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Abstract

Chitosan is a natural elicitor, used for stimulating plant growth and inducing plant defense. However, due to difficulty in
monitoring root growth and activity, the effects of chitosan treatment on plant root systems have been less studied as compared
to plant shoot parts that include leaves, seeds, and fruits. This results in an indefinite outcome of the benefits of chitosan on
plant roots. Therefore, this review aims to evaluate the effects of chitosan treatment on root growth and defense responses
based on current evidence. Interestingly, many studies have demonstrated that chitosan can induce plant root defense sys-
tems, yet conversely inhibiting root growth. The effects were most clearly observed from studies using liquid or solid media
as substrates, while the results from the studies using soil were inconclusive and require additional investigation to observe
the effects of environmental factors. In addition, root chitosan treatment showed variable effects on shoot growth, where
low chitosan concentrations tend to promote shoot growth, but high chitosan concentrations may affect shoot development.
Additionally, this review discusses the potential methods of chitosan application onto plant roots. Water insolubility of
chitosan is likely a major issue for root treatment. Chitosan can be dissolved in acids, but this could induce acidity stress in
plant roots. Modified versions of chitosan, such as chitosan nanoparticles, carboxylated chitosan, and graft chitosan copoly-
mers have been developed to improve solubility and functionality. Chitosan nanoparticles can also be used to encapsulate
other biocontrol agents to augment biological effects on plant defense. In conclusion, root chitosan treatment could help to
promote plant defense and prevent root infections, abating the uses of chemical fungicides in agriculture. However, further
research is required to monitor the impact of root chitosan treatment on long-term plant growth in order to gain multifaceted
information to maximize the effectiveness of root chitosan application.
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Introduction

Chitosan is a natural polymer, composed of 3-1,4-linked
N-acetyl-p-glucosamine (N-GIcNAc) and p-glucosamine
subunits. It is used in a range of applications to benefit
humanity. In biomedical and pharmaceutical applications,
it is used as a drug carrier, vaccine adjuvant, wound dress-
ing material, and cartilage and bone tissue engineering
scaffold (Muxika et al. 2017). Chitosan is also utilized in
the food and agricultural industries owing to its antimi-
crobial, antifungal, and plant defense-eliciting properties
(Pongprayoon et al. 2022; Shahbaz et al. 2022).

Chitin is another natural polysaccharide made of p-1,4-
linked N-GlcNAc subunits. It is the primary source of chi-
tosan for both natural production and industrial synthesis
(Fig. 1). Chitin is one of the most abundant polymers in
the world and predominantly found in fungal cell walls
and exoskeletons of insects and crustaceans, such as scor-
pions, spiders, beetles, crayfishes, shrimps, and crabs. In
contrast, chitosan is only found in the cell walls of certain
fungal species and to a lower degree than chitin. Naturally,
chitosan is synthesized from chitin by deacetylation using
specific chitin deacetylase enzymes (Fig. 1). Chitosan can
be extracted from fungal cell walls of Mucor spp. and
Rhizopus spp. in the Mucoromycota phylum, Candida spp.
and Saccharomyces spp. in the Ascomycota, or Pleurotus
spp. and Lentinus spp. in the Basidiomycota (Ghormade
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et al. 2017). For mass production, chitosan is converted
from chitin via chemical reactions using a strong base
and high heat (Younes and Rinaudo 2015). Since shrimp
and crab shells are common by-products from the sea-
food industry, chitin and chitosan are considered as readily
accessible and affordable natural resources (Younes and
Rinaudo 2015).

Different techniques of chitosan preparation affect phys-
icochemical properties of chitosan end-products, such as
size, viscosity, crystallinity, and degree of deacetylation,
which could result in different biological activities and
suit different applications (Brasselet et al. 2019; Roméan-
Doval et al. 2023). Sources of chitin and chitosan materi-
als, types of chemicals used in demineralization and dea-
cetylation steps along with chemical concentrations, and
temperatures and times are important controlling factors in
chitosan preparation (Romén-Doval et al. 2023; Younes and
Rinaudo 2015). Sizes of chitosan can be divided into low-
(<150 kDa), medium- (150-700 kDa), and high molecular
weight (> 700 kDa) (Boamah et al. 2023). Viscosity and
solubility of chitosan are related to the size of chitosan—the
larger or longer polymers, the higher viscosity, and the lower
solubility (Aranaz et al. 2021). Crystallinity determines
other physiological properties, such as porosity, water-
absorption, and moisture-retention properties (Roman-Doval
et al. 2023). Degree of deacetylation is a key qualification
of chitosan end-products. The high degree of deacetylation
such as 80% deacetylation means that 80% of acetyl groups
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Fig. 1 Schematic diagram of chitosan preparation from two main natural resources, including crustacean shells and fungal cell walls. This figure
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in N-GIcNAc monomers of long-chain chitosan are dea-
cetylated. Higher degrees of deacetylation associate with
increasing chitosan-like properties, including advancement
of some physicochemical properties of chitosan, such as
increased solubility in acidic environment (Brasselet et al.
2019). In the market, chitosan products come in a wide range
of sizes, crystallinity, and degree of deacetylation. These
parameters have a significant impact on chitosan biological
properties and its applications. For example, low-molecular
weight chitosan can be used as a plant elicitor, due to its
enhanced solubility and higher antimicrobial activities but
high-molecular weight chitosan is usually developed into
film and used as external protectants, such as for seed or
fruit coating (Boamah et al. 2023; Roman-Doval et al. 2023).
Nonetheless, chitosan either derived from fungal cell walls
or processed from marine organisms could yield similar end
products if they have identical physicochemical properties.
The details of chitosan preparations, formulations, chemi-
cal and biological properties, and potential applications are
well articulated in many review articles (Aranaz et al. 2021,
Elieh-Ali-Komi and Hamblin 2016; Jimenez-Gomez and
Cecilia 2020; Khan and Alamry 2021; Morin-Crini et al.
2019; Roman-Doval et al. 2023; Younes and Rinaudo 2015;
Yu et al. 2021).

In agricultural application, chitosan has been studied
and used to promote plant growth and induce plant defense.
Under biotic stress conditions, chitosan treatment has been
shown to enhance plant resistance against pest infestations
and pathogen infections (Fan et al. 2023). Several methods
can be applied to perform chitosan treatment: for example,
seed soaking before sowing, foliar spraying during plant
growth, or fruit coating after harvesting (Riseh et al. 2022).
The evidence supporting the protective roles of chitosan on
aboveground plant tissues is well established (Chakraborty
et al. 2020; Divya and Jisha 2017; Malerba and Cerana
2016, 2018; Pichyangkura and Chadchawan 2015; Riseh
et al. 2022; Sharif et al. 2018; Stasinska-Jakubas and Haw-
rylak-Nowak 2022; Yu et al. 2021). However, the protective
effects of chitosan have been investigated less on plant root
systems. This is potentially due to the challenges of work-
ing with belowground materials, which are hard to observe
and sample from (Lopez-Moya et al. 2019; Suwanchaikasem
et al. 2022). As a consequence, studying plant roots requires
effort, strategic planning and specialized tools to facilitate
root visualization, treatment, and analysis.

The root system is an indispensable part of plants. It
functions to anchor plants in place and absorb nutrients and
water. Roots also form a complex biosystem with a myriad
of surrounding microorganisms and organic substances
underground, called the rhizosphere, making roots subject
to regular fluctuations of environmental factors (York et al.
2016). Any changes of soil microbes, nutrients, moisture,
pH, and temperature could affect plant growth (de la Fuente

Canto et al. 2020). Hence, understanding root activities and
interactions with surrounding environments is fundamental
knowledge, especially relevant in agriculture to support plant
growth and improve crop yield. Common practices including
supplying fertilizers, plowing soil, removing weeds, adding
beneficial microbes and applying chemical pesticides, her-
bicides, and fungicides are routinely carried out to support
root functions and to promote overall plant growth (Hakim
et al. 2021; Watt et al. 2006). However, overusing pesti-
cides and fungicides can be hazardous to humans, plants,
and environments (Sharma et al. 2019; Tsalidis 2022). To
limit or avoid the use of chemicals, natural elicitors such as
chitosan could be an alternative platform for pest and disease
management. Therefore, understanding plant root responses
to chitosan treatment is essential to underpin the practical
implementation of substituting chemical pesticides and fun-
gicides with natural elicitors in agriculture. Furthermore,
although the effects of chitosan have been well demonstrated
on plant shoot tissues, the effects of chitosan on plant root
systems might be different to what appears to the shoots due
to a variety of environmental factors attributed to plant shoot
and root tissue exposures.

This review aimed to assess the current knowledge from
research that applied chitosan treatment on plant roots and
monitored overall plant growth and defense responses. A
literature search was conducted using three online data-
bases, ScienceDirect, Web of Science and Wiley Library,
using the basic search function most recently in April 2023.
Search terms included “chitosan,” “root,” “growth,” and
“defense,” where “chitosan” and “root” were fixed terms,
while “growth” and “defense” were variable terms. The
search was performed multiple times using AND as a
Boolean operator between each term for all combinations.
Date and year of publication were not restricted. The search
results were filtered by article type, where research article
was selected, while other forms, such as review article, book,
book chapter, and proceeding abstract, were excluded. The
number of returned hits varied from 90 to 4,263 publications
(Table S1).

Subsequently, the results were sorted by “relevance”
mode, where the most relevant articles were first listed.
Starting from the first article, the method section of each
article was checked to ensure that chitosan was applied onto
plant roots, and overall plant growth and defense were moni-
tored. The studies that applied chitosan on shoot tissues,
such as foliar spray and seed soaking, were excluded, even
though root responses were monitored. Likewise, the stud-
ies that applied chitosan on plant roots but did not examine
plant physiological or biological responses were excluded.
For returned lists with over 200 articles, once twenty articles
in a row were found to be unrelated to the search criteria,
the checks were stopped, and the rest of the articles were
omitted. Duplicate articles across different searches were
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also removed. Finally, the shortlist was cross-checked with
any review articles that contained sections summarizing
the effects of chitosan on plant roots. Research publications
related to the topic but absent from the shortlist were addi-
tionally included. In total, the number of research articles
identified and included in this review was 24. Fifteen articles
performed root chitosan treatment in in vitro or tissue culture
settings. Nine articles reported the effects of root chitosan
treatment under soil conditions. Most of the articles reported
either growth parameters or defense mechanisms. Only five
articles monitored both growth and defense responses con-
currently in the same study.

This review is organized into eight sections. In "Impact
of Root Chitosan Treatment on Shoot Growth Varies Upon
Chitosan Dose and Treatment Factors" and "Root Devel-
opment is Inhibited by Chitosan Treatment" sections sum-
marize the effects of root chitosan treatment on shoot and
root growth, respectively. In "Root Defense is Induced by
Chitosan Treatment" section discusses the effects of chitosan
on biological and biochemical plant defense. In "Growth-
Defense Tradeoff is a Result of Root Chitosan Treatment"
section integrates information from sections "Root Devel-
opment is Inhibited by Chitosan Treatment" and "Root
Defense is Induced by Chitosan Treatment" to surmise that
root growth-defense tradeoff could be a consequence of root
chitosan treatment. In "Methods to Apply Chitosan Onto
Plant Root Systems" section articulates possible pathways
of chitosan application onto plant roots. In "Combination of
Chitosan Treatment with Other Methods for Fungal Disease
Control" section describes the potential of chitosan when
used in combination with other techniques to manage dis-
eases. In "Conclusion and Perspective" section concludes
the key messages and suggests further studies to advance the
effectiveness of chitosan application. This review provides
inclusive information regarding the effects of chitosan on
plant root systems, which could encourage the use of chi-
tosan in plant disease management schemes.

Impact of Root Chitosan Treatment
on Shoot Growth Varies Upon Chitosan Dose
and Treatment Factors

Chitosan is well demonstrated to promote plant growth
when applied as a foliar spray. For example, periodically
spraying chitosan (0.0125-0.1% w/v) on strawberry leaves
for two months prior to flowering significantly increased
plant height, leaf size, individual, and total fruit weights.
Upon harvest, fruit biomass was increased by 29-42% (Rah-
man et al. 2018). Spraying 0.1% chitosan on one-month-
old tomato leaves significantly promoted the number of
flowers and fruits per plant by 14% and 77%, respectively.
Total fruit fresh weights per plant increased by 2.45 times
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(Sathiyabama et al. 2014). The results from other studies
showing shoot growth promotion according to chitosan
foliar spray are well collated and discussed in review articles
(Chakraborty et al. 2020; Divya and Jisha 2017; Malerba
and Cerana 2018; Pichyangkura and Chadchawan 2015;
Sharif et al. 2018; Stasifiska-Jakubas and Hawrylak-Nowak
2022). In contrast, root chitosan treatment has not been con-
sistently shown to promote shoot growth. As a biostimu-
lant, chitosan was also expected to stimulate overall plant
growth and could be one way of improving crop yield when
applying to plant roots by mixing with soil or adding into
hydroponic solution (Asghari-Zakaria et al. 2009; Ohta et al.
2001). However, the results in the literature show variable
outcomes of root chitosan treatment on shoot growth, which
is different from the results of the direct application of chi-
tosan on shoot tissues.

Studies have demonstrated the positive effect of root chi-
tosan treatment toward shoot growth (Fig. 2). For example,
in chili (Capsicum annuum), after 30 days grown in soil
amended with 1% w/w high-molecular weight chitosan,
plant height, and leaf area were increased by 2.5-3 times
and the number of fruit and fruit weight per plant were
approximately 10 times increased. Treatments with low- and
medium-molecular weight chitosan also conferred similar
shoot growth promoting results (Chookhongkha et al. 2012).
In prairie gentian (Eustoma grandiflorum), after 10 weeks
grown in soil supplied with 1% chitosan, leaf size was
increased by approximately 40-60% and shoot fresh and dry
weight were promoted by approximately 5—6 times (Ohta
et al. 2001). Moreover, supplying soil with both fertilizer
and 1% chitosan showed a synergistic effect, where all shoot
growth parameters were significantly higher than the single
treatments of either chitosan or fertilizer alone (Ohta et al.
2000). The shoot growth-promoting effect of root chitosan
treatment was also observed in other ornamental plants,
where total shoot fresh weights of lobelia (Lobelia erinus),
gloxinia (Sinningia speciosa), and Persian violet (Exacum
affine) were increased by 52, 26, and 9 times, respectively,
after approximately 6—13 weeks of soil amendment with 1%
chitosan as compared to the normal condition of untreated
fertilized soil (Ohta et al. 2004). In tomato (Solanum lyco-
persicum), plants were grown in soil drenched with 1% w/v
chitosan solution (dissolved in 1% acetic acid) and compared
to the control plants, grown in soil drenched with pure water
or neutralized acetic acid. After 1-2 months, plant height,
shoot fresh and dry weight of chitosan-treated plants were
1.5-2 higher than the controls (Algam et al. 2010). These
results suggest that root chitosan treatment has potential to
promote shoot growth upon soil cultivation.

However, several studies have shown conflicting results
(Fig. 2). For example, in lettuce (Lactuca sativa), after
35 days grown in the soil amended with chitosan, the
number of leaves per plant, leaf area, shoot fresh, and dry
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Fig.2 Effects of chitosan on shoot and root growth among various
plants and experimental settings. Based on experimental settings, all
studies are classified into two groups; in vitro culture using growth
media and potting system using soil. Bar graphs show approximate
percentages of shoot and root growth inhibition (in red) or promotion

weight were significantly increased in the low concentra-
tions of chitosan treatment (0.05-0.2%) but all reduced in
0.3% chitosan treatment. The fresh weights were increased
by 26-39% for 0.05-0.2% chitosan treatments but 26%
decreased in 0.3% concentration (Xu and Mou 2018). In
tomato (S. lycopersicum), after 30 days grown in sand irri-
gated daily with nutrient solution supplied with chitosan,
shoot dry weights were increased by 31% in 0.005% chitosan
treatment but reduced by 19% in 0.03% chitosan treatment.
The reduction was more obvious in the condition contain-
ing beneficial nematode parasite, Pochonia chlamydospo-
ria, where a 58% decrease of shoot dry weight was detected
in the highest concentration (0.03%) of chitosan treatment
(Escudero et al. 2017). In chili (C. annuum), after grown in
soil drenched with chitosan, size and weight of individual
fruit were not different from control but the number of ripen
fruit and total fruit yield were significantly reduced by 5-7%
(Moon et al. 2012). In tomato (S. lycopersicum) and barley
(Hordeum vulgare), after 21 days grown in sand with daily
irrigation of nutrient solution supplemented with chitosan,
shoot fresh weights were reduced by approximately 30% in
0.05% chitosan and more than 50% in 0.1-0.2% chitosan
conditions, but the reduction was not observed in the low
concentrations of chitosan treatment (0.001-0.01%) (Lopez-
Moya et al. 2017). In milk thistle (Silybum marianum), after
72 days grown in soil mixed with 0.01-0.1% chitosan, plant

Inhibition (%) promotion Inhibition (%) promotion

(in green) upon the highest concentration of chitosan treatment within
the particular study. Box plots (in teal), comprising interquartile range
box and whiskers, show summary of each group. “ND” refers to not
determined

height, shoot dry weight, and total biomass were compa-
rable to control. However, improvements were detected in
chitosan treatments under salinity conditions, for example,
shoot dry weight was increased by 20-40% in chitosan treat-
ment under mild salt stress (4 dS m™") (Safikhan et al. 2018).
In cucumber (Cucumis sativus), after 2—6 days of growth in
hydroponic solution, shoot developments of the chitosan-
treated plants (0.01-0.04% chitosan) were described as more
vigorous than the untreated plants (E1 Ghaouth et al. 1994).
In industrial hemp (Cannabis sativa), after eight days grown
in hydroponic solution with 0.1-0.5% chitosan, total shoot
fresh weight was not different to control (Suwanchaikasem
et al. 2023a).

In tissue culture or in vitro experiments, the results of root
chitosan treatment on shoot growth were also ambiguous.
In Arabidopsis thaliana, after 21 days grown in the nutri-
ent agar amended with chitosan, shoot fresh weights were
approximately 40% lower than control in the lower doses
of chitosan treatment (0.001-0.01%) and more than 80%
decreased in the higher doses of the treatment (0.05-0.2%).
The number of leaves per plant was also reduced by 30-50%
in 0.05-0.2% chitosan treatments (Lopez-Moya et al. 2017).
In protocorm culture of aloe-leafed cymbidium orchid
(Cymbidium aloifolium), after 10 weeks cultured in the
solid media supplied with chitosan, shoot height and total
fresh weight were not different from control in the lower
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doses (0.05-0.1 ppm) but decreased by approximately 40%
in the highest dose (1 ppm) of chitosan treatment. Number
of leaves per protocorm was promoted in the lowest dose
(0.05 ppm) but reduced in the highest doses (1 ppm) by
approximately 25% (Noor Rohmah and Taratima 2021). In
protocorm culture of long-lipped tongue orchid (Serapias
vomeracea), the protocorm was grown in solid media sup-
plemented with two types of chitosan, long-chain polymer
(containing 70 subunits) and short-chain oligomer (with
2-15 subunits). The measurement was carried out 180 days
after incubation. Among four doses of long-chain chi-
tosan treatments, shoot length was significantly increased
by approximately 1.8-2 times in the highest doses of
15-20 ppm concentrations but significantly decreased in the
lowest dose of 5 ppm. In contrast, shoot length was increased
in the lowest dose (5 ppm) of chitosan oligomer but sig-
nificantly decreased in the higher doses of 15-20-ppm oli-
gomer (Acemi 2020). In grapevine (Vitis vinifera), dipping
cuttings into 0.01-0.02% chitosan solution for 24 h before
planting improved number of internodes and new canes
by approximately 10-30% and length of canes by approxi-
mately 30—40%, but the increments were not observed in the
highest concentration (0.04%) of chitosan treatment (Gornik
et al. 2008). In chili (C. annuum) grown in nutrient media
supplemented with crude chitosan and chitosan nanopar-
ticles, low concentrations (10-20 ppm) of crude chitosan
improved total leaf area, leaf biomass, and shoot dry weight
by 15-60%, but the highest concentration (100 ppm) inhib-
ited shoot development by approximately 90% in all growth
parameters. The similar outcome was also observed from
chitosan nanoparticles, where all shoot growth parameters
were significantly increased in the lowest dose of 1 ppm but
70-90% decreased in the higher doses of 5-20-ppm chitosan
treatments (Asgari-Targhi et al. 2018). In potato (Solanum
tuberosum) plantlets, after 21 days grown in solid media
supplemented with chitosan, shoot fresh weight was signifi-
cantly increased by approximately 40% in the highest con-
centration (500 ppm) of chitosan treatment. However, the
lower doses of chitosan concentrations (5—150 ppm) did not
affect shoot biomass (Asghari-Zakaria et al. 2009).

Based on current evidence, it could be summarized that
unlike shoot treatment, root treatment with chitosan does
not always promote shoot growth. The effect is likely to rely
on several factors, including chitosan concentration, tim-
ing, duration and frequency of application, plant species,
and growth conditions. Treating roots with relatively low
to moderate chitosan concentrations tends to promote shoot
growth, but once the concentration goes beyond certain lim-
its, root chitosan treatment is likely to have no effect or, in
some cases, contribute a negative impact on shoot growth.
The threshold of chitosan concentration in soil-based sys-
tems seems to be higher than that in hydroponic system or
micropropagation. Chitosan treatment on root tissues is
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likely to show greater benefits toward shoot growth when
plants are under stress conditions. However, more research
is required for appraisal before drawing definite conclusions
for the effects of root chitosan treatment on shoot growth.

Root Development is Inhibited by Chitosan
Treatment

Several studies have consistently demonstrated that chitosan
has a negative impact on root development (Lopez-Moya
et al. 2019). This inhibitory effect was not apparent in soil
or field experiments. However, it was clearly recognized
from the studies using hydroponic or nutrient-based systems
(Fig. 2 and Table 1). This could be because in soil, roots
are hidden underground and difficult to monitor, whereas
in nutrient-based settings, roots can be readily observed
through transparent liquid or solid media.

After 21-day cultivation in solid media, root growth of
Arabidopsis seedlings was interrupted by the higher doses
(0.01-0.2%) of chitosan treatment. The inhibitory effect
was likely to be dose dependent since low doses of chitosan
(0.001-0.005%) did not affect root growth, but 0.01% chi-
tosan treatment reduced total root length by approximately
15%. The effect was strongest in the highest doses of 0.1%
and 0.2% chitosan, where total root lengths of those condi-
tions were more than 80% shorter than control (Lopez-Moya
et al. 2017). A similar outcome was observed in tomato (S.
lycopersicum) and barley (H. vulgare), where the low doses
of 0.005-0.01% chitosan slightly arrested root growth by
approximately 25%, but the higher doses of 0.1-0.2% chi-
tosan showed more than 50% and 70% reductions of total
root length and root fresh weights, respectively (Lopez-
Moya et al. 2017). Another Arabidopsis study showed a
similar result, where primary root lengths of Arabidopsis
seedlings grown in solid media supplemented with the lower
doses of 0.1-1 ppm chitosan were comparable to control.
However, the plants grown in the media supplemented with
the higher doses of 10—100-ppm chitosan showed more than
70% shorter primary root length than control after 3 days
of treatment. The lateral root length and root number of
the highest dose of 100-ppm chitosan were also signifi-
cantly lower than those of control (Iglesias et al. 2019). In
industrial hemp (C. sativa) grown in hydroponic solution,
root growth was inhibited by 0.1-0.5% colloidal chitosan
treatments. After eight days of treatment, total root length
and surface area of chitosan-treated plants were more than
50% shorter and smaller than control (Suwanchaikasem
et al. 2023a). In cymbidium orchid (C. aloifolium), the
protocorms cultivated in the media supplied with the low
doses (0.05 and 0.1 ppm) of chitosan for 10 weeks showed
comparable total root number and root length to control,
whereas those parameters were significantly decreased by
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