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Abstract

BACKGROUND: The herbicide sector needs new modes of action and new ecofriendly molecules as active ingredients. In this
study, we investigated the stimulation of the plant immune system as a strategy to reduce weed growth, a mechanism not
exploited by any commercial herbicide. Plants possess an innate immune system able to detect pathogens' molecules such
as cerato-platanin (CP), a fungal protein elicitor produced by Ceratocystis platani. As sensitivity of arable weeds to microbial
elicitors is mostly unknown, the ability of CP to reduce germination and early seedling growth was examined in some Poaceae
and Amaranthaceae by using wheat as an off-target species.

RESULTS: CP-treated seeds from Lolium multiflorum, Digitaria sanguinalis and Amaranthus hybridus resulted in stunted seedling
growth, demonstrating sensitivity to the protein. In contrast, A. palmeri, A. tuberculatus and Avena fatua were unaffected by the
treatment. A more detailed characterization of the sensitivity of L. multiflorum showed that CP-specific growth inhibition
occurred at concentrations =75 pM. Western-blot analysis showed absorption of CP by L. multiflorum seedlings, while RT-qPCR
analyses revealed the overexpression of defense genes, such as the pathogenesis-related (PR) gene chitinase 1 and the
ethylene-biosynthesis gene ACO1. CP was also effective on Lolium spp. populations resistant to the acetyl-coenzyme A carbox-
ylase (ACCase) inhibitor pinoxaden, while it did not adversely affect germination of Triticum aestivum.

CONCLUSION: Besides the classic use as resistance inducers against pests and diseases, we show that plant immune defense
activators from microbes may act as selective herbicides with a mode of action so far unexploited.
© 2025 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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management strategies.'> Some molecules can affect more than
one molecular target, thus limiting the risk of evolving resis-
tance.'* Nevertheless, only a dozen bioherbicides have been mar-
keted since their first introduction in 1980.'*'> The majority are
made of selected fungal or bacterial strains, whereas the mole-
cules marketed to date are only pelargonic (nonanoic) acid and
thaxtomin A, of plant or bacterial origin, respectively.”>'”

1 INTRODUCTION

Discovery and commercialization of herbicides with totally novel
mechanisms of action has stalled over the last 40 years.' Most
new active ingredients target the same molecular pathways as
older herbicides.* On the other hand, the number of herbicide
resistant weeds is constantly rising and most existing modes of
action have been already affected.>® Resistance problems are
exacerbated in countries where, to reduce risk and impact of pes-
ticides, there is pressure to withdraw molecules with problematic

* Correspondence to: | Baccelli, Institute for Sustainable Plant Protection,

eco-toxicological profiles, or where highly simplified agricultural
practices are applied, such as the cultivation of GMO crops. In
both cases, there is an over-reliance on a few chemicals, de facto
favoring the rise of resistance.”® In this scenario, the scientific
community constantly highlights the need to discover new herbi-
cide modes of action.>*°~"

Living organisms or natural molecules derived from them may
represent a powerful source of pesticides with novel modes of
action'? and a sustainable alternative for integrated weed
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On the other hand, synthetic herbicides are represented by a
very broad array of molecules that are distributed among
24 mode-of-action groups. Synthetic herbicides hit key plant pro-
cesses such as photosynthesis, the biosynthesis/assembly of
sugars, amino acids, lipids and nucleic acids, the biosynthesis/
regulation of proteins, the auxin transport and activity (HRAC
global herbicide MOA classification 2024, https://www.
hracglobal.com/).

To date, no herbicide has as its main target the immune sys-
tem of plants. More precisely, while disease induction with
weed pathogenic microbes is a long-standing concept
(e.g., mycoherbicides),’ no herbicidal mechanism described
to date targets the plant immune response by eliciting (activat-
ing) plant immune responses in the absence of any microbial
presence. Advancements in plant immunity research have
revealed that plants, lacking mobile immune cells, rely on
innate immune receptors to detect pathogen- or damage-
associated molecular patterns (PAMPs or DAMPs).'®'” This rec-
ognition triggers defense responses at the molecular and cyto-
logical levels'’™'® that may even lead to leaf necrosis®® or
abscission.”’ Immune activation incurs metabolic costs and
growth-defense trade-offs for the plant®*?* that limit the prac-
tical use of elicitors to protect crops from pathogens and
insects.>** Interestingly, the exploitation of this trade-off for
weed control has remained so far unexplored.

The activation of the first line of immune defense, the so-called
‘pattern-triggered immunity’ (PTI),'” has been demonstrated in
many studies to reduce seedling growth after PAMP or DAMP
treatment.'®252° With our work, we aimed to investigate immune
defense stimulation, specifically PTI, as a strategy to hamper weed
growth. To this purpose, we used a fungal PAMP protein named
cerato-platanin (CP), extensively characterized by our research
group over the last decades, known to activate immune defense
responses in different plant species, such as Arabidopsis thaliana
and the tree Platanus acerifolia3°=? CP, a natural product of the
fungus Ceratocystis platani,** belongs to the homonymous family
‘Cerato-platanin family’ (InterPro entry IPR010829), which
includes proteins exclusively present in the fungal kingdom that
are able to stimulate PTl in plants.'#343>

In this work, we first investigated the seedling growth inhibition
ability of CP on Lolium multiflorum (ltalian ryegrass), one of the
most problematic weeds infesting cereal fields, vineyards and
orchards that has evolved resistance, to date, to eight different
mechanisms of herbicidal action.3® Subsequently, we tested
Lolium spp. populations that are resistant to an acetyl-coenzyme
A carboxylase (ACCase) inhibitor, as well as other important arable
weeds belonging to the Poaceae and Amaranthaceae families,
whose evolution of herbicide-resistant populations has been
reported. We finally investigated the absorption of CP in the seed-
lings and the expression of pathogen defense genes.

2 MATERIALS AND METHODS

2.1 Plant material

The seeds used in this study were present in the collection of
the Institute for Sustainable Plant Protection of the National
Research Council of Italy (IPSP-CNR, Legnaro, PD). Seeds from
each weed species had been collected from different sites from
at least 30 mature plants, cleaned, dried at 20 °C for 1 week
and stored in paper bags at 4 °C until the beginning of the
experiments. The origin of the seeds used in this work is
reported in Table 1.

Table 1. Origin of the seeds used in this work
Population
Plant species code Origin
Amaranthus 17-53-L Natural park, Rome (ltaly)
hybridus
Amaranthus 20-179 Provided by Prof. T. A. Gaines
palmeri (Colorado State University,
USA)
Amaranthus 17-65 Sandy mud flat, Portalbera, PV
tuberculatus (Italy)
Avena fatua 6-95-L Wheat field, Torre Maggiore, FG
(Italy)
Digitaria 18-8 ‘L. Toniolo’ experimental farm,
sanguinalis Legnaro, PD (ltaly)
Lolium 204-L Wheat field, Civitella Paganino,
multiflorum GR (Italy)
Lolium spp. 19-670 Wheat field, Imola, BO (Italy)
Lolium spp. IT609 Wheat field, Alessandria, AL
(Italy). Resistance to both ALS
(mesosulfuron-methyl and
iodosulfuron methyl-sodium)
and ACCase (pinoxaden and
clodinafop-propargyl)
inhibitors. Population
characterized by both target-
site and metabolism-based
resistance.>’
Lolium spp. 23-735 Wheat field, Torre San Patrizio,
FM (Italy)
Lolium spp. 23-741 Wheat field, Perugia, PG (Italy)
Triticum aestivum Purchased at Soc. Cooperativa
Agricola Piovese,
Arzergrande, PD, (ltaly)

2.2 Cerato-platanin (CP) production and purification

The water-soluble protein cerato-platanin (CP), originally purified
from the ascomycete fungus C. platani,*® was produced by heter-
ologous expression in the yeast Pichia pastoris according to the
method described by Carresi et al>® The expression of CP in
P. pastoris allows obtaining higher yields, a correct folding, while
maintaining the original eliciting and chitin-binding properties
of the protein, as demonstrated in previous studies.3'*?° Cp
was purified by Reverse Phase-High Performance Liquid Chroma-
tography (RP-HPLC), quantified by the bicinchoninic acid (BCA)
method and checked by SDS-PAGE analysis.>

2.3 Seed treatment and seedling growth measurements
Before the treatments with CP, the seeds were surface sterilized in
1% (v/v) sodium hypochlorite solution for 5 min., washed twice
with sterile water and left to dry for a few minutes on a paper
sheet.

The activity of CP was first assessed in L. multiflorum 204-L.
Thirty seeds were placed on a disc of sterile filter paper in a
60 X 15 mm Petri dish working under a laminar flow hood. Treat-
ments were performed by dispensing on the paper 500 pL of
150 pM CP. This concentration was selected based on previous
studies showing that 150 uM CP can induce defense responses
and decrease photosynthetic activity in A. thaliana leaves>'*'
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As a control, sterile water and 150 pM Bovine Serum Albumin
(BSA, pH 7, purity =298%, Sigma-Aldrich, Merk Life Science S.r.l,
Italy) were used. BSA is a protein standard routinely used in bio-
chemistry assays, it is xenobiotic to plants and possesses an iso-
electric point similar to CP.3* Subsequently, a dose-response
assay was performed to identify the minimal inhibitory concentra-
tion of CP and assess the specificity of the inhibition. The follow-
ing serial dilutions were tested on L. multiflorum: 37.5, 75, 150,
300 and 600 pM (in water). The specificity of the inhibition was
assessed by testing in parallel serial dilutions of BSA (37.5,
75,150,300 and 600 pM). Sterile water was used as a control. Each
concentration was tested in triplicate by adding 500 pL to three
Petri dishes containing 30 seeds each, prepared as previously
described. Shoot and primary root length measurements were
performed on germinated seeds after 4 days.

The inhibitory effect of CP on different plants was performed
as follows. For each species, 30 seeds (or 20 seeds for Triticum
aestivum) were placed on a disc of sterile filter paper in a
60 x 15 mm Petri dish and treated with 500 pL of 150 pM CP,
150 pM BSA, or water as described above. To facilitate the
soaking of Avena fatua seeds, the incubation was performed
with 1.5 mL of CP, water or BSA. Petri dishes were sealed with
parafilm and incubated at 4 °C in the dark for vernalization.
After 4 days (21 days for Digitaria sanguinalis), the Petri dishes
were moved to the growth chamber under the conditions
reported in Table 2. Shoot and primary root length measure-
ments were performed only on germinated seeds after 4-
6 days, depending on the species (see figure legends).

To assess the ability of CP to inhibit herbicide resistant popu-
lations of Lolium spp., the following field populations having
different frequencies of resistant plants to the ACCase inhibitor
pinoxaden were used: [T609, 17-670, 23-735, 23-741 (Table 1).
The susceptible L. multiflorum population 204-L was used as a
control. The Petri dish assay was conducted as reported above,
with the only difference that the seeds were first vernalized in
500 pL of sterile water, and 500 pL of 150 uM CP were added at
the end of the vernalization period. In addition, shoot length
measurements were performed after 7 days of growth. To con-
firm resistance of the above-mentioned populations to pinoxa-
den, a Petri dish assay was performed in parallel by adding, at
the end of vernalization, 500 pL of an appropriate dilution of
Axial® Pronto 60 (Syngenta lItalia). Shoot length reduction per-
centage was calculated per each population, for both CP and
pinoxaden, by using the mean value of the water-treated
control.

All the experiments described in this paragraph included at
least two biological replicates and were repeated as reported in
the figure legends.

2.4 SDS-PAGE and Western blot analyses
To assess whether CP was absorbed during germination/seedling
growth, L. multiflorum and T. aestivum seedlings were analyzed by
Western Blot analysis. Seeds were first treated with CP or water, sub-
sequently vernalized as described in the previous paragraph, and
grown as summarized in Table 2. After 4 days of growth in three dif-
ferent Petri dishes containing either 500 pL of 150 uM CP (two
dishes), or water as a control (one dish), L. multiflorum seedlings were
collected and subjected to SDS-PAGE and Western blot analyses.
Seedlings from one of the CP-containing Petri dishes were immedi-
ately frozen in liquid nitrogen for protein extraction, while seedlings
from the other Petri dish were rinsed twice in sterile water to remove
possible external traces of CP and then frozen in liquid nitrogen for
protein extraction. The presence of CP within T. aestivum seedlings
was similarly investigated after 4 days of growth, but three different
Petri dishes containing either 500 pL of 150 pM CP, or water as a con-
trol, were separately collected and immediately frozen in liquid nitro-
gen for protein extraction. In addition, a single replicate experiment
with L. multiflorum was run in parallel and analyzed for comparison.
Frozen tissues were transferred into a mortar containing liquid
nitrogen and pulverized with a pestle. The resulting powder was
resuspended in phosphate-buffered saline (PBS) supplemented
with a 1x protease inhibitor cocktail (Sigma-Aldrich, cat.
no. P9599). The samples were sonicated on ice with a Fisher Scien-
tific™ Model 120 Sonic Dismembrator (four pulses of 15 s., 75%
amplitude, each followed by a cooling period of 30 s.). The soni-
cated samples were cleared by centrifugation at 15 000 g for
10 min. at 4°C. The supernatant was collected and stored at
—20 °C for further analysis. Proteins (10 pg per sample) were sep-
arated on a 4-20% polyacrylamide gel (Bio-Rad Laboratories S.r.l.,
Italy) and either stained with Coomassie Brilliant Blue or trans-
ferred onto a PVDF membrane (Bio-Rad Laboratories). For West-
ern blotting, primary anti-CP antibodies (1:1000) were used,*
followed by horseradish peroxidase-conjugated anti-rabbit sec-
ondary antibodies (1:5000, Santa Cruz Biotechnology Inc.,
Germany). Chemiluminescence was achieved by probing the
PVDF membrane with electrochemiluminescence substrate (ECL;
Bio-Rad Laboratories, Cat. no. 1705060S). Target protein bands
were detected and analyzed by using the Amersham Imager
600 system (GE Healthcare, Italy).

2.5 RNA extraction and gene expression analyses

L. multiflorum seeds treated with 150 uM CP, 150 uM BSA, or water,
were vernalized and incubated as described in Table 2. Total RNA
was extracted after 4 days of growth from three biological repli-
cates per treatment, each consisting of a pool of approximately
30 seedlings, by grinding in liquid nitrogen and extracting with
RNeasy Plant Mini Kit, buffer RLT (Qiagen, Italy). RNA was quantified

Table 2. Growth conditions

Plant species Vernalization (days at 4 °C) Photoperiod (day/night hours) Growth temperature (day/night °C) No. of seeds/Petri dish
A. hybridus 4 12/12 2717 30

A. palmeri 4 12/12 27/17 30

A. tuberculatus 4 12/12 2717 30

A. fatua 4 12/12 25/15 30

D. sanguinalis 21 12/12 25/15 30

Lolium spp. 4 12/12 25/15 30

T. aestivum 4 12/12 25/15 20
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in a TECAN Infinite M Plex microplate reader equipped with Nano-
Quant Plate (Tecan Group Ltd., Switzerland). RNA was first checked
for integrity by agarose gel electrophoresis, DNase treated by using
Amplification Grade DNase | (Sigma-Aldrich) and reverse-
transcribed with Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Italy). Quantitative RT-PCRs were performed in a
StepOne Plus Real-Time PCR System (Applied Biosystems, Life
Technologies Europe BV, Italy) by using Fast SYBR™ Green Master
Mix (Applied Biosystems). The genes analyzed and the correspond-
ing primer sequences are reported in Supporting Information,
Table S1. Primers were designed with Primer Express 3.0 (Applied
Biosystems). Relative gene expression values were calculated from
three biological replicates and two technical replicates by using
the 272" method as described by Livak and Schmittgen,* after
melting curve analysis and amplification plot comparisons. The
Eukaryotic translation initiation factor (eTIF) gene was used as the
endogenous reference for transcript normalization after verifica-
tion of its transcriptional stability (Supporting Information, Fig. S1).

2.6 Statistical analyses

The effect of the treatments on seedling growth was analyzed by
non-parametric Kruskal-Wallis test followed by Dunn's multiple
comparison test (P < 0.05). Gene expression data were analyzed

1S ns
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Figure 1. Seedling growth inhibition of Lolium multiflorum by cerato-
platanin (CP). L. multiflorum 204-L seeds were vernalized 4 days at 4 °C
in the presence of 150 pM CP. Sterile water (H,0) and 150 pM bovine
serum albumin (BSA) were used as controls. Shoot (A) and primary root
(B) length measurements were performed after 4 days of growth. Non-
germinated seeds were excluded from measurements. Statistical signifi-
cance was analyzed by non-parametric Kruskal-Wallis test followed by
Dunn's multiple comparisons test at P < 0.05 (n = 28-29). Graphs show
average values + SEM. ****: P < 0.0001; ns, not significant. The experiment
was repeated three times with similar results. A representative picture
(C) of the effects of CP (bottom line) on L. multiflorum seedlings is shown
(water control, upper line).

by one-way ANOVA followed by Dunnett's multiple comparisons
test (P < 0.05). All data were first tested for normality (D'Agostino-
Pearson, Shapiro-Wilk, Anderson-Darling and Kolmogorov-Smirnov
tests) and homogeneity of variance (Bartlett's and Brown-Forsythe
tests). GraphPad Prism 9 (GraphPad Software Inc., CA, USA) was used
for graph design and statistical analyses.

3 RESULTS

3.1 Seed treatment with cerato-platanin (CP) inhibits
Lolium multiflorum seedling growth

L. multiflorum was used as the first species to assess the sensitivity
of arable weeds to the eliciting activity of CP. As shown in Fig. 1,
150 pM CP, a concentration previously reported to stimulate
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Figure 2. Dose-response effect of cerato-platanin (CP) on Lolium multi-
florum growth. L. multiflorum 204-L seeds were vernalized with increasing
concentrations of the protein elicitor CP, or the control protein bovine
serum albumin (BSA). Shoot (A) and primary root (B) length measurements
were performed after 4 days of growth. Non-germinated seeds were
excluded from measurements. Statistical significance was analyzed by
non-parametric Kruskal-Wallis test followed by Dunn's multiple compari-
sons test (vs. water) at P < 0.05 (n = 84-90). Graphs show average values
+ SEM. Significant differences are indicated with *: P < 0.05, **: P < 0.01,
or ¥*¥**: P < 0.0001.
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defense responses in A. thaliana leaves,®' was able to significantly
reduce the shoot and root length of germinated L. multiflorum
seeds. While the germination rate was unaffected by the presence
of CP (96.7% for both H,0 and CP), the reduction in length caused
by CP was approximately 80% for shoots and 40% for roots,
respectively, as compared to water control (H,0). In contrast, the
treatment with the standard protein BSA that we used as a protein
control did not significantly affect seedling growth as compared
to water (Fig. 1), nor did it considerably affect germination
rate (93.3%).

3.2 Seedling growth inhibition is dose-dependent and
specific to the protein CP

A subsequent seedling-growth inhibition assay was performed to
identify the minimal inhibitory concentration of CP and to assess
its specificity. As shown in Fig. 2, while CP was able to significantly
reduce shoot length at concentrations =75 pM, BSA was not able
to inhibit shoot growth with any concentration tested. Concern-
ing root development, a significant inhibition in the presence of
CP was observed with a minimum concentration of 150 pM, while
a non-specific effect of the treatment with BSA was observed only
with the highest concentration tested (600 pM). The germination
rate remained substantially unaffected by the presence of CP at
any concentration tested (Supporting Information, Table S2).

3.3 CPis absorbed by L. multiflorum

SDS-PAGE (Fig. 3(A)) and Western blot (Fig. 3(B)) analyses were
performed to determine whether CP was absorbed by
L. multiflorum during germination/early seedling growth. As

(A)
Water- CP- CP- CcP
Std treated treated treated 2 ug
(rinsed)

shown in Fig. 3(B), a distinct band corresponding to CP was
observed in the protein extract of both rinsed and non-rinsed
CP-treated seedlings, while it was absent in water-treated control.
Washing did not completely remove CP from the seedlings, indi-
cating that the protein had been absorbed during germination
or seedling growth.

3.4 CP alters gene expression in Lolium multiflorum
seedlings

The expression of defense-related genes was analyzed by RT-
gPCR in seedlings grown in the presence of CP. As visible in
Fig. 4, seedling growth inhibition caused by CP in L. multiflorum
was associated, at the fourth day of growth, with the overexpres-
sion of the ethylene-biosynthesis gene ACO1, an enzyme convert-
ing 1-aminocyclopropane-1-carboxylic acid (ACC) into ethylene,**
and chitinase 1 (CHIT), a PR protein encoding a fungal chitin-
degrading enzyme.***¢ In contrast, no significant variations were
detected concerning the genes Phenylalanine ammonia-lyase
(PAL), encoding the first enzyme of the phenylpropanoid
pathway,*” Lipoxygenase 2.3 (LOX), encoding the enzyme catalyz-
ing the first step of lipid oxidation for the biosynthesis of jasmo-
nate (JA),*® Pathogenesis-related protein 1-like (PR1), a marker of
SA-dependent defenses,”® and Thaumatin-like protein 1 (THAT),
encoding a PR protein reported to have antimicrobial activity in
various plant species.>®

3.5 Inhibitory activity of CP on different weed species
The promising results obtained on L. multifiorum prompted us to
investigate the sensitivity of other important arable weeds to the

(B)
Water- CP- CP- CcP
Std treated treated treated 2 pg
(rinsed)

Figure 3. Immunodetection of cerato-platanin (CP) in Lolium multiflorum seedlings. SDS-PAGE (A) and Western blot anti-CP (B) analyses of lysates of
L. multiflorum seedlings grown in water (control) or in the presence of 150 uM CP. Before protein extraction, half of the seedlings germinated with CP were
rinsed in water to remove external traces of CP. Pure CP (2 pg) was loaded as a positive control. Std, Precision Plus Protein Kaleidoscope™ Prestained Pro-

tein Standards #1610375.
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Figure 4. Gene expression analysis in Lolium multifiorum seedlings germinated in the presence of cerato-platanin (CP). CP was applied to seeds before
vernalization at the concentration of 150 pM. Water and 150 pM BSA were used as controls. The following genes were analyzed by RT-qPCR: Phenylalanine
ammonia-lyase (PAL), Lipoxygenase 2.3 (LOX); 1-aminocyclopropane-1-carboxylate oxidase 1-like (ACO1); Pathogenesis-related protein 1-like (PR1); Chitinase 1
(CHIT); Thaumatin-like protein 1 (THAT). The Eukaryotic translation initiation factor (eTIF) was used as the endogenous reference gene for normalization
(Supplementary Fig. S1). Water treatment (H,0) was used as the calibrator for relative gene expression calculations (2722 method). Mean fold change
values + SEM are shown (n = 3). Significant differences are marked by * according to one-way ANOVA and Dunnett's multiple comparisons test (P < 0.05).

eliciting activity of CP in terms of seedling growth inhibition. As
shown in Fig. 5, the treatment with CP did not significantly affect
A. fatua, A. tuberculatus and A. palmeri seedling growth (A. palmeri
seeds treated with BSA showed increased shoot length, irrelevant
for this study, Fig. 5(D)), whereas CP strongly inhibited
D. sanguinalis root growth (>85%) (Supplementary Fig. S2) and
moderately inhibited A. hybridus root growth (approximately
15%). Therefore, CP showed a partially selective inhibitory activity
on weeds and, differently from what was observed on
L. multiflorum, the inhibition on D. sanguinalis and A. hybridus only
occurred at the root level.

3.6 Lolium populations resistant to ACCase inhibitors are
susceptible to CP

To demonstrate that CP, by exploiting a different mode of action,
can be a promising alternative to reduce growth of herbicide
resistant weeds, we treated four Lolium spp. populations resistant
to the ACCase inhibitor pinoxaden. The population 204-L of
L. multiflorum was used as a susceptible control. As visible in
Fig. 6(A),(B), CP and pinoxaden strongly inhibited shoot develop-
ment in the population 204-L. However, while the populations

19-670, IT609, 23-735 and 23-745 confirmed the presence of dif-
ferent levels of resistance to pinoxaden (Fig. 6(B)), they were all
highly susceptible to CP (shoot length reduction always >78%)
(Fig. 6(A)).

3.7 Cerato-platanin does not affect wheat germination

and seedling growth

Wheat was selected as the species to be assessed for off-target
inhibitory effects by CP, since L. multiflorum seriously affect wheat
production.®' As shown in Fig. 7, the treatment with CP did not
significantly affect wheat seedling growth after 4 days of growth
as compared to water treatment, neither did it reduce germina-
tion rate (100% for CP). Unlike L. multiflorum, CP was not detect-
able in wheat seedlings after 4 days of growth (Supplementary
Fig. S3).

4 DISCUSSION

Natural microbial compounds may affect cellular functions differ-
ent from those of commercial herbicides and provide new modes
of action to fight resistant weeds. In this regard, this study shows
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Figure 5. Inhibitory effect of cerato-platanin (CP) on different weed species. Avena fatua (A,F), Amaranthus hybridus (B,G), A. tuberculatus (C,H), A. palmeri
(D,)), and Digitaria sanguinalis (E,J) seeds were vernalized at 4 °C in the presence of 150 pM CP for different periods of time, in accordance with the require-
ments of each weed species (Table 2). Shoot and primary root measurements were performed on germinated seeds after 4 days (A. tuberculatus, n = 26—
28), 5 days (A. fatua n = 20-26; A. hybridus, n = 24-30; A. palmeri, n = 29-30) or 6 days of growth (D. sanguinalis, n = 24-27). Sterile water (H,0) and
Bovine Serum Albumin (BSA) were used as controls. Statistical significance was analyzed by non-parametric Kruskal-Wallis test followed by Dunn's mul-
tiple comparisons test at P < 0.05. Graphs show average values + SEM. Significant differences are indicated with **: P < 0.01, ***: P < 0.001, or ****;
P < 0.0001: ns, not significant. The experiments were repeated with similar results.

the herbicidal potential of a fungal protein targeting the immune
system of plants.

Over the last decades, huge progress has been made on the
understanding of how plants and pathogenic microbes interact
at the molecular level.'® Nevertheless, arable weeds have received
little attention in that kind of study and the available scientific lit-
erature is scarce in information. In particular, the sensitivity of ara-
ble weeds to PAMPs is mostly unknown.'”~2%%7

In this work, the PAMP protein cerato-platanin (CP), a natural
product of the plant pathogenic fungus C. platani** was applied
to agronomically important weed species belonging to Poaceae
(L. multifiorum, A. fatua, D. sanguinalis) and Amaranthaceae
(A. hybridus, A. palmeri, A. tuberculatus), with the aim of taking
advantage of the growth-defense tradeoff, a natural mechanism
intimately connected to the plant immune reaction.?*?3

In the literature, CP has been demonstrated to induce resistance
against pathogens and PTl-related cellular responses, such as
reactive oxygen species and nitric oxide production, transcription
of defense-related genes, phytoalexin synthesis, stomatal closure
and cell death in leaves from distantly related plant species, such
as A. thaliana (Brassicaceae)®' and P. acerifolia (Platanaceae),°
suggesting an apparent widespread perception among plants.
Treatment with CP has also been found to reduce the amount of
primary metabolism enzymes (e.g. ribulose-1,5-bisphosphate

carboxylase/oxygenase-RuBisCO) and decrease photosynthetic
activity in A. thaliana,*' implying the occurrence of growth penal-
ties following treatment with the protein. In this study, the elicit-
ing activity of CP was exploited to hamper weed growth.

Our data show that CP can reduce seedling growth in
L. multifiorum while it does not negatively affect the germination
rate. The inhibition observed on L. multiflorum was
dose-dependent, specific to the treatment with CP and resulting
from the absorption of the protein, which caused the activation
of pathogen defense, in accordance with plant responses to
PAMP elicitors."” CP-specific inhibition was observed with con-
centrations =75 pM, as supported by the dose-response assay,
but 150 pM turned out to be the optimal dose to inhibit both
shoot and root development in ryegrass. With our study we are
also able to highlight the application potential of this inhibition,
because CP was effective on Lolium spp. populations resistant to
the ACCase inhibitor pinoxaden. Among the populations tested,
we included the Lolium spp. population IT609, whose characteri-
zation in a previous study has allowed revealing the presence of
target-site and metabolism-based resistance mechanisms to dif-
ferent ACCase and ALS inhibitors.’

Our results also revealed different sensitivity and response
among plant species to CP, a feature never reported before for
this protein but known for other PAMPs,>? for instance flagellin
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Figure 6. Efficacy of cerato-platanin (CP) on Lolium spp. populations resistant to pinoxaden. The pinoxaden-susceptible population 204-L of
L. multiflorum (control) and four field populations of Lolium spp. (19-670, IT609, 23-735, 23-741) showing different frequency of plants resistant to pinox-
aden were treated with 500 pL of 150 uM CP (A), by using the Petri dish assay described in Materials and Methods. CP was added after vernalization and
shoot length measurements were performed after 7 days of growth. The resistance of the selected populations to the ACCase inhibitor pinoxaden was
confirmed by treating the seeds with 500 pL of Axial® Pronto 60 (Syngenta Italia), appropriately diluted (B). The population IT609 is also resistant to acet-
olactate synthase (ALS) inhibitors.” Values are expressed as mean reduction percentage as compared to the corresponding water-treated control + SEM.
Letters indicate statistically significant differences at P < 0.05 (Kruskal-Wallis test followed by Dunn's multiple comparisons test, n = 26-30). The exper-

iment was repeated with similar results.

or its active epitopes.?®°*>* Weed response after treatment with
biomolecules or plant extracts has frequently been reported to
depend on the weed species and doses applied.>® Different char-
acteristics of the seeds, such as size and permeability,”® or the
environmental factors present in the field®” may influence
the herbicidal effect. However, in this context, we hypothesize
that the major determinant governing sensitivity of the tested
species to CP is the presence/absence of a CP receptor, or more
likely its different binding affinity for the protein. Indeed, CP-
family proteins are perceived by plants as PAMP by a still unchar-
acterized pattern-recognition receptor (PRR) that starts, after
binding, the defense signaling pathway and leads to PTI.'>3%3°
It is known from the literature that different plants may sense dif-
ferent epitopes of a PAMP, and polymorphisms in these regions
may affect immune recognition.’**®>° Therefore, species insensi-
tive to CP could however sense other CP-family proteins.?

In A. thaliana, the defense response triggered by CP was previ-
ously reported to be associated to the overexpression of
ethylene- and salicylic acid-dependent genes, downregulation
of jasmonic acid-dependent genes, and overexpression of genes
encoding some  pathogenesis-related  (PR) proteins
(e.g., chitinases and PR1, but not thaumatin) in treated leaves dur-
ing the first 24 h.3' The gene expression analyses performed in
L. multiflorum seedlings at the fourth day of growth showed a par-
tial overlap with the gene modulation previously reported in
A. thaliana, with the overexpression of an ethylene-biosynthesis
gene (ACOT), the overexpression of the PR gene chitinase 1
(CHIT) and lack of modulation for the PR gene Thaumatin-like pro-
tein 1 (THAT). The relationship between ethylene perception and
chitinase production in plants, which do not contain chitin in their
cell wall, has been known for a long time as defense mechanism

against microbial invaders.®® Therefore, the induction of both
ACO1 and CHIT genes in L. multifiorum suggests the activation of
antimicrobial defense mechanisms by CP responsible for the
growth penalties detectable on seedlings. In contrast, salicylic
acid- and jasmonic acid-dependent genes (PAL, PRT and LOX)
were unaffected in our experimental conditions, likely because
of the different treatment times (hours vs. days) and mode of
application of CP (leaves vs. seeds) between the two studies.

To conclude, treatment of Triticum aestivum with CP did not
result in seedling growth inhibition and traces of the protein
could not be found. This result suggests that CP was likely totally
absorbed and degraded on the fourth day of growth, time of sam-
pling. Our hypothesis is that CP, ineffective on this species
because not sensed, can be rapidly absorbed and degraded by
proteases that normally hydrolyze seed storage proteins to pro-
vide amino acids essential for embryo growth and develop-
ment.®' The insensitivity of wheat to CP is relevant from the
weed management perspective, because it opens the possibility
to provide the crop with an important growth advantage on its
weeds such as ryegrass, in a targeted manner, thereby making it
more competitive. Crop competitiveness for weed suppression
is not a new concept, but the need for sustainable alternatives
to manage resistant weeds has given a new boost to this research
area.”?

The biopesticide sector is investing resources in startup compa-
nies developing peptides for crop protection,'’ although their use
as herbicides is still in its infancy.°*®* Natural proteins and pep-
tides would be ideal candidates to replace/reduce harmful active
ingredients in novel (bio)herbicides, since they are non-volatile
and can be easily degraded into amino acids when in soil. This
work highlights the potential of this kind of molecule to provide
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Figure 7. Off-target activity of cerato-platanin (CP) on wheat. Triticum
aestivum seeds were vernalized 4 days at 4 °C in the presence of 150 pM
CP, sterile water, or 150 pM Bovine Serum Albumin (BSA), and germinated
4 days before shoot (A) and primary root (B) length measurements. Non-
germinated seeds were excluded from measurements. Graphs show aver-
age values + SEM. Statistical significance was analyzed by non-parametric
Kruskal-Wallis test followed by Dunn's multiple comparisons test at
P < 0.05 (n =17-20). ns, not significant. The experiment was repeated
with similar results. A representative picture of a wheat seedling germi-
nated in the presence of water or CP is shown (C).

sustainable solutions for the lack of new modes of action and the
problem of weed resistance.

5 CONCLUSION

Plant immune stimulators are classically studied, and in some
cases marketed, as resistance inducers against pests and diseases.
This study supports the potential use of natural immune stimula-
tors from microbes, such as CP and very likely other PAMP pro-
teins and peptides, against weeds. We propose that herbicide
resistant weeds, which require innovative modes of action to be
controlled, can particularly benefit from the exploitation of this
class of plant immune activators.

ACKNOWLEDGEMENTS

This work was funded by the European Union-Next Generation
EU, Missione 4, Componente 2, Investimento 1.1 ‘Progetti di
Ricerca di Rilevante Interesse Nazionale (PRIN)’, Bando PRIN
2022 PNRR (Italian Ministry for University and Research D.
D. 1409-14/09/2022), Prot. P2022NEJ8K, CUP B53D23032230001.
Open access publishing facilitated by Consiglio Nazionale delle
Ricerche, as part of the Wiley - CRUI-CARE agreement.

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available in
the supplementary material of this article.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this
article.

REFERENCES

Duke SO, Why have no new herbicide modes of action appeared in
recent years? Pest Manag Sci 68:505-512 (2012).

2 Duke SO and Dayan FE, The search for new herbicide mechanisms of
action: is there a ‘holy grail’? Pest Manag Sci 78:1303-1313 (2022).

3 QuRY, He B, Yang JF, Lin HY, Yang WC, Wu QY et al., Where are the new
herbicides? Pest Manag Sci 77:2620-2625 (2021).

4 Dayan FE, Owens DK and Duke SO, Rationale for a natural products
approach to herbicide discovery. Pest Manag Sci 68:519-528 (2012).

5 Délye C, Jasieniuk M and Le Corre V, Deciphering the evolution of her-
bicide resistance in weeds. Trends Genet 29:649-658 (2013).

6 Gaines TA, Duke SO, Morran S, Rigon CAG, Tranel PJ, Kiipper A et al.,
Mechanisms of evolved herbicide resistance. J Biol Chem 295:
10307-10330 (2020).

7 Tataridas A, Kanatas P, Chatzigeorgiou A, Zannopoulos S and Travlos |,
Sustainable crop and Weed Management in the era of the EU green
Deal: a survival guide. Agronomy 12:589 (2022).

8 Schneider K, Barreiro-Hurle J and Rodriguez-Cerezo E, Pesticide reduc-
tion amidst food and feed security concerns in Europe. Nat Food 4:
746-750 (2023).

9 Peters B and Strek HJ, Herbicide discovery in light of rapidly spreading
resistance and ever-increasing regulatory hurdles. Pest Manag Sci
74:2211-2215 (2018).

10 He B, Hu Y, Wang W, Yan W and Ye Y, The Progress towards novel her-
bicide modes of action and targeted herbicide development. Agron-
omy 12:2792 (2022).

11 Marrone PG, Status of the biopesticide market and prospects for new
bioherbicides. Pest Manag Sci 80:81-86 (2024).

12 Gerwick BC and Sparks TC, Natural products for pest control: an analy-
sis of their role, value and future. Pest Manag Sci 70:1169-1185
(2014).

13 Cordeau S, Triolet M, Wayman S, Steinberg C and Guillemin J-P, Bioher-
bicides: dead in the water? A review of the existing products for inte-
grated weed management. Crop Prot 87:44-49 (2016).

14 Gressel J, Perspective: present pesticide discovery paradigms promote
the evolution of resistance - learn from nature and prioritize multi-
target site inhibitor design. Pest Manag Sci 76:421-425 (2020).

15 Hasan M, Ahmad-Hamdani MS, Rosli AM and Hamdan H, Bioherbicides:
an eco-friendly tool for sustainable Weed Management. Plan Theory
10:1212 (2021).

16 Jones JDG, Staskawicz BJ and Dangl JL, The plant immune system:
from discovery to deployment. Cell 187:2095-2116 (2024).

17 Ngou BPM, Ding P and Jones JDG, Thirty years of resistance: zig-zag
through the plant immune system. Plant Cell 34:1447-1478 (2022).

18 Bigeard J, Colcombet J and Hirt H, Signaling mechanisms in pattern-
triggered immunity (PTI). Mol Plant 8:521-539 (2015).

19 Yu X, Feng B, He P and Shan L, From chaos to harmony: responses and
signaling upon microbial pattern recognition. Annu Rev Phytopathol
55:109-137 (2017).

20 Spoel SH and Dong X, How do plants achieve immunity? Defence with-
out specialized immune cells. Nat Rev Immunol 12:89-100 (2012).

21 Patharkar OR, Gassmann W and Walker JC, Leaf shedding as an anti-
bacterial defense in Arabidopsis cauline leaves. PLoS Genet 13:
e1007132 (2017).

22 Huot B, Yao J, Montgomery BL and He SY, Growth-defense tradeoffs in
plants: a balancing act to optimize fitness. Mol Plant 7:1267-1287
(2014).

Pest Manag Sci 2025

© 2025 The Author(s).

wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

- Inauowss Aq £968's0/200T OT/10P/LLI00" A 1M ARIq 1 U1 |UO'S [eUINO 105 //:SdNY WOy papeojumod ‘0 ‘866v92ST

b Aq peusenob afe saolie YO ‘85N JO S9N 10} AReIqi 8UIIUQ AB|1M UO (SUOTHPUOD-PUB-SWBH 00" A8 1M ARed]1|Bu JUO//:SANY) SUORIPUOD pUe Swie | 8U 89S *[5202/90/92] Uo AriqiaulluO A8|IM ‘ewsIsIS 8zusil I BISeAlN



http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

WWW.50Ci.org

L Scarabel et al.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

Karasov TL, Chae E, Herman JJ and Bergelson J, Mechanisms to miti-
gate the trade-off between growth and defense. Plant Cell 29:666—
680 (2017).

Vallad GE and Goodman RM, Systemic acquired resistance and
induced systemic resistance in conventional agriculture. Crop Sci
44:1920-1934 (2004).

Flors V, Kyndt T, Mauch-Mani B, Pozo MJ, Ryu C-M and Ton J, Enabling
sustainable crop protection with induced resistance in plants. Front
Sci 2:1407410 (2024).

Sun W, Dunning FM, Pfund C, Weingarten R and Bent AF, Within-
species flagellin polymorphism in Xanthomonas campestris pv
campestris and its impact on elicitation of Arabidopsis FLAGEL-
LIN SENSING2-dependent defenses. Plant Cell 18:764-779
(2006).

Winkelmdiller TM, Entila F, Anver S, Piasecka A, Song B, Dahms E et al.,
Gene expression evolution in pattern-triggered immunity within
Arabidopsis thaliana and across Brassicaceae species. Plant Cell 33:
1863-1887 (2021).

Cheng JHT, Bredow M, Monaghan J and diCenzo GC, Proteobacteria
contain diverse flg22 epitopes that elicit varying immune responses
in Arabidopsis thaliana. Mol Plant-Microbe Interact 34:504-510
(2021).

Rui W, Dandan Z, Shengnan L, Jinlan G, Liebao H and Jinlong Q, Simple
bioassay for PAMP-triggered immunity in rice seedlings based on
lateral root growth inhibition. Rice Sci 29:67-75 (2022).

Lombardi L, Faoro F, Luti S, Baccelli I, Martellini F, Bernardi R et al.,
Differential timing of defense-related responses induced by
cerato-platanin and cerato-populin, two non-catalytic fungal elici-
tors. Physiol Plant 149:408-421 (2013).

Baccelli I, Lombardi L, Luti S, Bernardi R, Picciarelli P, Scala A et al.,
Cerato-platanin induces resistance in Arabidopsis leaves through
stomatal perception, overexpression of salicylic acid- and
ethylene-signalling genes and camalexin biosynthesis. PLoS One 9:
100959 (2014).

Luti S, Sella L, Quarantin A, Pazzagli L and Baccelli |, Twenty years of
research on cerato-platanin family proteins: clues, conclusions, and
unsolved issues. Fungal Biol Rev 34:13-24 (2020).

Pazzagli L, Cappugi G, Manao G, Camici G, Santini A and Scala A, Puri-
fication, characterization, and amino acid sequence of cerato-
platanin, a new phytotoxic protein from Ceratocystis fimbriata f. sp.
platani. J Biol Chem 274:24959-24964 (1999).

Luti S, Bemporad F, Vivoli Vega M, Leri M, Musiani F, Baccellil et al., Par-
titioning the structural features that underlie expansin-like and elic-
itor activities of cerato-platanin. Int J Biol Macromol 165:2845-2854
(2020).

Frias M, Gonzalez C and Brito N, BcSpl1, a cerato-platanin family pro-
tein, contributes to Botrytis cinerea virulence and elicits the hyper-
sensitive response in the host. New Phytol 192:483-495 (2011).

Heap IM, The International Survey of Herbicide Resistant Weeds Avail-
able: http://weedscience.org/ [May 21 2025].

Scarabel L, Panozzo S, Loddo D, Mathiassen SK, Kristensen M, Kudsk P
et al., Diversified resistance mechanisms in multi-resistant Lolium
spp. in three European countries. Front Plant Sci 11:608845 (2020).

Carresi L, Pantera B, Zoppi C, Cappugi G, Oliveira AL, Pertinhez TA et al.,
Cerato-platanin, a phytotoxic protein from Ceratocystis fimbriata:
expression in Pichia pastoris, purification and characterization. Pro-
tein Expr Purif 49:159-167 (2006).

de Oliveira AL, Gallo M, Pazzagli L, Benedetti CE, Cappugi G, Scala A
et al., The structure of the elicitor Cerato-platanin (CP), the first mem-
ber of the CP fungal protein family, reveals a double y pg-barrel fold
and carbohydrate binding. J Biol Chem 286:17560-17568 (2011).

Baroni F, Gallo M, Pazzagli L, Luti S, Baccelli I, Spisni A et al., A mecha-
nistic model may explain the dissimilar biological efficiency of the
fungal elicitors cerato-platanin and cerato-populin. Biochim Biophys
Acta Gen Subj 1865:129843 (2021).

Luti S, Caselli A, Taiti C, Bazihizina N, Gonnelli C, Mancuso S et al., PAMP
activity of Cerato-Platanin during plant interaction: an -Omic
approach. Int J Mol Sci 17:866 (2016).

42

43

44

45

46

47

48

49

50

51

52

53

55

56

57

58

59

60

iy

6

62

63

64

Scala A, Pazzagli L, Comparini C, Santini A, Tegli S and Cappugi G, Cer-
ato-platanin, an early-produced protein by Ceratocystis fimbriata f.
sp. platani, elicits phytoalexin synthesis in host and non-host plants.
J Plant Pathol 86:27-33 (2004).

Livak KJ and Schmittgen TD, Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T))
method. Methods 25:402-408 (2001).

Pattyn J, Vaughan-Hirsch J and Van de Poel B, The regulation of ethyl-
ene biosynthesis: a complex multilevel control circuitry. New Phytol
229:770-782 (2021).

Sels J, Mathys J, De Coninck BM, Cammue BP and De Bolle MF, Plant
pathogenesis-related (PR) proteins: a focus on PR peptides.
Plant Physiol Biochem 46:941-950 (2008).

Vaghela B, Vashi R, Rajput K and Joshi R, Plant chitinases and their role
in plant defense: a comprehensive review. Enzym Microb Technol
159:110055 (2022).

Biata W and Jasinski M, The Phenylpropanoid case-it is transport that
matters. Front Plant Sci 9:1610 (2018).

Wasternack C and Song S, Jasmonates: biosynthesis, metabolism, and
signaling by proteins activating and repressing transcription. J Exp
Bot 68:1303-1321 (2017).

Vlot AC, Dempsey DA and Klessig DF, Salicylic acid, a multifaceted hor-
mone to combat disease. Annu Rev Phytopathol 47:177-206 (2009).

Han Z, Xiong D, Schneiter R and Tian C, The function of plant PR1 and
other members of the CAP protein superfamily in plant-pathogen
interactions. Mol Plant Pathol 24:651-668 (2023).

Flessner ML, Burke IC, Dille JA, Everman WJ, VanGessel MJ, Tidemann B
et al., Potential wheat yield loss due to weeds in the United States
and Canada. Weed Technol 35:916-923 (2021).

Thomma BP, Niirnberger T and Joosten MH, Of PAMPs and effectors:
the blurred PTI-ETI dichotomy. Plant Cell 23:4-15 (2011).

Wei Y, Balaceanu A, Rufian JS, Segonzac C, Zhao A, Morcillo RIL et al.,
An immune receptor complex evolved in soybean to perceive a
polymorphic bacterial flagellin. Nat Commun 11:3763 (2020).

Colaianni NR, Parys K, Lee HS, Conway JM, Kim NH, Edelbacher N et al.,
A complex immune response to flagellin epitope variation in com-
mensal communities. Cell Host Microbe 29:635-649.e9 (2021).

Valera-Burgos J, Diaz-Barradas MC and Zunzunegui M, Effects of Pinus
pinea litter on seed germination and seedling performance of three
Mediterranean shrub species. Plant Growth Regul 66:285-292 (2012).

Pellissier F, Improved germination bioassays for allelopathy research.
Acta Physiol Plant 35:23-30 (2013).

Hashoum H, Saatkamp A, Gauquelin T, Ruffault J, Fernandez C and
Bousquet-Mélou A, Mediterranean woody plant specialized metab-
olites affect germination of Linum perenne at its dry and upper ther-
mal limits. Plant Soil 446:291-305 (2020).

Furukawa T, Inagaki H, Takai R, Hirai H and Che FS, Two distinct EF-Tu
epitopes induce immune responses in rice and Arabidopsis. Mol
Plant-Microbe Interact 27:113-124 (2014).

Trda L, Fernandez O, Boutrot F, Héloir MC, Kelloniemi J, Daire X et al.,
The grapevine flagellin receptor VVFLS2 differentially recognizes
flagellin-derived epitopes from the endophytic growth-promoting
bacterium Burkholderia phytofirmans and plant pathogenic bacteria.
New Phytol 201:1371-1384 (2014).

Boller T, Gehri A, Mauch F and Vogeli U, Chitinase in bean leaves: induc-
tion by ethylene, purification, properties, and possible function.
Planta 157:22-31 (1983).

Diaz-Mendoza M, Diaz | and Martinez M, Insights on the proteases
involved in barley and wheat grain germination. Int J Mol Sci 20:
2087 (2019).

Van der Meulen A and Chauhan BS, A review of weed management in
wheat using crop competition. Crop Prot 95:38-44 (2017).

Jennings JC, Birkhold PC, Bailey BA and Anderson JD, Induction of eth-
ylene biosynthesis and necrosis in weed leaves by a Fusarium oxy-
sporum protein. Weed Sci 48:7-14 (2000).

Zhang YM, Ye DX, Liu Y, Zhang XY, Zhou YL, Zhang L et al., Peptides,
new tools for plant protection in eco-agriculture. Advanced Agro-
chem 2:58-78 (2023).

wileyonlinelibrary.com/journal/ps

© 2025 The Author(s).

Pest Manag Sci 2025

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

- I auows Aq £968'S4/200T0T/10P/OY" A8 |1 A21c]1[BU|UO'S EUINO(108//°ScY LLOA Papeojumo ‘0 ‘8667925T

35U SUOWILIOD) BAIIEaID 3gedl|dde ay Aq peuseoh are sap e YO ‘9sh Jo 3N 10} Akeiqi]auluO A8|IAN UO (SUOT}PUOD-PUE-SWLIBYWIOD AB | IM' ARe.q 1 BUL|UO//:SANY) SUOIIPUOD pue SWd | 8L} 89S *[G202/90/92] Uo Arelq1auljuQ AB|IM ewssIS azusll4 IQ eISeAIUN


http://weedscience.org/
http://wileyonlinelibrary.com/journal/ps

	Growth inhibition of arable weeds by cerato‐platanin, a plant immune defense activator of fungal origin
	Abstract
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Plant material
	2.2  Cerato‐platanin (CP) production and purification
	2.3  Seed treatment and seedling growth measurements
	2.4  SDS‐PAGE and Western blot analyses
	2.5  RNA extraction and gene expression analyses
	2.6  Statistical analyses

	3  RESULTS
	3.1  Seed treatment with cerato‐platanin (CP) inhibits Lolium multiflorum seedling growth
	3.2  Seedling growth inhibition is dose‐dependent and specific to the protein CP
	3.3  CP is absorbed by L. multiflorum
	3.4  CP alters gene expression in Lolium multiflorum seedlings
	3.5  Inhibitory activity of CP on different weed species
	3.6  Lolium populations resistant to ACCase inhibitors are susceptible to CP
	3.7  Cerato‐platanin does not affect wheat germination and seedling growth

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	SUPPORTING INFORMATION
	REFERENCES


