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Abstract

The plant immune system has evolved to sense and respond to potential threats. When an insect attacks a plant, endogenous
molecules called damage-associated molecular patterns (DAMPs) are released into the apoplast, triggering a cascade of
intracellular signals. Extracellular DNA (eDNA) is a DAMP signal which activates the plant’s immune responses. How-
ever, our understanding of whether the detection of eDNA can lessen the damage caused by herbivores is still restricted.
Here, we demonstrate that eDNA treatment in Arabidopsis leaves induced plant resistance against the herbivorous insect
Frankliniella occidentalis without compromising the plant’s growth. The number of leaves, rosette diameter, fresh weight,
and other growth-related parameters in eDNA-treated plants was comparable to water-treated plants. Besides, eDNA treat-
ment reduced the feeding symptoms of F. occidentalis on Arabidopsis leaves. We further found that enhanced resistance in
eDNA-treated plants was accompanied by callose accumulation in the affected area, and using the callose-deficient mutant
pmr4-1, we demonstrated the positive role of callose in eDNA-induced resistance (¢eDNA-IR). Additionally, the induction in
the jasmonic acid (JA)-signaling marker genes LOX2 and AOS, and the higher accumulation of Jasmonyl-isoleucine (JA-Ile)
and JA revealed the role of jasmonates in eDNA-IR. Finally, we demonstrated that the JA signaling mediates callose deposi-
tion in eDNA-treated plants by using the JA response mutant jar!-1. These results advance our knowledge of the ability of
eDNA to trigger plant resistance and the underlying mechanisms involved in eDNA-IR.

Keywords Extracellular DNA - Induced resistance - Frankliniella occidentalis - Callose - Damage-associated molecular
patterns (DAMPs) - Jasmonic acid - Arabidopsis

Introduction

The plants’ innate immune system relies on rapid recognition
of danger signals of different origins to respond to environ-
mental stresses. Endogenous danger signals, also known as
damage-associated molecular patterns (DAMPs), are elicitor
molecules originated from the attacked host plant due to cell
disruption. On the other hand, herbivore-associated molecu-
lar patterns (HAMPs) and pathogen-associated molecular
patterns (PAMPs) are exogenous danger signals from the
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attacker (Gust et al. 2017). After the interaction between the
plant and the attacker, these elicitor molecules are released
to the apoplast and perceived by pattern recognition recep-
tors (PRRs) that trigger defense responses through an array
of intracellular signaling activations (Heil et al. 2012; Li
et al. 2020). For example, the perception of HAMPs signals
like the insect-derived elicitor inceptin (In11), present in the
oral secretion (OS) of caterpillars, or the salivary peptide
tetranins, derived from spider mites (7etranychus urticae),
enhanced defense responses against herbivory in the host
plant (Iida et al. 2019; Steinbrenner et al. 2020). Recently,
the importance of damage-self-recognition has been high-
lighted. However, unlike in mammals, not many DAMPs
have been thoroughly studied in plants, and to date, only a
few specific receptors have been identified for them (Quin-
tana-Rodriguez et al. 2018). Therefore, more research is still
needed to understand how self-danger signals are perceived
and how plants react to them.
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DAMP signals can be passively released to the apoplast
due to cell leakage, known as primary DAMPs, or can be
synthesized as secondary DAMPs, also known as phytocy-
tokines. Examples of primary DAMPs are extracellular ATP
(eATP), extracellular DNA (eDNA), and cell wall fragments
like oligogalacturonides, cellobiose, and B-glucans, and for
secondary DAMPs, Pepl, PIP1, PSK, and other inducible
peptides (Gust et al. 2017; Pastor et al. 2022). Upon rec-
ognition of DAMPs, plants activate a series of immune
responses, including the burst of Ca>* and reactive oxygen
species (ROS), transcriptional changes, activation of mito-
gen-activated protein kinases (MAPKSs), and phytohormone
induction (Li et al. 2020). Studies showed that the exogenous
application of DAMPs such as oligogalacturonides (OGs)
or plant elicitor peptides like systemin, HypSys, Pepl, and
its homologues Pep2 to Pep7 promotes resistance to a wide
variety of necrotrophic and biotrophic pathogens (Ferrari
et al. 2013; Huffaker et al. 2006; Pastor-Fernandez et al.
2020). Moreover, the application of extracellular nucleo-
tides such as extracellular nicotinamide adenine dinucleo-
tide (NAD), NAD phosphate (NADP), eATP, eDNA, eRNA,
and single-stranded DNA oligodeoxynucleotides (ssODN5s)
triggers intracellular signaling, enhancing plant resistance
against pathogens (Duran-Flores and Heil 2018; Kim et al.
2022; Mou 2017; Tanaka et al. 2014; Toum et al. 2020; Tri-
pathi et al. 2018; Vega-Munoz et al. 2018). However, the
potential fitness cost associated with induced resistance is
another issue that should be considered in these studies. In
nature, plants have acquired the ability to establish a balance
between normal growth conditions and immunity. Hence,
when defenses are induced, the metabolic resources are real-
located to defense-related metabolism, which can be accom-
panied by entailing plant growth costs (Hulten et al. 2006).

eDNA as a danger signal has recently gained much atten-
tion. Treating plants with self-eDNA fragments generates a
series of general defense responses including Ca>* signaling,
ROS burst, phosphorylation of MAP kinases, and plasma
membrane depolarization (Barbero et al. 2016, 2021; Duran-
Flores and Heil 2018). Some studies reported that plants
responses after self-eDNA treatments are stronger than
after non-self-DNA exposure (Barbero et al. 2016; Carbajal-
Valenzuela et al. 2022). For example, the levels of several
phenylpropanoids and the ROS burst activation in tomato
plants after self-eDNA treatments were up to tenfold higher
than after non-self-eDNA (Carbajal-Valenzuela et al. 2022).
On the other hand, other studies indicated that the perception
of both molecules triggers similar responses, such as the
induction of the expression level of defense-related genes
and the accumulation of flavonoids and phenolic com-
pounds (Rassizadeh et al. 2021; Vega-Munoz et al. 2018;
Yakushiji et al. 2009). However, the mechanisms by which
plants can discern between self-DNA and non-self-DNA
remain elusive. Recently, a study on Arabidopsis thaliana
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exposed to extracellular self- and non-self-DNA showed
that cells are capable of discriminating between both mol-
ecules by observing that non-self-DNA enters root tissues
and within cells down to nuclei, while self-DNA remains
outside (Chiusano et al. 2021). However, despite the exist-
ence of some hypotheses, no specific receptor for eDNA
has been identified in plants (Bhat and Ryu 2016; Heil and
Vega-Muiloz 2019). Although the initial stages of eDNA
recognition are not yet fully understood, several studies
have observed its capacity to elicit defense responses. For
instance, we recently reported that the application of self-
eDNA activates defense signaling and induces broad-range
resistance against pathogens with different lifestyles such
as Hyaloperonospora arabidopsidis, Botrytis cinerea, and
Pseudomonas syringae and a phloem-feeding insect Myzus
persicae (Rassizadeh et al. 2021). However, resistance gen-
erated by eDNA against cell-content feeder insects has not
been investigated yet.

Plant defense responses against herbivory mainly depend
on defense-related phytohormones such as jasmonic acid
(JA), salicylic acid (SA), ethylene (ET), and abscisic acid
(ABA) (Verhage et al. 2010), although it is usually corre-
lated with the insect feeding style and the amount of dam-
age (Howe and Jander 2008). For instance, plant resist-
ance against cell-content feeder arthropods such as spider
mites and thrips relies on the role of JA (Abe et al. 2008;
Li et al. 2002), and almost 70% of transcriptomic changes
in Arabidopsis plants upon thrips infestation are related to
JA-responsive genes (De Vos et al. 2005). Additionally, the
tomato JA-signaling mutant, Defenceless1 (def1), displayed
high susceptibility to thrips feeding (Escobar-Bravo et al.
2017), and the exogenous application of JA or methyl jas-
monate (MeJA) increased resistance against thrips in cotton
and soybean plants (Abe et al. 2009; Selig et al. 2016).

Among the early defenses in plants, callose has been
widely studied as a common trait following pathogen infec-
tion, albeit studies in plant—insect interactions are rather
scarce (Wang et al. 2021). Callose deposition is one of the
main plant resistance mechanisms acting as a physical bar-
rier against the penetration of the attacker in plants (Luna
et al. 2011; Wang et al. 2021). For example, the induction
of callose deposition in Arabidopsis is necessary to stop
pathogen growth upon chemical priming with I3CA and
B-aminobutyric acid (BABA) (Gamir et al. 2018; Nishimura
et al. 2003; Ton and Mauch-Mani 2004). Moreover, a recent
report demonstrated a clear link between the induction of
callose synthase activity (CalS) and a reduced expression
of genes encoding hydrolytic enzymes. Very few studies
have considered the interplay between JA levels and callose
deposition. The induction of specific CalS genes and the JA
marker gene PR-2 seems to be correlated with thrips her-
bivory (Qian et al. 2019). Furthermore, JA is necessary for
callose deposition in response to the necrotrophic pathogens
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B. cinerea (Vicedo et al. 2009). However, to the best of our
knowledge, the role of callose deposition in eDNA-IR has
not been studied yet.

The western flower thrips, Frankliniella occidentalis
(Thysanoptera: Thripidae), is one of the most severe pests
in greenhouses and fields, with a global impact on a vari-
ety of vegetables and ornamental crops (Abe et al. 2008;
Reitz et al. 2020). Thrips cause significant agricultural eco-
nomic losses both directly through feeding and oviposition
and indirectly by transmitting plant pathogenic tospovirus
species (Rotenberg et al. 2015; Reitz et al. 2020). Thrips
management is challenging due to specific characteristics,
including their small size, short life cycle, high reproductive
rate, and rapid adaptation to insecticides (Rotenberg et al.
2015; Steenbergen et al. 2018). Hence, the development of
innovative and environmentally friendly methods for con-
trolling thrips damage is crucial.

The extensive potential of eDNA in increasing plant
resistance as a less toxic bioactive compound and an eco-
friendly alternative for current chemical pesticides (Fer-
rusquia-Jiménez et al. 2020) encouraged us to use eDNA
for controlling western flower thrips without environmental
damage. In this study, we initially evaluated the possible
negative impact of eDNA treatment on plant growth con-
ditions. Furthermore, we investigated the eDNA effect as
a DAMP signal on plant resistance to thrips attack. Our
findings shed some light on the mechanism of eDNA-IR to
insect pest F. occidentalis.

Materials and methods
Plant materials and insect infestation

Seeds of wild-type Arabidopsis thaliana (Col-0) and mutants
in the same background including callose-deficient powdery
mildew resistant-4 (pmr4-1) (Nishimura et al. 2003), Arabi-
dopsis non-expressor of PR genes1l mutant (npri-1) (Cao
et al. 1997), double mutants pmr4-nprl (Nishimura et al.
2003), and the JA-signaling defective mutant (jarl-1) (Mat-
thes et al. 2010) were cultivated under short-day conditions
(photoperiod of 8 h light at 22 °C and 16 h dark at 19 °C,
with 70% relative humidity). Five-week-old plants were used
for experiments.

The western flower thrips colony was maintained and
reared in octagonal plastic bottles with fresh bean pods. Fif-
teen larvae were placed in the central leaflets, which were
pre-treated with 150 ng uL™' of eDNA and distilled water
as control, 24 h before infestation. Infested plants were kept
in the chamber under 16 h light/8 h dark at 25 °C for 4 days.
Subsequently, the area of feeding scars (silver damage) was
measured using GIMP software (2.10.32). Three separate

experiments were performed using 10—12 replicates per
treatment.

DNA extraction and treatment

Plant leaves from A. thaliana (Col-0) were harvested for
genomic DNA extraction according to Duran-Flores and
Heil (2018) with some changes as we described in our pre-
vious study (Rassizadeh et al. 2021). Briefly, 1 g of grinned
plant leaves was kept in 4 ml of extraction buffer (200 mM
Tris—HCl pH 7.5, 250 mM NaCl, 25 mM EDTA-Na2, and
0.5% SDS) at room temperature for 45 min. Samples were
centrifuged at 10 °C and 14000 rpm for 10 min, and iso-
propanol was added. Samples were kept at —20 °C for 1 h
following by another centrifugation, and thereafter, the
pellet was rinsed twice with 70% ethanol, dried and dis-
solved in 50 ul of nuclease-free water. DNA extract purity
was assessed at 260 nm on a NanoDrop (Thermo Scientific,
Wilmington, DE, USA). Fifteen minutes of sonication at a
maximum amplitude of 40-50 kHz was carried out to obtain
DNA fragments using an ultrasonic bath (NAHITA 610/6
ultrasonic). Fragments of eDNA (150 ng L") were sprayed
on five-week-old plants’ leaves. (The final applied eDNA
volume was approximately 200 pL per plant.)

RNA extraction and RT-qPCR analysis

Thirty minutes after infestation, leaves were harvested and
grinned in liquid nitrogen. Plants’ total RNA was extracted
according to the instructions of Kiefer et al. (2000) with
some modifications. Briefly, 1 ml of Trizol was added to
500 mg of grinned plant material. Samples were centri-
fuged at 4 °C and 13000 rpm for 5 min, the supernatant was
collected in a new tube, and 220 ul of CHCI3 was added.
Another centrifugation was performed, the supernatant was
collected in a new tube, and 350 pl aliquot of isopropanol
and 350 pl of 0.8 M monosodium citrate anhydrous/1.2 mM
NaCl were added and mixed. After centrifugation, the super-
natant was removed, and the pellet was rinsed twice with
70% ethanol, dried and dissolved in 50 ul of nuclease-free
water. Complementary DNA (cDNA) was synthesized with
the high-capacity cDNA reverse transcription kit (Applied
Biosystems). qRT-PCR was performed with the SYBR®
Premix Ex Taq™ (TaKaRa, Kyoto, Japan) using a Ste-
pOne instrument (Applied Biosystems). Three biological
replicates, each a pool of three individual plants, and two
technical replicates were used for analysis. Arabidopsis
UBIQUITIN21 (At5g25760) and PP2A (Atlg13320) were
used as housekeeping genes to normalize the expression
values. The relative expression level was calculated via the
27AACT method. Specific QRT-PCR primers that were used
in this study are listed in supplementary Table S1.
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Callose staining and quantification

Aniline blue staining was used to determine callose depo-
sition level as described by Ton and Mauch-Mani (2004).
Leaves were kept overnight in 95% ethanol to remove
the chlorophyll, stained in 0.05% aniline blue (in 0.1 M
Na,HPO, phosphate buffer, pH 8), and kept overnight before
being mounted on microscope slides. Pictures were taken
using a fluorescence microscope (Olympus-IX71, Olympus
CO., Japan). Accumulation of callose was quantified using
GIMP software.

Targeted HPLC-MS for hormonal analysis

For hormonal analyses, 250 mg of fresh material sample was
powdered in liquid nitrogen 30 min after thrips infestation
and transferred to a 2-ml microcentrifuge tube. Next, a pool
of internal standards including salicylic acid-d5 (SA-d5),
dehydrojasmonic acid (dhJA), and jasmonate-isoleucine-d6
(JA-Ile-d6) was added to the samples, along with 990 pL of
extraction buffer (H20: MeOH +0.01% HCOOH (90:10)).
Crystal balls were added to the tubes, which were then
placed in a shaker for 30 s. The samples were incubated on
ice for 30 min, followed by centrifugation at 15000 rpm for
10 min at 4 °C. The supernatant was collected in a new tube
and kept at —20 °C for 24 h before being filtrated using a
0.2-um regenerated cellulose filter (Phenomenex). Five bio-
logical replicates, each a pool of two individual plants, were
used for analysis. A quantification was performed by using
external calibration curves with each pure chemical in an
ACQUITY ultra-performance liquid chromatography system
(UPLC; Waters, Mildford, MA, USA) connected to a triple
quadrupole mass spectrometer (TQD, Waters, Manchester,
UK). The HPLC Kinetex C18 analytical column with a 5 pm
particle size of 2.1 100 mm (Phenomenex) was used for the
LC separation. The chromatographic conditions and process
were performed according to Sanchez-Bel et al. (2018).

Statistical analyses

Before turning to further analysis, Shapiro—Wilk’s test was
carried out to verify the normality of the collected data.
Thereafter, for those which their normality was confirmed,
one-way analysis of variance (ANOVA) followed by Fish-
er’s least significant difference (LSD) test was performed.
Concerning the collected data for which normality was
not affirmed, the Kruskal-Wallis test followed by pairwise
Mann—Whitney for multiple comparisons was performed.
All such tests were carried out using the R programming lan-
guage (version 4.2.2). The R package ggplot2 (version 3.4.0)
(Wickham 2016) was employed for visualization purposes.
P-value of <0.05 was considered as statistically significant.
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Results
eDNA treatment does not limit plant growth

We first investigated the potential fitness cost caused by
eDNA to contrast the observations with other elicitors
(Duran-Flores and Heil 2018; Hulten et al. 2006). For this
purpose, we treated one-week-old Col-0 seedlings with
150 ng ul~!' of eDNA extracted from Arabidopsis Col-0
plants. Then, weekly treatments continued for one group
with the same concentration of eDNA and the other with
water. Control plants were treated with water from the first
week. After 3 months, the growth-related parameters includ-
ing the number of leaves, the size of the rosette, plant height,
the number of siliques, plant fresh weight, and seeds weight
as well as the leaves’ chlorophyll content were measured.
We did not observe growth-limiting effects in plants under
eDNA treatment. In most of the measured parameters, no
significant differences were detected between groups. How-
ever, the seed weight and plant fresh weight in eDNA-treated
plants were higher compared to the water-treated plants

(Fig. la—-g).
eDNA induces resistance against thrips

To investigate whether eDNA application can induce resist-
ance against F. occidentalis, we inoculated 15 thrips larvae
on each eDNA-treated and water-treated plant 24 h after
treatments and kept them during 4 days for herbivory. On
day four after the infestation, the area of the silver damage
caused by thrips feeding was measured. Although no differ-
ence in the number of scars per leaf between eDNA-treated
and control plants was observed (Fig. 2a), eDNA-treated
plants displayed a statistically significant reduction in the
silver damage area compared to the water-treated plants
(Fig. 2b), showing a reduction of the symptoms.

Callose plays a role in eDNA-IR

Elevated CO, levels trigger callose deposition in Phaseou-
lus vulgaris against F. occidentalis (Qian et al. 2019). To
determine the role of cell wall reinforcement in eDNA-
IR, we measured the callose accumulation in eDNA-
treated and control plants. At 96-h post-thrips infestation
(hpi), eDNA-treated infested plants showed significantly
enhanced callose deposition than control infested plants,
being not significant at earlier timepoints (Fig. 3a). There-
after, we used the callose-deficient mutant (pmr4-1) to
elucidate the importance of callose deposition in eDNA-
IR against thrips. Since the PR-1 gene is constitutively
expressed in this mutant (Nishimura et al. 2003), we added
the Arabidopsis non-expressor of PR genesl (nprl) and
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Fig.1 Box plot diagrams showing the effect of eDNA (conc.
150 ng pl™!) on the growth-related parameter after 3 months
of weekly treatment, a number of leaves (ANOVA, LSD test;
n=approx. 20), b size of the rosette (Kruskal-Wallis, Mann—Whit-
ney test; n=approx. 26), ¢ plant fresh weight (ANOVA, LSD test;
n=approx. 12), d plant height (ANOVA, LSD test; n=approx. 16), e
chlorophyll content (Kruskal-Wallis, Mann—Whitney test; n=approx.
16), f the number of siliques (Kruskal-Wallis, Mann—Whitney test;

the double mutant pmr4-nprl to our study. Upon eDNA
treatment, none of the mutants showed a reduction in the
feeding area compared to water-treated plants, whereas
wild-type plants displayed a significant reduction (Fig. 3b).
Additionally, the absence of callose in the callose-deficient

n=approx. 16), and g the seed weight per plant (Kruskal-Wallis,
Mann-Whitney test; n=approx. 5). Kruskal-Wallis test, pairwise
Mann—Whitney for the nonparametric data, and ANOVA, Fisher’s
test (LSD) for normal data were performed, respectively. P-value
of <0.05 was considered as statistically significant. Different letters
indicate significant differences among treatments. The results are
derived from two independent experiments

mutants (Fig. 3¢) supports our hypothesis, indicating the
role of callose in eDNA-IR against thrips. Furthermore,
higher susceptibility observed in pmr4-nprl, in both con-
trol and eDNA-treated plants, might suggest a potential
role of SA in basal defense resistance against thrips.
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Defense-related pathways involved in eDNA-IR

To gain a better understanding of the potential mechanisms
involved in eDNA-IR, we conducted analyses of the gene
expression and hormone levels in the main defense path-
ways. Additionally, to evaluate the plant’s response over
time, we analyzed the expression levels of JA-related genes
at different timepoints following infestation (30 min, 1, 7,
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deposition in control and eDNA-treated Col-0 and pmr4-1 mutant
leaves 4 dpi. Bars represent mean +standard error. Kruskal-Wallis,
Mann-Whitney test; n=approx. 30 P-value of <0.05 was considered
as statistically significant, and asterisks and different letters indicate
significant differences. The experiment was repeated three times sep-
arately

and 24 hpi). Accordingly, eDNA-treated plants showed an
induction in the expression levels of marker genes at the
earlier timepoints (30 min and lhpi), which then decreased
at later timepoints (7 and 24 hpi). On the contrary, in control
plants, the upward trend of gene expression was initiated
after 7 h of infestation (Supplementary Fig. S1), suggesting
that eDNA treatment can accelerate the plant’s response to
the infestation. Hence, 30-min post-thrips infestation, the
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expression levels of two JA-related marker genes, allene
oxide synthase (AOS) and lipoxygenase2 (LOX2), ABA
biosynthesis marker gene, nine-cis-epoxycarotenoid dioxy-
genase 3 (NCED3), and pathogenesis-related gene-1 (PR-1)
as a marker for SA pathway with and without thrips infesta-
tion were quantified. The AOS, LOX2, and NCED3 transcript
levels showed a significant upregulation in eDNA-treated
plants infested with herbivore thrips, while the relative
expression level of PR-I remained unaltered. Furthermore,
eDNA-treated plants in the absence of pests and the infested-
control plants displayed a reduction of NCED3 expression
(Fig. 4a—d). Subsequently, as determined by the hormonal
profile, upon encountering the pest challenge, eDNA-treated
plants showed an increase in the level of JA-Ile, JA, and
ABA content. In contrast, the level of SA in all treatments
remained unaltered (Fig. 4e-h).

JA mediates callose accumulation in eDNA-IR

We, therefore, hypothesized that JA could mediate callose
accumulation in eDNA-IR against thrips. Consistent with
this hypothesis, we first checked the resistance phenotype
in the JA-insensitive mutant jarl-1. This gene encodes an
amino synthetase protein that catalyzes the formation of
JA-Ile, and the exogenous application of JA-Ile comple-
ments the jarl-1 mutation (Staswick and Tiryaki 2004).
On day 4 after infestation, jarl-1 plants showed a larger
lesion area than wild-type plants. As expected, wild-type

eDNA-treated plants displayed a reduction of the symptoms
compared to control plants, but the thrips feeding area in the
Jjarl-1 mutant was similar in both eDNA- and water-treated
plants. Hence, jarl-1 was insensitive to eDNA-IR against
thrips (Fig. 5a). Finally, we tested whether callose deposi-
tion is compromised in jar-1 mutant plants. On day 4 after
infestation, Col-0 plants displayed high callose accumulation
in eDNA-treated plants compared to the control. However,
in the JA-deficient mutant, neither the control nor eDNA-
treated plants showed any callose accumulation (Fig. 5b).

Exogenous application of JA-lle restores eDNA-IR
in jar1 mutant

To corroborate the importance of JA signaling in eDNA-IR,
we exogenously applied JA-Ile to jarl-1 plants to comple-
ment the lower JA-Ile levels (Staswick and Tiryaki 2004).
Hence, we treated adult jarl-1 and wild-type Arabidopsis
plants with eDNA or water and infested them with thrips
larvae 24 h after treatment. Then, we daily treated half of
the control and eDNA-treated plants with JA-Ile 100 pM
for 4 days. The percentage of the damaged area in Col-0
showed that plants with individual or combined eDNA and
JA-Ile treatments have the same level of resistance com-
pared to control plants (Fig. 6a). For jarl-1, eDNA and JA-
Ile individual applications failed to protect the mutant, but
the combination of both treatments restored the eDNA-IR
(Fig. 6b). Finally, we quantified the callose accumulation
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gene PR-1 in control (water-treated), eDNA (eDNA-treated), con-
trol infested (water-treated infested with thrips) and eDNA infested
(eDNA-treated infested with thrips), 30 min post-infestation
(ANOVA, LSD test; n=3). e, f, g, and h The hormone quantitative
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with herbivore (thrips), 30 min post-infestation measured by tar-
geted HPLC-MS analysis (ANOVA, LSD test; n=>5). Bars represent
mean +standard error. P-value of <0.05 was considered as statisti-
cally significant, and different letters above bars indicate significant
differences among treatments
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Fig.5 Box plot diagrams showing a the percentage of thrips feeding
area in Arabidopsis Col-O and JA-deficient mutant jarl-1 in eDNA
(eDNA-treated) and control (water-treated) plants 4 dpi (Kruskal—
Wallis, Mann—Whitney; P-value <0.05, n=approx. 90), b quantifica-
tion of the callose area in Col-0 and jarl-1 in eDNA-treated and con-

in wild-type and jarl-1 plants to confirm the role of callose
deposition in eDNA-IR. Wild-type plants displayed higher
levels of callose in eDNA-treated plants, irrespective of JA-
Ile treatments (Fig. 6¢), and consistent with our hypothesis,
the simultaneous application of eDNA and JA-Ile in jarlI-1
mutant plants triggered significantly higher levels of cal-
lose than control or individual eDNA- or JA-Ile treatments
(Fig. 6d), indicating that JA signaling is necessary for cal-
lose accumulation in eDNA-IR.

Discussion

This study aims to investigate the mechanisms behind
eDNA as a DAMP signal in the induction of plant defense
response. Our findings indicate that eDNA treatment does
not negatively impact the plants’ normal growth. Besides,
we also show that eDNA induces Arabidopsis plant resist-
ance against herbivorous thrips (F. occidentalis). The per-
ception of DAMPs as danger signals is a crucial strategy of
the plant immune system, activating defense mechanisms
and inducing resistance to further stress (Gust et al. 2017,
Quintana-Rodriguez et al. 2018). While the study of eDNA
as a DAMP signal in plant immunity is expanding, we still
know little about how it is perceived and processed inside
cells (Barbero et al. 2016, 2021; Carbajal-Valenzuela et al.
2022; Duran-Flores and Heil 2018; Vega-Munoz et al.
2018). Future experiments are needed to enhance our under-
standing of the mechanisms behind eDNA-IR.
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trol plants 4 dpi (Kruskal-Wallis, Mann—Whitney; n=approx. 40).
P-value of <0.05 was considered as statistically significant, and dif-
ferent letters above bars indicate significant differences among treat-
ments. The results are derived from two independent experiments.

We showed that plant growth was not negatively affected
by eDNA treatment. More specifically, we demonstrated that
the level of growth-related parameters in Col-0 Arabidopsis
treated with eDNA was comparable to water-treated plants.
Although previous studies have reported that eDNA induces
root inhibition in organisms from different phyla, not many
have demonstrated inhibition on the aerial part (Duran-Flo-
res and Heil 2015; Mazzoleni et al. 2015a, b). For example,
self-DNA treatments induced lettuce defenses and inhibited
seed germination and root growth (Vega-Munoz et al. 2018).
Also, a recent study showed that single-stranded DNA oli-
godeoxynucleotides inhibited A. thaliana root growth by
around 50% in a concentration-dependent manner (Toum
et al. 2020). However, our findings suggest that the percep-
tion of eDNA in aerial parts, 1 week after germination, does
not suppress growth but induces seed production. Consist-
ent with our results, eEDNA treatment in Arabidopsis cells
promoted plant growth and root development when used
as phosphorus source (Paungfoo-Lonhienne et al. 2010).
Additionally, pepper plants treated with self- and non-self-
RNAs showed no difference in fruit yield at the end of the
growing season (Kim et al. 2022). Our results, for the first
time, show the Arabidopsis response to long-term eDNA
treatments, in different morphological and physiological
parameters. Nevertheless, more research is needed to exam-
ine the potential impact of eDNA source and concentration
on plant growth and whether this effect is related to its role
in plant immunity.

Our results demonstrate that eDNA treatment induces
plant resistance against thrips (F. occidentalis). Here, we
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Fig.6 Box plot diagrams showing a, b the percentage of thrips feed-
ing area upon water (as control), eDNA, JA-Ile and combination
of eDNA/JA-Ile treatment in Arabidopsis Col-0, and JA deficient
mutant jarl-1, 4 dpi (Kruskal-Wallis, Mann—Whitney; n=approx.
90) and ¢, d quantification of the callose area in Arabidopsis Col-0

showed a reduction in the size of the thrips feeding symp-
toms on eDNA-treated plants, while the number of scars
remained unchanged in both treatments. Thrips damage
plant tissues by piercing and sucking the epidermal/mes-
ophyll plant cells, resulting in silvery symptoms in the
affected area and acting as a vector of tospoviruses, causing
extensive damage to plants (Reitz 2009; Reitz et al. 2020).
Therefore, developing green methods to control thrips dam-
age is needed. The capacity of eDNA as a danger signal to
induce resistance was confirmed in previous studies, where
eDNA treatments induced resistance against a broad range
of pathogens and a phloem-sucking insect Myzus persicae
(Duran-Flores and Heil 2018; Hawes et al. 2011; Rassizadeh
et al. 2021; Wen et al. 2009). However, the ability of eDNA
to induce resistance against insects with different feeding
styles and the mechanisms behind needs to be studied more.

In the present study, we provide evidence that eDNA
enhances plant resistance through callose deposition. Our
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and JA-deficient mutant jarl-1, 4 dpi (Kruskal-Wallis, Mann—Whit-
ney; n=approx. 50). P-value of <0.05 was considered as statistically
significant, and different letters above bars indicate significant differ-
ences among treatments. The results are derived from two independ-
ent experiments

results indicated that high resistance in eDNA-treated plants
against thrips is always accompanied by a high accumula-
tion of callose in the damaged area. Callose deposition is
one of the main resistance mechanisms acting as a physical
barrier against the penetration of attackers (Hao et al. 2008;
Luna et al. 2011; Wang et al. 2021). Here, we showed a
significant induction in the callose accumulation 96 h after
thrips infestation in eDNA-treated plants. We hypothesized
that callose deposition decreases the symptoms by prevent-
ing the insect from continuously feeding on eDNA-treated
plants, explaining why we could not find differences in the
number of scars but a significant reduction in the size of
these lesions. Consistent with this hypothesis, another study
reported the importance of callose in Phaseolus vulgaris
resistance against F. occidentalis, enhancing the expres-
sion levels of two callose synthases genes and the callose
deposition (Qian et al. 2019). We further confirm the role
of callose when eDNA treatment in the callose-deficient
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mutant pmr4-1 failed to induce resistance against thrips.
Surprisingly, pmr4-1 plants displayed comparable suscep-
tibility against thrips to wild-type plants, which might be
correlated with the constitutive expression of SA-inducible
marker gene PR-1 in this mutant (Nishimura et al. 2003).
Moreover, high susceptibility to thrips in mutant pmr4-nprl
could indicate the possible role of SA in basal resistance
against thrips. The defense mechanisms against thrips may
involve different basal and induced defense responses, and
further research is needed to determine their contributions.

We further found that thrips infestation elevates JA and
ABA levels in eDNA-treated plants. Plants activate differ-
ent signaling pathways depending on the feeding behavior
of insects. JA signaling plays a prominent role in resistance
against chewing and pierce-sucking herbivores (Abe et al.
2009; Howe et al. 2018). Our findings showed a significant
upregulation of JA-biosynthesis genes AOS, LOX2, and hor-
monal content in eDNA-treated plants, indicating a crucial
role of the JA pathway in the eDNA-IR against thrips. Previ-
ous studies on Arabidopsis genome arrays reported the rela-
tionship between thrips feeding, upregulation of JA-related
genes, and the JA content (Abe et al. 2008; De Vos et al.
2005). For instance, JA levels are elevated in Arabidopsis
plants after thrips infestation, and the insensitive JA mutant
coil-1 showed higher susceptibility and increased oviposi-
tion than wild-type (WT) plants (Abe et al. 2008; Abe et al.
2009). While our study mainly focuses on the role of JA in
eDNA-IR, we also observed changes in ABA transcripts and
hormonal levels, suggesting a possible involvement of ABA
in eDNA-IR. ABA signaling is an important component of
plant immunity, and it is involved in tomato plant resistance
against thrips (Escobar-Bravo et al. 2018). Additionally,
ABA positively regulates JA-dependent defense responses
against herbivores in systemic tissues (Nguyen et al. 2016).
A recent study found that self-eRNA induces both ABA- and
JA-signaling marker genes CaDEF and CaCHI2, activating
pepper plant immunity against bacterial and viral pathogens
(Kim et al. 2022). Here, in eDNA-treated plants, we showed
an increase in the ABA key biosynthesis marker gene
NCED3 upon thrips infestation. However, further research
using mutants deficient in ABA and JA could help expand
our understanding of this possible synergistic interaction
induces plant resistance to herbivores at the molecular level.

Finally, we demonstrated that JA mediates callose
deposition, enhancing resistance against thrips. The JA-
insensitive mutant jarl-1 displayed high susceptibility
to thrips attack either in control or eDNA-treated plants.
jarl-1 plants, due to a mutation in the JAR1 gene, con-
tain reduced JA-Ile levels, playing an essential role in
jasmonate signaling (Staswick and Tiryaki 2004). Here,
we showed that the simultaneous application of eDNA
and JA-Ile in jarl-1 plants could effectively restore the
induced-resistance phenotype to thrips and correlated with

@ Springer

the higher callose accumulation in both Col-0 and jarlI-1
plants. Therefore, we hypothesized that a functional JA
pathway is required for callose accumulation in eDNA-
IR against thrips. Interestingly, intact JA signaling is
essential for proper callose deposition in response to the
necrotrophic pathogen Botrytis cinerea in tomato plants
(Vicedo et al. 2009). However, additional signaling path-
ways might be involved in callose biosynthesis. For exam-
ple, a study showed the role of ABA-signaling pathway in
callose formation against the piercing-sucking pest brown
planthopper in rice (Hao et al. 2008), and the link between
ABA and JA in pathogen-induced callose deposition was
demonstrated with the Arabidopsis ocp3 mutant (Garcia-
Andrade et al. 2011). Hence, the process from the eDNA
perception to callose accumulation in plant cells might be
the result of the cooperation of multiple pathways, which
should be considered in future experiments.

Overall, this study considers the involved signaling
pathways and defensive mechanisms in eDNA-IR against
rasping-sucking pest thrips. Our findings, which are the first
indication of the mechanisms of eDNA-IR against insects,
contribute to a deeper understanding of the potential of
eDNA as a tool for inducing plant resistance. However, the
plant defensive response triggered by insect damage is sur-
prisingly complex. Future experiments will help to clarify
the possible interaction between eDNA-IR-related signaling
pathways.
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