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Summary

Global food production faces persistent threats from environmental challenges and pathogenic
attacks, leading to significant yield losses. Conventional strategies to combat pathogens, such as
fungicides and disease-resistant breeding, are limited by environmental contamination and
emergence of pathogen resistance. Herein, we engineered sunlight-sensitive and biodegradable
carbon dots (CDs) capable of generating reactive oxygen species (ROS), offering a novel and
sustainable approach for plant protection. Our study demonstrates that CDs function as
dual-purpose materials: priming plant immune responses and serving as broad-spectrum
antifungal agents. Foliar application of CDs generated ROS under light, and the ROS could
damage the plant cell wall and trigger cell wall-mediated immunity. Immune activation enhanced
plant resistance against pathogens without compromising photosynthetic efficiency or yield.
Specifically, spray treatment with CDs at 240 mg/L (2 mL per plant) reduced the incidence of grey
mould in N. benthamiana and tomato leaves by 44% and 12%, respectively, and late blight in
tomato leaves by 31%. Moreover, CDs (480 mg/L, 1 mL) combined with continuous sunlight

irradiation (simulated by xenon lamp, 9.4 x 10° lux) showed a broad-spectrum antifungal
activity. The inhibition ratios for mycelium growth were 66.5% for P. capsici, 8% for S.

sclerotiorum and 100% for B. cinerea, respectively. Mechanistic studies revealed that CDs
effectively inhibited mycelium growth by damaging hyphae and spore structures, thereby
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disrupting the propagation and vitality of pathogens. These findings suggest that CDs offer a
promising, eco-friendly strategy for sustainable crop protection, with potential for practical
agricultural applications that maintain crop yields and minimize environmental impact.

Introduction

Extreme weather conditions and pathogenic microorganisms
pose major threats to global food production. Plant pathogens
such as Sclerotinia sclerotiorum (S. sclerotiorum), Botrytis cinerea
(B. cinerea) and Phytophthora capsici (P. capsici) are highly
destructive, causing sclerotinia stem rot, grey mould and late
blight, which lead to significant economic losses worldwide
(Cheung et al., 2020; Lamour et al., 2011; Lin et al., 2024). These
pathogens have a broad host range, affecting many key
agricultural crops and resulting in annual economic losses
exceeding one billion US dollars (Lamour et al., 2011). Current
strategies to combat plant pathogen infections include the use of
fungicides and breeding of disease-resistant varieties (El-Baky and
Amara, 2021). However, the overuse of fungicides can lead to
pathogen resistance and environmental pollution (El-Baky and
Amara, 2021), while traditional breeding is time-consuming,
costly and difficult to produce varieties with durable resistance or
broad-spectrum pathogen resistance, as pathogens evolve to
evade recognition (Nelson et al., 2018).

Plants have evolved sophisticated immune systems to defend
against pathogens, including mechanisms like pattern-triggered
immunity (PTI) and effector-triggered immunity (ETl) (Hou
et al., 2021). Cell-surface pattern recognition receptors (PRRs)
detect microbe-associated molecular patterns (MAMPs) or
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damage-associated molecular patterns (DAMPs), triggering PTI
and a cascade of immune signalling events. In response,
pathogens produce virulence factors (effectors) that suppress
PTI and trigger ETI (Ge et al., 2022; Yoshioka et al., 2023).
Inspired by these natural immune responses, researchers have
identified various elicitors, such as proteins, oligosaccharides,
peptides, lipids, small molecule metabolites and compounds
mimicking DAMPs/PAMPs that can enhance plant immunity
and protect against pathogens (Agrawal et al.,, 2002; Chen
etal., 2024; Dewen et al., 2017). For example, flg22, a 22-amino
acid peptide derived from pathogenic bacteria, is a well-known
bio-inducer that activates plant defence response and enhance
disease resistance (Bethke et al., 2009; Jelenska et al., 2017).
Despite their potential, bio-elicitors face challenges such as
complicated synthesis methods, high production costs and
potential negative effects on plant growth and crop yields (Yang
et al., 2022).

Recent advances in nanomaterials such as silver, copper,
silicon, selenium and carbon have been reported to help plants
defend against pathogens and improve disease resistance
(El-Shetehy et al., 2021; Guo et al., 2023; Jo et al., 2009;
Karimi, 2019; Khosropour et al., 2023; Shang et al., 2023; Xia
et al., 2021). Carbon dots (CDs), zero-dimensional carbon-based
nanomaterials, offer low cost, small size, high biocompatibility
and versatile modification capabilities (Liu et al., 2020). They have
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shown promising applications in plants. For instance, CDs can
improve plant production by enhancing photosynthetic processes,
including electron transport (Chandra et al., 2014; Huang
et al.,, 2023), CO, assimilation and fixation (Li et al., 2019;
Sukhanova, 2010), light conversion and capture (Li et al., 2021;
Wang et al., 2021; Wei et al., 2017) and nutrient uptake (Jing
etal., 2022; Kou et al., 2021). Moreover, CDs have been reported
to act as light converters and enhance photosynthesis, thereby
promoting the growth and development of plants (Guirguis
etal., 2023; Hu et al., 2024). CDs also improve plant tolerance to
biotic and abiotic stresses by scavenging reactive oxygen species
(ROS), enhancing antioxidant enzyme activity and acting as
electron acceptors (Li et al., 2022; Liu et al., 2020, 2024; Wang
et al., 2022; Yang et al., 2022). Furthermore, functionalized CDs
have been explored for chemical and gene delivery into plants
(Jeon et al., 2023; Santana et al., 2022; Sharma et al., 2024).
CDs’" excellent photoelectric properties enable them to regulate
ROS, which are utilized for bacterial inhibition and tumour
therapy in animals (Cheng et al., 2024; Wang et al., 2017; Zhang
et al.,, 2023). However, their potential for ROS regulation to
protect plants has not been fully explored.

In this study, we developed sunlight-sensitive, degradable CDs
that generate ROS and investigated their ability to prime plant
immunity and exhibit antifungal effects. Our results demonstrate
that CDs at lower concentration (240 mg/L, 2 mL per plant) can
enhance pathogen resistance of Nicotiana benthamiana (N.
benthamiana) and tomato (Solanum lycopersicum. L) plants
under natural growth conditions by inducing cell wall-mediated
immunity, triggering a cascade of immune responses, such as
ROS bursts, MAPK cascades, the accumulation of phytoalexins
and defence phytohormones. At higher concentrations
(>480mg/L) and with continuous light irradiation, CDs deacti-
vated P. capsici, B. cinerea and S. sclerotiorum pathogens by
damaging the structures of their hyphae and spores, thereby
reducing their infection ability. In short, compared to bio-elicitors,
like flg 22, CDs have a simple and cost-effective synthesis process.
Notably, CDs not only effectively induce plant immune responses
but also demonstrate significant potential for enhancing plant
defence towards fungal diseases without compromising their
growth. These findings suggest that sunlight-sensitive CDs offer a
novel and sustainable strategy for crop protection, broadening
their application in plant disease management.

Results and discussions
Preparation and characterization of CDs

CDs were synthesized using o-phenylenediamine and L-cystine by
a one-step hydrothermal method in aqueous solution according
to our previous report (Figure 1a) (Kou et al, 2023). The
synthesized CDs were positively charged, with a zeta potential of
+16.4mV (Figure S1) and showed an emission peak at 485nm
upon excitation at 424 nm (Figure 1b). Transmission electron
microscope (TEM) imaging (Figure 1c) and atomic force micros-
copy (AFM) (Figure 1d) indicated that the CDs size distribution
was in 2-5nm with a 0.26 nm lattice spacing, corresponding to
diffraction facets of graphite-like (020) core structures (Nie
et al., 2014; Zhang et al., 2022). The functional groups of the
CDs were characterized with Fourier transform infrared (FTIR)
spectroscopy. As shown in Figure 1e, a wide stretching peak at
3480 cm ™" was ascribed to the stretching of primary —NH, and
—OH groups. The bands at 2920, 1650, 1510 and 1321 cm™"
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correspond to stretching vibrations of C—C, C=0/C=N, C=C and
CO-NH, respectively (Ru et al., 2023; Zhang et al., 2022). The
vibrational bands from 1201 to 880cm~' correspond to
the vibrations of C-C/C-N/C-OH®. Peaks at 2560 and
1184 cm™" can be attributed to the stretching of S-H and C-S
(Hu et al., 2017). The above results suggested that CDs contain
various electron-enriched function groups, such as —NH,,
—COOH and —OH, providing these CDs with photo-electron
transfer properties with photocatalytic activity.

The ultraviolet-visible (UV-vis) absorption spectra showed
maximal absorption peaks at 228 and 274nm (grey line,
Figure 1f), corresponding to aromatic n—r* transitions of C=C
and C=N in the core and the n-z* transition of C=0 and C-O on
the surface of CDs (Lu et al., 2017; Ru et al., 2021). Upon
irradiation by a handheld UV light (1950 lux) with 365nm
wavelength emission, a distinct peak at ~452 nm emerged and
gradually enhanced with the prolongation of irradiation time,
whereas the absorption perk at 228 nm of C=C decreased
with the time (Figure 1f). Based on the abundant electron-rich
groups and cystine residues of CDs, we speculate this newly
emerging peak might relate to the oxidation of sulphur- and
nitrogen-containing surface groups of CDs. At the same time,
FTIR and UV-vis characteristic peaks of CDs gradually disappeared
after 90-days under natural sunlight condition (Figure S2),
indicating the degradability and environmental compatibility of
CDs. The electron spin resonance (ESR) spectra demonstrated that
CDs could generate reactive oxygen species (ROS) under the
irradiation of sunlight (simulated by xenon lamp, 5000 W/m?),
including singlet oxygen ('0,), superoxide radicals (05") and
hydroxyl radicals (OH) (Figure 1g). Therefore, we believe that
surface defects and functional groups of the CDs (such as —~OH)
were involved in the generation of ROS radicals under light
irradiation. Then the radicals can attack the CDs in multiple ways,
such as abstracting H-atom, attacking the C=C bonds via
hydroxylating, and thus resulting in the degradation of CDs,
consistent with previous study (Liu et al., 2021; Wu et al., 2013;
Yu et al., 2016; Yue et al., 2019).

CDs trigger a plant immune response against pathogen
infection

ROS, including '0,, 05, “OH and H,0, play dual roles in plant
biology. Elevated levels of ROS may disrupt the cellular redox
balance and lead to oxidative damage, whereas low levels of ROS
can act as crucial signalling molecules in plants (Mittler, 2017).
Since the CDs prepared in this study can generate ROS (including
'0,, 0O;", ‘OH) under light irradiation. We conjectured that the
ROS generated by CDs could trigger the plant defence responses.
To confirm this speculation, we first characterized the location of
CDs after 4 h spray treatment. As the results shown in Figure S3,
the CDs were observed both on the surface and inside the leaf.
Given that CDs can generate ROS in situ under light exposure, the
ROS could damage the cuticle and cell wall and act as crucial
signalling molecules to trigger plant immune responses, such as
ROS burst and lignin deposition as reported (Bacete et al., 2017,
Denness et al., 2011). Then, we examined whether CDs could
induce ROS bursts in plants. FIg22 has been proved to trigger the
local and systemic immune responses in plants along with
the rapid ROS burst (Jelenska et al., 2017; Yuan et al., 2021).
Herein, flg22 was employed as a positive control group. The
leaves of one-month-old N. benthamiana were sprayed with 2 mL
aqueous solutions containing 240 mg/L CDs or 250 pg/L flg22,
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Figure 1 Preparation and characterization of CDs. (a) Scheme of CDs synthesis. (b) Fluorescence spectra of CDs. (c) TEM image of CDs and the inset high-
resolution TEM image shows a lattice spacing of 0.26 nm. Scale bar = 50 nm or 2 nm. (d) AFM image of the CDs. Inset: Height profile of CDs along with the
white line. Scale bar = 100 nm. (e) FTIR spectrum of CDs. (f) UV-vis absorption spectra of CDs before and after 365 nm wavelength irradiation by handle UV
light for various times. (g) ESR spectra of ROS generated by CDs after irradiation with sunlight (simulated by xenon lamp, 5000 W/m?) for 10 min, showing
the generation of O; (blue line), ‘OH (red line) and 0, (pink line). Dark grey line is the spectra of CDs under the dark condition.

then ROS bursts at various time points were monitored using 2, 7-
dichlorofluorescein diacetate (H,DCF-DA) fluorescence dye stain-
ing method (Yuan et al., 2021). As shown in Figure 2a and
Figure 5S4, flg22- and CDs-treated leaves showed an obvious
green fluorescence signal after treatment for 6 h. Also, CDs at
240 mg/L concentration triggered the ROS burst at 4 h and then
lasted and weakened after 8 h (Figure 2a). We also observed the
ROS burst in tomato leaves 6 h after foliar spray treatment with
same concentration of CDs (Figure S5). ROS signal in plant
apoplast is considered as vital secondary messengers that mediate
downstream immune responses in PTI and ETl (Nosaka and
Nosaka, 2017; Wu et al., 2023; Yoshioka et al., 2008). Herein,
the ROS burst indicates that CDs could induce immune response
in plant (Qi et al., 2017; Wu et al., 2023).

Plants have evolved sophisticated defence systems, such as
superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT)
to eliminate excessive ROS and maintain redox homeostasis (Apel
and Hirt, 2004; Mittler et al., 2004). To further validate the in
planta ROS burst induced by CDs treatment, the enzymatic
activity of SOD, POD and CAT in tomato leaves were evaluated
24 h after foliar treatment with various concentration of CDs. As
shown in Figure 2b, the enzyme activity of SOD significantly
enhanced after treatment of 160 and 240 mg/L CDs and the
enzyme activity of POD was significantly improved after
treatment of 240 mg/L CDs. These improved activity of SOD
and POD implied that CDs spray treatment disturbed the redox
homeostasis, which are complementary to the results of ROS
bursts and in alignment with the performance of previously
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Figure 2 CDs induce ROS bursts and enhance pathogen defence of N. benthamiana and tomato. (a) Characterization of ROS burst in N. benthamiana
leaves sprayed with deionized water (negative control, NC) or CDs aqueous solution (240 mg/L). Scale bars = 50 pm. (b) Enzyme activity of SOD, POD and
CAT in tomato leaves after 24 h sprayed with CDs at final concentrations of 160, 240 and 480 mg/L, respectively. Error bar means +s.e.m.; n = 3. P-values
resulted from one-way ANOVA multiple-comparison tests. *P < 0.05, *#*P < 0.01. n.s., not significant. Lesion areas (c) and representative image (d) of .
benthamiana leaves after inoculated with B. cinerea mycelium for 5 days. Scale bar = 3 cm. Lesion areas (e) and image of tomato leaves (f) after inoculated
with B. cinerea mycelium for 5 days. Scale bar = 3 cm. Individual data of points in (c) and (e) scattered around the mean + s.e.m.; Data points in (c), n = 6.

Data point in (e), n =30 (control) or 29 (CDs). P-values resulted from t tests between control and treatment. *P < 0.05.

reported elicitors (Gorlach et al., 1996; Yang et al., 2022; Zhu
et al., 2024).

To further confirm the immune priming ability of CDs, we
sprayed N. benthamiana or tomato leaves with 240 mg/L CDs
solution (2 mL per plant). The control leaves were sprayed with
the same volume of deionized water. Then these pre-treated
leaves were infected with a piece of agar (0.6 cm in diameter)
containing B. cinera mycelium or 20 pL P. capsici spores (1 x 10°
zoospores per mL). Subsequently, these infected plants were
returned to the plant incubator and cultivated under standard
conditions. The incidence ratio was calculated after 5 days, and
the incidence of grey mould of N. benthamiana and tomato
leaves were reduced by 33% and 12%, respectively (Figure Séa,
b). The lesion areas in N. benthamiana leaves (Figure 2¢,d) and
tomato leaves (Figure 2e,f) were also significantly decreased by in
CDs-sprayed leaves, compared to the control groups. Moreover,
the incidence of late blight of CDs-sprayed tomato leaves
decreased by 31% (Figure S7) after infection with 20 ulL P. capsici

spores for 7 days. These results confirmed that pretreatment of
CDs spray can induce ROS bursts and trigger the plant defence
response, which sequentially enhanced plant disease resistance to
pathogens, like P. capsici and B. cinerea.

To explore the mechanism of defence response of plants
induced by CDs, we performed a transcriptomic analysis of
tomato leaves at 12 and 24 h after spray treatment with 240 mg/L
CDs. As shown in Figure S8a, three independent technical
replicates of our transcriptomic analysis were well clustered,
indicating that our transcriptomic analysis is reproducible. In
addition, we verified the expression levels of 12 DEGs from the
first 10 KEGG pathway using gRT-PCR, and the results were
consistent with those of RNA-seq (Figure S9), further proving that
the transcriptome results were reliable. The number of differential
(P < 0.05) expression genes (DEGs) induced by CDs pretreatment
after 12 his 1, 034, and this number increased to 4, 011 at 24 h
timepoint (Figure 3a,b, Figure S8b,c). Gene ontology (GO)
annotation indicated that the DEGs following 12h of CDs

Figure 3 CDs spray (240 mg/L) induced the responses to stimulus and stress acclimation in tomato. Volcano diagram of DEGs after CDs treatment for 12 h
(@) and 24 h (b). KEGG enrichment pathways (P < 0.05) of DEGs after CDs treatment for 12 h (c) and 24 h (d). (e) The DEGs in lignin and suberin
biosynthesis pathways after CDs treatment for 12 and 24 h. (f) The relative expression level of CCOAOMT6, PAL5, 4CL and FAR4 measured by qRT-PCR.
Data show mean =+ s.e.m. The error bars in the columns represent the s.e.m.; n = 3. P-values resulted from t tests between 0 and 12 h or 24 h. *P < 0.05,
*kP < 0.01. (g) Schematic of immune pathways triggered by CDs spray in tomato.
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treatment were significantly (P < 0.05) enriched in response to
stress, stimulus and cell endogenous stimulus as well as
oxidoreduction and defence (Figure S8d), suggesting CDs
pretreatment induced defence response in plant leaves. GO
annotation of DEGs at 24h CDs treatment demonstrate that
these DEGs are significantly enriched in biological processes, such
as sulphur compound metabolic processes, oxidoreductase
activity, anion transmembrane transporter activity, as well as
response to abiotic and endogenous stimuli (Figure S8e). These
results indicate that CDs can act as external stimulant to activate
the defence response of plant leaves.

To further elucidate the function of CDs, we systematically
analysed the function of DEGs via the KEGG (Kyoto encyclopae-
dia of genes and genomes) database, aiming to link genomic
information with higher order functional information. As shown
in Figure 3¢, DEGs of 12 h CDs treatment (240 mg/L) groups are
significantly enriched in metabolic process of cysteine and
methionine, biosynthesis of flavonoids, sterols and glutathione,
as well as phytohormones signal pathways. DEGs of 24h
CDs treatment (240mg/L) was significantly enriched in
photosynthesis-antenna proteins, signal transduction of phyto-
hormones and mitogen-activated protein kinase (MAPK) cas-
cades, biosynthesis of steroids, phenylalanine, phenylpropanoids,
cutin and wax, as well as various amino acid metabolic pathways
(Figure 3d). Calcium ion (Ca®*) influx, ROS burst, MAPK cascades
and the response of defence hormones are considered as the first
line of plant’s protective reaction, whereby these primary signals
can subsequently mediate the transcriptional regulation of cell
wall reinforcement and phytoalexins biosynthesis (Nurnberger
and Scheel, 2001; Zhang and Zhang, 2022). Cutin, wax and lignin
can act as primary defensive barriers in plants, which protect the
plant cell wall from hydrolysis by pathogenic bacteria, thereby
enhancing their disease resistance (Molina et al., 2024; Raffaele
et al, 2009; Singh and Chandrawat, 2017; Swaminathan
et al., 2022; Williams et al., 2002).

We noticed that genes in the phenylpropane biosynthesis
pathway were significantly regulated by the CDs treatment
(Figure 3e). It is well known that one of main metabolites of
phenylpropanoid pathways is lignin, which acts as one of main
components of cell wall during the process of thickening the
secondary wall (Vanholme et al., 2010). When cell wall damage
occurs, compensatory mechanisms, such as the biosynthesis of
lignin and suberin, are activated (Bacete et al., 2017; Denness
et al., 2011; Wang and Balint-Kurti, 2016). Given the oxidation
property of ROS, we suspect that ROS generated by CDs led
to cell wall damage in tomato leaves, finally initiating the
synthesis of lignin and suberin. Interestingly, we found that
the genes, encoding key enzymes in lignin biosynthesis, such as
phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase
(4CL), cinnamyl alcohol dehydrogenase (CAD) and caffeoyl CoA
o-methyltransferase (CCoAOMT), were significantly up-regulated
by CDs treatment (Figure 3e). We further confirmed the
expression level of these genes after CDs treatment for 12 and
24 h by gRT-PCR. As shown in Figure 3f, consisting with results of
RNA-seq, the relative expression of CCOAOMTE6 in tomato leaves
was significantly up-regulated by CDs treatment after 24 h. PAL5
was slightly enhanced by CDs treatment at 12 h. CDs treatment
do not effect on the 4CL expression. Suberin also is located on
the cell walls, contributing to cell wall structural integrity and
protective functions (Domergue et al., 2010). FAR4, one of the
key genes encoding fatty acyl-coenzyme A reductases, is
associated with suberin deposition (Domergue et al., 2010). In
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this study, we found CDs treatment markedly down-regulated
the expression of FAR4 at 12 h (Figure 3f). Previous research has
proved that the POD enzyme mediated lignin biosynthesis with
the participation of ROS (Denness et al., 2011). Therefore, the
improved POD and SOD activity and the generation of ROS under
the CDs treatment might be related to lignin biosynthesis. Plants
have dedicated mechanism to maintain cell wall integrity which
comprises a diverse set of plasma membrane-resident sensors and
pattern recognition receptors (Bacete et al., 2017). Our results
demonstrate that CDs enhance plant defence ability through cell
wall-mediated disease resistance. Specifically, the CDs generated
ROS on the leaf surface and damage the cell wall, which activated
the cell wall-mediated immune responses, including the deposi-
tion of lignin, suberin, wax and cutin, as well as ROS burst,
ultimately improving the defence ability of plants (Seifert and
Blaukopf, 2010).

Given that continuous exposure to high concentration, ROS
would lead to oxidative toxic and thus impact plant growth and
development (Apel and Hirt, 2004). Herein, we evaluated the
impact of CDs treatment on plant growth. Photosystem I (PSII)
activity is a common metric for plant growth evaluation to abiotic
and biotic stress (Murchie and Lawson, 2013). Our results
indicated that, compared to deionized water sprayed group, N.
benthamiana leaves sprayed with CDs solutions with various
concentrations (240, 480, 960 and 2400 mg/L) after 72 h showed
no differences in quantum yield of PSI (Y1) (Figure S10a) and PSII
(Yll) (Figure S10b), as well as maximum quantum efficiency of
PSII photochemistry (Fv/Fm) (Figure S10c). Moreover, compared
to the control groups (sprayed with deionized water),
CDs-sprayed (with various concentrations, from 240 to
2400 mg/L) N. benthamiana plants exhibited no significant
differences in the fresh weight and dry weight of the
aboveground yields after a period of 7 days (Figures S10d and
S11a,b). More importantly, CDs (240 and 480 mg/L) sprayed
tomato showed no differences in fruit yields after treatment for
30days (Figure S12). The above results manifested that CDs
treatments exhibited minimal interference in plant growth and
yields, which further demonstrates the potential of CDs as a
promising immune priming tool to enhance the plant resistance
to the pathogens.

Sunlight-induced broad-Spectrum antifungal ability of
CDs

Since the CDs we synthesized are sunlight-sensitive and could
generate moderate quantities of ROS at high concentrations, we
investigated the antifungal ability of CDs under constant sunlight
irradiation (simulated by a xenon lamp, 9.4 x 10* lux), which
would be ideal for practical field applications for crops. We first
estimated the inhibition efficiency of CDs at various concentra-
tions towards B. cinerea mycelial growth after 30 min irradiation.
As shown in Figure S13a,b, the inhibitory efficiency of CDs on
mycelial growth was dose-dependent, and further quantitative
analysis indicated that both 480 and 960 mg/L of CDs showed
significant inhibition on hyphal growth. Then 480 mg/L CDs was
chosen and P. capsici, B. cinerea and S. sclerotiorum were
employed as oomycete and fungal models for further study of the
potential antifungal ability of CDs. As shown in Figure 4a,b,
compared with light treatment (Light control), dark treatment
(Dark control) and CDs under dark condition (Dark + CDs), the
hyphal growth of P. capsici, S. sclerotiorum and B. cinerea was
significantly inhibited in the group of CDs with light irradiation
(Light + CDs) treatment. The inhibition percentages of Light +
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Figure 4 In vitro antifungal activity of CDs. (a) The images of mycelium growth on medium plates for P. capsica, B. cinerea and S. sclerotorm under
different treatment. Scale bar =3 cm. (b) Quantitative statistical data of (a). Data show mean £s.e.m.; n=3. P values resulted from one-way ANOVA
multiple-comparison tests. **P < 0.01, *###P < 0.0001, n.s., not significant. (c) SEM images of B. cinerea hyphae for different treatment. (d) Lesion areas of
tomato leaves after infected with B. cinerea mycelium pre-treated by Light + CDs (480 mg/L, 1 mL) or only Light (control) for 5 days. Data show

mean +5s.e.m.; n= 18 (Light control) and n =26 (Light + CDs). P-values resulted from unpaired t-test. *P < 0.05. (e) Images of B. cinerea spores
germination after treatment of Light + CDs (480 mg/L, 1 mL) or Light (control) for 24 h. (f) Quantitative statistical data of (e). Data show mean +s.e.m.,
n=6. P-values resulted from unpaired t-test. #*P < 0.05. SEM (g) images and TEM (h) images of B. cinerea spores under different treatments.

CDs treatment on hyphae of P. capsici, S. sclerotiorum and
B. cinerea were 66.5%, 883% and 100%, respectively
(Figure 5b). Neither Light control nor Dark + CDs treatment
showed obvious inhibition, indicating the specifically
light-induced antifungal ability of the CDs. Moreover, the
effective inhibitory effects on P. capsici, S. sclerotiorum and
B. cinerea suggest the broad-spectrum antifungal ability of CDs.

Next, we examined the morphological structure of B. cinerea
hyphae after 45 min irradiation under the condition of Light +
CDs (480 mg/L) or Light control, since ROS can induce oxidative
damage, which might lead destruction of the fungal cell wall
(Apel and Hirt, 2004). As shown in Figure 4c, the scanning
electron microscope (SEM) images of B. cinerea hyphae under
Light + CDs treatment showed an obviously shrivelled surface
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with several small holes, as illustrated in the enlarged image
(right, indicated by orange arrows). In contrast, the hyphae of the
Light control group showed a smooth surface, indicating that
ROS generated from irradiated CDs can destroy the structure of
B. cinerea hyphae, which in return might influence its infection
capacity and proliferation. To verify the above speculation, we
evaluated the infection ability of B. cinerea hyphae after Light +
CDs treatment. As shown Figure S14, the incidence ratio of
tomato leaves in the control group (infected by light treated
mycelium) and the treatment group (infected by 1 mL, 480 mg/L
CDs + Light treated mycelium) were 89% and 46%, and the
average lesion areas of leaves infected by pre-treated B. cinerea
mycelium were 0.79 and 0.34cm? (Figure 4d), respectively,
indicating that CDs with light irradiation could effectively inhibit
the infection ability of B. cinerea.

In a natural environment, the major transmission means of grey
mould is through airborne spreading of mature conidiophores
(Romanazzi and Feliziani, 2014). Once the spores fall on the plant,
they can germinate and infect the plant. Hence, we evaluated the
impact of CDs treatment (480 mg/L) on the germination of
spores. As shown in Figure 4e,f, the percentage of germinating
spores after light treatment and Light + CDs treatment for 20 min
was 40.0% and 17.4%. When the light irradiation time
prolonged to 30 min, the inhibition ratio of Light + CDs group
reached 100% (Figure S13c). We further investigated the
influence of CDs treatment on spore morphology under dark

and light conditions via SEM and TEM. The SEM and TEM images
(Figure 4g,h) showed that the structure of the spores shrivelled
after treatment of Light + CDs for 30 min, whereas Dark, Dark +
CDs and Light only treatment barely affected the spores. All the
above results indicated that the in situ generated ROS from CDs
damaged the structure of hyphae and spores, directly inhibiting
the proliferation and growth of pathogens and thus reduced their
infection capacity.

Antifungal mechanism of CDs towards B. Cinerea

To further investigate the antifungal mechanism of CDs, we
explored the effect of CDs + Light treatment (480 mg/L, 1 mL) to
B. cinerea at the transcriptome level by RNA-Seq. Principal
component analysis (PCA) results in Figure S15a indicated that
our three independent replicates have a high correlation,
indicating the reliability of our data. Based on the above results,
we analysed DEGs induced by different treatments with a Venn
diagram (Figure 5a). Light treatment (Light control, LC) was set to
avoid any interference of light irradiation. The 2041 DEGs of part i
and ii are induced by the light + CDs treatment. Two hundred
and forty genes in part iii were identified as DEGs specifically
induced by CDs treatment compared with Dark control (DC) and
LC. As shown in Figure S15b, the 10 highly enriched GO terms of
the 2041 DEGs induced by the CDs treatment were largely
associated with DNA replication and structural constituent of
ribosome. The KEGG enrichment results demonstrated that the
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2041 DEGs were significantly enriched in genetic information
processing (base excision repair, translation), cellular processes
(cell growth and death) and vitamin metabolism (Figure 5b).
Organisms can utilize base excision to repair or eliminate
broken/nicked/oxidized DNA, damaged bases and proteins,
induced by endogenous or external genotoxicants, such as ROS,
to maintain genomic integrity (Hegde et al., 2008; Mittler, 2017).
Therefore, our results demonstrated that 'O, O, and OH
produced by CDs under light irradiation damaged DNA of B.
cinerea. The GO terms of 240 DEGs specifically induced by CDs
demonstrated that CDs disturbed the redox homeostasis of B.
cinerea (Figure S15¢). The KEGG enrichment results indicated that
these 240 DEGs were significantly enriched in tryptophan and
tyrosine metabolism pathway and peroxisome, penicillin
and cephalosporin biosynthesis process (Figure 5c). Peroxisomes
were reported to function in redox signalling whereas glutathione
can directly alleviate oxidative damage (Chen et al., 2016;
Williams et al., 2002). Penicillin and cephalosporin are well-
known antibiotics (de Weck, 1983). Thus, combining with the
results of structure and morphology of B. cinerea spores and
hyphae after Light + CDs treatment, we speculate that ROS
produced by CDs under constant irradiation not only caused
oxidative damage to membrane structure of pathogens, but also
damage their DNA, resulting in deactivation of spores and
hyphae.

Conclusion

In this study, we developed sunlight-sensitive, biodegradable CDs
capable of generating ROS. Our results demonstrate that
CDs could play a dual role in plant protection: acting as an
elicitor to prime plant immunity and as a biocompatible fungicide
with broad-spectrum antifungal activity. At a low concentration
(240mg/L, 2mL per plant) via leaf spraying, CDs generate
moderate ROS under natural growth conditions, which can
induce cell wall damage-mediated immunity and trigger a
cascade of immune responses, such as ROS bursts, MAPK
cascades, the accumulation of phytoalexins and defence phyto-
hormones. This immune priming effect significantly enhanced the
plant’s immune response and improved resistance to pathogen
infections after 24 h of pretreatment. At higher concentrations
(=480 mg/L, 1 mL) with continuous light irradiation, CDs gener-
ated ROS in situ, causing oxidative damage to structures of P.
capsici, S. sclerotiorum and B. cinerea. This oxidative stress
rendered pathogenic mycelia and spores inactive, effectively
preventing plant disease occurrence and spread. The dual
functionality of CDs as both a plant immune priming agent and
fungicide represents a promising advancement in sustainable crop
protection strategies. Moreover, the biodegradable nature and
low toxicity of CDs make them a unique and safe alternative to
chemical pesticides and fungicides, promoting a more environ-
mentally friendly approach to crop protection. These properties
position CDs as a viable solution for translating from laboratory
research to practical field applications, offering a safe and
effective way to enhance crop resilience and productivity in
agriculture.

Materials and methods

Preparation of CDs

CDs were prepared as previously described (Kou et al., 2023).
However, since the materials synthesized earlier had larger

sizes, which were not conducive to degradation, we adjusted
the concentration of the synthesis precursors and the duration
of the hydrothermal reaction. CDs were synthesized through a
hydrothermal method using O-phenylenediamine (Macklin,
Shanghai, China), L-cystine (Macklin) and 98% sulphuric acid
(Sinopharm, Shanghai, China) as previously reported. In brief.
To elaborate, 0.3g O-phenylenediamine and 0.1 gL-cystine
were dissolved in 30mL of deionized water. Subsequently,
3mL of sulphuric acid was added and the mixed solution. The
above mixture solution was transferred to a polytetrafluor-
oethylene reactor and heated at 180 °C for 170 min to get the
CDs. The prepared CDs aqueous solution was purified in water
with a cellulose dialysis bag (100-500Da, Yuanye, Shanghai,
China) for 12 h to remove unreacted precursors. The water was
changed every 4h. The prepared CDs was lyophilized to
confirm the concentration. The above prepared CDs aqueous
solution was further diluted to specific concentration using
deionized water.

CDs characterization

The fluorescence spectra of CDs (480 mg/L) were measured at
room temperature by FLS1000 (Edinburgh Instruments, Living-
ston, West Lothian, UK). For AFM imaging for CDs, 10 plL of
240 mg/L CDs was dropped onto mica surface for 5min. And
20 uL of 1XTM buffer was dropped onto the mica surface. The
CDs imaging was performed in liquid phase mode using Bruker
multimode 8 (Bruker Corporation, Billerica, MA, USA). TEM
imaging was performed with Talos L120C 36 G2 transmission
electron microscope operating at an accelerating voltage of
120kV. The UV-vis spectra of the CDs (480mg/L) were
obtained with UV-2600i (Shimadzu corporation, Kyoto, Japan)
with or without 365nm wavelength irradiation through a
handheld light (1950 lux). The Zeta potential of CDs was
measured in Zetasizer ultra (Malvern Panalytical, Malvern, UK)
with 240 mg/L concentration. Fourier transform infrared (FTIR)
spectra were recorded by Nicolet 6700 instrument (Thermo
Fisher Scientific, Waltham, MA, USA). Reactive oxygen species
measurements were carried out on an electron paramagnetic
resonance spectrometer (Bruke 300, Bruker Corporaion, Biller-
ica, MA, USA) using 240 mg/L-CDs. For Zeta potential, FTIR and
ROS measurements, the concentration of CDs was 480 mg/L.
The spin-trapping agent employed for the sequestration of
hydroxyl radicals and superoxide anion radicals was 5, 5-
dimethy-I-1-pyrroline N-oxide (DMPO), while singlet oxygen
signals were captured using 2, 2, 6, 6-tetramethylpiperidine
(TEMP). Electron spin resonance (ESR) spectra were meticulously
recorded in dark conditions. Then above CDs solution was
irradiated with instrument-equipped xenon lamp (5000 W/m?)
for 10 min and collected signal again.

Culture of B. Cinerea, Phytophthora and P. Capsici

Botrytis cinerea and S. sclerotiorum were cultivated on potato
dextrose agar (PDA, Solarbio, Beijing, China) plates at 25°C in
darkness until the mycelia completely colonized the plates. The P.
capsici was grown on 10% (vol/vol) V8 medium plate at 25 °C in
the dark.

Plant growth conditions

Tomato and N. benthamiana seeds were germinated under 28 °C
for 5days and then sown into the coco and peat mixture soil.
Mature plants were cultured in the incubator with a 12h
photoperiod at the temperature of 25-28 °C.

© 2025 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 23, 2150-2161



Immunostimulatory treatment of plants

According to the results of preliminary experiments, 240 mg/L
CDs was used for immune stimulation. CDs solution (2 mL per
plant) was sprayed on the two-month-old tomato leaves and
one-month-old N. benthamiana leaves. The control group were
sprayed with the same volume of deionized water. Then the spray
treated plants were used for RNA-seq, enzyme activity evaluation
and ROS burst characterization and in planta infection.

In planta infection of B. Cinerea

The agar pieces with growing hyphae (diameter of 0.6 cm) were
dipped in CDs solution (480 mg/L) or deionized water (control),
following with sunlight irradiation (simulated with Xenon lamp
with light intensity of 9.4x 10* lux) for 30 min. Subsequently,
these treated hyphae were inoculated to tomato leaves (1-month-
old). After treatment for 5 days, the number of diseased leaves
was recorded, and the lesion area of leaf was measured by Image
J software (The National Institutes of health (NIH), Washington,
DC, USA).

Quantification and statistical analysis

All boxplots and bar plots were generated by GraphPad Prism 10
(National institutes of health, San Diego, CA, USA). Statistical
significance was determined by one-way ANOVA or Student’s
t-test.
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