle is treated as anunwanted
colonizer in the context of CWs, it is appreciated since centuries by
gardeners11 as a means to produce liquid fertilizer known as “nettle
water”. Nettle water is a prototypical “liquid plant manure” that is
produced from the fermentation of plant material and is commonly
sold throughout Europe. These liquid plant manures are mostly stu-
died for their beneficial effects on nutrient content, plant growth, and
pathogen resistance in the context of crop production in organic
farming12–15. Given the well-established benefits and commercial utility
of nettle water, the potential for producing nettle and reed fertilizer
from the aerial parts collected during the annual cutting of an active
CW is investigated.

The hormones andmetabolic profiles of nettle and reed fertilizers
are assessed viamass spectrometry. Since these plants are expected to
contain POPs prior to fermentation, POP levels are followed through-
out the fermentation process. Strikingly, POP levels are dramatically
reduced during fertilizer production, whereas the levels of beneficial
metabolites increase significantly. The effects of these fertilizers on
plant fitness are assessed, which reveals that they can also be used to
promote plant growth and pathogen resistance. Finally, the microbial
consortia that are responsible for these changes during fertilizer fer-
mentation are investigated.

This work is beneficial for reconsidering the management strate-
gies for plant cuttings originating from wastewater processing in
CWs. Instead of being treated as end-product waste, these cuttings can
nowbe considered ameans toproduce safe liquid fertilizer topromote
plant growth in agriculture or gardening and reduce the amounts
of pesticides needed. The obtained fertilizer can also be used locally
by cities to maintain green spaces and create a circular economy.
The aim of this work is to propose a cost-effective solution to
transform plant cuttings from constructed wetlands, which are con-
sidered waste, into a solution for plant protection and growth
promotion.

Results
Analysis of persistent organic pollutants and plant metabolites
in plants and fertilizers
The mass spectrometry analysis revealed 979 features in nettle and
963 features in reed, among which 508 and 515 were annotated,
respectively, and were categorized into metabolites, lipids and POPs
(Fig. 1 and Supplementary Data 1). During the fertilizer production
process, a consortium of microorganisms (bacteria and fungi) devel-
ops and breaks down plant tissues to feed (Fig. 1a), which leads to
a reduction in the number of original plant metabolites that can
be found in the fertilizers after 1 month (Fig. 1b, c). This reduction

applies to all of the diverse metabolic compounds found in plants, as
every family is impacted (Fig. 1d). In particular, a targeted analysis was
used to show that the sugars were completely consumed (Supple-
mentary Fig. 1), presumably as these sugars are often preferentially
used formicrobial growth. Interestingly, themicrobial consortium that
developed was also able to cope with the POPs that are released from
the polluted plant tissues when the cells are destroyed. Indeed, the
number of POPs originally detected in the plants decreased with
respect to their respective fertilizers and across all POP classes
(Fig. 1d). The abundance of the remaining pollutants significantly
decreased in fertilizer treatment, with average removal rates of 95% for
nettle and 87% for reed (Fig. 2), which were calculated for POPs iden-
tified as level 1 according to the Schymanski classification. Among the
remaining POPs, none are regulated in terms of maximum residue
limits16–19.

Effects of nettle and reed fertilizers on plant growth and
pathogen resistance
Plant fertilizers are commonly used in gardens either to promote plant
growth or to reduce the impact of pathogens. The effects of nettle and
reed fertilizers on tomato plant height, biomass and disease severity in
the presence of Rhizoctonia solani were tested (Fig. 3 and Supple-
mentary Fig. 2). R. solani is an important soil-borne fungal pathogen
responsible for root and stem rot in crop plants with a worldwide
distribution, which results in economic losses for approximately
200 host plant species, especially the Solanaceae family, which
includes eggplant, pepper, potato, tobacco and tomato cultivated
under both greenhouse and field conditions. Nettle and reed fertilizers
increased the height of tomato plants exposed to R. solani (Fig. 3a).
Nettle fertilizer also increased root biomass and reduced disease
severity compared with those of nontreated inoculated plants
(Fig. 3b, c). The beneficial impacts of the plant fertilizers could be due
to effects on the plant itself, direct effects on R. solani growth or a
combination of both.

In the absence of pathogens, reed fertilizer increased the aerial
length, whereas nettle fertilizer increased the root length (Supple-
mentary Fig. 3). Next, the impact of nettle fertilizer on Rhizoctonia
solani growthwas assessed, as this fertilizer had the greatest impact on
in vivo conditions. Nettle fertilizer inhibited R. solani mycelial growth
in vitro (Fig. 3d). Interestingly, microbial growth was observed at the
site of nettle fertilizer inoculation. Toassess the role that thismicrobial
growth could play in inhibiting R. solani, these assays were repeated in
the presence of antibiotics (chloramphenicol and streptomycin).
Strikingly, antibiotic supplementation eliminated the inhibitory effect
of nettle fertilizer on Rhizoctonia solani. These findings suggest that
the bacterial community associated with nettle fertilizer is involved in
the protective effects observed in tomato plants exposed to R. solani
and could have a direct effect on the pathogen, in addition to possibly
enhancing plant innate immunity.

Bacterial and fungal communities in nettle and reed fertilizers
Nettle and reed fertilizers were spread onto malt agar (supplemented
with chloramphenicol and streptomycin) and LB agar Petri dishes,
which revealed the presence of both fungal and bacterial populations
with distinct colony morphologies, suggesting the presence of unique
microbial communities (Supplementary Fig. 4). To further identify
bacteria involved in the nettle and reed fertilizer production process, a
taxonomic analysis was conducted via the V4 16S rRNA gene and ITS
amplicon analysis to identify specific bacterial/fungal/yeast amplicon
sequence variants (ASVs) associated with the liquid fertilizers. Each
fertilizer contained strikingly different microbial profiles (Fig. 4). Net-
tle fertilizer was characterized by abundant Alcaligenes parafaecalis,
Microvirgula curvata, Pseudomonas phenolilytica, Anaeromicrophila
herbiliytica and Bacteroides reticulotermitis. Reed fertilizer was instead
characterized by relatively high levels of Delftia acidovorans,
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Clostridium guangxiense and uncharacterized Acinetobacter, Delftia,
Dysgonomonas, Shinella and Alcaligenes genera. Interestingly, these
communities were highly specific, with little similarity in the relative
abundances of themajor bacterial species (Fig. 4c).Whereasnumerous
bacterial species were identified in the nettle/reed fertilizers, the cor-
responding yeast/fungal communities were almost exclusively domi-
natedby a single ASV. The reed fertilizerwas almost entirely composed

of Aspergillus fumigatus, whereas the nettle fertilizer contained Sce-
dosporium minutisporum (Fig. 4b).

The bacterial and fungal communities were further characterized
by assessing their reported growthphenotypes, including their oxygen
requirements, cellulolytic/sugar fermentation activity, affinity for
nitrogen and resistance to POPs (Fig. 5a, b). The two communities
were predicted to grow under anaerobic conditions and either use

Fig. 1 | Total number of features and numbers of annotatedmetabolites, lipids
and persistent organic pollutants (POPs) detected in nettle, reed and their
respective fertilizers. a Summary of the study design and major results; (b), total
number of features and number of annotatedmetabolites, lipids and POPs in nettle
and nettle fertilizer; (c), total number of features and number of annotated meta-
bolites, lipids and POPs in reed and reed fertilizer; (d), number of annotated
compounds in nettle, reed and their respective fertilizers sorted into families. The
metabolite and lipid families are shown according to the NP Classifier classification

at the pathway level. POP families are given according to the Norman Substance
Database classification. Annotations are at levels 3, 2 and 1 of the Schymanski
classification. n = 3 biological replicates for panels (b, c, d). For further details, see
Supplementary Data 1. The removal rate presented in panel a was calculated on the
basis of the abundance of persistent organic pollutants (Schymanski level 1) in
nettle, reed and their respective fertilizers. Source data are provided as a Source
Data file. Panel a Created in BioRender. Heintz, D. (2025) https://BioRender.com/
1un3pdy.
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sugars or degrade cellulose for their growth. The physicochemical
characteristics of the nettle fertilizer were monitored over 30 days
(Fig. 5c) and revealed a severe decrease in oxygen availability after
2 days, which is consistent with the establishment of anaerobic bac-
terial and fungal communities.

Metabolic activity of microbial communities in nettle and reed
fertilizers
The links between the metabolic changes observed during fertilizer
generation (plant tissue degradation, POP release/degradation and the
productionof plant signaling compounds) and themicrobial consortia
identified by assessing microbial genetic potential (Fig. 6) were
investigated. Cellobiose and D-glucose levels were severely reduced in
both nettle/reed fertilizers (98%-100% reduction), and the microbial
communities in these fertilizers are predicted to encode cellulases and
beta-glucosidases, with the nettle community predicted to have
greater levels of the latter (Supplementary Fig. 5). Therefore, the
microbial communities in fertilizers have the genetic capacity to break
down the cell walls of plant tissues made of cellulose. This tissue dis-
ruptionwould likely lead to POPs release and allow for directmicrobial
access for further degradation.

Interestingly, anthracene and biphenyl, which disappeared from
the fertilizers, can be degraded into salicylate and benzoate, respec-
tively, both of which were detected in high amounts in the fertilizers
(Supplementary Figs. 6 and 7) and can be used by plants. Salicylic acid
(SA), a plant hormone and signal transduction compound, can also be
produced from chorismate and naphthalene, and the enzymes
involved in salicylic acid production and further transformation to
catechol and gentisate were detected in the sequencing data (Fig. 6
and Supplementary Fig. 5). Notably, chorismate/iso-chorismate feeds
into nonribosomal peptide synthesis and polyketide synthesis (NRPS/
PKS) pathways, which are used by bacteria/fungi to produce side-
rophores for iron acquisition.

Another plant hormone, indole-3-acetate (IAA), which can be pro-
duced from tryptophan, was also increased in the fertilizers, and the
enzymes involved in IAA production were predicted to be present in the
taxa identified in these fertilizers (Fig. 6), although the microbial com-
munities predicted to be involved in this process differed substantially
between nettle/reed. The nettle fertilizer community was dominated by
Alcaligenes parafecalis and Microvirgula curvata, whereas the reed fer-
tilizer community had amix of different microbes that could participate
in this process. Interestingly, A. parafecalis and M. curvata were also

Fig. 2 | Efficiency of nettle and reed fertilizers in the removal of POPs. The
relative abundanceof POPs (Schymanski level 1) is given for the plant tissues (100%,
light green) and their respective fertilizers to visualize the removal rate for each
POP. The efficiency of fertilizers removing POPs from diverse families is depicted

for (a) nettle fertilizer and (b) reed fertilizer (n = 3 biological replicates). Average
removal rates of 95% (nettle) and 87% (reed) were obtained for POPs identified as
level 1 according to the Schymanski classification. Absolute quantification is given
in the Supplementary Table 1. Source data are provided as a Source Data file.
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predicted to encode for the pathway that would generate salicylate
from chorismate but would also encode for the final step of the con-
version of salicylic acid to catechol. Indole-3-acetic acid, salicylic
acid and benzoic acid were quantified at 739.74 ±63.69ng/mL,
6.74 ±0.27 ng/mL and 18.78±0.46 ng/mL in nettle fertilizer, respec-
tively, and at 185.83± 1.62 ng/mL, 6.67 ±0.25 ng/mL and 32.96± 1.00ng/
mL in reed fertilizer, respectively.

To supplement the microbial pathway predictions, we also per-
formed shotgun metagenomic sequencing on nettle fertilizer samples
and assigned taxonomy/gene presence on the assembled contigs
(SupplementaryData 10 and 11). This analysis confirmed that the nettle
had been fully digested during fermentation asUrtica-associated reads
were almost indetectable (<0.1% relative abundance). In contrast, we
were able to identify numerous microbial species in the dataset, with
Stenotrophomonas rhizophilahaving the highest N50 (623Kb) amongst
species with >1% relative abundance.We next identified and annotated
potential microbial genes to assess the functional potential of the
nettle fertilizer microbial communities. We were able to identify at
least 40 specieswith >1000annotatedKO terms/species and thuswere
able to confirm thepresence of our PICRUSt2-inferredpathwayswithin
these communities. As these pathways would likely be intact within a

single organism, their co-expression would allow for plant tissue/POP
breakdown to produce the mass spectrometry-detected metabolites.

Discussion
Two distinct cellulolytic microbial communities responsible for the
bioremediation processes that occur in nettle and reed fertilizers were
identified. To degrade the pollutants stored in plant tissues and pre-
sumably originating from the inlet water (Supplementary Data 4),
microbes first have to degrade the plant tissues where these POPs are
sequestered. Nettle and reed tissues contain high levels of cellulose,
hemicellulose and lignin: reed tissues contain 33–36% cellulose,
20–22% hemicellulose and 18.25% lignin20, whereas nettle tissues
contain 42.5% cellulose, 18.7% hemicellulose and 15.2% lignin21. Single
microbial strains are unable to efficiently degrade these lignocellulosic
substrates; instead, guilds of microbial consortia work together to
break down plant tissues22. Indeed, a heterogeneous microbial con-
sortium is needed to transform lignocellulose through the lactate
platform23. The microbial populations identified in the nettle and reed
fertilizers were distinct despite the fertilizers having developed at
similar pH values (nettle 5.82–6.21; reed 6.08–6.50) and temperature
profiles (22.6–30.5 °C). The analysis of themicrobial community in tap

Fig. 3 | Effects of nettle and reed fertilizers on tomato plant growth and
response to pathogen R. solani. The effects of fertilizers on (a) tomato plant
height, (b) the biomass weights of aerial tissues and roots, and (c) disease severity
in aerial tissues and roots weremeasured (n = 12 biological replicates).d Efficacy of
10% nettle fertilizer on the radial growth of the R. solani AG3 strain cultivated on
1.5% malt agar medium supplemented or not with antibiotics after 4 days of incu-
bation at 25 °C in the dark. Statistical analysis was performed through a pairwise
Mann-Whitney test with Bonferroni correction. Different letters above the bars

indicate statistically significant differences between the groups for the considered
observation, exactp-values are given ina SourceDatafile. Pictures of theplants at 2,
4 and 6 weeks are provided in Supplementary Fig. 2. In boxplots, the center line
represents themedian, the box limits correspond to the upper and lower quartiles,
the whiskers show upper and lower values excluding outliers. Upper and lower
limits to determine outliers are calculated based on 1.5 times the interquartile
range. Individual data points are presented as dots. Source data are provided as a
Source Data file.
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Fig. 4 | Bacterial and fungal communities in the nettle and reed fertilizers.
a Composition of the bacterial communities in the nettle and reed fertilizers (n = 4
biological replicates each across two experiments); b, composition of the fungal
communities in the nettle (n = 3) and reed fertilizers (n = 2). cRelative abundanceof
selected major differentially abundant 16S rRNA gene ASVs between nettle and
reed fertilizers (DESeq2 foldchange > 2 and adjusted p <0.01). Boxplots represent

the data interquartile range, with the center line denoting the median and samples
requiring a pseudocount for logarithmic plotting are highlighted with transpar-
ency; *** = adjusted p-value < 0.001. ASVs not present at >2% in multiple fertilizer
samples weremerged into the other category, see Supplementary Data 2 and 3 for
further details. Source data are provided as a Source Data file.
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water was performed, and did not show the presence of microbes.
Therefore, different starting microbial sources, different metabolic
profiles of theplants used tomake the fertilizers, and the sequestration
of different POPs within reeds vs nettle might be responsible for the
development of these distinct microbial communities. However, both
were composed of microbial species that have been reported to dis-
play cellulolytic capacities. These include the major members of each
fertilizer, such as M. curvata, A. parafaecalis, A. herbiliytica and C.
guangxiense. The type strain of M. curvata (sharing 99% rRNA
sequence identity with M. aerodenitrificans), which was originally iso-
lated from hydrocarbon-contaminated soils (along with Clostridium
and Pseudomonas spp), has been detected in groundwater con-
taminated with polycyclic aromatic hydrocarbons24 (PAHs). These
findings suggest that Microvirgula may possess inherent resistance to
POPs and other industrial contaminants. In our study, it also showed
high potential for producing salicylic acid through iso-chorismate. The
closely related species M. aerodenitrificans, a known cellulose

degrader25, has been isolated and characterized in woodchip bior-
eactors and has been highlighted for its potential for nitrate pollution
removal25. A. parafaecalis (a recently upgraded species originally
known as Alcaligenes faecalis subsp. parafaecalis) displays a natural
tendency for the consumption of cellulosic and lignin waste, resulting
in high glucose yields26. In addition, a functional prediction suggests
that it may be one of the major contributors to indole-3-acetate pro-
duction, as it was predicted to use either indole-3-acetamide or indole-
3-acetonitrile as substrates.While A. parafaecaliswas originally named
due to its initial identification from feces, it was later found to be
widely distributed in soil, water, and human-associated
environments27. It has also been described as resistant to
micropollutants27–29, and several studies have highlighted its pollutant
bioremediation capacity30–32. These include a variety of pollutants,
such as phenols33, PAHs34, drug residues35, arsenic36, isoprene37 and
pesticides38,39. Interestingly, A. parafecalis was identified pre-
dominantly in nettle fertilizer, whereas reed fertilizer instead was

Fig. 5 | Microbial communities in nettle and reed fertilizers are linked to the
physicochemical characteristics of the fertilizers over time. a Growth condi-
tions and metabolic capacities of the nettle fertilizer microbial community; (b)
growth conditions and metabolic capacities of the reed fertilizer microbial

community; (c) physicochemical characteristics measured in the nettle fertilizer
over 30 days. Only ASVs present at >2% inmultiple fertilizer samples are displayed.
See Supplementary Data 3 for further details. Source data are provided as a Source
Data file.
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Fig. 6 | Biosynthesis or biodegradation pathways associated with nettle and
reed fertilizers. The combination of metabolomics and microbiome datasets
allows the reconstruction of (a) plant tissue disruption (cellulose degradation) and
POPs release and degradation (anthracene, biphenyl) and (b) microbial production
of plant signaling compounds that are beneficial to plant growth and pathogen
resistance (indole-3-acetate, salicylic acid). cTaxon functional abundanceof indole-
3-acetate and salicylic acid. Pathways were reconstructed on the basis of the

pathwaymaps available inKEGG.Metabolites detected in thedatasets are identified
with colors indicating their abundance in fertilizers (red, up; blue, down; yellow,
fertilizer-only). Enzymes predicted to be present in fertilizer microbial commu-
nities are displayed with an asterisk and are listed in Supplementary Fig. 5. Source
data are provided as a SourceDatafile. Illustrations created in BioRender.Heintz,D.
(2025) https://BioRender.com/rdtop5m.
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characterized by a distinct, undefined Alcaligenes species, highlighting
that each fertilizer community likely possesses a unique microbial
guild that works together to degrade the specific plant poly-
saccharides and POPs present.

A. herbilytica has been reported to possess numerous
polysaccharide-degrading genes and utilize several complex carbo-
hydrates, such as cellulose, xylan and hemi-cellulose glucomannan.
Clostridium guangxiense was also identified, and Clostridia species are
known for their ability to degrade cellulose40,41 via active cellulase
complexes called cellulosomes42, which might explain their presence
in fertilizers, although their polyphyletic nature makes it difficult to
ascribe specific roles without a more complete genome sequencing
approach.

The nettle fertilizer fungal/yeast community was almost entirely
composed of Scedosporium minutisporum, which is able to degrade
PAHs43 and is primarily isolated from industrial settings44. The fungal/
yeast community in reeds is instead dominated by Aspergillus fumi-
gatus. A. fumigatus has been frequently tested in industrial settings to
remove contaminants45,46 and has the ability to degrade plant cell wall
polysaccharides47,48. Strains of A. fumigatus have also been reported to
produce gibberellins49, which can improve plant growth; however,
more comprehensive analyses, such as shotgun metagenomic
sequencing, are needed to confirm the presence of these pathways in
the strain recovered from reed fertilizer.

During the microbial bioremediation of POPs, a high number and
diversity of transformation products can be formed50–52, which also
occur in planta53,54. These transformation products are sometimes
described to bemore hazardous than their parent compounds53. POPs
transformation products are not well represented in databases. Cur-
rently, the regulations applied to POPs do not consider the transfor-
mation products, and knowledge is lacking regarding their toxicity.
Collective work from the scientific community is still needed to
advance this topic. To investigate further this question, in silico pre-
diction of POPs transformation products was performed, using 79
biological rules (Supplementary Data 5), as already described55. This
resulted in suspect lists of POPs transformation products, further used
to annotate the unidentified features of the dataset (Supplementary
Data 6). In order to cover a diversity of mechanisms, transformation
products were predicted for POPs which were totally and partially
degraded in fertilizers: bendiocarb, fluacrypyrim, mevinphos, biphe-
nyl, gabapentin, nandrolone, tramadol, vigabatrin, bis(2-ethylhexyl)
phthalate, triphenyl phosphate, anthracene, fluoranthene and phe-
nanthrene. None of the unidentified features in the dataset corre-
sponded to predicted POPs transformation products. For POPs totally
degraded in fertilizers, this indicates that degradation is complete, and
no transformation products remain at detectable levels. An explana-
tion for thepartial degradationof POPsmight be thepHof themedium
or the presence of elements such as fluor in the structure of the POPs.
As examples, fluacrypyrim is not fully degraded, most probably due to
the presence of fluor in its composition, and the degradation rate of
gabapentin has been described to be minimum at an approximate pH
of 656, which corresponds to the pH of reed and nettle fertilizers.

In addition, some POPs were detected in fertilizers, but not in the
corresponding plant tissues, which is surprising. One could think that
thesePOPsoriginate fromthe tapwater used toproduce the fertilizers,
but except for oxadixyl, this was not the case (Supplementary Data 7).
This difference might be explained by the different extraction proce-
dures used to analyze POPs from either plant tissues or fertilizers.
Specifically, 300mg of fresh plant tissues was ground for methanolic
extraction, while 50mLof fertilizerwas dried and solubilized in 1mLof
methanol/water (90/10). These 50mL of fertilizers corresponded to
5 g of the corresponding plant tissues used for fermentation. There-
fore, there is a concentration effect between fertilizers and plant tis-
sues, which was taken into account throughout the manuscript by
normalizing the peak areas to the original mass of plant tissues for

each type of sample (see the methods section). However, this might
allow some POPs to be detected in fertilizers but not in fresh plant
tissues, in which they are below the detection limit of the mass
spectrometer.

In addition to cellulolytic activity and their ability to degrade
POPs, the microbial communities that develop in nettle and reed fer-
tilizers also produce compounds that promote plant growth and
pathogen resistance, either by promoting plant innate immunity57,58 or
by direct interactions59. In our study, the nettle and reed fertilizers
promoted increased plant height and root biomass in the presence of
microbial pathogens. The presence of compounds such as indole-3-
acetic acid, gibberellins, salicylic acid or benzoic acid, all of which act
as plant hormones, might play a role in these growth-promoting
effects, although the exactmechanisms involvedwere not investigated
here. The additional nutrients in the nettle and reed fertilizers (nitro-
gen, phosphorus, copper, and zinc; Supplementary Fig. 8) could also
explain the increase in plant growth that we observed.

Liquid plant fertilizers have always been used in agriculture for
their biostimulant and phytoprotective properties. The metabolic
content of these natural bioactive products has been analyzed and
found to be rich in flavonoids, phenolics, essential oils, saponins,
tannins, terpenes and alkaloids60. The reduction in disease severity
when plants are treated with nettle fertilizer may thus be due to either
stimulating plant innate immunity or direct competition between the
microbial communities of the fertilizers and pathogens, as described
in other studies61.

Among the microbial communities found in nettle fertilizer, A.
parafaecalis62,63 has been shown to play a role in stimulating plant
innate immunity, has potential as a bionematocide39,64 and protects
plants against theplant pathogen Erwinia carotovora65. Our results also
suggest the presence of Stenotrophomonas rhizophila in nettle fertili-
zer; a microbe with known beneficial impacts on plant health66 and
which has been reported to inhibit R. solani growth67. Consequently,
we hypothesize that the microbial communities that develop during
fermentation, and their combined effort, may be key in helping plants
combat pathogen invasion68,69.

A strength of this study is the useofmulti-omics to assess both the
composition of microbes involved in nettle/reed fermentation into
fertilizer anduntargetedmetabolomics to identify specificmetabolites
being produced/depleted during this process. We were also able to
confirm the presence of the microbial pathways that would be
required to complete these processes and demonstrated the practical
utility of the final liquid fertilizer to suppress a common plant patho-
gen in vivo. However, we recognize that our study has several weak-
nesses. We primarily employed targeted, PCR-based approaches for
assessing microbial community composition/function that may lack
the resolution to fully characterize the microbial community present.
Futurework using both long and short-read shotgunmetagenomics to
comprehensively assemble the microbial genomes present in nettle
fertilizer would provide more information on the exact pathways
employed by the microbial community to degrade POPs, enhance
plant growth and suppress pathogens. We also only assessed the
endpoint of fertilizer fermentation, so it is unclear whether the final
microbial community was stable throughout fermentation or whether
there were successive changes in the community composition/func-
tion as fermentation progressed and POPs from nettle/reed were
released. In addition, without directly profilingmicrobial protein/gene
expression, it is unclear whether there are specific members of the
community that are key for POP degradation, as not all microbes with
the genetic capacity to degrade POPs would actively participate in this
process, or whether there are specific microbial guilds that coopera-
tively work to breakdown specific POPs. It is also unclear whether
single microbes on their own, or several microbes acting as a com-
munity, serve to protect against R. solani (Fig. 3). As our data suggests
that the microbial community responsible for the fermentation
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process is mainly anaerobe (Fig. 5), and the pathogen suppressing
effect occurs in presence of oxygen, the fermentation microbial
community we profiled may shift to a new state in planta. Future
experiments incorporating metaproteomic and/or metatran-
scriptomic analysis alongside untargetedmetabolomics with sampling
throughout the one-month fermentation period and during applica-
tion in planta would help answer these questions.

While this study only examined the impact of nettle fertilizer on a
single crop and pathogen, we expect that these findings would be
generally applicable to a wide range of commercially important crops
and their associated microbial pathogens. Indeed, the numerous stu-
dies mentioned above all revealed roles for different beneficial
microbes contributing to pathogen suppression in different crops. As
such, future work should focus on characterizing the effects of these
fertilizers on a wide range of crops and their associated pathogens,
with a focus on crops that are not only commonly affected by micro-
bial pathogens but that also typically require greater amounts of syn-
thetic fungicides (e.g., potato)70. This would also advance the concept
of “pesticide-free agriculture”71, which is increasingly recognized as a
key long-term aspirational goal in the agricultural field to promote
sustainable, ecologically friendly methods to control pests and
increase crop yields.

Nettle fertilizer is already commonly sold for agriculture, but
also in garden centers to stimulate plant growth and pathogen
protection. The industrial landscape exists and could benefit from
additional raw material to prepare fertilizers from plant cuttings
originating from CWs. Moreover, nettle fertilizer can also be used
locally to maintain green spaces by the cities that own the CWs.
This promotes a circular economy in which the goods produced
locally benefit local populations. For example, this work allowed
the creation of a company, Holositech (www.holositech.com),
which manages plant cuttings from the CWs of Montiers-sur-Saulx
and surrounding villages to produce nettle fertilizer, which is
used locally.

In this study, a multiomics approach combining metabolomics
and amplicon metagenomics was used to decipher the mechanisms
that occur during fertilizer production from polluted plant tissues. We
propose fermenting nettle and reed to produce liquid fertilizers as an
efficient means to remove POPs from these polluted plant tissues. In
addition, these fertilizers were shown to positively impact plant
growth in the presence of pathogens and therefore have commercial
applications in farming and gardening. Thus, these approachesmay be
simple, commercially attractive solutions for the management of
contaminated plant tissues originating from constructed wetlands,
which are currently considered problematic, useless waste products.

Methods
Experimental design and sampling strategy
The inlet water samples and all of the plant samples were collected at a
full-scale constructedwetland study site located inMontiers-sur-Saulx,
France (48.541192, 5.276331). This site receives domestic municipal
wastewater and does not collect rain runoff. It is composed of two
vertical flow reed beds used for primary treatment. The CW has a
capacity of approximately 160 people equivalents, an inlet flow rate of
190m3/d and was set up in 2015. Three biological replicates of reed
(Phragmites australis) and nettle (Urtica dioica L.) aerial parts were
collected from the same bed. Five sampling points were dispatched
over the bed to cover its whole surface andmixed together to obtain a
mean sampling. The plants were cut at their base, and the whole aerial
partswere chopped into small pieces using amanualpruner. Fertilizers
were made onsite from 600g fresh weight of plant aerial cuttings
(stems and leaves from reeds and nettles) in 6 L of tap water. The tap
water used for fertilizer fermentationwasobtained from themunicipal
water tower of Montiers-sur-Saulx (48.31500, 5.16011) and was not
subjected to any additional treatment. Themixture wasmacerated for

one month in the dark at room temperature. Three 50mL aliquots of
each fertilizer were subsequently collected for further analysis. The
samples were transported at 4 °C until arrival to the laboratory and
frozen at −20 °C before preparation. Samples of chopped plant aerial
parts and tap water were taken beforemaceration, transported at 4 °C
until arrival to the laboratory and frozen at −20 °C before preparation.

Chemicals
Deionized water was obtained from a Direct-Q UV station (Millipore,
Massachusetts,USA). Analytical-grademethanol (MeOH), ethyl acetate
and isopropanol were purchased from Fisher Chemicals (New Hamp-
shire, USA). Acetic and formic acids were purchased from Sigma-
Aldrich (Missouri, USA), ammonium formate was purchased from
Fluka Analytical (Missouri, USA), and NaOH was purchased from Agi-
lent Technologies (California, USA). Deuterated abscisic acid (2H6 ABA)
was obtained from OlChemIm. Analytical standards of abscisic acid
(ABA), 6-benzylaminopurine (BAP), indole-3-butyric acid potassium
salt (IBA), salicylic acid (SA), trans zeatin (t-zea), sucrose, fructose,
glucose, arabinose, maltose, trehalose, raffinose, melezitose, cello-
biose, sorbose, mannose, melibiose, methyl glucopyranoside, sta-
chyose and tryptophan were purchased from Sigma; mannotetraose
was purchased from MEGAzyme; benzoic acid (BA), and gibberellic
acid (GA3) were purchased from Fluka; brassinolide (BR), cis-12-oxo-
phytodienoic acid (cis-OPDA), castasterone (CS), cathasterone (CT),
dihydrozeatin (dhZEA), gibberellins A1, A4, A7 and GA20 (GA1, GA4,
GA7, GA20), jasmonic acid (JA), jasmonic acid-isoleucine (JA-ILE), 12-
hydroxy-jasmonic acid (12-OH-JA), and orobanchol (Oro) were pur-
chased fromOlChemIm; indole-3-acetic acid (IAA)was purchased from
Serva, and 6-furfurylaminopurine (kinetin, KIN), 6-(γ, γ-dimethylally-
lamino)purine (2iP) were purchased from Duchefa. 12-hydroxy-
jasmonic acid-isoleucine (12-OH-JA-Ile), 12-carboxy-jasmonic acid (12-
COOH-JA) and 12-carboxy-jasmonic acid-isoleucine(12-COOH-JA-Ile)
were generous gifts from Doctor Patrick Wehrung. Analytical perfor-
mance quality checks were performed with a mix of pesticides
obtained from Restek (ref. 32563 for gas chromatography and refs.
31972 and 31978 for liquid chromatography).

Sample preparation for metabolite, lipid and POP analysis
The nettle and reed aerial parts were weighed to 300mg fresh weight,
ground in liquid nitrogen and extracted in 1.5mL of cold MeOH (4 °C)
spikedwith 0.2 µg/mL 2H6 ABA. The samples were vortexed and left for
16 h at −20 °C. Then, the samples were centrifuged (15min, 18,506 x g,
4 °C) and the supernatant was recovered in a glass vial. Two additional
extraction steps with 1.5mL of cold MeOH were performed with
immediate recovery of the supernatant in the same glass vial. The
supernatants were freeze-dried under vacuum, and the samples were
recovered in 300 µL of MeOH. The inlet and tap water, nettle and reed
fertilizers were measured to 50mL, freeze-dried under vacuum and
suspended in 1mL of MeOH:H2O (90:10). Aliquots of plant and ferti-
lizer extracts were freeze-dried and recovered in the same volume of
ethyl acetate for gas chromatography coupledwithmass spectrometry
targeted analysis of POPs.

LC-TQ-MS/MS targeted analysis of hormones and sugars
Hormone and sugar analysiswasperformed via ultrahigh-performance
liquid chromatography (UHPLC) on an UltiMate 3000UHPLC system
(Thermo) coupled to an EvoQ Elite (Bruker) triple quadrupole (TQ)
mass spectrometer equipped with an electrospray ionization (ESI)
source in multiple reaction monitoring (MRM) mode to obtain frag-
mentation of the compounds (MS/MS) as described by Zumsteg et al.,
202372. Chromatographic separation was achieved on an AcquityUPLC
® HSS T3 C18 column (2.1 × 100mm, 1.8μm, Waters) coupled to an
Acquity UPLCHSS T3 C18 precolumn (2.1 × 5mm, 1.8μm,Waters). Five
microliters of the samples were injected and separated using a 15min
gradient of solvents A (H2O, 0.1% formic acid) and B (MeOH, 0.1%
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formic acid) at 35 °C and 0.300mL.min-1, starting with 5% B for 2min,
reaching 100% B at 10min, holding 100% B for 3min, returning to 5%B
in 1min and holding for initial conditions for 1min. The cone gas (30 L/
h), heated probe gas (30 L/h) and nebulizing gas (35 L/h) used was
nitrogen. The cone and heated probe temperatures were 350 and
300 °C, respectively, and the capillary voltage was set at 3.5 kV. Hor-
mones were analyzed by multiple reaction monitoring (MRM). The
cone voltage, daughter ion and collision energy were determined
using the MRM builder function on commercial standards. A mixture
of the commercial standards of the hormones described in the “Che-
micals” section served as a positive control (Supplementary Fig. 9).

For sugar analysis, chromatographic separation was performed
on an AcquityUPLC ® BEH Amide column (2.1 × 100mm, 1.7μm,
Waters) coupled to an Acquity UPLC BEH Amide precolumn
(2.1 × 5mm, 1.7μm, Waters). Five microliters of the samples were
injected and carried through the column following a 24.5min gradient
of solvent A (ACN/H2O 98/2, 0.1% triethylamine) and B (ACN/H2O 30/
70, 0.1% triethylamine) at 45 °C at a flux of 0.200mLmin, starting with
2% B for reaching 58% B at 20min, returning to 2% B in 0.5min and
holding initial conditions for 4min. Nitrogen was used as the cone gas
(30 L h), heated probe gas (30 L h) and nebulizing gas (35 L h). The
cone and heated probe temperatures were 350 and 300 °C, respec-
tively, and the capillary voltage was set at 4 kV. Sugars were analyzed
by multiple reaction monitoring (MRM). A mixture of the commercial
standards of the sugars described in the “Chemicals” section served as
a positive control.

Data processing was performedwithMSData Review 8.2 software
(Bruker). Hormones and sugars were identified to be at level 1 of the
Schymanski classification73 on the basis of their retention time,mass of
the parent ions and presence of at least 1 daughter ion. The signal-to-
noise ratio (S/N) was set to 5 (considered the limit of detection (LOD)),
the retention time window was set to 0.25min, and the mass variation
was set to 0.7 Da. For quantification, an S/N ratio of 5 was considered
the limit of quantification (LOQ) as already published74.

GC-TQ-MS/MS targeted analysis of POPs
Gas chromatography (GC) was performed on a triple quadrupole
detector (TQ, SCION 436-MS, Bruker) in multiple reaction monitoring
(MRM) mode as described by Villette et al., 202375. An Rxi®−5Sil MS
column (30m×0.25mm, 0.25 µm, Restek) with a constant flow of
helium gas (1mL/min, Alphagaz 2, Air Liquide) was used. The injector
was operated at 280 °C, the oven was set at 70 °C for 0.7min, and the
temperature was increased to 180 °C at 30 °C/min and then to 300 °C
at 10 °C/min, with a stabilization time of 2min. The electron impact
energy for fragmentation was 70 eV, and 328 POPs (pesticides, tox-
icants, and polycyclic aromatic hydrocarbons) were targeted (Sup-
plementary Data 8). Analytical quality checks were performed using a
mixture of pesticides to assess the retention times (ref 32563, Restek)
(Supplementary Fig. 10).

Data processing was performedwithMSData Review 8.2 software
(Bruker). POPs were identified to be at level 1 of the Schymanski
classification73 on the basis of their retention time, mass of the parent
ions and presence of at least 2 daughter ions. The signal-to-noise ratio
(S/N) was set to 3 (considered the limit of detection (LOD)), the
retention time windowwas set to 0.25min, and themass variation was
set to 0.5 Da. For quantification, an S/N ratio of 5 was considered the
limit of quantification (LOQ) as already published74.

LC-HRMS/MS targeted analysis of POPs
Targeted analysis of POPs was performed using liquid chromato-
graphy (LC) coupled with high-resolution mass spectrometry (HRMS)
on a Dionex Ultimate 3000 (Thermo, Massachusetts, USA) coupled to
a Q-TOF Impact II (Bruker, Germany) as described by Maurer et al.,
202176. Thismethodallows for the identification of POPsbasedon their
retention time, exact mass and fragments using a database containing

2072 compounds (848 pesticides and 1224 toxicants; Bruker Pestici-
des&Tox Screener, Supplementary Data 9). Briefly, a C18 column
(AcclaimTMRSLC 120C18, 2.2 µm, 120A, 2.1 × 100mm,Dionexbonded
silica products) equipped with an Acquity UPLC- BEH C18 precolumn
(2.1 × 5mm, 1.7 µm) was operated at 35 °C, with a gradient of solvent A
(H2O/MeOH 90/10, 0.01% formic acid, 314mg.L−1 ammonium formate)
and solvent B (MeOH, 0.01% formic acid, 314mg.L−1 ammonium for-
mate). The spectrometer was operated at 2Hz in positive ion mode
using broad-band collision-induced dissociation (bbCID) fragmenta-
tion mode over a mass range from 30 to 1000Da. Analytical quality
checks were performed using a mixture of pesticides obtained from
Restek (refs 31972 and 31978, Restek) (Supplementary Fig. 11). The
spectrometer was calibrated on the [M +H]+ form of 57 reference ions
of a calibration solution in high-precision calibration (HPC)mode with
a standard deviation below 1 ppm. Recalibration of each raw data was
performed during data analysis using the calibration segment. The
data processing was performed using TASQ 1.4 (Bruker) to identify
POPs to the level 1 of the Schymanski classification73. The limit of
detection (LOD) was considered as a signal-to-noise (S/N) ratio greater
than 3. The parameters used for identification were a retention time
range of 0.3min, mSigma value less than 30, mass variation less than 3
ppm and matching fragment ions. For quantification, a S/N ratio of 5
was considered the limit of quantification (LOQ) as already
published74.

LC-HRMS/MS nontargeted analysis of metabolites, lipids
and POPs
Nontargeted analysis of metabolites, lipids and POPs was performed
using liquid chromatography (LC) coupled with high-resolution mass
spectrometry (HRMS) on a DioneX Ultimate 3000 (Thermo, Massa-
chusetts, USA) coupled with a Q-TOF Impact II (Bruker, Germany) as
described by Zumsteg et al., 202372. Briefly, the samples were ran
through an AcquityUPLC ® HSS T3 C18 column (2.1 × 100mm, 1.8μm,
Waters) equipped with an Acquity UPLC HSS T3 C18 precolumn
(2.1 × 5mm, 1.8μm, Waters) using a gradient of solvent A (H2O, 0.1%
formic acid) and solvent B (MeOH, 0.1%) as described above for hor-
mone analysis, starting with 2% solvent B. The spectrometer was
equipped with an electrospray ionization (ESI) source and operated in
positive ionmode over amass range from20 to 1000Dawith a spectra
rate of 8Hz in AutoMS/MS fragmentationmode. The calibration of the
instrument was performed as described above for POPs analysis. The
data processing was performed using Metaboscape 4.0 (Bruker) to
obtain a feature list corresponding to level 5 (exact mass) in the
Schymanski classification, using a minimum intensity threshold of
10000, a minimum peak length of 3 spectra, a signal-to-noise ratio (S/
N) of 3 (considered the limit of detection, LOD) and a correlation
coefficient threshold of 0.8. The [M+H]+, [M+Na]+, [M +NH4]+ and
[M+K]+ ions were authorized as possible primary ions. Only the fea-
tures detected in at least 80% of the samples in at least one groupwere
kept. The featureswere annotated using analyte lists (Schymanski level
3) derived from publicly available databases: the Norman Substance
Database (https://www.norman-network.com/nds/susdat/), KNAp-
SAcK (http://www.knapsackfamily.com/KNApSAcK_Family/), Natural
Products Atlas (https://www.npatlas.org/), Phenol Explorer (http://
phenol-explorer.eu/), T3DB, PlantCyc (https://plantcyc.org/), FoodDB
(https://foodb.ca/), YMDB, ECMDB, LipidMaps (https://www.
lipidmaps.org/), HMDB. Spectral libraries were used to achieve Schy-
manski level 2 annotations: Bruker MetaboBASE Personal Library 3.0,
Mass BakoofNorthAmerica (MoNA_LCMSMS), andMSDIAL-LipidsDBs
VS34. The parameters used for annotation were a 3ppm deviation on
the mass, a mSigma value (assessing good fitting of the isotopic pat-
terns) below 30, and an MS/MS score below 800 for the spectral
libraries. TheNPClassifier classificationwas used at the pathway level77

to determine metabolite and lipid families. POP families were deter-
mined according to the Norman Substance Database classification.
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POPs transformation products were predicted in silico following 79
biological rules in the MetabolitePredict software (Bruker) as already
published55.

Effects of fertilizers on plant growth and pathogen resistance
Tomato cv. Marmande seeds were sown in vermiculitemoistened with
tap water in a 30 × 20 cm container and then transferred to a climatic
chamber: 23 °C day/17 °C night - photoperiod of 16 h light/8 h dark.
One week after sowing, the seedlings were transplanted into 5.5 cm
round pots in a 50/50 - v/v potting soil (Floradur B seed, Floragard) -
vermiculite (Floragard vermiculite, 2-3mm) mixture. Pots were
watered once a week with tap water and transferred to a climatic
chamber under the same conditions as described previously. Two
weeks after transfer to round pots, each pot was drenched either with
15mL of water (control) or with each of the fertilizers (nettle fertilizer,
reed fertilizer, commercial fertilizer Algoflash Naturasol) prepared at
10% in tapwater. A second treatmentwas carried out 6 days after the 1st

treatment with 15ml of tap water (control) or each 10% liquid fertilizer
solution. Twenty-four hours after the 2nd treatment, the plants were
transplanted into 8 × 8 x 8 cm pots containing a potting soil-
vermiculite mixture (50/50 - v/v) contaminated by adding 2.5% (w/w)
of a mixture of millet and barley seeds (1/1 – w/w) previously inocu-
lated with R. solani AG3. A control condition was prepared by adding
2.5% (w/w) of a mixture of millet and barley seeds not inoculated with
R. solani AG3 to the same potting soil-vermiculite mixture. After
transplanting, the tomato plants (12 biological replicates per condi-
tion) were watered with tap water and placed in a climatic chamber
under the same conditions as those described above. Disease assess-
ment of the aerial system was performed 4 weeks after the last trans-
plantation via a 0–5 scale as previously published78 (0 = no lesion,
1 = disease affecting ≤ 10% of total leaf area, 2 = disease affecting
11–25% of total leaf area, 3 = disease affecting 26–50% of total leaf area,
4 = disease affecting 51–75% of total leaf area and 5 = completely
necrotic leaves of total leaf area). Six weeks after the last transplanta-
tion, the roots were thoroughlywashed to remove any soil adhering to
them. The fresh root biomass of each plant was then determined, and
disease assessment of the roots was performed via a 0-6 scale as pre-
viously published78 (0 = no lesion, 1 = small lesions on primary roots,
2 = discoloration up to 50%of primary root, 3 = discoloration 51–75%of
primary root, 4 = discoloration > 75% and necrosis covering up to 30%
of primary roots, 5 = necrosis covering up to 31–60% of primary roots
and 6 = necrosis covering > 61% or dead root).

To assess the impact of the products on plant growth in the
absence of pathogens, the entire growth and transplanting phase were
the same, right up to the transplantation into soil inoculated with R.
solani. After being transplanted into 8 x 8 x 8 pots, the plants were
grown under the same climatic conditions as those described above.
Twelve days after transplanting, the following observations (non-
destructive and destructive) weremade: number of leaves, chlorophyll
content, length and fresh weight of the aerial tissues and roots of the
tomato plants in the absence of pathogens. The number of leaves
corresponds to the number of fully developed leaves and the sum of
the latter with those in development; the length of the plant corre-
sponds to the length between the collar and the apical part of the
plant, for both the aerial and the root parts. Aerial and root biomass
measurements were carried out with a precision weighing scale (Pre-
cisa XT2200 C; 0. 5 g - 2200g; e = 0.1 g; d = 0.01 g); the chlorophyll
content was measured via a SPAD 502 Plus® (Konica Minolta).

In vitro microbial analysis and confrontation test
For in vitro observation of microbial communities in nettle and reed
fertilizers, 10% nettle and reed fertilizers were spread onto 1.5% malt
agar (15 g/Lmalt extract, 15 g/L agar, Difco) and LB (Lennox) agar (10 g/
L Bacto peptone, 5 g/L yeast extract, 5 g/L NaCl, and 12 g/L agar,Merck,
SigmaAldrich) to allow fungal and bacterial communities to develop in

the dark at 25 °C for 7 days or 28 °C for 3 days, respectively. The in vitro
confrontation test was performed in 90mm Petri dishes on 1.5% malt
agar supplemented or not with 50 µg/mL chloramphenicol (Merck,
Sigma Aldrich) and 50 µg/mL streptomycin sulfate (Merck, Sigma
Aldrich). Fifty microliters of sterile distilled water (control) or 10%
nettle fertilizer was added to four symmetrical 8mm diameter wells,
and a 5mmmycelial plug of R. solani AG3 was inoculated at the center
of each Petri dish. Pictures were taken after four days of incubation at
5 °C in the dark.

DNA extraction and sequencing library construction for micro-
bial community profiling
DNA extraction and isolation for targeted bacterial (16S rRNA) and
fungal (ITS) sequencing were performed from two batches of liquid
fertilizers generated fromnettle/reed using a ZymoBIOMICSDNAMini
Kit byMicrosynth AG. Twobatcheswereprocessed to obtain sufficient
samples for subsequent downstream analyses in both the 16S rRNA
and ITS datasets. Extraction, lysis and DNA isolation were performed
according to the manufacturer’s recommendations with bead beating
using a FastPrep-24 instrument (MP Biomedicals; 4 cycles of 45 s at
speed 4 followed by 1 cycle of 45 s at speed 6.5). A total of 400 µl of raw
extract was prepared for DNA isolation, and we also attempted
extractions from the same volume of unprocessed tap water. The
concentration of the isolated DNA was assessed via PicoGreen mea-
surement (Quant-iT™ PicoGreen™ dsDNA Assay Kit, Thermo Fisher).
To sequence theV3-V4 regionof thebacterial 16S rRNAgene, two-step,
Nextera barcoded PCR libraries were generated using 341 F (5′- CCT
ACGGGNGGCWGCAG -3′) and 805R (5′- GACTACHVGGGTATCTAA
TCC -3′) with 20 PCR cycles for the first step and 10 PCR cycles for the
second step. To sequence the internal transcribed spacer (ITS2)
regions of the fungal 18S rRNA gene, two-step, Nextera barcoded PCR
libraries were generated using ITS3 (5′- GCA TCG ATG AAG AAC GCA
GC -3′), and ITS4 (5′- TCC TCC GCT TAT TGA TAT GC -3′) with 20 PCR
cycles for the first step and 15 PCR cycles for the second step. The
amplicon libraries were subsequently sequenced on an IlluminaMiSeq
using a V2 500-cycle kit. Extraction for shotgunmetagenomicprofiling
was done in triplicate on nettle fertilizer samples using an MP Bio-
medicals FastDNA SPIN Kit for Soil and a FastPrep 5 G instrument.
Metagenomic DNA was fragmented and sequencing libraries con-
structed using an Ion Xpress Plus Fragment Library kit, with frag-
mentation timings optimized to generate read inserts of 150bp.
Fragment profiles were confirmed on an Agilent Bioanalyzer. The
replicates were each sequenced on separate 540 chips using an Ion
S5 sequencer with the addition of an external calibration standard to
generate high-quality sequencing data for subsequent analysis.

Metagenomics data analysis
The 16S rRNA gene and ITS datasets were analyzed separately as
detailed below. For the multiplexed reads, the locus-specific primers
were removed using cutadapt. Reads <200 bp or without an identified
primer sequence were removed from further analysis. Subsequent
analysis was performed in R using the dada2 and phyloseq packages.
The reads were trimmed by 5 bp at the 3’ end, screened for potential
phiX contamination and filtered to remove reads with N bases or with
an expected error rate >1. The reads were denoised and merged, and
chimeraswere removed using dada2with pooling to identify amplicon
sequence variants (ASVs). The taxonomy of ASVs was assigned via the
RDP naive Bayesian classifier algorithm against either the Microbial
Database for Activated Sludge (MiDAS; https://www.midasfieldguide.
org/guide) 5.1 database (16S rRNA gene) or the UNTIE 9.0 (general
release27.10.2022) fungaldatabase (ITS). ASVswithperfect, full-length
alignmentsmatching a single species in either the NCBI 16S rRNA gene
or ITS (downloaded on April 11th, 2024) had their species annotation
updated to match NCBI taxonomies. The resulting ASVs were also
screened for potential off-target hits to the reed and nettle ITS regions.
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ASVs with BLAST alignments at >90% identity and lengths >300 were
considered off-target amplicons and removed from further analysis.
Microbial phylogenetic distances were determined by placing 16S
rRNA gene ASV sequences within the overall MiDAS guide tree using
SEPP. The datasets were normalized to 28,000 reads where appro-
priate for analysis, and samples with <28,000 reads were not con-
sidered further. To note, the tap water datasets resulted in few reads
passing quality control and off-target filtering (<1650 reads/replicate
for 16S, <1200 reads/replicate for ITS) and thus they were discarded
from further consideration. DESeq2 was used to determine the dif-
ferentially abundant 16S rRNA gene/ITS ASVs and control for the
experiment (Supplementary Data 2). The bacterial genetic potential
and eachASV’s predicted contributionwere calculated using PICRUSt2
and mapped to KEGG terms and enzyme classification (EC). Shotgun
metagenomic reads from the replicates were quality filtered and
merged prior to contig assembly with SPAdes79 using the recom-
mended parameters for Ion Torrent reads. Resulting contigs had their
taxonomy assigned using Kraken280 with the PlusPFP (standard plus
protozoa, fungi and plant) database (December 2024 version). (Sup-
plementary Data 10). To improve gene predictions from fungal com-
munities, we identified taxawith existing gene predictionmodels from
related species as previously proposed81. Thus, gene prediction from
contigs belonging to the orders Sordariales, Hypocreales, and Mag-
naporthales was performed with AUGUSTUS82 using models from
Neurosporsa crassa, Fusarium graminearum, and Magnaporthe grisea,
respectively. Contigs from the phylum Basidiomycota were predicted
using the AUGUSTUS Coprinus cinereus model, and contigs from the
genus Urtica (fertilizer source) used the Arabidopsis model. All other
contigs (bacterial/unclassified/remaining Eukaryotes) had their gene
predictions made using Prodigal83 in anonymous (metagenomic)
mode. Raw sequencing reads from each replicate were mapped back
to the contigs using bwa-mem284, and gene coverage was quantified
using HTSeq85 (Supplementary Data 11). Predicted proteins were fur-
ther annotated with GhostKOALA86 to assign KEGG terms and EC
identifiers. ECs predicted to be involved in the metabolism of specific
metabolites were identified via a literature review, and enzymes
involved in compound metabolism were identified via KEGG. Infor-
mation on microbial growth phenotypes (e.g., oxygen requirements,
cellulolytic activity, sugar fermentation, nitrogen affinity and POP
resistance) was obtained from the Bacterial Diversity Metadatabase
(BacDive, https://bacdive.dsmz.de/) or manually curated from the lit-
erature if not available in this database.

Nutrient analysis
The nutrient contents (nitrogen NTK, phosphorus, CaO, MgO and
K2O) were analyzed via the French standards NF EN 25663, NF EN ISO
6878, NF 13346 and NF 11885, respectively.

Statistics & reproducibility
The effects of fertilizers on plant growth andpathogen resistancewere
statistically analyzed. Twelve replicates were used to conduct the
experiment and check reproducibility. Owing to the small number of
replicates, a nonparametric statistical test was used: statistical analysis
was performed through a Kruskal-Wallis test. The effects were con-
sidered significantly differentwhen the p valuewas < 0.05.DESeq2was
used to determine the differentially abundant 16S rRNA gene/ITS ASVs
and control for the experiment with fold changes >2 and Benjamini-
Hochberg corrected p-values < 0.001 considered significant.

To allow a direct comparison of the abundance of the features
detected in plants and fertilizers, the peak areas obtained from mass
spectrometry analysis were normalized to the original amounts of
plant material used for each sample preparation (300mg for plant
aerial parts, 5 g for 50mL of fertilizers).

No statistical method was used to predetermine sample size. No
data were excluded from the analyses except for 16S/ITS sequencing

experiments with final filtered reads <28,000. The experiments were
not randomized. The Investigators were not blinded to allocation
during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The LC-HRMS/MS raw data generated in this study have been depos-
ited in the MassIVE database under accession code MSV000094525
[https://doi.org/10.25345/C5K64B45Q]. LC-HRMS/MS processed data
are available in Supplementary Data 1. The raw demultiplexed reads
from the 16S rRNA, ITS and metagenomic sequencing experiments
generated in this study have been deposited to NCBI SRA under
accession code PRJNA1107565. Source data are provided in this paper.
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