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SUMMARY

Relentless global population growth, anthropogenic activity and the resulting climate
change are causing significant damage to the environment and agricultural systems.
Worsening environmental stresses on plants, inefficient use of resources and the
general alteration of interactions between organisms in an ecosystem are just some of
the problems we will be forced to face in the next future.

In the perspective of the ecological transition, different strategies are being explored
to develop sustainable solutions that could ensure adequate production efficiency and
limited impact, guaranteeing the maintenance of ecological balances.

In this context, the primary goal of the present research was to develop efficient
methods to synthetise sustainable agrochemicals from natural nanomaterials obtained
through circular economy and then functionalized with active biomolecules.

Studies were carried out primarily on the synthesis and characterisation of chitosan
nanoparticles (NPs) for the defence of crops against fungal pathogens. These NPs have
been utilized as carriers for specific double-stranded RNA (dsRNAs) sequences, with
the aim of improving the efficiency of Spray-Induced Gene Silencing technology. This
strategy may enable disease control through topical application of dsRNAs targeting
pathogen essential genes on plant material. After preliminary analyses on NPs-
functionalized properties and on their fate when sprayed on Nicotiana benthamiana
leaves, inhibition tests on Botrytis cinerea were carried out conveying dsRNAs with
interfering function on fungal metabolism.

In addition, the production of a biostimulant from Calcium-Phosphate (CaP) NPs
obtained by thermal treatment of Salmo salar bones was also investigated. In this case,
CaP-NPs were combined with natural humic substances (HSs) and tested on
Valerianella locusta and Diplotaxis tenuifolia to evaluate their nutrient uptake ability.

The second step was to investigate the field of plant phenotyping as an innovative
approach for managing agricultural or natural systems. New methods useful for agri-
environmental monitoring were developed through two different studies, using
imaging techniques at different analytical scales.

Firstly, the leaf morpho-anatomical traits of four Amaranthus species were measured
through image acquisition devices at full-scale and microscopic scale and subsequent
image processing with specific software. The aim was to identify differences between
species at a juvenile stage, that is notoriously difficult to analyse, but also the most
critical phenological phase for weed competition with crops. In a second study, remote
sensing compared with laboratory analysis was used to correlate the stress response
of lagoon plant communities with multispectral indices. The aim was to investigate the
power of imaging techniques to detect the environmental effect of flooding in salt
marshes, with a view to understanding whether the method could be employed for
environmental monitoring.



Both lines of research, although they still require a lot of experimental work to be fully
validated, deserve to be developed. Their effectiveness would be improved by
combining them, integrating complementary practices together for a multidisciplinary
problem-solving approach. The innovativeness of these tools and the holistic
perspective with which to employ them would permit to revolutionize the sustainable
management of different ecosystems.



CHAPTER 1 - General Introduction




CLIMATE CHANGE AND NEW CHALLENGES FOR
AGRICULTURE

Climate change is one of the most critical issues today. Enhanced anthropogenic
activities have altered the composition of the global atmosphere (Malhi et al., 2021a;
Solomon et al., 2007) causing an increase in the concentration of greenhouse gases
(GHGSs) such as carbon dioxide (COz), methane (CH4) and nitrous oxide (N20), which
lead to ozone depletion and subsequent global warming (Malhi et al., 2021a; Montzka
et al., 2011). Human-caused climate change has affected widespread and rapid
transformations in oceans, cryosphere and biosphere, leading to many extreme
weather and climate phenomena that are increasing in intensity and frequency. This
has led to negative impacts to nature and people, both in environmental and economic
terms. Damage has occurred unevenly in different parts of the world, even worsening
the already critical situation of the most disadvantaged countries (Calvin et al., 2023;
Malhi et al., 2021a) or the most undisturbed environments such as the polar zones.

Looking at the primary production sector, recent IPCC reports (Calvin et al.,, 2023) state
that climate change has compromised food and water security: in fact, although overall
agricultural productivity has increased, environmental alterations have globally slowed
this process over the past 50 years (Calvin et al.,, 2023), while the world population
continues to grow. Moreover, climate-exposed sectors are suffering increasing
economic damages, and among them, in addition to tourism and the energy sector,
agriculture, forestry and fishery are importantly involved (Calvin et al., 2023).

In particular, agriculture is the most vulnerable to climate change due to its sensitivity
to weather parameters (Mendelsohn, 2008). The effect of rising temperatures,
changing precipitations and CO; concentration greatly influence crop yields (Adams et
al., 1998), as well as their response to stresses. Some altered environmental factors may
partially offset the effect of others (Adams et al., 1998; Long et al., 2006), but the final
balance is almost negative: plants will increasingly face various abiotic stresses,
including salinity, drought, heat or cold stresses (Malhi et al, 2021b), low water
availability, and loss of soil fertility (Baul and Mcdonald, 2015). In addition, expected
climatic changes may influence the development and survival of pathogens (Elad and
Pertot, 2014). An increase in the susceptibility of crops to various pests and diseases is
expected (Rosenzweig et al., 2001) with, for example, a possible 10-25% increase in
losses due to insect infestations if the temperature rises by one degree (Shrestha,
2019). Invasion by migrating pests, a prolongation of the pest development season
and a change in the synchronisation between pests and crops is possible (Reddy, 2013).
At the same time, the competition of weeds with crops can also be strongly influenced,
both by the use of resources and by the varying degree of adaptation to changes in
temperature and CO; in the atmosphere (Korres et al., 2016; Malhi et al., 2020). Climate
change can even affect the mode of action of herbicides (Varanasi et al., 2016) and
pesticides (Matzrafi, 2019), altering their efficacy.



Looking at the issue from another angle, the agricultural sector is not only a victim of
climate change, but also a cause of it. In fact, it contributes 15% to total emissions,
mainly methane and nitrous oxide (Malhi et al., 2021a). The livestock sector is the
largest producer of GHG emissions (8-10.8% according to the IPCC) (Malhi et al., 20213;
O'Mara, 2011), but also the contribution by manufacturing and use of chemical
nitrogen fertilisers is significant (Kahrl et al., 2010). Global non-agricultural GHG
emissions will increase until 2055, but are expected to grow at a higher rate if food
preferences and food energy consumption shifts towards high-value products such as
milk and meat (Popp et al., 2010). At the same time, inefficient agronomic practices
provoke excessive nitrogen use that could be reduced by up to 38%, without taking
energy waste into account. In fact, better crop management would reduce the energy
consumption by 11%, increasing production and further lowering GHG emissions
(Soltani et al., 2013) and environment eutrophication.

Hence, it seems clear that technological and managerial implementation is
fundamental in both livestock and agronomic fields, to make production processes
more efficient. Choices for the future of agriculture must consider on the one hand
reducing impacts and on the other developing production methods that are adaptable
to environmental changes. The formulation of climate-resilient technologies needs an
interdisciplinary approach (Malhi et al., 2021a) and environmental policies should be
dynamic, enacted with flexibility, since the negative impacts will be dependent on the
climate scenario of different countries (Zilberman et al., 2004).

NEW TECHNOLOGIES FOR AGRICULTURAL
SUSTAINABILITY

The use of traditional and agro-ecological management systems can help farmers
adopt climate resilient technologies (Altieri and Nicholls, 2017; Venkateswarlu and
Shanker, 2009). However, there is a clear need to focus on interventions that have both
adaptation and mitigation characteristics (Arbuckle et al., 2015). Some approaches,
such as the so-called Climate-Smart Agriculture (CSA) (Lipper et al., 2014), aim to
transform and reorient agricultural systems from multiple points of view: the purpose
is to operate not only on resource efficiency management (water-smart and nutrient-
smart practices) and on resilience to climate change (weather-smart and carbon-smart
activities), but also on the social, political and economic aspects, including the
widespread dissemination of knowledge.

New technologies can help to accomplish the first two objectives complementing
already widespread practices (biodiversification, more efficient soil and water handling,
resource conservation, etc.) grouped under the concept of integrated agriculture
(Altieri and Nicholls, 2017; Barzman et al., 2015; Hendrickson et al., 2008).



In recent years, agricultural and environmental management have profited from
numerous innovations that are radically transforming the related sectors. These
include, for example:

e Resources-saving techniques. Some of them aim to preserve soil fertility and
reduce erosion through the use of cover crops, crop rotation and conservation
agriculture (Giller et al., 2015); others, instead, like soilless farming, enable more
efficient food production with reuse of substrates, water and nutrients, reducing
pressure on agricultural land and shortening the supply chain (Pradhan and
Deo, 2019).

¢ Synthetic biology and New Genomic Techniques (NGTs). These technologies
enable the genetic modification of plants to make them not only more
productive, but also more resistant to diseases, pests and environmental
stresses (drought, excess salinity, extreme temperatures) (Clapp and Ruder,
2020; Giudice et al,, 2021).

e Precision agriculture and sensors. Useful for collecting a wide range of data
to better monitor environment and crops, also allow more targeted
management of irrigation, fertilisation and crop protection, thus reducing waste
and improving overall efficiency (Clapp and Ruder, 2020).

e Alternatives to agrochemicals. They consist of a range of less impactful and
biodiversity-friendly crop nutrition and defence tools. These include the use of
biopesticides (products derived from living organisms such as bacteria, fungi
and viruses that can control diseases), biological control agents (predatory
insects and parasitoids that reduce populations of harmful pests) (Anwer, 2017),
biostimulants and products of natural origin for nutrition or integrated pest
management (Yakhin et al., 2017), and, finally, latest-generation biotechnology-
based products (Parisi et al., 2015).

Obviously, a part of these approaches or tools are determined simply by the
reorganisation or rediscovery of cultivation management practices, while others are
entirely new and have developed thanks to technological progress. Some of the latter,
such as certain devices exploiting artificial intelligence and products based on
biotechnology or genetic engineering, are still in a testing phase and are often not yet
available on the market (Clapp and Ruder, 2020; Parisi et al., 2015).

Given the urgency of revolutionising agri-environmental systems to address climate
change issues, it is necessary to focus research precisely on the development of these
tools. The key idea is to exploit all the methods described above in a balanced and
integrated manner, so as to adapt management practices to the peculiarities of the
territory and to the actual situation. Among the various possibilities, that of tackling
the same phenomenon by complementary means emerges (Uiterkamp and Vlek,
2007). This really occurs, for example, searching for alternative methods to save
resources or to reduce the environmental damage of agricultural activities. In such
cases it is necessary to integrate multiple fields of knowledge and to act at different
scale levels (e.g., it is important to know the effect of a specific intervention on the
individual down to the entire ecosystem in which it is embedded).



With this approach in mind, the present work offers insights into two currently leading
subjects: nanotechnology for the production of next-generation agrochemicals and
imaging techniques. These two topics, although different, fit into the concept of the
multidisciplinary approach: they can be used to achieve similar goals from multiple
modes of action. Among all the targets, first and foremost the limitation of
environmental impact of agronomic treatments should be considered.

NANOTECHNOLOGY IN AGRICULTURE

Nanotechnology has already enabled progress in medicine and pharmacology, but
only recently its application in the agri-environmental sector attracted large interest
(Catalin Balaure et al.,, 2017). As studies have progressed in the last years, the advanced
agronomic application of nanotechnology in plants, known as phyto-nanotechnology,
turned out to be crucial for securing sustainable agriculture and food production
(Wang et al., 2016). Applications of nanotechnology in agricultural systems can in fact
promote smart progress in crop management, lowering resource use and improving
the efficiency of conventional agricultural practices, thus offering numerous
environmental benefits without reducing productivity. Due to the diverse areas where
nanomaterials are applicable, and to the many materials that can be used,
nanotechnology in agribusiness is becoming promising to be further understood and
developed (Jiang et al.,, 2021).

Special properties of NMs and their interaction with plants

Starting from an initial definition, nanomaterials (NMs) are particles that have three-
or two-dimensional external dimensions or internal surface structures ranging from 1
to 100 nm (Fincheira et al, 2021). The physicochemical properties of NMs, which
include enhanced reactivity, specific surface structure and high surface-to-volume
ratio, differ from those of their molecular counterparts (Rodrigues et al., 2017): this
makes NPs suitable for performing different and optimized functions than ordinary
materials (Wang et al., 2021). Engineering NPs with desired characteristics, such as
shape, pore size, and surface properties is easily achievable, allowing them to be used
in various ways (Khandelwal et al., 2016). Moreover, NPs can be utilized either directly
as protectants or biostimulants (Worrall et al., 2018), or as carriers for precise and
targeted delivery through adsorption, encapsulation, or conjugation of an active
substance (Khandelwal et al., 2016).

The uptake, translocation and transport of NPs in crops play a role in strengthening
both direct action and efficient delivery of active molecules. In general, NMs can be
introduced into the plant system through two paths, namely via roots or leaves. In leaf
uptake, NMs can be translocated via stomata or cuticle (Maluin and Hussein, 2020).
The former pathway is the easiest, as the typical size of the stomatal opening is
approximately 3-10 um wide and 25 pum long (Eichert et al., 2008), while the cuticle
pores have smaller sizes (0.6-4.8 nm) (Eichert and Goldbach, 2008; Popp et al., 2005)



that limit the passage of certain types of NPs. Uptake through root tissues, on the
other hand, can occur by cuticular route or by root diffusion, based on the
concentration gradient between the soil and roots. The penetrated NMs are then
translocated and transported to other parts of the plant via the phloem and/or xylem
(Maluin and Hussein, 2020). The movement of the systemic phloem during foliar
application follows the symplastic pathway and is multidirectional, from the source to
the sinks. The movement of the systemic xylem, on the other hand, follows the
symplastic and apoplastic pathway and is unidirectional, ie. only in the upward
direction (Maluin and Hussein, 2020).

Hence, the uptake and accumulation of particles are greatly influenced by the route of
NPs translocation (Ma et al., 2018), but this is substantially determined also by their
properties. Many studies have shown that the nanometric form of various materials
has enabled better absorption within plant tissues (Jiang et al., 2021) compared to bulk
materials, leading to the conclusion that the characteristics of NPs, such as size, surface
activity, aggregation level, crystallinity, porosity and redox potential, clearly influence
their ability to interact with crops and to transport and release functionalising agents.
Moreover, surface charge, hydrophilicity, lipophilicity and physical adsorption of NPs
affect aggregation and translocation levels (Jiang et al., 2021).

In addition, coating NPs with various materials (e.g. iron, humic acids or other organic
macromolecules, organic acids, different polymers) can influence their penetration and
translocation into crops by modifying their surface structure (Jiang et al., 2021) and
charge (Hu et al., 2020). Based on their own characteristics, these coatings can prevent
NPs aggregation (e.g. hydroxyapatite, chitosan) (Jiang et al., 2021) and make them
more stable on the leaf surface (e.g. protein encapsulation) (Rathore and Tarafdar,
2015) or, on the contrary, more easily absorbed. This happens especially when they
create a hydrophilic protective sheet (Shahrekizad et al., 2015) or when the coating
material is able to prevent the stomata closure (Su et al., 2019). Furthermore, the
bioavailability of NPs is enhanced by functional groups and surfactants since they
increase their adhesion to the leaf surface (Elmer and White, 2016; Yu et al., 2017).

Considering the composition of nanomaterials, some NPs inherently exhibit beneficial
properties, and thus can also be employed on their own. For example, metal NPs, such
as silver, copper, zinc oxide, and titanium dioxide have been shown to have
antibacterial, antifungal and antiviral functions (Gogos et al., 2012; Kah and Hofmann,
2014; Kim et al., 2018), but also chitosan has similar properties (Worrall et al., 2018), to
which are added biodegradability, biocompatibility, non-allergenicity, and low toxicity
(Cota-Arriola et al., 2013). Chitosan NPs are very popular because, in addition to
inducing numerous effects on organisms (Malerba and Cerana, 2016), they are also
suitable as nanocarriers, together with silica NPs, solid lipid NPs and clays (layered
double hydroxides), all of which have been tested for crop defence through their
functionalization with synthetic or natural bioactive molecules (Worrall et al., 2018).
These are just examples, but there are several other materials being studied for their
use in sustainable agriculture.
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Despite the numerous advantages described, NMs can be an attracting tool for the
development of new sustainable technologies for agriculture after in-depth studies to
understand their characteristics and effects on the ecosystem. It is important to
carefully test a material and its dopant molecules to highlight any phytotoxicity (Ma et
al., 2018), how they enter or interact with plants or pathogens, and their effects on the
metabolism of target and non-target organisms. At the same time, it must be ensured
that the NMs themselves are not adversely affected by external factors (e.g. root
exudates, extracellular polymeric substances in the rhizosphere, climatic agents)
(Anderson et al., 2018) and that the substrate or distribution medium is the most
suitable to ensure greater efficacy (Ma et al., 2018). Upon verification of their safety,
these materials have a great potential to revolutionise modern crop agriculture.

NPs applications in agriculture

Due to their versatile physico-chemical properties, NMs can be used in a large number
of agricultural practices. Currently, studies are deepening knowledge on the
application of nanotechnology into several macro-areas (Jiang et al., 2021), which
could be divided as follows:

e Crop nutrition and growth

e Crop yield and quality

e Stress mitigation (e.g., environmental factors due to climate change)
e Sustainable crop protection

e Postharvest preservation

e Genetic engineering

e Other applications (nanosensors, nanobarcoding) (Hayles et al., 2017)

Given the extent of materials that can be used to synthesise NPs and the molecules
with which they can be functionalised, studies on this subject are numerous and varied.
For this reason, only the topics most pertinent to this thesis work will be explored in
greater detail.

Agronanochemicals: crop nutrition and disease management

The use of NPs for nutrition and disease management can take place through two
different mechanisms: using NPs that directly provide benefits to crops or employing
them as carriers of existing agrochemicals or other active ingredients, including those
of natural origin (Worrall et al., 2018). This second mode is nowadays the most
appreciable, as it offers numerous advantages over conventional products. As vectors,
NPs can provide protection for active molecules, increasing their durability and
stability even under environmental pressures (UV, rain); they can also guarantee better
solubility, reduced toxicity and greater site-specific absorption in the target organism
(Hayles et al., 2017). This allows for a specific action, thus also reducing the occurrence
of antimicrobial resistances. In addition, NMs can be either simple stabilising agents
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that permit slow release of the dopants, or their conveyers within plants or pests. All
these functions are advantageous compared to the use of free active molecules, as
they allow the dose and number of applications to be significantly reduced, thus
decreasing costs and environmental impact (Worrall et al., 2018).

Nanofertilisers — Nanofertilisers are attracting considerable interest as they can solve
some of the major issues associated with conventional nutrient products. As they are
able to regulate the release of nutrients and employ smaller quantities, they would
overcome problems of eutrophication and resource-use inefficiency and comply with
legislative environmental restrictions (Chhipa, 2017; Jiang et al., 2021).

According to their functions, nanofertilisers can be categorised as nanocomposite
fertilisers, controlled-release fertilisers, or controlled-loss fertilisers (Jiang et al., 2021).
The sustained release of nutrients is one of the key points to be developed, as, in
addition to making distribution more efficient by accommodating crop needs (Abdel-
Aziz et al., 2016), it can also improve soil health by regulating microorganisms in the
rhizosphere (Wang et al., 2020). Indeed, these NMs can induce them to produce
secondary metabolites (Khan et al., 2018; Panichikkal et al., 2019), enhancing plant
growth and promoting colonisation of the root surface (Jiang et al,, 2021). NMs are
particularly advantageous for their small size, which allows the surface mass ratio of
the particles to increase. Due to this property, various nutrient ions can be desorbed
and adsorbed slowly and constantly (Monreal et al., 2016), minimising loss through
leaching or adsorption and prolonging the effect during time (Shalaby et al., 2016).
This feature is crucial, for example, in the case of nitrogen, where its runoff is a major
issue in conventional fertilisers (Cai et al., 2014; Kahrl et al., 2010), and phosphorus,
whose highly insoluble compounds formed in the soil make it hardly available to plants
(Paz-Ares et al., 2022). In addition, several studies demonstrated that the use on crops
of various NMs (ZnO-NPs, Fe/Fe,Os3-NPs, Cu/CuO-NPs, Au-NPs, nanocalcite, etc.)
could enable also a regulatory effect on the uptake of elements other than those
constituting the NPs (Jiang et al., 2021).

Ultimately, it is evident that nanofertilisers are able to balance nutrition during the
plant life cycle and increase crop production. Despite this, there is a need for an
evaluation of the fate of nanofertilisers in soils with different physiochemical
characteristics, in order to define the best efficacy conditions for a particular crop or
substrate (Jiang et al., 2021).

Nanopesticides and Nanoherbicides — Interest in the application of nanotechnology
in crop protection replacing conventional methods has increased rapidly in recent
years. This is because the defence techniques used to date are highly polluting and
inefficient: it is true that at least 90% of pesticides fail to achieve their objectives of
effective pest or pathogen control, and frequently leak into ecosystems (Nuruzzaman
et al, 2016), damaging also non-target organisms. This situation leads to the
deterioration of the environment, but also increases crop production costs. To solve

12



these serious issues, nano-formulation of agrochemicals proves to be an effective
solution. In particular, nano-encapsulation processes can be performed, where the
active ingredients of pesticides or herbicides are bound to NMs (Jiang et al.,, 2021), or
other engineered nano-structures with beneficial characteristics for crop protection
can be obtained (Ul Haq and ljaz, 2019). Again, these formulations are useful for the
controlled release and persistence of active ingredients; moreover, since they act in an
extremely specific way on the target organism, they offer a chance to overcome the
multi-resistance development, which today noticeably affects crop management (Jiang
et al., 2021). NPs employment also helps to enhance the water solubility of active
ingredients, a limitation of conventional products, which in turn causes increased
resistance to target organisms (Ul Haq and ljaz, 2019). In addition, nano-formulation
and nano-encapsulation of bioactive molecules also allow the increase of their thermal
stability, crystallinity, permeability and biodegradability, which are essential for
sustainable agricultural systems (Dwivedi et al., 2016).

Looking specifically at pest and pathogen management, studies have been carried out
in recent years on nanomaterials to be used mainly as carriers of active ingredients.
Essential oils, conventional products and biocidal molecules with various modes of
action have been tested as functionalizing agents of lipid, chitosan, silica, polymer
mixes and other NPs, achieving good results in crop protection. The target organisms
were mainly cutworms, mites, aphids, whiteflies and common fungi (Fusarium,
Aspergillus, Botrytis spp., etc.) (Worrall et al., 2018), some of which have also been the
subject of studies with simple metal oxide NPs (Elmer et al., 2018; Malandrakis et al.,
2019; Shenashen et al., 2017).

The various trials have allowed to improve active molecules’ solubility and stability, to
reduce volatility and ultimately to be more effective if compared with conventional
insecticides and fungicides. Conversely, the results of toxicity studies have not always
been positive, indicating the need for further investigation (Worrall et al., 2018).

Finally, also in the weed management field nanotechnology-driven innovations are
promising for solving not only the weaknesses shared by all agrochemicals, but also
those specific to herbicides. As an example, nanotechnology could overcome the
limitation of most currently available commercial formulations, which only target the
above-ground sections of the weeds, leaving roots, rhizomes and tubers vital (Hess,
1993): by mean of special nano-encapsulated molecules it is possible to target
receptors in the roots and prevent the glycolysis process, eliminating weeds
completely (Jiang et al., 2021). Moreover, NPs are also able to detoxify herbicide
residues, thus reducing pollution and avoiding limitations in crop development
(Satapanajaru et al., 2008).

Plant growth and biostimulation

Some NMs show useful properties for improving the growth and development of
plants at different stages of their life cycle. Several studies on horticultural and field
crops have demonstrated such an effect by NPs of various origins, including metal
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oxide NPs, Zn-NPs, carbon nanotubes, Mesoporous silica NPs, Au-NPs, SiO>-NPs and
chitosan NPs (Jiang et al., 2021).

NMs have positive effects on crops in different ways depending on their intrinsic
properties and concentration (Jiang et al.,, 2021). They can induce, directly or through
the transport of other molecules, various responses which may be related to yield
quality or to the acceleration of certain physiological functions (Nair, 2016). Studies
have shown that some NMs can increase seed water uptake and, by penetrating the
seed coat, can stimulate its enzyme system (Abou-Zeid et al.,, 2021; Li et al., 2021),
although the mechanisms underlying the advantage of NMs over traditional materials
remains unknown to date (Jiang et al,, 2021). It has been reported that NPs can also
enhance photosynthesis enzyme activity and chlorophyll content, thus improving
overall plant growth (Jiang et al., 2021; Rossi et al., 2019). At the physiological level,
some NPs can in fact stimulate the activity of Rubisco or of carbonic anhydrase (Jiang
et al., 2021). At the molecular level, on the other hand, it has been shown that TiO,-
NPs can induce the light-harvesting complex Il (LHCIl) gene and increase the
chloroplast's light absorption efficiency (Ze et al., 2011), while Si-NPs can stimulate the
expression of genes related to chlorophyll biosynthesis (Li et al., 2023). NPs can
influence also crop yield and quality by modifying plant physiology and biochemistry,
improving mineral uptake, chlorophyll content, enzyme activity and plant growth
(Jiang et al., 2021), influencing also the vernalization and flowering pathways (Ke et al.,
2020).

Finally, also in the case of biostimulation, NPs can be a useful tool for delivering other
active molecules precisely to the target site, saving resources and avoiding dispersion
in the environment. One of the objectives to reach is the easing of nutrient absorption,
which is stimulated for example by humic substances (Jindo et al., 2020).

Given the promising results to date, further investigations into dose-dependency,
long-term exposure effects and metabolomics or proteomics studies (Jiang et al., 2021)
may be a gateway tool to determine the exact function of NPs or transported
molecules.

In summary, thanks to phyto-nanotechnology a revolution in agro-ecosystems could
be achieved by increasing crop yield and productivity, minimizing losses and
increasing input efficiency. Despite the need for further studies on these products to
verify the toxicity of NPs and the safety of different applications, the potential is
unquestionably high. The contemporary maintenance of environmental sustainability,
ecological and economic stability would result in a relevant solution to make the
development of agrosystems and of related sectors feasible. (Acharya and Pal, 2020).
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An insight on the combination of new molecular approaches with
nanotechnology

Other technologies that work on a small scale are those that act on the manipulation
of gene expression. For a long time, traditional breeding or genetically modified
organisms (GMOs) have been used to cope with biotic and abiotic stresses and to
implement quality characteristics of crops. However, emerging diseases and
unpredictable climatic changes require alternative solutions to adapt crops to new
conditions. Innovative biotechnological techniques, such as cisgenesis and genome
editing, are emerging solutions for the selection of more stress-tolerant crops (Giudice
et al,, 2021), but still have to face the obstacles of technological development, public
perception, consumer preferences and legal regulation (Dayé et al., 2023; Giudice et
al., 2021).

A new approach to overcome plant transformation and its limitations is to employ
strategies based on the RNA — interference (RNAi) mechanism (Dubrovina and Kiselev,
2019). In plants, RNAi is a natural regulatory and defence strategy that plays key roles
in the regulation of plant response to environmental stresses, growth, and
development (Dubrovina and Kiselev, 2019; Rosa et al.,, 2018; Singh et al,, 2018), but it
is also a trigger for plant immunity against pests and pathogens, modulating plant-
microbe interactions and their virulence (Giudice et al., 2021). In particular, the
mechanism called cross-kingdom RNA( allows for bidirectional exchange of small RNA
molecules between different interacting organisms, inducing gene silencing in each
other (Cai et al., 2018; Ma et al., 2020). This further proves that RNAi can be used to
control plant diseases caused by fungi, viruses, nematodes and insects (Giudice et al.,
2021). It is still a matter of debate the assumption that RNAi is only capable to interfere
with pathogen translation-machinery lowering virulence or even to stimulate plant
response downregulating endogenous plant genes.

Specifically, the RNAi machinery is based on the diffusion of exogenous long dsRNAs
or hpRNAs (hairpin RNAs) into tissues (of plants and of other organisms where the
mechanism is conserved) that are transformed into siRNAs, microRNAs or other small
RNAs, leading to the induction of silencing of target genes. This occurs when they are
recognised and transformed by DICER-like ribonucleases (Borges and Martienssen,
2015; Dubrovina and Kiselev, 2019). The resulting small RNAs are then incorporated
into the RNA-induced silencing complex (RISC) that drives translational repression or
sequence-specific degradation of homologous target mMRNAs (Dubrovina and Kiselev,
2019). In plants, the RNA silencing signal seems to move over short distances from one
cell to another, probably through plasmodesmata, or long distances through the
phloem. Although information on the nature of the mobile silencing signal is limited
and sometimes inconsistent, several reports argue that 21-24 nt siRNAs or miRNAs
could be responsible (Dubrovina and Kiselev, 2019; Mermigka et al., 2016).

Various studies show that the RNAi mechanism can affect the mRNA levels of target
genes in plant genome or in plant pathogens or pests also when exogenous sequences
come into artificial contact with plants, and not only when crops are under attack. For
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this reason, RNAI could be a viable alternative for sustainable and eco-compatible
wood (Bragg and Rieske, 2022) or crop protection without the use of chemicals. The
in vitro or in vivo application of siRNA or dsRNAs obtained by bacterial-mediated
biosynthesis has shown promising results on insects (Gogoi et al., 2017), viruses (Kaldis
et al,, 2018; Mitter et al.,, 2017b; Nilon et al., 2021; Taliansky et al., 2021) and fungi (Koch
etal., 2016; McLoughlin et al., 2018; Nerva et al., 2020; Song et al., 2018), using different
methods of treatment such as trunk injection, soil/root drenching, mechanical
inoculation, petiole absorption and high or low pressure spraying (Dalakouras et al.,
2020, 2018; Dubrovina and Kiselev, 2019; Nerva et al., 2020).

The latter, in particular, also called SIGS (Spray Induced Gene Silencing), could be a
methodology closer to common agronomic treatments, and thus easily deployable on
a large scale, relying on direct applications of exogenous RNAs on plants or pests.
Although several developments (both technological and environmental impact
assessment) are still needed to achieve their widespread use as protective molecules
in crops (Giudice et al., 2021), some strategies are already demonstrated to be able to
improve their efficacy. Specifically, to mitigate the great susceptibility of dsRNAs to
rapid degradation, encapsulating techniques for protecting them and facilitating their
delivery are currently being investigated. To this aim, the use of nanomaterials as
carriers for these molecules becomes feasible: different materials have been employed
for their delivery to facilitate the dsRNAs or siRNAs uptake and survival in plant or pest
tissues, such as clay nanosheets (Mitter et al, 2017a; Yong et al., 2021), carbon
nanotubes (Demirer et al, 2020), Carbon Quantum Dots (Das et al, 2015), gold
nanoclusters (Zhang et al.,, 2021a), silica (Das et al., 2015) and chitosan NPs (Das et al.,
2015; Dhandapani et al., 2020; Xu et al.,, 2023; Zhang et al., 2010). In the case of chitosan
NPs and other materials, moreover, it would be possible to exploit not only their
usefulness as vectors, but also their intrinsic biostimulant properties towards
pathogens or plants (Stasinska-Jakubas and Hawrylak-Nowak, 2022). This would make
it possible to enhance the efficacy of dsRNAs and/or to achieve several different effects
with a single treatment.

In addition, in some cases specifically-designed nanocarriers may also be useful simply
for long-term protection outside the plant, since cellular internalisation of nano-
cargoes is not always necessary for RNA delivery (Zhang et al., 2021b): this would
further extend the number of employable nanomaterials, taking into account even
those NPs that are not particularly suitable for penetration into tissues.

Finally, by developing appropriate formulations of nanoparticle-dsRNAs and
optimising their distribution modalities, the amount of nucleotide material could be
drastically reduced (instead of applying it naked), thus making this practice
significantly cheaper and more accessible for widespread use (Dalakouras et al., 2020;
Giudice et al,, 2021) and this is another point in favour of this approach.

Given all these benefits, the combination of molecular techniques and nanotechnology
also deserves further study in the next years, as an integrated strategy for crop
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protection where the use of other molecules (even those carried by nanomaterials)
does not exert the same protection.

MULTI-SCALE PHENOTYPING

Another approach to address the challenges of ecological transition is to study how
plants interact with their environment. This information is crucial for understanding
how plants respond to stresses, what competitive relationships they establish with
other organisms and ultimately how an entire ecosystem may vary in response to
climate change. Such knowledge is crucial for both natural and anthropized systems,
aiming to facilitate decision makers and politician in setting up future strategies for
agricultural and environmental management.

Plant phenotyping through modern imaging techniques is one of the tools enabling
to obtain such answers.

Research has made significant advances in genetic sequencing techniques and
genome analysis, revolutionising our understanding of biology and making it possible
to predict the metabolic activities and growth patterns of plants. Nevertheless, the
interaction between genes and environmental factors is quite difficult to study, and its
in-depth investigation is crucial to fully understand an organism's relationship with its
environment. The phenotype of an individual is not only expressed in morphology, but
also concerns traits observable in developmental processes, physiological, biochemical
and behavioural properties. In plants, moreover, these characteristics are more
pronounced given their great plasticity to different environmental conditions, which
makes understanding them even more complex (Dhondt et al., 2013; Pieruschka and
Schurr, 2019).

Phenotyping is a medium to characterise individuals endowed with traits that give
them an adaptive advantage in terms of stress resistance and productive capacity
(Carvalho et al., 2021). From molecular to population analyses, this approach can be
applied at different scale levels of organization to evaluate plant phenotypes based on
anatomical, ontogenetic, physiological, and biochemical properties in specific
environmental and genotypic conditions (Demidchik et al., 2020; Pieruschka and
Schurr, 2019; Walter et al., 2015).

Modern phenotyping methods allow the detailed study of plant growth, development
and reproduction processes such as photosynthesis, respiration, water turnover,
mineral nutrition, productivity regulation mechanisms and stress resistance
(Demidchik et al., 2020; Dhondt et al.,, 2013). In the agri-food sector, many progresses
in phenotyping techniques are directed by the objectives of crop selection and
management (Pieruschka and Schurr, 2019), nonetheless these tools also lend
themselves for the improvement of environmental handling practices, especially in
view of the global changes facing planetary ecosystems.
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Phenotyping approaches can be invasive or non-invasive. The former method requires
the extensive sample manipulation through a destructive process, which prevents any
subsequent measurements and provides information only up to the time of analysis.
Non-invasive methods, on the other hand, collect information from any tissue through
non-destructive analysis, which allows forthcoming measurements of the individual,
enabling changes in phenotype to be tracked over the entire life cycle of the plant or
under varying growth conditions (Langstroff et al., 2022).

As expected, nowadays great interest is directed towards non-destructive techniques,
in particular those based on automated image capture. By analysing the spectral
properties of plants, these methods allow high-throughput quantitative evaluation of
individual plant traits under controlled conditions, or of entire plant populations in an
open air environment (field phenotyping) (Walter et al., 2015). The most widely applied
techniques are those based on 2D and 3D imaging sensors using visible light,
hyperspectral, thermal, stereo and time-of-flight cameras. These can be employed
directly for individual analyses or mounted on different platforms, ranging from
satellites to manned or unmanned aerial aircrafts or ground robots (Dhondt et al.,
2013; Pieruschka and Poorter, 2012). Acquisitions can also be validated in a controlled
environment or by means of laboratory analyses, to allow comparisons at different
precision levels. Furthermore, in order to make the data available within the scientific
community, the MIAPPE (Minimal Information About Plant Phenotyping Experiments)
recommendations have been developed, which are continuously updated to allow the
description of all metadata, including environmental ones, via national and
international institutional networks. Although to date most complete phenotyping
data remain unavailable, it may prove to be a useful resource for the future (Gehan
and Kellogg, 2017; Pieruschka and Schurr, 2019).

Plant spectral behaviour and its interpretation

Vegetation has specific spectral behaviours at different wavelengths, which depend on
the interactions of reflection, transmission and absorption of light due to the
biochemical, structural and morphological specificities of leaves and of entire plant.
The course of the obtainable reflectance curve therefore varies according to the
content and type of leaf pigments, the internal structure of the leaf, the water and
protein proportion, cellulose and other structural components, as well as to the canopy
architecture. It follows that it is possible to draw useful information on the plants’
different leaf structure and density, on phenological stage, on biomass production and
on any stress they are suffering from (Liu et al., 2020).

Such indications are obtained by applying specific algorithms, as is the case of
vegetation indices. With the spread of remote sensing technologies, various
vegetation indices have been exploited, including, for example, Normalized Difference
Vegetation Index (NDVI), Green Normalized Difference Vegetation Index (GNDVI) and
Enhanced Vegetation Index (EVI), which explain, respectively, the level of vigour, the
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photosynthetic activity and the vegetative development (Kothari and Schweiger, 2022;
Liu et al., 2020; Ustin and Jacquemoud, 2020).

In order to quantitatively measure the phenotype through the interaction between
light and plants, various imaging sensors are available, which can be divided into the
following categories:

e Passive sensors, designed to detect electromagnetic energy in the environment:
RGB (digital), thermographic, multi- and hyperspectral cameras, stereo-vision
cameras etc. (Gibbs et al., 2016; Xie and Yang, 2020).

e Active sensors, that emit electromagnetic energy to scan the subject to be
imaged: time-of-flight (e.g., LIDAR — Light Detection and Ranging) or structured-
light systems (Chandrashekar et al., 2018; Gibbs et al., 2016).

o Other sensors: Fluorescence and Magnetic Resonance Imaging, X-ray
Computed Tomography (Kolhar and Jagtap, 2021; Li et al., 2014).

Through these devices it is possible to study plants at different scale levels. Numerous
platforms permit to perform high-throughput phenotyping, ranging from satellites,
Unmanned Aircraft Systems (UAS), ground vehicles (robots) and finer sensing systems
used in controlled environments, laboratories and growth chambers (Araus et al., 2022;
Liu et al., 2020; Volpato et al,, 2021; Xu and Li, 2022).

With the abovementioned imaging techniques, the plant organism can be analysed in
its entirety or in its individual parts by examining three components: (i) structural, Le.
morphological attributes, such as the number, shape and size of leaves; (i)
physiological, which influence the processes that regulate growth and metabolism,
such as chlorophyll content, leaf surface temperature and photosynthesis efficiency;
(iii) temporal, such as the pattern of growth or adaptation to certain conditions (Das
Choudhury et al., 2019).

Nowadays, these advanced methods are not only fundamental for ecophysiological
studies, but also for planning in agronomic or environmental management. For
example, techniques that exploit radiation outside the visible spectrum allow to
identify and quantify disease symptoms in advance (Dhondt et al., 2013); fluorescence
methods can estimate photosynthetic activity; several devices can map root
development; hyperspectral imaging is employable to determine biomass, water use
efficiency and thus drought tolerance, responses to nutrient deficiency, plant
overheating and to early detect biotic or abiotic stresses (Das Choudhury et al., 2019;
Dhondt et al., 2013). This information can, in addition, be further deepened by
processing the data with specific algorithms: some segmentation and skeletonisation
systems make it possible to describe plant components (e.g., leaves) in great detail,
demonstrating the genetic influence on temporal or environmental variations (Das
Choudhury et al,, 2019; Dhondt et al.,, 2013; Kolhar and Jagtap, 2021; Schunck et al.,
2021). Furthermore, through implementation with deep learning techniques, it is
possible to develop 3D vegetation models and forecast models (Das Choudhury et al.,
2019; Kolhar and Jagtap, 2021) useful for various purposes, from crop management
planning to predicting future scenarios in natural environments.
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Ultimately, phenotyping techniques have great potential as an integrative tool in
ecological transition, both for the management of anthropised and non-anthropised
areas. Validation of the reliability of information obtained by conventional destructive
methods in comparison with data from non-destructive remote surveys becomes
essential at this point. The possibility of repeating these measurements over time
would also guarantee a monitoring distributed in the long term, to better understand
the effect of environmental drivers that act for prolonged periods and the consequent
adaptation/acclimatisation strategies developed by plants.

AIM OF THE THESIS

The aim of this work was to study and develop new technologies to support the
ecological transition in agro-ecosystems, investigating methodologies that apply at
different scale levels.

The main focus was on the development, characterisation and application of eco-
compatible nanomaterials with a view to making progress in the field of nano-enabled
agriculture. In particular, the objective of the experimental plan principally concerned
the use of biodegradable polymers, such as chitosan NPs, as nanocarriers of bioactive
molecules for the defence of crops against pathogens. In this context, RNA-interference
technology was also exploited, using specific dsRNA sequences as functionalising
agents for NPs to target the inhibition of post-harvest pathogenic Botrytis cinerea. In
addition, the potential use of Calcium-Phosphate (CaP) NPs carrying humic acids as
nutritional uptake stimulants in leafy crops was also explored.

Furthermore, the field of plant phenotyping was also investigated, as another
innovative approach for the management of agro-ecosystems. Two different studies,
using imaging techniques at different analytical scales of observation, were performed
to develop new methods useful for agro-environmental monitoring.

In the first case, leaf morpho-anatomical traits of four weedy Amaranthus species were
measured at full- and microscopic scale level to identify their phenotyping variation at
juvenile stage, critical for weed competition with crops. Secondly, a remote sensing
upscaling approach was also tested in the field of ecosystem monitoring, by measuring
plant functional traits linked to submergence and the interplay with soil features on
the salt marsh-key species Salicornia fruticosa and comparing the results with
conventional destructive analyses.
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ABSTRACT

The need to minimise the impact of phytosanitary treatments for disease control
boosted researchers to implement techniques with less environmental impact. The
development of technologies using molecular mechanisms based on the modulation
of metabolism by short dsRNA sequences appears promising. The intrinsic fragility of
polynucleotides and the high cost of these techniques can be circumvented by
nanocarriers that protect the bioactive molecule enabling high efficiency delivery to
the leaf surface and extending its half-life.

In this work, a specific protocol was developed aiming to assess the best
methodological conditions for the synthesis of low-size chitosan nanoparticles (NPs)
to be loaded with nucleotides. In particular, NPs have been functionalised with partially
purified Green Fluorescent Protein dsRNAs (GFP dsRNA) and their size, surface charge
and nucleotide retention capacity were analysed. Final NPs were also stained with FITC
and sprayed on Nicotiana benthamiana leaves to assess, by confocal microscopy, both
a distribution protocol and the fate of NPs up to 6 days after application.

Finally, to confirm the ability of NPs to increase the efficacy of dsRNA interference,
specific tests were performed: by means of GFP dsRNA-functionalized NPs, the
nucleotide permanence during time was assessed both in vitro on detached wild-type
N. benthamiana leaves and in planta; lastly, the inhibition of Botrytis cinerea on single
leaves was also evaluated, using a specific fungal sequence (Bc dsRNA) as the NPs'
functionalizing agent.

The encouraging results obtained are promising in the perspective of long-lasting
application of innovative treatments based on gene silencing.
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INTRODUCTION

Within a very short time, the farming system is claimed to respond to several
challenges in facing the predicted worldwide increase in food demand by 2050 (1). A
more sustainable agriculture, such as endorsed by the EU Commission for the Farm-
to-Fork program, imposes a drastic reduction in chemical pesticides and fertilizers.
Indeed, it calls for development and adoption of safer alternatives, respectful for the
agro-ecosystems and the environment, with low-risk for human health (2).

During recent years, research and agriculture efforts have been largely devoted to
improve the use of smart technologies and tools, such as naturally derived
biostimulants, able to sustain high crop productivity with a low impact on the
environment, improve plant nutrient use efficiency (NUE) (3) (4) and abiotic stress
tolerance (5) or boost the innate plant resistance to pathogens (6). Among these bio-
based compounds, bulk chitin and chitosan, its N-deacetylated derivative, have been
gaining large interest. Due to the presence of their reactive amine and hydroxyl groups,
they exert multiple bioactivities in a wide range of applications in crop protection, as
well as in biotechnological and biomedical fields, cosmetics, and in food quality
preservation (6-8).

Differently from chitin, chitosan application is not limited by a low solubility (9), since
it is easily dissolved in water under acidic solution, while it represents a safe, non-toxic,
biocompatible and highly renewable bio-compound from fish production waste
(10,11). Bulk chitosan has been demonstrated to display several antimicrobial and
antioxidant properties against pathogenic microorganisms when applied to different
crops (6,12), as well as to act as bioelicitor of natural plant immunity (13). Furthermore,
the reactive functional groups present in chitosan confer elevated biodegradability,
high adsorption and gel-forming capacity (11,14), high facility in chemical cross-linking
and chelation, entrapment and delivery of functional compounds and negatively
charged biologically active macromolecules such as nucleotides and proteins (15). As
an alternative approach in integrated crop protection, innovative chitosan-based
delivery systems and agro-nanochemicals have been recently developed (6,16,17).
Indeed, the encapsulation of pesticides and antimicrobial or active compounds in
chitosan-formulated nanostructures offers several advantages, such as enhanced
precise delivery into the target plant tissues, elevated bioavailability, stability and, in
turn, a limitation in run-off of toxic compounds into the environment. Several chitosan
nanoformulations, carrying conventional or systemic pesticides, bioactive plant-based
extracts, DNA and Cu or Ag metals, have been used in recent years, demonstrating to
be very effective systems for their uptake, translocation and delivery in a wide range
of crop plants (17).

The very latest alternative to conventional agrochemicals in the research of chitosan-
based nanotechnology is extended to the development of nanocarriers for genetically
modified (GM)-free RNA interference (RNAI) technology. This is a conserved
mechanism able to recognize endogenous as well as exogenous double-stranded RNA
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sequences (dsRNAs) and process them to smaller RNA molecules known as small
interfering RNA (siRNAs) that lead to the degradation of homologous RNAs. Recent
studies highlighted that RNAI is a natural protection strategy able to elicit plant
defence responses against pathogens through post-transcriptional gene regulation
(18-21). Indeed, it has been already proven that induction of RNAi can be useful for
pathogens control, such as viral, fungal, insect and nematode diseases (22-25).
Furthermore, the use of exogenously applied dsRNAs can be exploited to regulate
plant endogenous genes to functionally characterize them or to impair fungal
pathogens (26-28). However, efficiency of exogenous naked dsRNAs applications can
be limited by their low persistence in the environment (e.g., because of light, UV and
thermal degradation) (29,30) and ability to overcome the physical barriers of the leaf
surface (31). Moreover, RNAs could be sequestered (32) or degraded within the plant
cell (29).

In this regard, chitosan nanoparticle (NP) formulations, in addition to other efficient
nano-assisted systems such as carbon structures, gold nanoclusters and DNA
nanocarriers (33), could represent very promising tools for improving dsRNA delivery
and stability, and overall response in RNAi-based crop protection strategies.

The study of the combination of these two strategies has recently been carried out by
Xu and co-workers (34). In this work, the effect of Chitosan quaternary ammonium salt
(HACC) nanoparticles complexed with dsRNAs targeting Tobacco Mosaic Virus (TMV)
inhibitory sequences has been investigated. The HACC-dsRNA complex was
characterised and its fate studied by means of fluorescent probes. Four different
modes of delivery were tested in planta, observing that all of them were able to reduce
the incidence of TMV infection.

In the present work, we trace some of the analyses carried out in the aforementioned
research, concentrating, however: (a) on identifying the best method for NPs synthesis;
(b) in defining the best formulation for foliar application also through NPs fluorescent
labelling; (c) in the use of a single delivery mode (spray distribution), the most suitable
for combating the target pathogen Botrytis cinerea. We firstly characterize different
chitosan NP preparations by size and {-potential and we investigate their ability to be
functionalized with nucleotide sequences as naked dsRNAs (GFP dsRNAs).
Furthermore, the permanence of GFP dsRNA-NPs topically applied on wild-type
Nicotiana benthamiana leaves is evaluated both in detached leaves under UV light
treatment and in plants grown in controlled environment. To confirm the effectiveness
also on pathogen defence, NPs conveying specific fungal sequences (Bc dsRNA) are
subsequently employed for the growth inhibition of B. cinerea mycelium.

Finally, we perform confocal imaging of FITC-labelled chitosan nanostructures to track
and visualize their adhesion and distribution on foliar surface of N. benthamiana and
to assess their absorption up to 6 days after treatment.
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RESULTS

In the present work, the application of the synthesis protocol of NPs by ionic gelation
(35) aimed to improve the synthesis of functionalizable chitosan nanomaterials. Such
products need to be as small as possible to meet the technical requirement of easy
distribution on leaf surface, an adequate capacity of adhesion and high degree of
stability. Moreover, in order to exploit the properties of chitosan, already known as a
bio-agent, we verified the possibility to functionalize NPs with dsRNA polymers
showing a phytoiatric effect.

A slight modification of the method suggested by Zhao and Wu (36) involves an
oxidation treatment that partially degrades chitosan used to produce NPs, hereafter
referred to as NPsD to distinguish them from NPsF obtained by the conventional
method involving a preliminary chitosan filtration. The adjustment has led to a
significant increase in the efficiency of synthesis if compared to original protocol,
achieving a yield of 86.06 + 1.50 % instead of 62.58 + 11.72 % obtainable with the
filtration process (n = 6; t test significance P = 0.004)

The characterization by Dynamic Light Scattering (DLS) method showed a significant
decrease in the size of NPsD in comparison to NPsF, whereas their { potential was
substantially close to neutrality and unaffected by the synthesis treatment (Figure 1a).
However, in both synthesis methods, the functionalization with dsRNAs significantly
led to an increase of the NP size compared to that of the respective non-functionalized
NPs, where the degradation treatment provided a significant greater value than the
filtration one (Figure 1b). Again, the NPs functionalization by dsRNA did not affect the
surface charge, since it remained the same as measured in the empty NPs, regardless
of the applied synthesis method.
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Figure 1. NPs characterization. Size and { potential of NPs obtained by the two
preparations before (a) and after (b) their functionalization with RNA. Data (n = 6) are
expressed: (left) as mean + SD; (right) as boxplot whose whiskers correspond to the data
range between minimum and maximum value, excluding outliers. The significance of the
applied T test is ***P = 0.000 (a) and **P = 0.017 (b).

The dsRNA retention efficiency of NPs obtained according to the two protocols was
assessed by agarose gel electrophoresis and subsequent fluorescence analysis of the
nucleotide-bound signal by means of UV lamp illumination.

In Figure 2a, samples obtained by simple filtration of chitosan (NPsF) showed a much
higher dsRNA retention capacity than those obtained by oxidative degradation (NPsD),
if assayed either immediately after synthesis (lanes 1 and 2) or following refinement
and sonication (lanes 3 and 4). This effect is confirmed by the high fluorescence signal
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of NPsF functionalized by dsRNAs observed at the well level (lanes 1 and 3), whereas
in the case of NPsD samples (lanes 2 and 4) nucleotides migrated along the gel with a
smear pattern, similar to that detectable in the free dsRNA sample (lane 7). In the lanes
of the supernatants from the two NP preparations, no smear signal was detected, as a
proof of the lack of dsRNA release from the NPs after synthesis.

A further electrophoretic run has been applied to test the effect of EIA (Figure 2b), a
surfactant commonly used in agronomic practices, on the retention capacity of the
NPs under study. After suspension in increasing concentrations of EIA, the NPsD show
a release of the nucleotide polymers (lanes 2, 4 and 6) resembling that detectable in
the free dsRNA sample resuspended in 0.1% EIA (lane 7) or in the samples without EIA
(lanes 2 and 4, Panel a). In the loading wells of the latter, no fluorescent signal can be
found anymore, indicating an almost complete runoff following electrophoresis. The
release effect is maximized by the intermediate dose (0.05%) of surfactant, as
evidenced by the increased fluorescence intensity of the electrophoretic bands. In
contrast, NPsF samples show no release of nucleotides in the gel and the fluorescence
signal is localized only at the loading point, in the starting well (Figure 2b, lanes 1, 3
and 5).

These results have led to identify the NPsF preparation as the best choice for the
following tests involving NP application on N. benthamiana leaves.
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Figure 2. Gel electrophoresis on GFP dsRNA-loaded NPs. Evaluation of the dsRNA
retention capacity of NPs obtained by the two different preparations (a) and after their
resuspension in different concentrations of EIA (b). The amount of free dsRNA was the
same as that provided to functionalized NPs.
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According with the above-described results, the highest dose of EIA (0.1%) was chosen
for the subsequent analyses on N. benthamiana leaves and plants. The further
characterization of the NPsF and the observation of their distribution pattern on the
leaf were obtained by functionalization with FITC probe and confocal microscopy
analysis. For this purpose, FITC-doped NPsF have been characterized by DLS. As shown
in Figure S4, FITC-incorporation induced a significant decrease in the hydrodynamic
diameter of NP size, as well as the addition of the wetting agent to the resuspension
solution. On the contrary, neither FITC nor EIA influenced the surface charge of the
NPs.

Confocal microscopy analysis highlighted the ability of NPsF to cover the leaf surface
with a dose-dependent distribution according to the dilution level. The most (1:20) and
moderately (1:5) diluted NPs were preferentially distributed along the tangential walls
of the tegumental cells, as shown in Figure 3b-f. The presence of fluorescence signal
was also detected within stomatal guard cells and hairs.

FITC/chlorophyll Overlay with brightfield

-

Empty NPsF

1:20 FITC-NPsF

1:5 FITC-NPsF

Figure 3. Confocal microscopy analysis of N. benthamiana abaxial side of leaf
teguments sprayed with NPsF resuspended in 0.1% EIA. Panels (a) and (d): Empty
NPsF, panels (b) and (e): 1:20 FITC-NPsF, panels (c) and (f): 1:5 FITC-NPsF. Left column:
maximum intensity projection micrographs (green channel, FITC; red channel
chlorophyll autofluorescence); right column: overlay with corresponding brightfield
images. Scalebar 20 um.
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The 3D reconstructions of the N. benthamiana leaves shown in Figure 4 confirmed
NPsF accumulation and the correlation between the titre of the NPsF suspension used
in the treatment and the amount of fluorescence detectable on leaf surface (Figure 4;
see also Figure S5). Notably, the 1:1 dilution of the nanomaterial exhibited a quite
complete covering effect, which probably led to an unspecific incrustation of tegument
cell wall (Figure S5). In addition, the three-dimensional views highlight the
predominantly external localization of NPsF due to virtually absent fluorescence signal
below the epidermis. This is an expected result given the short time interval (max 4 h)
between treatment and microscopy analysis, and at the same time is a demonstration
of the FITC-retention capacity of the nanomaterial in comparison with free FITC (see
Figure S6).

Empty NPsF 1:20 FITC-NPsF 1:5 FITC-NPsF

-
Figure 4. 3D reconstructed confocal micrographs showing the distribution of NPsF
in 0.1% EIA on N. benthamiana leaf abaxial surface. Tilted and side views spanning
from the leaf epidermis to the mesophyll are reported. Panels (a) and (d), empty NPsF;

panels (b) and (e), 1:20 FITC-NPsF; panels (c) and (f), 1:5 FITC-NPsF. Green, FITC, red,
chlorophy!ll autofluorescence. Scalebar 20 um.

After the choice of the most suitable concentration of FITC-NPsF (dilution 1:20), a
further test was carried out to study the fate of nanoparticles that remained in contact
with the leaves for up to 6 days. The results, based on the indirect evidence of the
fluorescent signal of FITC probe, showed that the distribution of NPsF around the cell
borders tended to spread evenly starting from 24 h after application (Figure 5c).
Nanoparticles remained largely on the leaf surface until the end of the experiment, but
after 72 h a faint fluorescent signal was also detected inside of the epidermal cells,
reaching the chloroplast zone in the mesophyll, as observed in Figure 5e-f.
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Figure 5. Analysis of the behavior of FITC-NPsF over time on N. benthamiana
leaves. Orthogonal view of the leaf surface treated with FITC-NPs diluted 1:20 in 0.1%
EIA obtained by confocal microscopy. Purple-yellow chromatic gradation: FITC signal
distinguished by intensity; green: chloroplast autofluorescence. Panel (a): Control (0.1%
EIA only); panels (b-f): FITC-NPsF 4 h (b); 24 h (c); 48 h (d) 72 h (e) and 144 h (f) after
application. Arrows highlight signal penetration at the mesophyll level. Scalebar 20 um.

45



Finally, trials were conducted to evaluate the efficacy of the dsRNAs-NPsF
combination.

Firstly, NPsF were applied to detached leaves from N. benthamiana plants to assess
capability of chitosan nanomaterial to protect dsRNAs from degradation by
environmental agents and to improve their persistence on foliar surface. The first test,
consisting in the exposition of NPsF-treated leaves to UV light, demonstrated that
functionalisation in NPsF decreased the sensitivity of GFP dsRNA to denaturing
radiation. In fact, as seen in Figure 6, the free genetic material sprayed on leaves was
significantly degraded after 15 min of UV exposure, while that included in NPs showed
no significant difference if compared to the relative control at time 0. Moreover, the
analysis did not detect the presence of nucleotides on leaves exclusively treated with
NPsF, thus confirming the absence of contamination during the application phase
(data not shown).
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Figure 6. UV disrupting effect. Relative GFP dsRNA quantity on N. benthamiana leaves
after 15 min exposition to UV light: comparison between treatment by 1:20 RNA in 0.1%
EIA applied as free soluble form (a) and functionalized in NPsF (b). Data are mean + SD
(n = 3). The significance of the applied T test is **P value < 0.01.

On the contrary, the in planta test concerning the permanence of GFP dsRNA over
time, did not show significant differences between the amount of free and NPsF-bound
dsRNA detected after 7 and 15 days from application on N. benthamiana leaves,
respectively (Table S1). Indeed, no significant degradation of free GFP dsRNA was
observed even if a decreasing trend was identifiable in free-RNA-treated samples,
suggesting the need for a more prolonged environmental exposure or to replicate the
experiment in an open environment.
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Finally, a specific nucleotide fragment expressing B. cinerea essential genes was
employed to assess the degree of inhibition of fungal development on N. benthamiana
leaves. As shown in Figure 7, naked Bc dsRNA was able to reduce mycelium growth in
comparison to the control and Botrytis diffusion was severely restricted also when the
sequence was bound to NPsF, as proven by the significance level of the treatment
factor (see Table 1). In addition, the long-lasting and better protective effect exerted
by dsRNA NPsF compared to naked dsRNA was confirmed by significance of statistical
analysis (Table S2). In contrast, the application of empty NPsF had no effect, and
necrosis developed similarly to the untreated leaves.
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Figure 7. Development of B. cinerea necrosis on N. benthamiana leaves within 7
days. Data are expressed as the average percentage of leaf area invasion £ SD (n = 12).
Bc: Botrytis cinerea.

Table 1. Growth inhibition of B. cinerea mycelium due to the effect of dsRNA
interference technique applied on N. benthamiana leaves. Data are expressed as
mean + SD (n = 12). Significant relationships are in bold. Df = degrees of freedom, F =
Fisher value; P = level of significance. “***" indicates a P significance level < 0.001.

Response variable Source of variability Df F value P value (>F)
B. cinerea mycelium growth Time 4 80.63 <2716 ***
Treatment 3 41.09 <2e16 *k*

Residuals 229
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DISCUSSION

Raising concerns about environmental variables have boosted the development of
strategies able to increase efficacy of pest control by means of smart and low impact
approaches.

According to this assumption, the application of dsRNAs as sustainable alternative to
synthetic pesticides is a powerful and promising methodology, since it induces the
RNAI pathway which is able to silence target genes in invading pathogens.

The rationale of present study is to investigate the characteristics of chitosan-based
nanomaterials suitable for dsRNAs encapsulation, contributing to recent advances in
chitosan NPs entrapping dsRNA delivery and improving RNAi-based response in plant
crop protection (37).

Additionally, such an approach guarantees a protective effect on leaf-applied
nucleotide sequences quite sensitive to degradation under field conditions, which
limits their protection to less than seven days (38). The entrapped chitosan-dsRNA NPs
could further open the opportunity for future developments involving the ability of
nanomaterials to overcome leaf cuticle barrier, by-pass through cell wall and plasma
membrane and avoid degrading in vivo nucleases (31,37). Comparably to medical
treatments, low-dimension NPs may allow easy and targeted delivery of
functionalizing molecules also inside plant tissue, possibly giving them free access to
cell metabolism and even a long-distance distribution with systemic effects or being
more efficiently uptaken by phytopathogens (39).

The most innovative and sustainable solutions require an efficient distribution and
delivery of very precious and delicate material such as nucleotide sequences inside the
plant, where the presence of a fully hydrophobic leaf tegument and of a cell wall
creates specific conditions. Actually, there is a poor knowledge about the mechanisms
underlying the different steps of nanomaterial transport in plants, namely: (i) plant
surface adhesion and lifetime; (ii) internalization beyond the tegument barrier; (iii)
translocation along both a short and long distance involving passive and active
mechanisms and finally (iv) accumulation inside cell after crossing over cell wall and
plasmalemma (40). All these steps are strictly dependent on NP size, concentration and
surface charge, which are the main physico-chemical features to be considered in the
design of nanomaterial able to provide the best transport efficiency.

The initial approach of the present investigation was then devoted to implement a
synthesis protocol for NPs, using ionic gelation method, aiming to minimize NP
dimension and to allow nucleotide retention inside NPs at the highest level possible.
As reported in literature, in ionic gelation method, an optimal encapsulation of nucleic
acids should be usually favored by their strong crosslinking with TPP inside the
chitosan matrix, instead of depending only on electrostatic interactions, thus
enhancing their potential retention ability (41,42).

Initially, to obtain small NPs that would be more functional for interaction with the leaf
surface, two different synthesis protocols were defined by decreasing the polymer
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molecular weight of bulk chitosan. This aim has been addressed through two
modalities, namely the filtration of the stock solution or its oxidative degradation for
24h, both defined after the preliminary tests shown in Figures S1 and S2. In the first
one, filtration lowered the concentration of long chains (average diameter <500 nm),
therefore attenuating the effect of intermolecular interactions during synthesis with
TPP, that would cause the formation of large NPs (43). Instead, the degradation process
itself decreased the presence of amino groups in favor of carboxyl ones (44) and the
size of the chitosan chains (36,44), favoring the synthesis of smaller NPs (<400 nm).

The size of the NPs was studied both before and after functionalization with RNA: as
the NPsFs were considered better in terms of lower size increase after functionalization
(Figure 1) and stronger binding capacity (Figure 2), they were also subjected to a more
precise dimensional analysis by TEM (Figure S3), which allowed to estimate the actual
average particle size of 170+61 nm.

Both NP formulations presented a neutral charge (Figure 1), which represents an
optimal feature for enhancing their interaction with hydrophobic leaf epidermis
thereby decreasing NP aggregation or loss due to solubilization by rainwater runoff
(45).

The shift in the balance of charges in favor of anions in the chitosan polymers (44),
which might have occurred during degradation treatment involved in NPsD synthesis,
also negatively affects the ability to bind RNA, being itself a polyanion (43). This
explains the result of gel electrophoresis analysis for complexation of dsRNA with NPs
(Figure 2), where NPsD functionalized by RNA showed only a partial complexation,
evidenced by a smear similar to that of free nucleotides, while the complex nucleotide-
chitosan formation became optimal in the RNA-NPsF sample, where bound dsRNA did
not migrate under electrophoresis. Similar results were obtained by Petronio and
collaborators (46), using coacervation synthesis protocol for obtaining small-sized
chitosan-dsRNA NPs from high molecular weight bulk chitosan. The more efficient
complexation of RNA sequences with NPsF compelled us to choose the filtration
method for the synthesis of chitosan NPs in the following plant tests and confocal
microscopy analyses.

The electrophoretic analysis provided additional information, since it was possible to
demonstrate that the refinement treatments (in particular the sonication) as well as the
addition of the surfactant EIA, did not affect the retention capacity of the RNA by the
NPs, as confirmed by the absence of non-specific release.

The efficient functionalization with RNA was further attested by the size modification
of the NPs (Figure 1), which represented an additional preferential factor toward NPsF,
since they exhibited a smaller apparent hydrodynamic diameter than NPsD.
Conversely, the values of the ( potential were not affected.

In a view to future agronomic application of the NPs thus obtained, the characteristics
of a formulation including a surfactant commonly used in agriculture was tested by its
distribution on detached leaves of N. benthamiana.
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With the aim to investigate the deposition and early penetration of the chitosan-based
NPs suspension on the abaxial leaf surface, 3D confocal microscopy analysis was
performed with small-size FITC-conjugated NPsF suspended in wetting agent and
applied by foliar spray. Despite fluorescent-labelled chitosan-NPs have been largely
used in medical literature, offering the advantages of tracking the extracellular and
intracellular NPs delivery and allowing a stable and high fluorescence signal emission
(47), analogous studies in plant systems are still scarce. Microscopic fluorescent NPs
imaging showed a dose-dependent adhesion on the abaxial leaf surface and a
preferential localization along the tangential walls of the tegumental cells, in
agreement with the evidence of different authors (48-50). This is more marked in the
NP treatments applied at 1:20 and 1:5 dilution ratio as shown in Figure 3 (panels b and
e; ¢ and f, respectively) and in Figure 4 (panels b and e; c and f, respectively). On the
contrary, the thesis at 1:1 NPsF dilution showed a hedging effect likely due to an excess
of large-size aggregates of particles (Figure S5), and for this reason it was not taken
into consideration for further tests. In fact, the use of high concentrations of
nanomaterials sprayed on plant leaf could be counterproductive, since it induces large-
size aggregates formation on leaf surface probably explained by the higher probability
of particle collision (51), at the expense of NPs’" mono-dispersity (see Figure S5), thus
ultimately affecting the effective penetration of the NPs inside the tissues and
controlling their fate in plant systems.

Furthermore, this would alter the intrinsic properties related to the nanometric size of
the materials, such surface charge distribution and high surface:volume ratio, while at
the same time would reduce their contact surface available for interaction with the leaf
epidermis.

In Figure S6 the fluorescence observed upon leaf exposure to free FITC diluted 1:1000
is compared with that obtained after application of the supernatant from low
concentration (1:20) of FITC-NPsF, previously washed by centrifugation to get rid of
exceeding FITC. The negligible signal in the case of the supernatant, as compared to
both the corresponding suspension (see Figure 3) and the free FITC solution, supports
the absence of significant dye leakage in the FITC-NP formulation.

Confocal analysis also allowed to observe a partial localization of FITC fluorescence
signal within chloroplast-containing guard cells (Figure 3), suggesting that at least a
portion of the NPs could pass through the stomatal rims entering the guard cells. Such
fluorescence signal could be due both to intact FITC-NPsF, possibly those belonging
to size classes below 20 nm (40), or to dye molecules eventually released from the
functionalized NPs, once beyond the tegument barrier. Accordingly, recent evidence
reported that foliar uptake of nanoparticles proceeds both via a polar pathway (e.g.,
trichomes, stomata) and a nonpolar pathway (e.g., cuticle and its pores), depending on
their size, charge and form (52), but it is strongly dependent also on the plant-species
dependent leaf features and wettability (53,54).

Notably, although this signal in the guard cells was observed also in the case of leaf
treatment with free FITC in solution (Figures S4a and S4c), in the treatment by NPsF
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supernatant (Figures S4b and S4d) only a negligible fluorescence could be retrieved at
stomata level. These results suggest that the minor contribution from leaked dye
present in the supernatant (marker of high retention NPs) is unlikely to explain the
high signal detected in these cells upon FITC-NPsF application. In addition, the high
fluorescence signal mostly associated to the guard cells implies a transport against
concentration gradient. Such an activity is explainable by an energy-driven
accumulation of FITC-NPsF or free FITC, since a passive accumulation-driven by a
concentration gradient is hardly conceivable, given the already cited low fluorescence
associated to the supernatant. Instead, it could be inferred that the permeation is
limited to guard cells only, since stomata are known as the only epidermal cells able
to perform an actual photosynthesis and therefore to synthetize a large amount of ATP
(55). This observation is in accordance with what was recently reported by Landry and
colleagues (49), working with different microscopic techniques on DNA-modified gold
NPs uptake in N. benthamiana leaves. They suggested that, depending on size and
shapes, the route for NPs delivery into plant cells is not accomplished by a simple
diffusion mechanism, but could be mostly driven by an energy-dependent endocytosis
process or even that the particles could accumulate in the cell walls, then releasing
their cargo.

It is necessary to specify that this confocal microscopy analysis was carried out over a
short period of time (no more than 4 hours from treatment). A time course experiment
was subsequently performed to verify the persistence of sprayed NPs on leaf surface
during longer time periods.

The images acquired by means of confocal microscope analysis showed the
orthogonal view of the outer layers of the leaf cells. Although the indirect approach
used, based on the fluorescence of FITC dye used as NPs doping agent, doesn't allow
to discriminate between fluorescence of free released FITC or that of dye still bound
to the nanoparticles, the collected images revealed a time-dependent modification of
the distribution pattern. In particular, the time-course of images shows that the
distribution pattern underwent a time dependent modification and from an initial
localization preferably along the edge of the cell walls, in agreement with the initial
short time analysis, then a more even distribution was observed within 1 or 2 days.
Although the experiment was prolonged over several days with light/dark cycles, the
fluorescence signal remained detectable until at least day 6, an observation that would
suggest a protective effect of presumably still intact NPs against photobleaching of
the doping molecule. From day 3 a weak signal was detectable inside the cells of leaf
tegument, indicating that at least the free FITC had partially permeated the waterproof
layer of the leaf. These results are promising as they show that NPs provide the
functionalizing molecules with protection against environmental factors (light in
particular), which did not result in massive fluorescence loss. The late appearance of
the fluorescence inside plant tissues could be explained by a gradual and prolonged
release of the doping molecule, occurring concurrently with the slow NPsF
degradation. Durable adhesion on the leaf, overcoming the impermeable barrier
created by the cuticle and subsequent transport into the cells are currently the weak
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points for rapid diffusion of RNA interference (54). These results thus provide an
additional strength point for the practical application of this smart strategy.

The promising feature of chitosan nanomaterials to enhance dsRNA stability and
delivery on plants with the aim to activate RNAI response was preliminarily verified by
treating N. benthamiana leaves with dsRNA-functionalized NPsF. Quantification of
specific GFP dsRNA amount in leaf tissue by means of PCR technique allowed to
evaluate the rate of nucleotide degradation both on detached leaves exposed under
UV light, mimicking drastic environmental conditions, and on plants in a controlled
environment.

In the harsher conditions, under a brief exposure to UV light, GFP dsRNA functionalized
with NPsFs were actually protected by degradation, while leaf dsRNA content
significantly decreased in leaves treated by naked RNA. Accordingly, exogenous
spraying of naked dsRNAs for plant virus resistance under field conditions has been
already shown to be limited by the high instability and short half-life (38,56) and this
poses several controversial discussions on the successful application of exogenous
dsRNA for RNAi systems (57), nonetheless several innovative nanosystems for effective
RNA delivery have been proposed to overcome this challenge (58).

Unfortunately, the same approach showed no significant difference between the two
treatments if applied in planta during a 7 to 15 days cultivation period in a growth
chamber (Table S1). This result confirms on the one hand that the dsRNA molecule on
leaf surface has fair stability over time and on the other hand that controlled growing
conditions induce a weak environmental effect, which is very different from field
conditions.

The obtained data confirmed the initial hypothesis, since dsRNAs appeared to be
stable over an acceptable period of time in the perspective of future application as a
molecular “smart strategy”. This goal was interestingly further amplified since the
distribution of functionalized NPsF, although not at a statistically significant level,
suggest the presence of a more favorable behavior in the decay trend of the dsRNA
and the possibility of a long-lasting coverage using RNAi technique for protection from
pathogen and environmental stresses.

Such a hypothesis has been further demonstrated by the experiment described in
Figure 7, where the already known antifungal effect (59) related to RNA interference
approach has been further potentiated by NPs functionalization and this strengthen
the feasibility of its application in the case of pests and pathogen present on the leaf
surface. The observed decrease of the Botrytis mycelium diffusion could be almost
completely ascribed to a merely protective effect of nanoparticles on nucleotide
sequences, without the expected anti-mycotic effect of chitosan. This observation
suggests that this smart technology based on RNAi could be even further improved in
case the chitosan raw material used for NPs synthesis would exhibit antimicrobial
activity by itself. Further experiments should be performed to evaluate different
chitosan formulations with greater reactivity to induce an additive inhibitory action,
being aware that secondary effects of phytotoxicity must be avoided.

52



EXPERIMENTAL PROCEDURES

Plant material

Wild-type plants of Nicotiana benthamiana Domin were used for all experiments. A set
of 6 plants has been employed to study the NPsF by fluorescence analysis under the
confocal microscope, while to study their long-term fate 10 plants were used.
Evaluation of the NPsF ability to enhance the nucleotides lifetime, 18 plants were used
in the case of leaf treatment and 27 for the whole plant-application. Finally, the leaves
of 48 plants have been employed to study the effect of treatments by dsRNA-NPsF on
B. cinerea.

The plants were cultivated in standard conditions at 22°C and 14 h of light per day in
a growth room. For all purposes the leaves were collected at the 3™-5" node,
corresponding to the first fully expanded leaves, from plants grown for 60-90 days
after germination.

Synthesis and partial purification of double-stranded RNA (dsRNA) molecules

Synthesis and partial purification of both dsRNAs molecules utilized in the present
work were performed as previously detailed (59). Briefly, specific primers were
designed to amplify a 376 bp amplicon from the pCBCT plasmid. Once purified the
PCR product was digested with the restriction enzyme Pstl and cloned into the
linearized L4440 plasmid. The later was introduced into HT115-DE3 E. coli cells, which
are defective for the RNase Ill gene, involved in degradation of dsRNAs, and contains
T7 RNA polymerase under control of the inducible Lac promoter. The modified L4440
plasmid, which contains two convergent T7 promoters, was then exploited to induce
the production of dsRNAs in HT115-DE3 cells by adding IPTG at the exponential
growth phase. For dsRNAs targeting B. cinerea essential genes the plasmid previously
produced was exploited (59). This plasmid contains the sequence of BcCYP51, BcchsT,
and BcEF2 obtained by overlapping PCR. Similarly, a single fragment of the GFP coding
sequence was independently cloned into the L4440 plasmid in order to obtain dsRNAs
with this incorporated sequence.

Extraction of dsRNAs from bacterial cells was achieved through a classic phenol-
chloroform extraction followed by isopropanol precipitation and then by DNase |
treatment. dsRNA integrity was checked with a 1% agarose gel using a weighted ladder
to obtain a semi-quantitative evaluation of the extracted amount.

Synthesis, functionalization and refinement of chitosan NPs

Chitosan (Acros Organics, MW: 100,000 — 300,000 g mol™") was purchased from Thermo
Fisher Scientific (Fair Lawn, NJ, USA); all other reagents were from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA) if not otherwise specified.

Two types of nanoparticles (NPs) were synthetized, using chitosan stock solution
differently prepared. In the first case, it was obtained by dissolving chitosan powder in
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an aqueous solution of acetic acid (adjusting the pH around 3.5), stirring it for more
than 12 h and then filtering it with 0.2 um syringe filters (Nalgene Syringe Filters, SFCA
membrane, 25 mm diameter; Thermo Fisher Scientific). For this reason, this kind of NPs
are hereinafter referred to as NPsF.

The second stock solution was instead obtained by pre-treating chitosan for 24 h (the
treatment duration was determined according to previous assays, see Figure S1) with
a 6% hydrogen peroxide solution, according to Zhao and Wu method (36), with the
aim of degrading it and decreasing its molecular weight. Chitosan was then dried and
dissolved in the same solution as above, but without carrying out the final filtration;
the thus prepared NPs will be named NPsD.

Both NP types were then obtained by the ionic gelation method (35,60), using TPP
(sodium triphosphate pentabasic, MW. 367.86 gmol™') as crosslinker agent and
TWEEN ®20 as surfactant. The amount of chitosan added for each mL of the synthetic
mixture was 1.57 mg, and the ratio between low molecular weight chitosan and TPP
was 5:2, in agreement with the findings of Yang and coworkers (61). The reaction was
carried out at room temperature in an aqueous solution (final volume: 2.1 mL) by
adding the TPP dropwise and then stirring for one hour.

The synthesis yield was evaluated through the difference between the dry weight of
the chitosan used and that of the NP precipitation pellet.

The procedure followed to functionalize the NPs was the same as that for the empty
ones by the simple incorporation of the doping solution during stirring, before the TPP
addition. In the case of RNAI studies, the sources for the doping solutions were, as
mentioned above, total RNAs obtained from a transformed E. coli strain able to
synthetize: (a) the dsRNA of Green Fluorescent Protein (GFP dsRNA) or (b) a specific
fragment expressing B. cinerea essential genes (BcCYP51, Bcchs1, and BcEF2. For
simplicity it will be called Bc dsRNA) (59). For each mg of chitosan, 6 ug of GFP dsRNA
or of Bc dsRNA were added. The same concentration was used for all experiments. If
necessary, the pH of the synthetic solution was adjusted with acetic acid 2.4 M,
buffering it to the usual values of empty NP-preparations (pH 5.0-5.5).

NPsF were also functionalized with another molecule, the fluorescein-5-isothiocyanate
(FITC; Merck KGaA, Darmstadt, Germany) to allow visualization by confocal microscopy.
In this case, a 1% stock solution in acetone was prepared and NPsF were loaded with
0.1% FITC taking care to avoid exposure to light as much as possible.

After synthesis, all types of NPs were subjected to a refinement process consisting in
two phases of pelleting (centrifugation at 16000 g for 10 min) and final resuspension
in T mL of double-distilled water. At last, aiming to improve mono-dispersity, NPs were
treated with 3 sonication sessions of 15 seconds each, at the power of 50 W (Labsonic
1510; B. Braun, Bender+Hobun, Zurich, Switzerland).

EIA wetting agent addition

Aiming to formulate NP suspensions suitable for an optimal distribution on the plant
canopy, the possibility of using an additive with a tackifier function was also
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considered. Among the various existing commercial products, ethoxylated isodecyl
alcohol wetting agent (EIA, 100 g L™"; CIFO Srl, S. Giorgio di Piano, BO, Italy) was chosen
since it is already widely used in agricultural practices. After refinement, a sample of
NPs was therefore resuspended in three aqueous solutions with different EIA
concentrations (0.025, 0.05 and 0.1%) and used for the tests of NP characterization.

Particle size and { potential determination

All the NPs, both empty and functionalized, were analysed to assess their properties.
Their size distribution and charge were determined by Dynamic Light Scattering (DLS)
using the Particle sizer/( potential Analyzer PSS Nicomp 380 ZLS (Santa Barbara,
California, USA). The measurement was carried out at room temperature in aqueous
solution, using refined NP suspensions as samples (cuvette volume ratio: 100 pL of
sample in a total volume of 3 mL).

TEM analysis and image processing

A NPsF sample was assayed by transmission electron microscopy (TEM) to obtain
additional information about their shape and size (see Figure S3).

Sample preparation was carried out as follows: the NPsF suspension was mixed with
1% uranyl acetate solution, and 5 L were placed on the microscope (EM 208 — Philips
TEM: Philips Eindhoven, Netherland) copper grid. After a 10-minute incubation at room
temperature, which was necessary to allow material settlement, the liquid excess was
removed with a paper towel and the microscope analysis was performed. The
instrument was equipped with a Quemesa (Olympus Soft Imaging Solutions) camera.

Three different fields of the obtained images were then processed by ImageJ software
(Java version 1.8.0 322) to measure the diameter of individual particles.

Gel retardation assay

Electrophoresis (Mini-Sub Cell® GT Agarose Gel Electrophoresis System; Bio-Rad
Laboratories, Inc.,, CA-USA) was performed to evaluate both the GFP dsRNA retention
capacity by the two types of NPs and whether the addition of EIA influenced it. NPs
obtained from filtration treatment (NPsF) and those made from degraded chitosan
(NPsD) were doped with RNA and loaded into the gel wells both before and after the
refinement treatment; moreover, their final supernatant was also analysed to verify if
the sonication caused the release of the RNA from NPs. Further agarose gel analysis
evaluated the same samples resuspended after refinement in three different EIA
concentrations mentioned above. In all cases the standard The Ambion® RNA Control
250 (Thermo Fisher Scientific, Fair Lawn, NJ, USA) was used as a reference for migrating
nucleotide polymers, as indicated by the segment corresponding to a molecule of
about 2000 nucleotides (see Figure 2, images are representative of at least three
replicates).
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The assay was carried out in agarose gel 1.5% (Agarose Type |, Sigma-Aldrich Chemical
Co.) in Tris-borate-EDTA buffer (TBE - 1X), using GelGreen® (GelGreen® Nucleic Acid
Stain, 10,000X; Merck KGaA, Darmstadt, Germany) to stain the nucleotides, after its
dilution 1:10,000 into the molten agarose solution (precast protocol). Each well was
loaded with 20 pL of the samples and 5 pL of gel loading buffer (bromophenol blue
0.01% w/v, glycerol 30% v/v). The electrophoresis was performed at 60 V for 100 min;
then the gel was exposed to UV light (UV Transilluminator 2000; Bio-Rad Laboratories,
Inc., CA-USA) and a photo was taken by a camera.

GFP dsRNA persistence on leaves

To explore the GFP dsRNA persistence (62) following both RNAs application
(functionalized or naked) on N. benthamiana leaves, three different sprayable
preparations were produced, containing NPsF, RNA-NPsF and free RNA diluted 1:20 in
0.1% EIA. The aim was to simulate a real agronomic treatment, and this explains the
choice of the suspension concentration (the 1:20 dose is the only one which exhibits a
potential practical application, since the amount of dsRNAs represents a limiting
factor) and of the EIA dosage (whose value equals to that usually recommended by
the manufacturer).

With these preparations, two different experiments were conducted. In the first one, a
single-leaf treatment was performed: 500 pL of each suspension were sprayed, by
means of a glass dispenser, on the adaxial side of single detached N. benthamiana
leaves. After complete drying, half of the plant material was subjected to UV light
exposure (Lamp type G30T8, power 30 W, radiation peak 253.7 nm, UV yield 13.4 W;
Sankyo Denki, Japan) for 15 min, while the other half was kept as a control.

In the second experiment, the distribution was carried out on the entire plant (20 mL
for each plant) aiming to evaluate the preservation over time of nucleotides due to
their inclusion into the nanomaterial. In this case, samples were collected at 0, 7 and
15 days after the spray application.

In both approaches, for each condition three biological replicates were formed pooling
leaves from 9 independent plants (3 leaves from 3 plants X 3 biological replicates).

In all cases, samples were freeze-dried and stored at -80 °C until use for the subsequent
RT-PCR analysis.

Total RNA was isolated from leaf samples using the Spectrum™ Total RNA Kit (Sigma-
Aldrich, St. Louis, MO, USA) following manufacturer's instructions and RNA
concentration of the extracted samples was quantified at the NanoDrop™ (Thermo
Fisher Scientific, Fair Lawn, NJ, USA). DNase treatment and cDNA synthesis was
performed as previously reported using about 300 ng of total RNA (62-64). The
absence of genomic DNA contamination was checked before cDNA synthesis by gPCR
using specific primers of N. benthamiana COX (For: 5'-CGTCGCATTCCAGATTATCCA-3’,
Rev: 5'-CAACTACGGATATATAAGRRCCRRAACTG-3') (65). RT-gPCR reactions were
carried out in a final volume of 10 pL containing 5 pL of SYBR® Green Master Mix (Bio-
Rad Laboratories, Inc, CA-USA), 5 pM specific primers of GFP (For. 5'-
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GTGACCACCCTGACCTACGG-3', Rev: 5-CTCCTGGACGTAGCCTTCGG-3") and 1:10 of
diluted cDNA. Reactions were run in the CFX 96 apparatus (Bio-Rad Laboratories, Inc.,
CA-USA) using the following program: 10 min preincubation at 95°C, followed by 40
cycles of 15 s at 95°C, and 30 s at 60°C. Each amplification was followed by melting
curve analysis (65-94°C) with a heating rate of 0.5°C every 15 s. All reactions were
performed with at least two technical replicates. The relative quantification of GFP
transcripts was quantified after normalization over the tissue quantity using NbCOX
housekeeping gene. Gene expression data were calculated as expression ratio (Relative
Quantity) to naked dsRNA application at time 0.

B. cinerea inhibition with Bc dsRNA-functionalized NPsF

For B. cinerea inhibition test, preparations of naked Bc dsRNA, NPsF and Bc dsRNA-
functionalized NPsF were used, all diluted at 1:20 ratio in 0.1% EIA solution. The EIA-
only solution was used as a control. A volume of 500 pL of each suspension was
sprayed as described above on the adaxial page of 12 leaves, which, once dried, were
placed in petri dishes prepared with water agar (1 %, w/v). Each leaf was then
inoculated with 10 pL of B. cinerea spores (1.28E+06 spores per mL) in 30% glycerol,
divided into two drops. B. cinerea isolate was obtained and maintained on Potato
Dextrose Agar as described by Vuerich et al. (2023) (66).

The plates were then placed in a humidity chamber and kept in the plant growth room
for one week.

To detect the extent of fungal development, photographs were taken from day 3 to 7.
A camera placed on a stand at a fixed distance was used, while the plates were backlit
to highlight the necrotic spots in respect to the leaf surface. Images were processed
with ImageJ software (Java version 1.8.0 322) Labkit plugin (67), in order to measure
the fungal symptoms by means of a segmentation process. The results were expressed
as a percentage of affected leaf area on total leaf area.

Confocal microscopy

For the initial confocal microscopy analysis, three different FITC-NPsF concentrations
were tested by diluting the sample at 1:1, 1:5 and 1:20 ratio, each in the presence of
0.1% EIA. Three other preparations, diluted with the same amount of surfactant as well,
were used as controls: empty NPsF (concentration 1:1), 1:1000 diluted (w/v) free FITC
(mimicking the loading concentration used in 1:1 NPsF) and the supernatant from the
1:20 FITC-NPsF suspension. The latter was chosen since it was the dilution applied also
for all the treatments concerning NPsF functionalized with dsRNAs. Five hundred pL of
each preparation have been sprayed, by means of a glass spray dispenser, on the
abaxial side of a single N. benthamiana leaf immediately after detachment from
distinct plants. Leaves were mounted for confocal examination directly after complete
drying of the treatments.

Briefly, a disk of about 1 cm? area was excised from each leaf, placed on a microscope
slide and sealed, covered by a film of double-distilled water, under n. 1 thickness
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coverslips using coverslip spacers and two-component silicone glue (Twinsil®
Picodent, Wipperflrth, Germany).

For the time-course experiment, 5 leaves were treated as described above using the
FITC-NPsF preparation diluted 1:20 in 0.1% EIA, while five others were used as controls
(sprayed with 0.1% EIA only). The treated leaves were kept in the plant growth room
(14-10 h light-dark cycle) in 1% water agar (1%, w/v) petri dishes for different periods
of time (4, 24, 48, 72 and 144 hours) before a leaf disk was excised for slide mounting.

Confocal analysis was carried out on a Leica TCS SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a tunable white light laser source set
to 495 nm for FITC excitation and to 633 nm to allow visualization of chlorophyll
autofluorescence. Z-stack images, starting at the abaxial epidermal surface, were
collected at 0.424 pm intervals using a Plan-Apochromat 40x/1.10 NA water
immersion objective. For 3D reconstructions, the total z-scanning range was between
30 and 40 pum, largely depending on different coplanarity of each specimen, to cover
an anatomical portion extending from the leaf surface to the mesophyll. Alternatively,
thinner stacks recorded over approximately 10-20 um through the epidermal layer
were processed as maximum intensity projections and overlaid with corresponding
single-plane brightfield images to allow visualization of cell boundaries. Micrographs
were contrast-adjusted and, for brightfield images only, subjected to gamma
correction to improve visibility (gamma value = 0.5).

For the time-course analysis, orthogonal views were generated from approximately 50
MM-thick z-stacks and displayed using a heatmap lookup table to better reveal low
intensity FITC signals inside the leaf tissue. Image processing was performed using
Leica Application Suite X (LAS X) 3.5.5 software and ImageJ Fiji software (Java version
1.8.0 322) (68).

Statistical analyses

Inferential statistics were performed by means of the software Statistica™ release 11.0
(StatSoft Hamburg, Germany) and RStudio (2022.02.0-443 version). ANOVA or T test
was employed to analyze data and a least significant difference (LSD) test at P < 0.05
was utilized to evaluate mean values of different treatments.

CONCLUSIONS

The present investigation provides a synthesis method for preparing NPs using filtered
chitosan as a starting raw material with specific size and surface charge characteristics,
which were shown to be useful for topical foliar application, in comparison to similar
NPs prepared by oxidative degradation of chitosan. The efficient leaf distribution of
FITC-labelled NPs on N. benthamiana leaf was analysed by means of 3D fluorescence
confocal microscopy, which allowed to evidence that low dilution dose (in particular
1:1 rate) induced aggregation of the nanomaterial and loss of monodispersed
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distribution. When loaded with dsRNA, NPFs also ensured a stable retention of
nucleotides even under an electrophoretic field. Furthermore, foliar topically applied
NPFs protected the GFP dsRNA sequence from degradation by a brief exposure under
UV radiation, although, when distributed in plants grown under climatic room
conditions, RNA-functionalised nano-formulation did not significantly differ in RNA
protection from naked-RNA treatment. This result could suggest that these molecules
exhibited appreciable stability when exposed to mild conditions such as those of a
climatic room. dsRNA-chitosan NPs tool opens interesting opportunities for the
development of RNAI techniques in plant crops. In particular, this solution could be
potentially applied for the pathogen control in high-value crops, in order to comply
with new UE regulations, prescribing a lower use of agrochemicals and the decrease in
their environmental impact. In the present work we confirmed that Bc dsRNA shows
an inhibitory action against B. cinerea, a pathogen developing outside plant tissues,
confirming that NPs functionalization effectively was advantageous in restricting
fungal infection. In addition, we provided indirect evidence that functionalized agent
bound to the NPs could permeate at least leaf epidermis, since a fluorescent signal
linked to FITC dye has been detected by means of confocal microscope in an in an
interval of 3 to 6 days after distribution to plant leaves.
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SUPPORTING INFORMATION

Table S1. Relative quantity (RQ) of GFP-dsRNA on leaves detached from treated
plants. Values are weighted to the quantity of GFP-dsRNA at day 0 (RQ=1). Data are
expressed as mean * SE (n = 3).

Days after treatment Treatment GFP-dsRNA RQ
7 Empty NPsF 0.02 £ 0.005
7 Naked RNA 0.93+£0.203
7 NPsF-RNA 0.96 £0.178
15 Empty NPsF 0.02 + 0.004
15 Naked RNA 0.79 £ 0.140
15 NPsF-RNA 0.94 +0.205

Table S2. t test between different treatments on N. benthamiana leaves infected
by B. cinerea. Data are expressed as mean + SD (n = 12) and were compared by coupled
double tail t test.

Treatment comparison t test significance
Bc Bc + NPsF 0.951
Bc Bc + Bc dsRNA-NPsF 8.027E-11
Bc Bc + Bc dsRNA 8.995E-06
Bc +NPsF Bc + Bc dsRNA-NPsF 1.867E-10
Bc + NPsF Bc + Bc dsRNA 0.001

Bc + Bc dsRNA-NPsF Bc + Bc dsRNA 2.072E-07
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Figure S1. Effect of time duration of the chitosan degradative treatment on NP
hydrodynamic diameter. Data are expressed as mean + SD (n = 6). Values with
different letters are significantly different at P > 0.05 by post-hoc LSD test.
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Figure S2. Effects in the size of NPs given by filtration and 24h-H>0: degradation
treatments on chitosan stock solution. Data are expressed as mean + SD (n = 6).
Values with different letters are significantly different at P > 0.05 by post-hoc LSD test.
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Figure $3. Image of NPsF acquired by transmission electron microscopy (TEM).
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Figure S4. Determination of size (a) and { potential (b) of NPsF. Treatments were:
NPsF as such, FITC-functionalized NPsF and FITC-functionalized NPsF suspended in
0.1% EIA solution. Data (n = 9) are expressed. (a) as mean + SD; (b) as boxplot whose
whiskers correspond to the data range between minimum and maximum value,
excluding outliers. Values with different letters are significantly different at P > 0.05 by
post-hoc LSD test.
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FITC/chlorophyll

1:1 FITC-NPsF

Figure S5. Confocal microscopy analysis of N. benthamiana leaves. Abaxial side of
leaf tegument was sprayed with FITC-NPsF diluted 1:1 in 0.1% EIA. (a): Maximum
intensity projection (epidermal layer), (b): projection overlay with corresponding
brightfield image; (c): 3D rendering (epidermis to mesophyll; different field). Green, FITC;
red, chlorophyll autofluorescence. Scalebar 20 um.

FITC/chlorophyll Overlay with brightfield

Supernat. 1:20 FITC-NPsF Free 1:1000 FITC

Figure S6. Maximum intensity projection confocal images of N. benthamiana
leaves. N. benthamiana abaxial side of leaf teguments was sprayed with (a, c) free FITC
solution (1:1000) or with (b, d) the supernatant of FITC-NPsF diluted 1:20 in 0.1% EIA
(green, FITC; red, chlorophyll autofluorescence). Right column: projections are overlaid
with corresponding brightfield images. Scalebar 20 um.
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ABSTRACT

Nowadays, the use of biostimulants to reduce agrochemical input is a major trend in
agriculture. In this work, we report on calcium phosphate particles (CaP) recovered
from the circular economy, combined with natural humic substances (HSs), to produce
a plant biostimulant. CaPs were obtained by the thermal treatment of Salmo salar
bones and were subsequently functionalized with HSs by soaking in a HS water
solution. The obtained materials were characterized, showing that the functionalization
with HS did not sort any effect on the bulk physicochemical properties of CaP, with the
exception of the surface charge that was found to get more negative. Finally, the effect
of the materials on nutrient uptake and translocation in the early stages of
development (up to 20 days) of two model species of interest for horticulture,
Valerianella locusta and Diplotaxis tenuifolia, was assessed. Both species exhibited a
similar tendency to accumulate Ca and P in hypogeal tissues, but showed different
reactions to the treatments in terms of translocation to the leaves. CaP and CaP-HS
treatments lead to an increase of P accumulation in the leaves of D. tenuifolia, while
the treatment with HS was found to increase only the concentration of Ca in V. locusta
leaves. A low biostimulating effect on both plants’ growth was observed, and was
mainly scribed to the low concentration of HS in the tested materials. In the end, the
obtained material showed promising results in virtue of its potential to elicit
phosphorous uptake and foliar translocation by plants.
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INTRODUCTION

Intensive farming has been extensively adopted in recent years to cope with the
increasing global food demand [1]. Unfortunately, this practice often fails sustainability
principles as it requires the use of massive quantities of pesticides and nutrients
involving the depletion of non-renewable resources. In this context, the use of
biostimulants for increasing plant nutrient use efficiency (NUE) have been proposed
several times to reduce the chemical inputs of intensive farming while maintaining
high productivity levels [2].

Among the various biostimulants, humic substances (HS) are among the most studied
in virtue of (i) their ability to stimulate plant growth and increase nutrient uptake and

hormone production; (ii) their natural occurrence in soils; and (iii) their positive
interaction with soil bacterial communities [3,4]. As an example, Purwanto et al. studied
the effects of different combinations of HS extracted from composted manure and
P.Os on different corn cultivars [5], reporting a substantial growth in the crop yields
due to an increase in the crop root dimensions - that in turn boosted the P uptake -
to a significant improvement of the physiological performance of plants. HSs were also
found to elicit physiological processes of plants, promoting abiotic stress resistance,
in particular salt tolerance and drought stress, in several plants such as Capsicum
annuum, Oryza sativa, and Phaseolus vulgaris [6-9]. Moreover, it has been proved that
HSs have the ability to interact with calcium phosphates [10] and increase P
bioavailability in the soil, often present in the form of insoluble complexes [6].

In a previous work, some of the authors have functionalized synthetic hydroxyapatite
nanoparticles, which were already proposed for agronomic applications [11], with soil
friendly HS to produce a nanocarrier that could efficiently deliver both nutrients and

biostimulants toward plants [12]. The results obtained on corn plants showed that the

co-release of P and HS from the nanoparticles leads to a boost of crop biomass growth
and of abiotic stress resistance. In another work, we showed that calcium phosphate
particles (CaP) extracted from fish bones at different temperatures (i.e., in the 300-
900°C range) have the ability to increase the germination rate of Lepidium sativum
seeds, and to boost the growth of Zea mays coleoptiles and plants [13].

Thus, in an attempt to produce a biostimulant from circular economy with potential
agronomic applications, here we report on the production of CaP obtained from the
thermal treatment of salmon (Salmo salar) bones and on their engineering with natural
HS. The rationale behind this study is that HS could be combined with CaP to obtain a
biostimulant with improved performances. The obtained materials were applied on
Diplotaxis tenuifolia and Valerianella locusta that were chosen as test species in virtue
of their wide use in horticulture. Attention was paid to investigate the different effects
on the early growth (up to 20 days), nutrient uptake, and elements translocation from
the roots to the leaves, and highlight species-specific responses by the two plants.
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RESULTS

1. Materials Characterization

Pictures of the materials obtained from the calcination of salmon bones and of those
derived from its functionalization with HS are reported in Figure 1. The sample without
HS treatment is named CaP hereafter, while that obtained by soaking CaP in a water
solution of HS at 0.1 g L™"is named CaP-HS. The functionalization with HS changed
the color of the materials from the white of CaP to the brownish/greyish of CaP-HS.

Figure 1. Pictures of the calcium phosphate before (a) and after soaking in a humic acid
solution at 0.1 g mL™" (b).

Samples were analyzed by XRD, and the collected spectra are reported in Figure 2. The
XRD patterns indicate that both the samples consist of a bi-phasic mixture of beta-
tricalcium phosphate (B-TCP, B-Ca3(PO4)2) and hydroxyapatite (HA, Ca10(POa)e)). In
more detail, the spectra are featured by the occurrence of peaks typical of HA, located
at 20 values of 25.9°, 31.7°, 32.9°, 34.0°, 46.7°, and 49.5° corresponding to the lattice
planes with Miller indexes (002),(211),(300),(202),(222),and (2 13), respectively,
and of peaks typical of B-TCP located at 20 values of 13.6°, 17.0°, 27.8°, 31.0°, and 34.3°,
corresponding to the lattice planes (1 04), (1 10), (2 14),(0210), (22 0), respectively.
Finally, all of the spectra are characterized by the occurrences of sharp and resolved
peaks with no difference between bare CaP and CaP-HS.
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Figure 2. XRD patterns of bare CaP and CaP functionalized with HS (CaP-HS).

The crystallinity indexes (Cl) calculated according to Equation (1) are displayed in Table
1, together with the phase compositions calculated by Rietveld refinement, the analysis
of the main element by ICP-OES and the amount of HS determined by TGA. Both the
materials are characterized by the occurrence of B-TCP and by HA with a weight ratio
close to 60:40, respectively, with no difference between bare CaP and CaP-HS. The Cl
shows that the samples are all highly crystalline, as typically reported in the literature
for calcium phosphates obtained by treating fish bones at temperatures around 800 °C,
and that the HS functionalization did not have any effect on the crystallinity [13,14].
The ICP results show that samples have a similar chemical composition with no
statistically significant difference among them for Ca, P, and Mg content (student-
t test, p < 0.05). Finally, CaP has a slightly higher content of K and Na with respect to
CaP-HS.

Table 1. Phase, chemical composition and surface charge of the samples.

Sample CaP CaP-HS

HA (wt.%) ? 428+17 426+13

B-TCP (wt.%)? 57.1+1.7 574+1.2

CI(au.)? 61.4+ 0.5 612+ 05

Ca (wt.%) P 34003 33.5+ 06

P (wt.%)° 18.7 £0.2 18.3 £ 04

K (wt.%) " 1.64 + 0.02 1.11 + 0.01

Mg (wt.%) P 0.69 + 0.01 0.67 £ 0.01

Na (wt.%) 1.80 4+ 0.34 1.26 + 0.03

Ca/P molar ratio " 1.41 + 0.01 1.41 +0.01
Humic acid (wt.%) € . 0.4

{-potential 4 —23.0+ 1.0 —295+0.2

2 Determined by XRD, ® Determined by ICP-OES, © Determined by TGA, ¢ Determined by DLS.
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The ATR spectra of the materials are reported in Figure 3 and confirmed the occurrence
of B-TCP and HA in all the samples. The main IR bands of these phases, corresponding
to the triply degenerated asymmetric stretching vibration mode (v3) of the phosphate
tetrahedron, are really close, 1040 and 1042 cm™" for HA and B-TCP, respectively, and
are superimposed. However, the typical B-TCP bands are visible at 980 and 945 cm™/,
corresponding to the stretching mode (v1) of POs4 and at 590 and 550 cm™’,
corresponding to the triply degenerated bending mode (v4) of PO4[15].
Characteristics HA bands corresponding to the triply degenerated bending mode (v4)
and to the asymmetric stretching mode (v1) of PO4 are also visible at 962 and 562
cm™, respectively [16,17]. On the other hand, the spectrum of pure humic acid is
characterized by signals ascribable to COO", -C-NO,, and C=C groups (1550 cm™),
and to —CO-CHs and possibly nitrate groups (1360 cm™) [18]. These signals are absent
in the spectrum of CaP, but the signal at 1550 cm™'is present in that of CaP-HS,
confirming the presence of HS as already detected by TGA.

1042em? 1040 et B €00 ,—(-NQ,, =€ —CO-CH; ; NO5-

V4P, -TCP /P - (1550 crt) "'"-"/ﬁ N (1360 em) 2T
h S
ViP0, - B-TCP viPO, - HA Vd . o e

—_ (980 cmr?) (562 cml) /,f ———————
=2 - - _
s vpo,-Ha o TP 2 A
3 {962 cmY) \ = 3 ~
£ ] HS e

£ feam—="
% CaP-HS| _'é’
S 7 | caP-Hs

<
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Wavenumber (cm™) Wavenumber (cm-')

Figure 3. FT-IR spectra of CaP, CaP-HS and HS. The range of the spectra where the
main IR bands of HA and B-TCP appear (1200-400 cm™') is reported on the left (A),
while a magnification of the FT-IR spectra in the region where the typical IR bands of
HS (1800-1300 cm™") occur is reported on the right (B).

The -potential of the particles determined by DLS and reported in Table 1 was found
to be more negative for the CaP coated with HS respect to the bare one. Finally, the
engineering of the particles surface did not sort any effect on the specific surface area
of CaP-HS (8.50 m? g~") that was very close to that of CaP (8.53 m? g™").

Micrographs of the materials at different magnifications recorded by SEM are reported
in Figure 4. All the samples are featured by the occurrence of two kind of particles with
a different morphology: (i) coarser and flattened particles with round shape and
smooth edges, with a size in the range 1.0-2.0 um; and (ii) elongated rod-like particles
with a minor axis in the size range 0.05-0.10 um and a major axis with size in the range
0.1-1.0 pm. The first morphology can be ascribed to B-TCP crystals, while the second
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one can be ascribed to HA [19]. No difference can be noticed between bare CaP and
CaP coated with HS.

Figure 4. SEM pictures of CaP (a,c) and CaP-HS (b,d) at 50,000x magnification on
the top (a,b) and 100,000x magnification on the bottom (c,d).

2. Observations on Plant Species
2.1. Germination and Seedlings Development

A two-way ANOVA was run within the species D. Diplotaxis and V. tenuifolia to
highlight the effects of treatments (Tables S1-S4). Interaction effects represent the
combined effects of experimental factors on the dependent parameter.

The recorded observations show that the experimental treatments did not influence
seeds germination percentage. Although non-treated seeds had the lowest
percentage of germination for both species, data variability has hidden statistical
evidence of response to the treatments (Tables S3 and S4), which were not significant
by ANOVA (p = 0.7834 and p = 0.2106, respectively for D. tenuifolia and V. locusta).

Regarding the root length, the species’ response was different, this difference being
statistically significant (p < 0.01) for V. locusta (Table S2) and not significant for D.
tenuifolia respectively. In the case of D. tenuifolia, all treatments resulted in a reduction
in the root system’s development (Table 2), with seedlings treated with CaP having
-12.8% in root length if compared to control plants. A similar effect was recorded for
CaP-HS (-13.3%). On the contrary, in V. locusta seedlings the root system'’s
development was significantly stimulated by HS and the combination of HS and CaP
by 6% and 20% more compared to control, respectively (Table 3).
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Table 2. Seedling root length, root, and shoot dry weight, and ATP concentration in
shoots of Diplotaxis tenuifolia. Data are expressed as mean * standard deviation (n =
4). Different letters indicate statistically significant difference between treatments at
Tukey's post-hoc test (p < 0.05).

Treatments Root Length Roots DW Shoot ATP Shoot DW
(mm plant—1) (mg plant—1) (nmol g~1 DW) (mg plant—1)
Ctrl 65.0 £8.83 508 £175B* 0.094 = 0.026 21.0£0.75b
HS 493 £10.4 3.88+172B 0.115 = 0.031 247 +233ab
CaP 56.7 £7.39 7.63 246 A 0.093 = 0.023 25,0+ 3.83a
CaP-HS 564 4233 6.28 £256 A 0.123 == 0.031 21.3+£2.27ab

* Capital letters beside the figures mean that the effect of the CaP treatment is significant for the variable in question
according to the Tukey’s post-hoc test, while small letters mean that the interaction CaP x HS is significant.

Table 3. Seedling root length, root and shoot dry weight, and ATP concentration in
shoots of Valerianella locusta. Data are expressed as mean + standard deviation (n =
4). Different letters indicate statistically significant difference between treatments at
Tukey's post-hoc test (p < 0.05).

Treatments Root Length Roots DW Shoot ATP Shoot DW
(mm plant—1) (mg plant~1) (nmol g—1 DW) (mg plant—1)
Ctrl 452 +454b* 6.23 + 1.46 0.090 = 0.011 156 £ 1.78b *
HS 482 +4.79a 6.00 + 0.84 0.087 £ 0.005 18.7 £ 0.05a
CaP 41.8+450b 6.27 + 0.77 0.078 = 0.011 16.1 £1.74b
CaP-HS 543+ 505a 7.73 £ 0.33 0.083 £ 0.006 17.7 £ 0.33a

* Capital letters beside figures mean that the effect of the CaP treatment is significant for the variable in question
according to the Tukey’s post-hoc test, while small letters mean that the interaction CaP x HS is significant.

The accumulation of dry matter in the root tissues of D. tenuifolia responded
significantly to treatments (Table S1). In details, the presence of CaP alone or in
combination with HS stimulated a significant increase in the dry weight of the roots of
+50.1% and +23.6% compared with control, respectively (Table 2). On the other hand,
a negative trend for HS, although not statistically significant, was recorded for both
the treatments with HS, i.e., HS alone and in combination with CaP (Table 2).

In the case of V. locusta, treatments did not affect significantly roots dry weight;
however, a different response could be observed with respect to D. tenuifolia, since
the stimulating effect of CaP was practically nullified (Table 3). The dry matter
accumulation was the highest with CaP-HS treatment (7.73 mg plant™"), equal to +24%
with respect to the control.

The root specific weight was calculated by combining roots’ cumulative length and dry
weight. In both the species, this variable was not affected by the imposed treatments
(Tables S3 and S4).
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Regarding the dry matter accumulation in the aerial part of plantlets, D. tenuifolia was
affected by the interaction of CaP and HS (p < 0.05) (Table S1). An increase (+19%) was
observed in the presence of CaP alone, whereas for CaP-HS, the shoot dry weight was
similar to the control (Table 2). A more pronounced increase in DM shoot accumulation
was recorded in V. locusta (Table 3). In this case, the treatment responses were
statistically significant for HS (p = 0.002 *, Table S2). The effect of CaP was negligible,
whereas HS stimulated the shoot biomass production (+19.8% and +13.5% compared
to control, respectively) (Table 2).

The total DW per plant was calculated by adding the dry weight of plantlet fractions
(Tables S3 and S4). According to the measured data, the species’ treatment response
was not significant for both species.

In the experimental conditions, the shoots’ energetic status represented by ATP
concentration was not influenced by the treatments. No statistically significant
differences were observed in both species (Table 2 and Table 3).

2.2. Element Concentration in Seedling Roots and Shoot

Considering the two species separately, the effect of treatments on nutrients
concentration was noticeably different, both in roots and leaves, but similarities were
highlighted especially for P and Ca concentrations, whose high correlation in the
global data set is certified by Figure S1.

In D. tenuifolia, the effect of CaP on the Ca level in the roots was significant (p < 0.001),
with an increase in its concentration regardless of the presence of HS (Figure 5A). A
similar result was found for the concentration of P in roots, with the same degree of
significance (Figure 5B).

) [ ®

o1 e

Cird HS CaP

Ctrl HS Car CaP-Hs

Figure 5. Concentration of Ca (A) and P (B) in root of Diplotaxis tenuifolia. Data are
mean + standard deviation (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey's post-hoc test (p < 0.05).

The Mg level in root was significantly modulated by CaP and HS factors (p < 0.001, p <
0.05), showing a decreasing trend in concentration in the presence of HS if compared
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to control or CaP alone, which instead slightly increased Mg content (Figure S2). The
level of K in roots was affected mainly by HS treatment (p < 0.01), while the interaction
effect between factors was low (p = 0.027): the presence of HS seemed to reduce K
content in roots, with a strong depression particularly given by HS alone compared to
the control (Figure S2).

Data obtained from leaf analysis concerning P level showed a strong statistical
significance for CaP and HS treatments (p < 0.001), and a lower significance value for
their interaction (p < 0.05) (Figure 6B). However, the level of P increased in plants
treated with CaP and CaP-HS with an upwards trend, where the major effect was given
by CaP-HS.
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Figure 6. Concentration of Ca (A) and P (B) in leaves of Diplotaxis tenuifolia. Data are
mean * standard deviation (n = 4). Different letters indicate statistically significant
differences between means at Tukey's post-hoc test (p < 0.05).

Regarding Ca concentration, CaP and HS factors and their interaction were all
significant (p < 0.05) (Figure 6A). Differently from P nutrient, Ca level was reduced in
leaves by the application of CaP, whereas the application of both HS and CaP-HS
resulted in the same Ca content of the control.

A statistical significance was also shown for HS factor (p < 0.05) and its interaction with
CaP (p < 0.01) regarding K concentration in leaves: when CaP was functionalized with
HS, a K-increasing effect was recorded with respect to both CaP and HS alone (Figure
S3).

Considering the effect on Mg, the treatment with CaP-HS was weakly significant (p =
0.037). The only difference respect to the control was a slight decrease recorded for
CaP treatment (Figure S3).

The response of ANOVA on data of V. locusta roots concerning P content showed a
strong statistical significance for CaP factor (p < 0.001), while HS and CaP-HS factors
were less significant (p < 0.05). While HS applied alone has given no effect on P
concentration in roots compared to the control, CaP and CaP-HS showed a noticeable
increase in its level, with the greatest effect being expressed by CaP (Figure 7B).
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Figure 7. Concentration of Ca (A) and P (B) in roots of Valerianella locusta. Data are
mean * standard deviation (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey'’s post-hoc test (p < 0.05).

A similar trend was also observed on Ca concentration in V. locusta roots (Figure 7A),
but in this case only CaP factor was statistically significant (p < 0.001).

The tested treatments did not sort any effect on the Mg concentration in roots (data
not shown), while a moderate significance (p < 0.01) for HS was observed from the
data relating to K (Figure S4). In fact, pure HS application compared to the control
showed a growing effect on K level, while when applied with CaP microparticles, the
trend was the opposite.

Considering the effects on V. locusta leaves, also in this case we could observe a
similarity between treatment’s effects on P and Ca concentrations: in both of them,
CaP and HS effects were statistically significant, but in the case of P, the statistical value
was stronger for CaP (p < 0.001). Moreover, also the interaction between factors was
significant for P (p < 0.01). In particular, when CaP was applied alone, there was a
strong reduction in the concentration of P, while neither HS nor CaP-HS changed P
content in leaves compared to the control (Figure 8B).
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Figure 8. Concentration of Ca (A) and P (B) in leaves of Valerianella locusta. Data are
mean + standard deviation (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey's post-hoc test (p < 0.05).

As for Ca level, instead, CaP and HS were equally significant (p < 0.01) (Figure 8A). CaP
addition to nutritive substrate decreased Ca content in leaves with respect to the other
treatments. On the contrary, the presence of HS, both alone and in CaP-HS, showed
an increase in Ca concentration if compared with the two treatments without HS.

Finally, data regarding K and Mg concentration in leaves showed no statistical
significance for none of the factors (Figure S5).

DISCUSSION

The CaP sample has been thermally extracted from salmon bones at 800 °C to be then
functionalized by soaking in a water solution of HS.

As largely known in the literature, the thermal treatment of fish bones can lead to the
formation of HA and B-TCP at different ratio depending on the fish species and on the
temperature of treatment (usually, the higher is the temperature the larger the amount
of B-TCP) [20,21]. For instance, some of the authors have previously reported that the
thermal extraction of calcium phosphates from S. aurita bones at 900 °C leads to the
formation of HA as the principal phase, and of just minor quantities of B-TCP (c.a. 5.0
wt.%) [13] differently from other fish species, such as salmon [14] and mackerel (c.a.
40.0 wt.% of B-TCP) [22]. The materials obtained from S. aurita are composed mainly
by HA in the form of rod-like particles almost identical to the ones detected in this
work for the materials extracted from S. salar, but do not feature flattened and larger
particles ascribable to B-TCP.

The functionalization with HS did not have any effect on the main physicochemical
properties of CaP. The only parameter that was found to change among the samples
is, as expected, the presence of HS that was confirmed by ATR and quantified by TGA,
and the (-potential of the particles. More in detail, the {-potential of bare CaP was
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found to be close to that of synthetic HA [11,23], while it got more negative after the
functionalization with HS. This increase in the net negative charge of the particles is
due to the occurrence of HS on the surface of the CaP, and in particular to the
oxygenated functional groups of natural HS getting a partial negative charge in water
at neutral pH [24,25]. These data suggest that when HS is added to preformed CaP,
the interaction is only superficial and HS molecules stay on the surface of the particles
without penetrating the material, with no effect on its bulk structure. This is in line with
what already reported in the literature for synthetic HA nanoparticles functionalized
with both natural and synthetic humic substances [11,26].

HS was used in virtue of its biostimulant activity on plants and its ability to increase
the water solubility of calcium phosphate particles. In more detail, HSs are complex
and recalcitrant organic polymers naturally occurring in soils, having the ability to
stimulate plants metabolism through genes activation, empowering their resistance to
abiotic stress and increasing their germination and growth [25,27].

The aim of this work was to verify whether the coupling of HS with CaP could be useful,
not only to promote the germination and development of seedlings through
biostimulation, but also to facilitate the intake of nutrients in a synergistic way. In more
detail, the main focus was assessing the beneficial effect on P uptake, given its limited
bioavailability in mineral calcium phosphate in neutral and alkaline substrates.

What has been observed is that the response of the two chosen species was different,
but, considering the effects on nutrients intake, both have shown some similarities on
P and Ca concentrations, particularly in hypogeal tissues. Specifically, even if CaP has
a low solubility, here it was found to be the main factor that affected P and Ca uptake
in roots. On the contrary, it was observed a null effect given by HS for D. tenuifolia,
and a possible worsening in P level in the case of V. locusta, when microparticles were
coated with HS. This fact could be explained with a possible trade-off between the
increase in CaP dissolution due to a more acidic surface and a limited contact between
phosphorus and water molecules caused by HS functionalization, as already
highlighted in a previous work with synthetic HA nanoparticles [11].

Considering the effect of treatments on shoots, the most interesting finding was
related to P foliar content in D. tenuifolia: the application of CaP increased the level of
P, which was further enhanced by CaP-HS. This shows the possibility of positive
interaction between CaP and HS in increasing P availability, through nutrients chelation
and gradual release by HS. In agreement with these results, other reports show the
positive effect of humic acid applications in phosphorus fertilization [28,29] and, even
more noteworthy, in calcareous soils [30,31,32].

On the contrary, in V. locusta Ca content in leaves was enhanced only by HS, regardless
of CaP functionalization. In this case, despite an increased root absorption of this
element in presence of CaP alone or CaP-HS, Ca translocation to the epigeous portion
was significantly stimulated by HS, suggesting that HS could favor the xylematic
transport of this macronutrient by a hormone-like activity [3,33].
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At the foliar level, a similar trend was observed for Ca in the leaves of D. tenuifolia and
Ca and P in those of V. locusta seedlings treated with CaP, whose concentrations were
found to decrease with respect to the control. To explain these results, we
hypothesized that the amount of nutrient in the medium was already sufficient to
sustain plantlet metabolism and, therefore, the addition of further Ca and P through
the microparticles was irrelevant or even unfavorable. In this case, the HS on the
surface of CaP probably performed a restorative function through chelation, releasing
the nutrients more gradually and allowing Ca and P regular translocation to the leaves;
this allowed the achievement of the same saturation level already observed in the
control thesis.

The fact that in some cases HS have not shown the expected biostimulating effect can
be explained considering the great variability of both the experimental conditions (low
concentration on the particles) and of the characteristics of the humic substances used
in similar research works. For instance, Nikbakht et al. (2008) highlighted contrasting
results on the effect of HS on plant nutrition, and argued that this might be partially
related to different soil or growing media, origin and concentration of HS and the
species treated [34]. In this light, we found a strong significance in variance of the
nutrient content in foliar portion described by the species factor; in particular, it has to
be underlined that D. tenuifolia seems to constitutively accumulate greater amount of
Ca in leaf compared to V. locusta (approximately 30% more), confirming a feature that
is inherent to other species of Brassicaceae [35], although no difference was observed
among species at the root level.

On the contrary, in V. locusta this feature was not observed, despite both Ca transport
to shoot and growth stimulation (described as shoot dry weight and root length
increase) were dependent on HS application alone or in combination with CaP. Such
evidence suggests that this species probably adopts different absorption and
translocation mechanisms.

MATERIALS AND METHODS

CaP-HS Production and Characterization
CaP Extraction from Fish Bones

Salmon (Salmo salar) fish bones resulting from the filleting were collected from a local
shop (Italy). Before any treatment, fish bones were separated from offal and heads,
scraped and soaked in hot water (80 °C) up to 2 h to remove organic tissues, placed
on paper towel, and then dried in an oven at 50 °C overnight. The bones were then
placed in an open furnace and heated in air by a 100 °C h™" thermal ramp followed by
a one-hour isotherm at the temperature of 800 °C. After that, the resulting material
was cooled at room temperature and then placed in a mortar to be grinded. The
resulting powder was finally passed through a 270 mesh sieve before being
characterized and used.
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CaP Coating with HS

The coating of CaP extracted from salmon bones with HS (humic acids, Mycsa, AG,
Brownsville, TX, USA) was performed as already reported by Yoon et al. [11] with slight
modification. Briefly, HS was dissolved in autoclaved distilled water at 0.10 g mL™". The
solution was centrifuged at 13,000 rpm for 10 min to remove water-insoluble HS; after,
1 g of CaP was added to 10 mL of the resulting solution to be vigorously vortexed and
then placed under gentle agitation in an incubator for 24 h at room temperature. To
collect HS-coated CaP, the solution was centrifuged at 13,000 rpm for 10 min and the
resulting pellet was rinsed with distilled water. Finally, the materials were recovered by
centrifugation and dried overnight at 50 °C.

Samples Characterization

The morphology of the samples was analyzed by scanning electron microscopy with a
field-emission microscope (FEG-SEM, ZXZIGMA, ZEISS NTS GmBH, Oberkochen,
Germany). The samples were powdered and deposited on carbon tape mounted on an
aluminum SEM stub and sputter-coated (Polaron E5100, Polaron Equipment, Watford,
Hertfordshire, UK) with 10 nm of gold for electrical conductance. Accelerating voltages
in the 3 to 10 keV range were used to observe the samples in the secondary electron
imaging mode.

Fourier transform infrared spectroscopy analyses in the attenuated total reflection
mode (FTIR-ATR) were carried out using a Nicolet iS5 spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) with a resolution of 1 cm~" by accumulation of 16
scans covering the 4000 to 400 cm™" range, using a diamond ATR accessory model iD7.

Thermal Gravimetric Analysis (TGA) were performed using STA 449 Jupiter (Netzsch
GmbH, Selb, Germany) apparatus. About 10 mg of powdered samples were heated
from room temperature to 1100 °C under air flow with a heating rate of 10 °C min~'in
an alumina crucible. The amount of HS on CaP-HS was determined as the weight loss
occurring between 550 °C and 950 °C.

Dynamic Light Scattering (DLS) analyses were performed by using a Zetasizer Nano
instrument ZSP (Malvern Instruments, Worcestershire, UK). For the analysis, samples
were dispersed in water at a concentration of 0.5 mg mL™" at pH 7.0. {-potentials were
quantified by laser Doppler velocimetry as the electrophoretic mobility at 25 °C using
a disposable electrophoretic cell (DTS1061, Malvern Ltd., Worcestershire, UK) of three
separate measurements (maximum 100 runs each). Hydroxyapatite refractive index
(1.63), water refractive index (1.33), and viscosity (1 cps) were used as working
parameters for the samples and the solvent, respectively.

The chemical composition of the samples was determined using inductively coupled
plasma optical emission spectrometry (ICP-OES) on a Liberty 200 spectrometer
(Agilent Technologies 5100 ICP-OES, Varian, Palo Alto, Santa Clara, CA USA). 20 mg of
CaP and CaP-HS were added to 15 mL of a HNOs3 solutions and placed in an ultrasonic
bath sonicator at 37 °C until samples complete dissolution. Solutions were then cooled
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at room temperature and added with water up to 100 mL before the ICP analysis. Ca,
P, and Mg concentration were then measured by their atomic emission at the following
wavelengths: 422.673 nm for Ca, 213.618 nm for P and 279.553 nm for Mg.

Specific surface areas of samples were measured through N2 gas adsorption by the
Brunauer-Emmett-Teller (BET) method using a Surfer instrument (Thermo Fisher
Scientific Inc.,, Waltham, MA, USA). Samples were degassed at 100 °C for 3 h under
vacuum before the analysis.

Samples X-Ray Diffraction (XRD) patterns were collected by a DS Advance
Diffractometer (Bruker), equipped with a Lynx-eye position sensitive detector, with a
CuKa radiation (A = 1.54178 A), at 40 kV and 40 mA. The spectra were recorded in the
10-60° 26 range with a step size of 0.02° and a scanning speed of 0.5 s. Rietveld
refinement for phase quantification was performed with the software TOPAS5, and the
percentage of each phase in terms of wt.% was refined considering a multiphase
system, using tabulated atomic coordinates of hydroxyapatite (ASTM Card file No. 09-
0432), and B-TCP (ASTM Card file No. 09-0169).

Equation (1) was used to calculate the crystallinity degree of each sample:
Crystallinity [%] = 100-C/(A + C)(1)

where C was the sum of peaks area and A was the area between the peaks and the

background in the diffraction pattern [36].

Scherrer’s formula was used to calculate the size of hydroxyapatite crystallites along
the c-axis and along the a/b-axis [37] taking into accounts the diffraction peaks located
at 20 values of 25.8° and 39.7° corresponding to the (002) and (310) reflections,
respectively.

Plant Experiment Setup

Seeds of Diplotaxis tenuifolia L. and Valerianella locusta L. cv Trophy were purchased
from TuttoGIARDINO (Udine, Italy). The experiment was carried out under controlled
conditions (temperature: within 20 °C-23 °C, PAR: 500 umol m=2s~', 12 h day™").
Respectively, 25 and 20 seeds were soaked in deionized water for 15 min and placed
into each 90 mm Petri dishes containing 40 mL of half-strength 0.5%-agar-solidified
the Hoagland solution (adjusted to pH = 7.0), which represented the control treatment
(i) as well as the substrate for preparing the following treatments: (ii) humic substance
(HS, 16 mg L™), (iii) CaP (4000 mg L™"), (iv) CaP coated with HS (CaP-HS, 4000 mg kg™").
The CaP microparticles were sonicated for 20 min in 20 mL of deionized water before
adding to the Hoagland solution for treatments (iii) and (iv); the addition was done
when the solution temperature fell between 60 °C and solidification temperature, while
stirring.

The duration of the experiment from sowing to harvest was 20 days (Figure S6). Four
replicates for each treatment and for each species were prepared for a total of 32 Petri
dishes that were kept closed for the whole duration of the experiment. At harvest,
germination was calculated as the ratio of germinated seeds out of the total seeds in
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each Petri dish. Seedlings were carefully removed, washed with deionized water and
photographed; photos were processed with the public domain Java image processing
software Image J [38] to measure the root lengths that were calculated for each petri
dish as the average of the longest root of the plants. For each treatment, half of the
plants of each dish were used for the ATP activity while the other half were used for
the element content and the biometric parameters (root length, wet and dry weight).

Cellular ATP Activity Determination

For the determination of cellular ATP, shoot portions were weighted (100 + 20 mg DW)
and frozen by liquid nitrogen. A fine powder was obtained by grinding, and it was used
for cellular ATP measurement, according to Mattiello et al. [39]. An aliquot (20 £ 2 pL)
of shoot soluble fraction was added to the incubation mixture. The ATP calibration
curve was performed for each experiment and the sample concentrations were then
calculated by interpolation.

Macroelements in Plant Seedlings

To quantify the total content of Ca, K, Mg, and P in roots and shoots of the plant
species, seedlings were rinsed with deionized water and were oven-dried at 60 °C for
three days. The total biomass of each fraction was digested on a microwave oven
(ETHOS EASY digestion system, Milestone, lItaly), using 9 mL of HNOs and 1 mL of
H>O: in Teflon cylinders at 180 °C, following the USEPA test method 3052 (1996). Plant
extracts were and filtered with PTFE 0.45 um membrane syringe filters and diluted prior
the ICP-OES (5800, Agilent Technologies Inc., Palo Alto, Santa Clara, CA USA) analysis;
scandium was used as internal standard.

Data Analysis

All statistical analyses were performed in R (v. 4.0.3) [40] Effects of HS presence, CaP
presence and their interaction on parameters considered were assessed by two-way
ANOVA. When necessary, variables were subjected to logarithmic transformation prior
to analysis in order to achieve ANOVA assumptions. A posteriori comparison of
individual means was performed using Tukey's test (p < 0.05).

CONCLUSIONS

In this work, calcium phosphate particles (CaPs) were extracted from Salmo salar bones
following a circular economy approach. The obtained materials were then
functionalized with humic substances (HS) by a straightforward process. The presence
of HS did not alter the bulk physicochemical properties of CaP, with the exception of
the net surface charge that became more negative. CaP-HS together with the
respective controls were tested against Diplotaxis tenuifolia and Valerianella
locusta seedlings up to 20 days. The results showed that, even though they exhibited
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a similar tendency to accumulate Ca and P in hypogeal tissues, the two species have
different reactions to the treatments in terms of nutrient uptake and translocation. At
the foliar level, CaP and CaP-HS were found to significantly increase the accumulation
of P in the leaves of D. tenuifolia, while the treatment with HS was found to increase
only that of Ca in V. locusta leaves. Notably, CaP was found to decrease the
translocation of Ca in the leaves of D. tenuifolia and of both Ca and P in the leaves
of V. locusta. Finally, the combination of HS with CaP showed promising results in
terms of P uptake and translocation only for D. tenuifolia, but its biostimulating effect
in the early stage growth of plants was low. We hypothesize that this was due to (i) HS
low concentration on CaP; (ii) experimental conditions used for seedling growth; and
(iii) low response of the tested species to the selected HS. These aspects will be taken
into account and investigated more in depth in future works.
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SUPPORTING INFORMATION

Table S1. Two-way ANOVA applied on morphological and biochemical variables
measured on Diplotaxis tenuifolia. Data are mean + standard deviation (n = 4). Different

symbols indicate statistically significance of the analyzed factors (***, p < 0.007; ** p <

0.07; % p < 0.05).

Parameter Treatment Df F-value p-value
Roots DW CaP 1,14 5.5 0.034 *
Shoot DW HS 1,12 0.00 0.985
CaP 1,12 0.05 0.832
CaP x HS 1,12 8.49 0.013 *
log(Ca root) CaP 1,14 274 2-10-10 ***
log(P root) CaP 1,14 210 8-10-10 ***
K root HS 1,12 11.08 0.006 ***
CaP 1,12 1.16 0.302
CaP x HS 1,12 6.29 0.027 *
Mg root HS 1,13 6.44 0.025 *
CaP 1,13 19.29 7-10-4%%*
Ca leaf CaP 1,12 4.96 0.046 *
HS 1,12 7.11 0.021*
CaP x HS 1,12 7.20 0.020 *
P leaf HS 1,11 28.1 3-10-4 ***
CaP 1,11 54.3 1-10-5 ***
CaP x HS 1,11 8.5 0.014 *
K leaf HS 1,12 7.75 0.017 *
CaP 1,12 0.22 0.646
CaP x HS 1,12 14.47 0.002 **
Mg leaf HS 1,12 0.17 0.689
CaP 1,12 1.60 0.230
CaP x HS 1,12 5.51 0.037 *
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Table S2. Two-way ANOVA applied on morphological and biochemical variables
measured on Valerianella locusta. Data are mean * standard deviation (n = 4). Different
symbols indicate statistically significance of the analyzed factors (***, p < 0.007; ** p <
0.01, *, p < 0.05).

Parameter Treatment Df F-value p-value
Root length HS 1,14 9.37 0.009 **
Shoot DW HS 1,14 14.2 0.002 **
log(Ca root) CaP 1,13 3487 2-10-16 ***
log(P root) HS 1,11 5.29 0.042 *

CaP 1,11 9299.74 2-10-16 ***
CaP x HS 1,11 8.29 0.015*
K root HS 1,12 2.57 0.135
CaP 1,12 0.24 0.631
CaP x HS 1,12 10.96 0.006 **
Mg root HS 1,13 9.96 0.008 **
Ca leaf HS 1,13 12.5 0.004 **
CaP 1,13 12.8 0.003 **
P leaf CaP 1,12 28.8 2-10-4 ***
HS 1,12 16.6 0.002 **
CaP x HS 1,12 18.6 0.001 **
K leaf CaP 1,13 7.64 0.016 *

Table S3. Germination percentage, root specific weight, and total seedling dry weight of
Diplotaxis tenuifolia. Data are mean +* standard deviation (n = 4). Different letters
indicate statistically significant difference between treatments at Tukey’s post-hoc test (p
< 0.05).

Treatments Germination Root specific weight Total DW
(%) (mg mm") (mg plant)
Ctrl 54+8.33a 0.077+0.02 a 26.1+2.12a
HS 58 +2.31a 0.079+0.03 a 28.6+£3.99 a
CaP 59+5.03a 0.135+0.04 a 326+5.28a
CaP-HS 56+10.3 a 0.113+0.05a 275+433a

Table S4. Germination percentage, root specific weight, and total seedling dry weight of
Valerianella locusta. Data are mean + stand- ard deviation (n = 4). Different letters
indicate statistically significant difference between treatments at Tukey'’s post-hoc test (p
< 0.05).

Treatments Germination Root specific weight Total DW
(%) (mg mm) (mg plant?)
Ctrl 44+4.79 a 0.140+0.04 a 21.8+29%a
HS 53+2.89a 0.125+0.02 a 24.7+0.84a
CaP 51+4.78 a 0.152+0.03 a 224+241a

CaP-HS 50+7.07a 0.143+0.02a 254+051a
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(A) (B)

Figure S1. Correlation plot performed on global data set comparing all the considered
variables measured for for Diplotaxis tenuifolia (A) and Valerianella locusta (B).
Chromatic palet on the left indicates the correlation degree.
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Figure S2. Concentration of Mg (A) and K (B) in roots of Diplotaxis tenuifolia. Data are
mean + standard devia-tion (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey'’s post-hoc test (p < 0.05).
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Figure S3. Concentration of Mg (A) and K (B) in leaves of Diplotaxis tenuifolia. Data are
mean + standard deviation (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey's post-hoc test (p < 0.05).
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Figure S4. Concentration of Mg (A) and K (B) in roots of Valerianella locusta. Data are
mean + standard deviation (n = 4). When the interaction between experimental factors
(CaP x HS) was significant at ANOVA, different letters were used to indicate statistically
significant differences between treatments at Tukey's post-hoc test (p < 0.05).
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Figure S5. Concentration of Mg (A) and K (B) in leaves of Valerianella locusta. Data
are mean + standard deviation (n=4). When the interaction between experimental
factors (CaP x HS) was significant at ANOVA, different letters were used to indicate
statistically significant differences between treatments at Tukey’s post-hoc test (p <
0.05).

Diplotaxis tenuifolia

Valerianella locusta

Figure S6. Plantlets of Diplotaxis tenuifolia and Valerianella locusta in Petri dishes 20
days after sowing.
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ABSTRACT

. Plant phenotyping on plant morpho-anatomical traits can be achieved by
imaging analysis, ranging from microscope images up to high-scale acquisitions
through remote sensing. This technique represents a low-invasive tool providing
insight into physiological and structural trait diversity, as well as the plant-environment
interaction. The high phenotypic plasticity in the Amaranthus genus has already
attracted much interest, due to the inclusion in annual weed species with high
invasiveness and great impact on important summer crops, as well as nutritive grain
or vegetable crops of great economic value. Identification of morpho-anatomic
characters in leaf at very young stage across some weedy amaranths could be thereby
useful for a better comprehension of the structural traits related to their performance
in the agroecosystem.

. In this work, we focused on an innovative multi-scale approach phenotyping
analysis of about 20 single-leaf morphometric traits of 4 Amaranthus species through
the processing of photographic and confocal microscopy acquisitions.

. The results evidenced that determination of leaf traits at different investigation
levels can highlight species-specific traits even at a juvenile stage, crucial for plant
development and competition establishment. More specifically, leaf shape and
hairiness Aspect Ratio variables were those explaining better discrimination among A.
tuberculatus and the other species.

. The methodology proved to be a promising, reliable and low-impact approach
for the functional characterization of phylogenetically related species and statistical
quantification of traits involved in taxonomy and biodiversity studies.
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INTRODUCTION

Plants fitness is determined by the relationship between the genotype and the
environmental factors, which are leading to phenotype expression, evaluable as
representation of different functional types [1]. Gene sequencing technologies have
greatly enhanced our knowledge of plant biology [2] but predicting the performance
of an individual in a given environment cannot be complete if only its gene pool is
considered [1]. The integrated study of the phenotype therefore becomes
fundamental, moreover considering the enormous plasticity that affects the
adaptation of plants to different growth conditions [1,3] and generates further
challenges for modern quantitative analyses [4].

In this context, the development of phenotyping science and techniques is increasingly
emerging as a strategy linking genomics with plant ecophysiology [5]. Thanks to the
rapid development of imaging technology, computer-assisted analysis has greatly
facilitated scientific research and is now an important tool for plant phenotyping as a
complement or alternative to the more limiting and time-consuming manual
measurements [6].

High throughput plant phenotyping, in particular, deals with the analysis of image
sequences acquired in different controlled environment conditions [6], and allows the
acquisition of a large amount of information useful for both holistic (the whole plant)
and component (single organs) analyses [7].

One branch of phenotyping methodologies is the so-called “Anatomics”, the study and
quantification of anatomical plant traits through imaging techniques [8]. In
accordance, these techniques allow to assess variation in leaf vein architecture,
hairiness and stomata density, as well as surface traits, which are strictly related to
environment adaptation of photosynthetic efficiency and water transport function of
the plant [9]. Methods for high-throughput anatomical phenotyping would be useful
in many areas of plant science, from basic research to crop breeding, as plant anatomy
is a regulator of several fundamental biological processes, as well as interaction with
other organisms [10]. However, the measurement and analysis of anatomical
phenotypes in detail has been limited in research, resulting in a lack of understanding
of the extent of phenotypic variation between species and its correlation to fitness [8].
Nowadays, new technologies can facilitate both the measurement and quantification
of anatomical characters, acquiring more in-depth information and allowing studies
even with field-grown plants [8].

Phenotyping could represent a further application for more integrated investigation
on interaction between crop and weed plants, as this analysis would be informative for
development of future target-directed and less invasive treatments against weeds.
Among the latter, amaranths represent good candidates as plant model for this
analysis.

The Amaranthus genus include 70 species, mostly annual herbaceous plants, spread
all over the world, covering a range of different habitats [11]. More than twenty species
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have been reported in the Italian flora, comprising just only three native species, while
the others are considered alien, mostly neophytes native to the Americas [12].
Amaranthus is among the few dicotyledon plants with a C4 metabolism, which allows
these species to survive in arid, dry and high-salinity environments [13] and to show
high competitiveness against crops such as soybean, maize, tomato, etc. due to higher
photosynthetic efficiency. The high capacity to hybridise, the production of allelopathic
substances and the high seed production are further aspects that make many
amaranth species extremely invasive [14]: the high yield losses they cause is the main
reason why some of these are considered among the most noxious weeds [11,15,16].
The lack of weed control has become a widespread phenomenon that is difficult to
manage due to the repeated use of these pesticides [11] and resistant populations
have been reported worldwide [17]. In particular, dioecious species are likely to evolve
resistant biotypes rapidly, because they are subject to cross fertilisation unlike
monoecious species, so they show greater genetic recombination and thus high
genetic and phenotypic variability [18]. Examples of species that have already
developed resistance are the monoecious A. hybridus L. and A. retroflexus L., and the
dioecious A. palmeri S. Wats. and A. tuberculatus (Moq.) J. D. Sauer [17]. Resistant
biotypes of these four species have also been reported in Italy, sometimes infesting
the same field [11,19].

In this work, we conducted a phenotyping study on leaf morpho-anatomical traits of
the above mentioned Amaranthus species, analysing in depth the characteristics of the
adaxial blade of young leaves. The choice was determined by the fact that amaranth
plants begin to be competitive during the crop emergence phase, when they are both
in the early stages of development [20,21]. Secondly, amaranths are perfectly
controlled by post-emergence herbicides at early stage-development, whereas the
treatment of larger plants favours the selection of metabolic resistance mechanisms.
Besides, plant phenotyping conducted at high resolution scale of cellular and tissue
organization is far less common compared to what carried out at whole-plant
organism/ecosystem level [22,23] and combined analyses with a top-down approach
have recently been increasingly called to address this shortcoming [24]. Therefore, we
expected that specific leaf anatomical traits could significantly discriminate the leaf
plasticity across the amaranths investigated, allowing to add taxonomic information
on vegetative traits. In particular, we hypothesized these traits being more evident at
juvenile stages than those related to morphological leaf shape and size at higher scale
of investigation.

MATERIALS AND METHODS

Plant material

Four Amaranthus species were used: A. hybridus L., A. palmeri S. Wats., A. retroflexus L.
and A. tuberculatus (Moq.) J. D. Sauer.
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The species were obtained from local populations in Veneto region, Italy. The four
populations were well-characterized and susceptible checks routinely used for
herbicide screenings were carried out by IPSP-CNR [19]. The preliminary cultivation
phases were performed at the IPSP - CNR site in Legnaro (PD). Seeds were sown in
agar 0.6% plastic boxes and placed in a germination chamber at 18/28 °C night/day
and 12 h photoperiod using neon tubes with a photon flux density suitable for
photosynthesis (15-30 umol m2s"). The pre-germinated seeds were transplanted into
plastic pots (11 cm x 10.1 cm) filled with a standard substrate (60% loamy soil, 15%
sand, 15% perlite and 10% peat) and were grown in a greenhouse (30/20 °C day/night)
with a photoperiod of 16 h light/day [25]. At least eighteen plants of each species have
been examined at the growth stage 13-16 according to the weed-extended BBCH scale
[26]: the third or fourth leaf from the apex, including the petiole, was collected, and all
measurements have been performed on the same leaf.

Image acquisition
The image acquisition phase was conducted at the University of Udine immediately
after transferring the plants.

Leaf traits were measured and analysed according to a scale criterion, which allowed
to define three different groups of morpho-anatomical traits, divided as follows:

1. Macroscopic traits (full scale leaf analysis)
2. Surface-related microscopic traits (leaf surface microscopic analysis)
3. Evapotranspiration (ET)-related traits (full scale and microscopic leaf analysis).

Leaves were placed on a white light LED panel (RaLeno Photographic Equipment,
Shenzhen, China) for full scale image acquisition, with the adaxial page facing upwards.
A glass sheet was used to keep them flattened (Fig. S1). Photos were taken using a
Panasonic DC-GH5 camera (Panasonic Corporation, Osaka, Japan) at a 60 mm focal
length (settings: /22, 1/800 sec, ISO 800), placed with tripod at a known constant
distance from the leaf.

Leaf surface imprints [27,28] were prepared to examine the morphological parameters
of the epidermal cells, the number of stomata and the roughness-related traits at the
epidermal tissue level: the median portion of the adaxial leaf page was coated with a
double layer of transparent nail polish, allowing the first coat to dry before applying
the second one. After complete hardening, the resulting imprint was removed using
adhesive tape and tweezers and was mounted in distilled water on a microscope slide,
under a # 1 coverslip sealed with the same polish.

Samples were imaged in reflection mode on a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany) using a 40x/1.10 NA water immersion
objective and a 488 nm laser line. Z-stacks covering reflection from the whole surface
of the field were collected at 1 AU pinhole aperture and 0.422 um step-size. Maximum
intensity projection images (Fig. S2) were generated using Leica Application Suite X
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(LAS X) 3.5.5 software. Alternatively, the z-series were processed for roughness-related
traits analysis as specified below.

Image analysis

The images were analysed using Fiji software (win-64 version) [29] to measure the
different morpho-anatomical parameters.

All the morpho-anatomical traits examined are reported in detail in Table 1.

1. Macroscopic traits

Both the software's default tools and the Leaf/ plugin [30] were used to analyse
morpho-anatomical macroscopic leaf traits. The following parameters were measured:
leaf area, circularity, length, aspectratio (AR), solidity and petiole length (see Table 1).

After image acquisition was completed, leaves were placed in an oven at 70°C
overnight and then weighed to determine their Dry Weight (DW). This parameter,
together with the previously measured leaf area, was used to calculate the Specific Leaf
Area (SLA) [31,32].

2. Surface-related microscopic traits

The confocal maximum intensity projections were used to analyse the morpho-
anatomical parameters of tegument cells; in this case, the analysis was conducted by
combining the use of Fiji software with that of LeafNet website [33]. Specifically,
LeafNet was used to segment tegument cells, while cell counting and the measurement
of cell area, circularity and Aspect Ratio (AR) (see Table 1) was performed with Fiji
thresholding tools. Finally, a series of parameters concerning the roughness-related
traits were measured from the confocal reflection z-stacks of the nail polish imprint,
according to McNaughtion protocol [34]. Firstly, data was processed with the Extended
Depth of Field [35] Fiji plugin, followed by analysis of the resulting height map with
SurfCharJ_1q [36] plugin to calculate Rsk, Rv, Rp, FPO, FAD, MRV values (see Table 1)
[36].

3. ET-related traits

Vessel Analysis plugin [37] was used to measure Density of Leaf Veins (DLV) [38]
percentage, while Fiji thresholding tools were applied to measure hairiness area,
perimeter, circularity, Aspect Ratio (AR) and solidity (see Table 1). Moreover, a manual
counting was performed for stomatal density using maximum intensity projections of
the confocal reflection z-stacks; the obtained value was then transformed into the
number of stomata per leaf area.
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Statistical analysis

A Multivariate Analysis of Variance (MANOVA) was carried out using the R Studio
software (2022.02.0-443 version) to test the trait differences between the study
species. Where significant (P<0.05), the MANOVA models were used to perform a
Canonical Discriminant Analysis (CDA). For each CDA analysis, a Likelihood Ratio test
was performed to verify the model accuracy (results not shown). MANOVA and CDA
were performed on each trait group, separately (leaf macroscopic, surface- and ET-
related traits).

Following the outcomes obtained from the CDAs, the variables that showed a high
score and therefore had a relevant effect in the statistical model were chosen for further
univariate analyses. For all variables (see Table 3) a Shapiro-Wilk normality test was
performed to determine the normal distribution of the data. In the case of variables
without a normal distribution, their transformation was performed by means of
conversion with appropriate functions (Table 3). An ANOVA was then performed to test
the differences between the study species for each selected trait (P<0.05). Where
significant, a post hoc analysis using the LSD Fisher test was used to check the pairwise
comparisons between species.

RESULTS

According to the rationale of the scientific project, several traits of amaranth leaf were
measured at different scale level, starting from a macroscopic (full-scale) level down
to a microscopic level. This approach aimed to build a phenotyping model to describe
more accurately as possible the variability of morpho-anatomical traits in the four
amaranth species under study.

MANOVA analysis

The analysed variables (Table 1) were grouped into three different sets according to
their morpho-anatomical role and subjected to multivariate variance analysis
(MANOVA) in order to highlight not only the percentage of variance explained by the
model, but also the correlations existing between the factor species and the different
traits measured experimentally.
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Table 1. Definitions of the non-correlated variables analysed by means of MANOVA.
Abbreviation list: ET = Evapotranspiration.

Leaf analysis Non-correlated Meaning
level traits
Leaf area Area of the leaf (mm?)
Leaf circularity Circularity = 4m Leaf area / (Leaf perimeter)? (non-
- dimensional)
'E Leaf solidity Area of the convex hull bounds the leaf shape as a
o polygon (mm?)
§ Leaf length Leaf major axis (mm)
§ Leaf AR Aspect Ratio = leaf major axis / leaf minor axis (non-
® dimensional)
3

Petiole length

Length of petiole (mm)

Surface-related microscopic traits

DW Dry Weight (mg)
SLA Specific Leaf Area = leaf area / leaf dry mass (mm?2/mg)
Cell area Area of the cell (um?)

Cell circularity

Cell circularity = 4 it [cell area / (cell perimeter)?] (non-
dimensional)

Cell AR Aspect Ratio = cell major axis / cell minor axis (non-
dimensional)

Rsk Skewness of the assessed epidermis profile

Rv Lowest valley

Rp Highest peak height

FPO Average polar facet orientation (between 0 and 90
sexagesimal degrees)

FAD Average direction of azimuthal facets (between 0 and
360 sexagesimal degrees)

MRV Vector resulting from the average of the inclinations of

all cellular facets

ET-related traits

Hairiness area

Tomentosity area (mm?)

Hairiness perimeter

Tomentosity perimeter (mm)

Hairiness AR

Aspect Ratio of the hairs = hair major axis / hair minor
axis (non-dimensional)

Hairiness circularity

Hair cell circularity = 4 it [hair area / (hair perimeter)?]

Hairiness solidity

Area of the convex hull bounds the hair shape as a
polygon (mm?)

DLV

Stomata Density

Density of Leaf Veins = total vein length / area
(mm/mm? or %) (Price et al. 2011)
(Stomata / mm?)
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Table 2 shows that the multivariate analysis model has a high significance in all three
areas considered. These conclusions were confirmed by the subsequent execution of
the Canonical Discriminant Analysis (CDA), the results of which are summarised in Figs.
1-3.

Table 2. MANOVA of morpho-anatomical leaf traits at different scale levels.
Abbreviation list: Df= degree of freedom; Pillai = Pillai value; F= Fisher; Num-Den Df =
numerator - denominator of Df; P = P value; ET = Evapotranspiration. Significance level:
"rkxt = P<0.001.

approx.  Num-

Leafanalysis  \aNOVA D Pillai P Significance
level F Den Df
(Intercept) 1  0.999 69697.0 861  <0.001 *okk
Macroscopic  gpecies 3 1.125 5.0 24-189 <0.001 Hokk
traits

Residuals 68

(Intercept) 1 0.998 5361.3 9-60 <0.001 Hkx
Surface-related
microscopic  SPecies 3 0.855 2.7 27-186 <0.001 Hokx
traits Residuals 68

(Intercept) 1 0.996 25124 7-62 <0.001 *kk
ET_related traits Species 3 0.963 4.3 21'192 <0.001 * kK

Residuals 68

Aiming to simplify the analysis of the different traits under study, a criterion of
subdivision according to the scale level of the analysis or the regulatory function of
leaf exchange was adopted. Fig. 1 describes the CDA performed on the leaf traits
measured on a macroscopic level. Canonical variable 1 (Can1) explains a significant
percentage of the variance, which exceeds 98% if Can2 is also considered. The CDA
showed that the data for A. tuberculatus are in the negative portion of the biplot and
are clearly distinguishable from the other three ellipsoids related to the species A.
hybridus, A. retroflexus and A. palmeri. Furthermore, the distribution of the vectors
associated with the different traits makes it clear that these species share a strong
positive correlation with the trait leaf circularity and to some extent DW and leaf area,
while a negative correlation with the leaf length parameter can be found, as evidenced
by the DIM plot associated with the CDA (Fig. S3). The graph confirms that A.
tuberculatus shows exactly the opposite trend.
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o+ - Leaf solidity
Leaf length

Can2 (16.7%)

Can1 (81.4%)

Figure 1. Canonical Discriminant Analysis biplot concerning morpho-anatomical leaf
traits analysed at macroscopic scale level. Abbreviation list: Can1 and Can2 = the two
first canonical variables; DW = Dry Weight; SLA = Specific Leaf Area.

The CDA analysis applied to the second group of variables comprising traits related to
leaf surface measurable on a microscopic scale shows a more homogeneous
distribution between the two canonical variables of the explained variance, which
altogether reaches a value close to 83%.

Again, A. tuberculatus is clearly distinct from the other 3 species, whose ellipsoids are
in the positive portion of the biplot and showed a high positive correlation with the
traits in this range, especially with some roughness-related variables such as Rsk, Rv
and FPO, while the level is milder for cellular parameters such as area, circularity and
AR (Fig. 2). The only Rp character is positively correlated with A. tuberculatus, which
again shows mirrored layout compared to the other three species under study. The
negative score attributed to it in the DIM plot (Fig. S4) is therefore attributable to the
correlation with the traits negatively correlated with Can1 (Rp and FAD) and further to
the inverse correlation it shows with Rsk Rv and FPO, variables that positively influence
the score. In any case, the absolute values of the scores vary little, confirming the fact
that the analysis in this second area returned a Can1 parameter capable of explaining
only 50% of the variability.
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Cell Circularity

Can2 (32.8%)
0
1

Can1 (50.1%)

Figure 2. Canonical Discriminant Analysis biplot concerning morpho-anatomical traits
of the leaf surface analysed at microscopic scale level. Abbreviation list: Can1 and Can2
= the two first canonical variables; Rp = highest peak height of surface; FAD = average
direction of azimuthal facets; MRV = vector resulting from the average of the inclinations
of all cellular facets; Cell AR = cell Aspect Ratio;, Rv = lowest valley of surface; FPO =
average polar facet orientation, Rsk = skewness of the assessed epidermis profile.

The CDA analysis of the characters involved in leaf evapotranspiration is shown in Figs.
3 and S5. The variability explained by the two main canonical variables is collectively
98% and the percentage difference between Can1 and Can2 is small. Fig. 3 again shows
that A. tuberculatus differs from the other species when considering traits involved in
leaf conductivity. In fact, the ellipsoid relative to A. tuberculatus is in the right portion
of the biplot, unlike the other ellipsoids, which are positioned in the left-hand side.
Apart from A. retroflexus, the other species are graphically separated on the y-axis
constructed on Can1, which therefore proves capable of distinguishing A. tuberculatus,
A. palmeri and A. hybrydus from each other.

The trait "hairiness AR" is described by a vector with a positive direction almost parallel
to the x-axis of Can1, while the vector "hairiness perimeter”, also parallel to the
abscissa, has a negative direction.

The DIM plot (Fig. S5) with the box-plot analysis confirms that A. retroflexus has a
positive score due to the high positive correlation with the hairiness AR and the partial
correlation with the hairiness circularity, and A. palmeri, the other dioecious species,
also shows a value slightly higher than 0. On the contrary, the two monoecious species,
A. hybridus and A. tuberculatus, are characterised by negative scores that can be
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explained by the high correlation with the negative vectors of the traits "hairiness
perimeter”, "hairiness area" and "stomata density".

Hairiness AR

Can2 (40.4%)
0
|

Can1 (57.6%)

Figure 3. Canonical Discriminant Analysis biplot concerning morpho-anatomical leaf
traits related to evapotranspiration (ET) analysed at microscopic scale level. Abbreviation
list: Can1 and CanZ2 = the two first canonical variables; Hairiness AR = hairiness Aspect
Ratio;, DLV perc = Density of Leaf Veins percentage.

The results obtained from the CDA allowed to highlight which trait was a significant
factor in discriminating the different amaranth species from each other and which also
had a high correlation with the multivariate model and was therefore able to
adequately explain the variability observed.

ANOVA evidencing most effective traits

As confirmation of the evidence provided by the CDA, these traits were individually
subjected to ANOVA one-way tests, as described in Table 3.
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Table 3. ANOVA of morpho-anatomical leaf traits at different scale levels. Abbreviation
list: Df = degree of freedom; Sum Sq = Sum of Squares; F = Fisher, P = P value; ET =
Evapotranspiration. Significance level: "**" = P<(0.01; "***" = P<0.001.

Leaf
analysis Trait Df Sum Sq F value P Significance
level
Leaf area Transformation:
In (Leaf area)
Species 3 1.22 4988 0.003 *¥
2 Residuals 68 5.54
©
E Leaf Transformation:
% circularity (Leaf circularity)?
2 Species 3 0.47 35.644 <0.001 ke
S Residuals 68 0.30
2 Leaf Transformation:
length none
Species 3 298.61 4.882 0.004 *¥
Residuals 68 1386.43
£PO Transformation:
2 (FPO)®
% Species 3 3.64e*® 4.852 0.004 **
2 Residuals 68 1.70 e*1®
§ Transformation:
o Cell Area
L sqrt (Cell area)
% Species 3 392.55 4.456 0.006 *¥
© Residuals 68 1996.81
% Cell Transformation:
8 circularity none
‘,5, Species 3 0.11 6.813 <0.001 *kk
Residuals 68 0.37
Hairiness  Transformation:
AR 1/Hairiness AR
£ Species 3 0.26 11.929 <0.001 *kk
£ Residuals 68 0.49
:?_J. Transformation:
© Stomata
9] . sqrt (Stomata
o density density)
wl
Species 3 114254.00 5.686 0.002 *k
Residuals 68 455456.00

All the considered variables showed a high degree of significance in the ANOVA test
(at least P<0.01) and in some cases also revealed significant differences if the LSD post
hoc test was applied. Among the macroscopic traits, leaf area had a high significance
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(Table 3) due to the higher averages measured in the two monoecious species. The
post hoc analysis revealed that only A. retroflexus and A. tuberculatus were significantly
different for this trait (Fig. S6). The leaf circularity variable significantly differed among
species and again the mean of A. tuberculatus was significantly lower on the LSD test
when compared to the other species (Fig. S7). The leaf length similarly showed that
the mean value of this trait measured in A. tuberculatus was significantly higher than
in A. palmeri (Fig. S8).

Regarding the microscopic characters related to roughness, the ANOVA showed a
more differentiated pattern. On the one hand, the variable FPO again showed a
significantly different mean value between A. palmeri and A. retroflexus at the LSD test
(Fig. S9), which is known to cause different leaf surface behaviour when studying the
Bi-directional Scattering Distribution Function [39]. On the other hand, the tegument
cell area in the two monoecious varieties was significantly different in the LSD test,
because the epidermal cell area of A. retroflexus was about one third greater than that
of A. hybridus (Fig. S10).

Cell circularity showed a further significant pattern of response in the Amaranthus
species under study. The shape of the cells of A. hybridus most closely approximated
a circumference and differentiates them significantly from those of A. palmeri and A.
retroflexus for this specific trait (Fig. S11).

The last group of variables considered includes the traits capable of modulating the
exchanges between the leaf and its environment and, in accordance with the CDA, the
significance of the species as independent variable was demonstrated by means of the
ANOVA test. In particular, the hairiness AR of the hairs distributed along the leaf
perimeter showed a high ratio between the major and minor axis in A. tuberculatus
(Fig. S12), which the LSD test demonstrated to be significantly different from that of
the other species investigated. Similarly, it was possible to show that the stomata
density of A. tuberculatus (Fig. S13) was the lowest of the four species examined and
was significantly different from that of A. hybridus. Although without any significance,
considering the averages of the other two species concerning this trait, a different
behaviour of the two monoecious species compared to the dioecious species is
conceivable.

DISCUSSION

In recent years, non-invasive imaging techniques have been developed for quantitative
studies of plant traits related to plant growth and adaptation to biotic and abiotic
stress, extending from single microscope acquisitions to high-scale imaging through
remote sensing [5,40]. Here we conducted an integrated multi-scale (whole leaf, tissue
and cells) approach analysis on single leaf phenotypic variation among four
phylogenetically related Amaranthus summer weeds (A. hybridus, A. retroflexus A.
palmeri, and A. tuberculatus). These species are commonly invading soybean fields of
northern Italy, becoming more and more noxious for the ability of several populations
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to evolve cross-resistance to the herbicide Mode of Action most used for their control,
the acetolactate synthase (ALS) inhibitors [11,19,41].

We combined conventional digital leaf morphometrics with further analysis by scaling
down at a higher spatial resolution, through the processing of reflection confocal
microscopy acquisitions on adaxial surface imprints. The latter technique avoids time-
consuming histochemical sample preparations and allows the visualization of leaf
surface and cell structure of epidermis, as well as hairiness, thus providing quantitative
anatomical traits deeply related to functional processes of the leaf/plant, such as
photosynthesis, hydraulic conductance or plastic acclimation and adaptation
responses to environmental changes [8,24]. In this respect, many authors advocate the
necessity of filling the lack of integration between high-throughput, whole plant
phenotyping analysis and quantification of in-depth anatomical or molecular traits of
leaves at different scale of organization [24,42,43]. This could represent one of the
major challenges in plant phenotyping approach, as valid technology useful for
implementation and transition to precision and digital agriculture [23] and
development of more resilient agroecosystems [44].

In addition to a synchronization in the analysis of different species at a very similar
early growth stage, another challenging issue we faced in the present investigation
was to assess the multi-scale phenotyping analysis on younger, still maturing foliar
blade of the weed plants, when for example leaf hairs are not completely differentiated
[45]. This approach was chosen with two levels of rationale: (i) effective weed control
management of these species requires foliar application at very juvenile stage (6-9
true leaf stage, corresponding to BBCH 12-14 [26]) and (ii) so far identification of leaf
phenotypic plasticity has been mainly performed at adult stage only across crop
Amaranthus spp. and cultivars aiming to link green colour to nutritional state [46] or
climate conditions [47], for selection of varieties with desirable traits. On the other
hand, few reports analysing leaf morphometrics of weed amaranth species are
available to the best of our knowledge [48,49]. Indeed, taxonomic identification studies
[12] and simplified botanical keys [11] recently arranged in Italy on Amaranthus spp.
mostly rely on reproductive traits. The presented results revealed that multi-scale
phenotyping analysis on young leaf was accurate, reproducible and reliable, capable
of discriminating across the four amaranth species. In addition to quantitative
(continuous) parameters, the present analysis also includes automated assessment of
qualitative (categorical) variables, usually relied on visual inspection in traditional
manual phenotyping and not included in statistical analysis of variance in most studies,
because of difficulty of quantification. More specifically, we highlighted through CDA
analysis that the variables comprising leaf blade shape and size (leaf circularity, and to
a lesser extent, leaf area and leaf length) and hairiness traits (hairiness Aspect Ratio)
were the most important in explaining the highest percentage of variance, by markedly
distinguishing A. tuberculatus from the other three species. Some of these results were
expected, given the elongated, lance-shaped leaves observed in the first species,
visually noticeable also at the first stages of development (Fig. S1). Also, our results
confirmed that the relationships between leaf shape and size traits are strongly
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correlated [50] and attest that the taxonomic basis is one of the main drivers of leaf
shape variation also at juvenile stage. We found that A. tuberculatus is the species that
possesses more distinctive macroscopic morpho-anatomical characters and therefore
may have undergone to a separate evolutionary path more than others. Supporting
this statement, recent studies on phylogenetic relationships and size of the genome in
the genus Amaranthus confirm that the monoecious A. retroflexus and A. hybridus
belong to the same subgenus Amaranthus, while the two dioecious species A. palmeri
and A. tuberculatus, although included in the same subgenus Acnida, have been
described as phylogenetically divergent [51,52].

Leaf phenotyping variation associated to leaf shape and Aspect Ratio is extremely
tuned up for optimizing leaf photosynthetic capacity and plant growth, by influencing
light absorption and gas exchanges [53,54]. In particular, A. tuberculatus had smaller
leaf circularity values, an indirect shape descriptor representing the ratio between leaf
area and true perimeter, which is linked to serrations and lobes and linked to elongated
shapes [55]. This morphometric parameter, as well as Aspect Ratio and solidity, have
previously been used to measure the genetic basis of shape variation in several crop
species, being strongly related to important yield traits [53,56-58].

Among morphometrical traits explaining leaf variation in respect to
evapotranspiration, hairiness AR of marginal trichomes was an additional parameter,
useful in distinguishing A. tuberculatus from the other species. In fact, this species
showed to possess significantly high values of hairiness Aspect Ratio (inversely
correlated to hairiness roundness) compared to the other amaranth species. The
structure of leaf surface is influenced at three different levels by trichome shape and
density and protruding veins, by cell size shape and undulation and by shape and size
of the epicuticular wax system [59,60]. All these traits concur to affect plant health and
adaptation to multiple environmental stresses [61,62], and pesticide wetting [63] by
influencing herbicide distribution and absorption. However, it must be stressed that
the other variables of leaf tegument structure at this plant stage did not discriminate
across specific leaf phenotypes and inconclusive relationships could be extrapolated
within the studied amaranths, apart from stomata density for which A. tuberculatus can
be significantly distinguished only from A. hybridus. These results could be rationalized
because in juvenile leaves epidermal cells generally do not produce epidermal hairs,
except along the leaf margins or tip [64], so that trichome differentiation on the adaxial
page of leaf non-margin area was not still completed at the time of image acquisition.
For this reason, we cannot rule out that at older stage the hairiness trait module could
better explain the effects of genotype or environment on leaf phenotypic plasticity of
these amaranths. Even though trichomes and stomata may possess species-specific
form with taxonomic value, also in part characterized in Amaranthus genus [48,49], we
did not find further distinct traits for these components across the studied species.

Similarly, the variables inherent to the microscopic features and describing the surface
roughness-related traits and the shape of epidermal cells were analysed. The
investigation has highlighted a pattern in which the species under consideration
overlapped greatly and did not show specific significant differences among them.
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These traits were ones of the main internal factors in addition to hairiness and stomatal
density influencing leaf wettability, as well as representing the first response barrier
against several types of natural environment stresses and plant diseases [60]. If these
traits have shown strong similarities among the young leaves of the four amaranths,
we may suppose that the individual species would respond in a similar way or have
common patterns of response to stresses and to different agronomic management
practices.

Partially contrary to our expectations, the results of the low-impact multi-scale
phenotyping proposed in the present work proved that leaf plasticity at juvenile stage
across weed amaranths is manly driven by the morphometric traits associated to leaf
size and shape module, often traditionally used as diagnostic of species [65], and, at
in-depth anatomical level, only to stomata density and hairiness AR among the water-
related leaf traits analysed.

In contrast, image-based phenotyping of leaf surface structure at microscopic scale
highlighted that these traits at younger stages contributed to a lesser extent in
unravelling taxonomic leaf variation across these species. Similar conclusions were also
highlighted for juvenile-to-adult phase change in grasses, in which leaf shape resulted
to be a more reliable proxy than leaf anatomical traits [66]. Also, the question if the
pattern of correlations among multiple leaf characters, defined as phenotyping
integration [67], can change or not during ontogeny is still a unresolved debate [67,68].

However, phenotyping of the leaf surface-traits, being the latter strongly related to
photosynthetic capacity, water conservation strategy of the plant and even
water/surface interaction, could instead result more consistent to quantitative
investigation of traits related to adaptive responses in an ecological context [69,70], as
an innovative opportunity in supporting the definition of next generation strategies
for the sustainable management of the agro-ecosystem.

More in general, multi-scale leaf phenotyping analysis could integrate further
advanced detection techniques, such as remote sensing [44,71], and easily extended
and adapted for ecophysiological studies concerning amaranth-crop interaction, also
in the perspective of climate change adaptations.
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SUPPORTING INFORMATION

Figure S1. Sample image of leaf appearance of the four Amaranthus species.

Amaranthus hybridus Amaranthus palmeri

50 pm 50 pm

Amaranthus retroflexus Amaranthus tuberculatus

50 ym 50 um
Figure S2. Maximum intensity projections of confocal z-stacks acquired in reflection

mode. Samples consist of nail polish imprints of the four Amaranthus species, obtained
from the adaxial leaf surface.
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ABSTRACT

Understanding the response of salt marshes to flooding is crucial to foresee the fate
of these fragile ecosystems, requiring an upscaling approach. In this study we related
plant species and community response to multispectral indices aiming at parsing the
power of remote sensing to detect the environmental stress due to flooding in lagoon
salt marshes. We studied the response of Salicornia fruticosa (L.) L. and associated plant
community along a flooding and soil texture gradient in nine lagoon salt marshes in
northern Italy. We considered community (i.e., species richness, dry biomass, plant
height, dry matter content) and individual traits (i.e., annual growth, pigments, and
secondary metabolites) to analyze the effect of flooding depth and its interplay with
soil properties. We also carried out a drone multispectral survey, to obtain remote
sensing-derived vegetation indices for the upscaling of plant responses to flooding.
Plant diversity, biomass and growth all declined as inundation depth increased. The
increase of soil clay content exacerbated flooding stress shaping S. fruticosa growth
and physiological responses. Multispectral indices were negatively related with
flooding depth. We found key species traits rather than other community traits to
better explain the variance of multispectral indices. In particular stem length and
pigment content (ie., betacyanin, carotenoids) were more effective than other
community traits to predict the spectral indices in an upscaling perspective of salt
marsh response to flooding. We proved multispectral indices to potentially capture
plant growth and plant eco-physiological responses to flooding at the large scale.
These results represent a first fundamental step to establish long term spatial
monitoring of marsh acclimation to sea level rise with remote sensing. We further
stressed the importance to focus on key species traits as mediators of the entire
ecosystem changes, in an ecological upscaling perspective.
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Graphical abstract Our findings shed new light on the potential use of the remote
sensing tool for the understanding of the response of vegetation to the future increase of
the sea level. We stressed the power of the remote sensing tools for monitoring plant
eco-physiological responses to flooding at the large scale, underlying the importance to
parse the eco-physiological response of key species (e.g., pigments and secondary
metabolites accumulation) as fundamental traits for future remote sensing monitoring
and ecological upscaling.
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INTRODUCTION

Coastal areas are considered among the most valuable but endangered ecosystems
globally due to their susceptibility to global change and other anthropogenic factors
[1-3]. Among coastal environments, salt marshes represent the most important sea-
land transitional ecosystem of estuarine and lagoon systems [4-7], undergoing rapid
alterations due to climate change aftermaths [8,9]. Climate-induced sea level rise (SLR)
and storm surges threaten the integrity and functionality of salt marshes by increasing
the frequency and intensity of flooding stress [3,10,11]. For SLR in particular, the salt
marsh survival depends on their accretion ability in relation to the sediment inputs and
flooding stress increase [12,13]. In fact, any reduction in plant growth may affect the
capacity of the marsh to attenuate waves (especially in storms) and trap sediment [14],
influencing salt marsh accretion [15]. Moreover, decreased root or rhizome production
may weaken marsh bank stability leading to increased susceptibility to erosion [16,17].
The ultimate consequence is the salt marsh area shrinkage and, eventually, its
migration or disappearance [18]. For these reasons understanding how salt marsh
plants acclimate to flooding and monitoring such processes is of the utmost
importance in depicting future scenarios and possible mitigation actions.

Tidal flooding is a pivotal factor driving plant species growth, distribution, and
zonation in salt marshes [19-22]. In an equilibrium state, tidal flooding is mainly
determined by land morphology [23] and soil texture (i.e., soil permeability) [24]. As a
consequence, flooding influences crucial soil features, such as the availability of oxygen
[25,26], triggering intense plant-soil feedback [27]. An increase of flooding stress might
cause the reduction of plant performance in a soil-mediated process that can have
repercussions on the overall biodiversity and productivity [27].

Plant-soil feedback is often modulated by plant functional traits of key species of the
community [27,28], that in salt marsh plants are represented by both morphological
and physiological traits determining the phenotypic response of a plant to flooding
[29,30,31]. A functional traits approach is hence crucial to predict the response of key
species of the ecosystems, which changes could also affect the entire ecosystem
processes and properties (e.g., nutrient cycles, biodiversity) [32,33], opening important
upscaling perspectives.

Among the most promising tools for scale-up of ecological processes, remote sensing
has been used across different ecological scales and systems [34-38]. In salt marsh,
application of remote sensing tools (e.g., satellite and unmanned aerial vehicle (UAV)
images) has been limited to plant community discrimination [39,40], plant phenology
detection [41,42], plant-plant interactions [43] and to survey overall ecosystem
properties [44]. In these ecosystems, while remote sensing has been applied for the
monitoring of some gross ecosystem properties (e.g., net primary production), linking
the mechanistic response of individual plants (e.g., growth traits, physiological
response) to the ecosystem level remains unexplored and promising.
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We studied the response of salt marsh plant communities by upscaling the functional
response of the key species Salicornia fruticosa (L.) L. across a flooding gradient in a
lagoon system. We further linked the functional response of S. fruticosa (i.e., secondary
metabolites, plant growth traits) to multispectral indices with the aim to extend the
potential effect of plant response to a broader spatial and ecological scale.

We expected that high flooding stress has a direct effect on S. fruticosa response and
the properties of the whole salt marsh ecosystem. We did expect flooding to shape
the phenotypic plasticity of S. fruticosa by reducing individual growth traits (i.e., stem
elongation), photosynthetic pigment contents, and increasing secondary metabolites
production (flavonoids, betacyanins). We expected a decrease of community
productivity (biomass) and biodiversity with an increase of the stress (flooding). We
also explored the potential of high-resolution multispectral image acquisition to depict
the link between traits and community response to the environmental stress. We finally
expected multispectral indices to be affected by both community and key species
functional traits, in relation to an alteration of vegetation spectral firm induced by
individual mean functional changes.

RESULTS

Salt marsh plant community response to flooding and soil texture gradient

All the community traits mean and range values are shown in table 1. Community plant
height and dry weight were significantly affected by flooding depth, but not by soail
clay content (Tab. 2), explaining 28.1 % and 26.3% of the total variance. At higher levels
of flooding, plant communities were short (i.e., mean plant height) (Fig. 1a) and with a
low overall aboveground biomass (i.e., total dry weight) (Fig. 1b). In contrast, plant
community dry matter content was not affected neither by flooding depth nor by soil
clay content (Tab. 2). Finally, plant diversity (i.e., Shannon index) decreased along the
flooding gradient (Fig. 1c) but did not show any relationship with soil clay content (Tab.
2).

S. fruticosa response to flooding and soil texture gradient

All the S. fruticosa traits mean and range values are shown in table 1. The functional
response of S. fruticosa was mainly modulated by flooding depth and its interaction
with soil texture (ie., clay content). (Tab. 3). S. fruticosa shoot dry weight showed a
significant decrease along the flooding depth gradient (Fig. 2a), whereas betacyanin
shoot content was also significantly affected by soil clay content, showing a significant
positive relationship (Tab. 3, Fig. 2b and 2¢). S. fruticosa shoot length and carotenoid
content were shaped by the interaction between flooding depth and soil clay content
(Tab. 3). In particular, in soil with high content of clay the shoot length sharply
decreased along the increase of flooding depth, while in soils poor in clay (i.e., sandy
soils) the increase of flooding depth slightly increased the annual plant stem
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elongation (shoot length) (Fig. 2d). A high stem carotenoid content was caused by high
flooding depth levels and high percentage of clay in the soil, whereas a low carotenoid
content was observed in more sandy soil more subjected to flooding (Fig. 2e). As for
total dry matter content of plant community, also shoot dry matter content was
affected neither by flooding nor by clay soil content.

Upscaling of plant community and S. fruticosa functional responses by means of
remote sensing signals

Flooding depth reduced all the vegetation indices considered. (Tab. S2).

For NDVI about 27% of the total variance was explained by plant traits (Cl = [0.17 -
0.60]) while community trait (i.e., total dry weight and height) did not contribute (Fig.
3, Tab. S3). Most of the variance was assigned to shoot length (part R? = 0.10, Cl =
[0.00 - 0.23]) and betacyanin shoot content (part R? = 0.08, CI = [0.00 - 0.22]).

Plant traits explained 23% of the LCl total variance (CI = [0.13 - 0.44]) (Fig. 3, Tab. S3).
Shoot length was the main trait contributing the variance (part R? = 0.12, Cl = [0.00 -
0.23]) along with carotenoids (part R? = 0.06, Cl = [0.04 - 0.28]) and betacyanin shoot
content (part R = 0.05, CI = [0.03 - 0.28]).

The 37% of the variance of RGRI mainly explained by shoot length, carotenoid and
betacyanin content (namely part R> = 0.12, Cl = [0.05- 0.34]; part R? = 0.10, CI = [0.04
- 0.32]; part R? = 0.10, Cl = [0.04 - 0.33]), (Fig. 3, Tab. S3).

For ARI about 23% of the total variance was explained only by community and S.
fruticosa traits (Cl = [0.16 - 0.39]). Community dry weight and carotenoid shoot content
were the variables mostly contributing to this proportion (both part R = 0.06, Cl =
[0.04 - 0.19]). Community plant height explained only 3% of the variance (Cl = [0.01 -
0.15]), whereas annual shoot length and betacyanin content did not affect this index
(Fig. 3, Tab. S3).
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Table 1. Descriptive statistics of environmental, plant community and Salicornia

fruticosa variables.

Variable Mean Std.Dev Max Min
Flooding depth (cm) 1.59 1.03 4.14  0.01
Clay content (%) 19.55 6.26 3091 5.84
Species richness 4.15 1.38 8 2
Shannon index 0.69 0.35 1.47 0.06
Salicornia fruticosa cover value (%) 74.45 16.75 99.01 28.37
Plant height (cm)  25.87 6.89 42.00 14.80
Total dry weight (g) 131.07 5483  264.00 64.2
Total dry matter content 32048 5835  429.52 214.61
Shoot dry weight (g) 0.03 0.01 0.05 0.02
Shoot dry matter content  139.68 16.67 174.93 110.11
Shoot length (cm) 4.10 0.89 6.76  2.64
Chlorophyll concentration (ug g') 481.66 13927  877.63 286.39
Pheophytin content  32.19 14.42 68.18 16.28
Carotenoid concentration (ug g”) 90.58 12.03 113.60 64.02
Flavonoid concentration (ug g')  23.86 8.40 40.83  7.96
Betacyanin concentration (ug g”) 24.30 15.18 60.57 2091
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Table 2. Results of the LMMs relating the salt marsh community traits (i.e., plant height,
total dry weight, total dry matter content, Shannon index) with flooding depth and soil
clay content. Significant relationships are in bold (p<0.05). Degrees of freedom (D),

estimate, standard error (SE), t-values and p-values are shown.

Dependent variable Independent

variable Df Estimate SE t-Value p-Value
Plant height Flooding 1,16  -5.93 1.20  -492 <0.001

Clay content 1,16  0.07 0.17 0.40 0.698

Total dry weight Flooding 1,16 -23.33 9.21 -2.53 0.022

Clay content 1,16 2.09 1.53 1.36 0.191

Total dry matter content Flooding 1,16 -1.97 11.19  -0.18 0.863

Clay content 1,16 1.97 1.86 1.06 0.306

Shannon index Flooding 1,15 -0.14 0.06 -248 0.026

Clay content 1,15  -0.01 0.01 -1.09 0.295
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Table 3. Results of the LMMs relating the S. fruticosa traits (i.e., shoot dry weight, shoot
dry matter content, shoot length, chlorophyll, carotenoids, flavonoids, betacyanin
content) with flooding depth, soil clay content and their interaction. Significant
relationships are in bold (p<0.05). Degrees of freedom (Df), estimate, standard error (SE),
t-values and p-values are shown.

Dependent variable Independent variable Df Estimate SE t-Value p-Value

log(Shoot dry weight) Flooding 1,16  -0.11 0.06 -2.05 0.050

Clay content 1,16 0.01 0.01 1.16 0.265

Shoot dry matter content Flooding 1,16  -1.05 341 -0.31 0.762

Clay content 1,16 0.11 0.51 0.20 0.841

Shoot length Flooding 1,14 1.18 0.54 2.20 0.046
Clay content 1,14 0.15 0.03 469 <0.001

Flooding*Clay content 1,14  -0.08 0.03 -2.77 0.015

Chlorophyll Flooding 1,16 -639 2560 -025  0.806

Clay content 1,16  -4.09 3.74 -1.09 0.290

Carotenoids Flooding 1,12 -31.19 8.93 -3.49 0.004
Clay content 1,12 -0.85 0.44 -1.94 0.076

Flooding*Clay content 1,12 1.56 0.48 3.29 0.007

Flavonoids Flooding 1,16  -0.29 1.60 -0.18 0.858

Clay content 1,16  -0.34 0.27 -1.26 0.226

log(Betacyanin) Flooding 1,15 0.27 0.13 2.27 0.038

Clay content 1,15 0.05 0.02 2.97 0.010
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Table 4. List, formula and brief interpretation description of the multispectral vegetation
indices selected for the studly.

Vegetation index and Interpretation
formula
npv] = VR — RED estimation of geometrical features and green biomass
NIR + RED production [95]
_ NIR — RED EDGE estimation of chlorophyll content and distribution in
LCI =
NIR + RED leaves [96]
RGR] = RED estimation of the course of leaf development in
GREEN canopies and indicator of leaf production and stress
[97,98]
AR] = r 1 estimation of anthocyanin content in plant biomass [75]
GREEN RED EDGE
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Figure 1. Effect plots of flooding depth on salt marsh plant community traits, namely
plant height (A), aboveground biomass dry weight (DW), (B) and Shannon index (C).
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Figure 2. Effect plots of flooding depth, clay content and their interaction on S. fruticosa
traits. Changes of annual shoot dry weight (DW)(A) betacyanin content (B,C) annual
shoot length (D) and carotenoid content (E) along the flooding gradient, the clay content,
and their interaction.

146



NDVI LCI RGRI ARI

Model | P NU T (R G — G —

: i
e—
R - o —o

12}

o

0.0 0.2 04 0.0 0.2 0.4 0.6 0.0 04 0.2 0.3 0.4 00 01 02 03 04 05
Part R? and CI Part R? and Cl Part R? and CI Part R? and Gl

Figure 3. Contribution of salt marsh plant community traits and S. fruticosa traits to
vegetation indices. Proportions of vegetation indices (i.e., NDVI, LCl, RGRI, ARI) variance
explained by plant community traits (i.e., plant height and total dry weight) and S.
fruticosa traits (i.e., shoot length, carotenoid and betacyanin content).

D Grado lagoon studied salt marshes 4 my plot selected along a flooding gradient

Figure 4. The study area of the Grado lagoon in the northern Adriatic Sea (A), the 9
studied salt marshes (B), the 3 sampling plots chosen along a flooding gradient in one of
the studied salt marshes (C) and the 4 m? plot delimited by ground control point (D).
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DISCUSSION

Our findings confirmed flooding depth to be the main driver shaping plant
communities in tidal salt marshes. Interestingly, flooding depth was the only driver
directly affecting plant community features (i.e., biomass, plant height, and diversity),
while its interaction with soil clay content shaped the functional response of Salicornia
fruticosa (i.e., shoot length, shoot carotenoid content), probably via increasing soil
anoxia soil [24].

By exploring the relationships between plant community and S. fruticosa functional
traits and high-resolution remote sensing derived indices we found key species traits,
in particular stem length and pigment content (i.e., betacyanin, carotenoids), to be
more effective than others for an upscaling perspective in tidal salt marshes. This
suggests that the response of the key species, already demonstrated to be important
drivers for the modulation of the whole ecosystem responses to environmental
changes [27,32], should not be neglected in the upscaling process of the vegetation
response to flooding, from the plot to ecosystem level.

Salt marsh response to flooding and soil texture gradient
Community response

An increase of flooding depth produced a significant decrease in plant diversity,
biomass and plant height. Due to the harsh environmental conditions, salt marshes are
generally recognized as low-diversity plant communities, where well adapted species
are dominant, and few other species can occur [45-47].

Further, flooding depth has been already linked to the reduction of salt marsh
productivity, by modulating plant growth [48,49].

Clay content did not affect plant community traits, while it contributes for the shaping
of S. fruticosa response, that, in turn, can facilitate other species along the abiotic stress
gradient caused by flooding depth and soil clay, causing plausible feedback at the
community level [24,50].

Salicornia fruticosa response

As hypothesized flooding depth significantly affected S. fruticosa growth and
physiological response, but its effect was often modulated by soil texture (ie., clay
content).

Deeply flooded plants of S. fruticosa showed a low increment in annual biomass (ie.,
annual shoot dry weight), while their elongation (shoot length) was finely modulated
by the interaction of clay content and flooding depth, showing the lowest values in
sites deeper flooded and with high soil clay content. These findings suggest that
elongation of plants, often used to avoid complete submergence, is used by plants
only in sites where soil conditions are less harsh (i.e., sandy soils where complete anoxia
is rarely reached), while plants could be severely limited in growth in compact clayey
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soils, including their shoot elongation [51]. This is induced by the variation of
parameters such as (i) the limited diffusion of O and CO> [52], (ii) the increase of toxic
volatile substances [53], (iii) the limitation of nutrients [54], and (iv) the increase in
osmotic stress. In this light, the elongation of S. fruticosa annual shoot could represent
a common escape strategy to cope with submergence, shared with other wetland
plants [27,55].

As expected, deep flooding stimulated the production of secondary pigments such
carotenoids but did not affect chlorophyll content of photosynthetic stems. Other
contributions showed carotenoids and chlorophyll content to be particularly sensitive
to flooding depth [56,57]. Here we found that carotenoids reached their maximum
values when deep flooding was combined with high clay content in the soil,
consistently with what found in other species [58], as probable response to hypoxia
[59,60]. Instead on highly permeable soils the flooding induced a decrease of
carotenoids, this was consistent to what evidenced in other studies where the mere
application of flooding decreased all pigments production, carotenoids included
[56,57]. It is thus probable that only a strong soil hypoxia due to the interplay of deep
flooding and soil clay content can activate the protective role of a high carotenoid
concentration. Flooding did not affect flavonoids, while a greater content of
betacyanins was found in S. fruticosa plants growing on clayey soils and with deep
flooding. Flavonoids seem to play in response to water-related stress [61,62], while
were demonstrated to be primarily related to soil hypoxia [63]. Albeit not significant,
we found an increase of flavonoids in soils with more clay content, and hence, more
subjected to lack of oxygen.

Such as for anthocyanins, betacyanins accumulation in vegetative organs has been
generally related to their protection from environmental stress [64,65]. Consistently,
we observed an increase of betacyanins under flooding stress in soil with high clay
content that might be related to their capacity to attenuate effects of soil hypoxia on
plants as effective scavengers of reactive oxygen species and osmotic photo-
protectants [66—68].

Potential upscaling of plant response by remote sensing

Multispectral images have been already used to indirectly quantify the submersion in
salt marsh vegetation [69]. Here, we evidenced the selected multispectral indices to be
consistently good indicators of the analyzed stress gradient, also able to depict the
interplay of flooding and soil clay content. In this light, our fine-tuning monitoring of
the flooding effect on the key species response might be useful to monitor the
acclimation mechanisms by remote sensing tools. In particular, the rate of sea level
rise (1.5 mm year™") in the norther Adriatic Sea is consistent with our narrow tidal frame,
also in relation to the salt marsh accretion, deemed to attenuate the effects of sea rise
[70]. Despite the narrow flooding gradient species and community responses were
remarkable, therefore offering a wide array of plant and community responses. We
found S. fruticosa growth (i.e., stem length) and physiological traits (i.e., betacyanin,

149



carotenoids) to be the plant traits that mostly explained multispectral derived indices.
Many authors already evidenced the direct relationship between indices and the whole
community response to flooding, proposing for instance NDVI for the quantification
of biomass and other ecosystem properties [71-73]. Instead, we found the individual
response of the key species S. fruticosa to be more important than the whole plant
community in determining the multispectral signal of vegetation. The community
response to flooding (i.e., biomass, plant diversity) results from a reduction in the
biomass of the key species S. fruticosa, suggesting a possible upscaling link between
the studied species and the response of the entire ecosystem, regardless of the
environmental stress intensity considered. This is indicating that remote sensing
monitoring over time might reveal the acclimation of salt marshes to sea level rise by
intercepting the response of the key species S. fruticosa, opening new perspective in
the multispectral image interpretation. Salt marsh key species has been already linked
to the community response by plant trait-soil interactions [24,27]. Our findings suggest
that this feedback might also drive the remote sensing-vegetation relationships for the
monitoring of the ecosystem properties. NDVI is one of the most used indices for
numerous upscaling purposes [9,74]. The application of NDVI in our sites was
informative about the S. fruticosa growth response and betacyanin stem content. We
further suggest that other indices, namely LCl, RGRI and ARI might improve the
upscaling of salt marsh response to flooding. The LClI was mainly explained by plant
growth and at a lesser extent by carotenoids and betacyanins. This index was originally
proposed as very sensitive for estimation of chlorophyll content and distribution in
leaves. In our study area it seems to better represent the overall status of the S.
fruticosa, similarly to RGRI that showed similar, but higher partial regression values for
the physiological and growth traits. ARI captured most of the carotenoid signal, being
lower at high concentrations of carotenoids. ARl is mainly used for detection of
anthocyanin content [75], but in our study it appears to better evidence changes in
carotenoids and community biomass. This might be related either to a negative
relationship between anthocyanins (not measured) and carotenoids or to a species-
specific shift in plant reflectance due to its succulent growth form [76]. These results
also suggest to further investigate the relationship between stress and modification of
the spectral signature of plant species. In salt marsh halophytes, a decisive role could
be played by the accumulation of pigments and other metabolites that can also shift
a sensible visible change in plant chromaticism [30,79]. We only partially parsed such
a complex physiological response, which study in the future could increase the
upscaling perspectives of plant eco-physiological acclimation to abiotic stresses.

Conclusions

We suggest remote sensing as a promising tool able to merge different ecological
scales, proving far reach achievements for the understanding of spatial distribution
and to forecast the vegetation changes due to abiotic stress gradient. In this light, our
fine-tuning monitoring of the flooding effect on the key species response might be
useful to monitor the acclimation mechanisms by remote sensing tools, being
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consistent with local sea level rise rates. Our findings might represent a novel approach
to assess and monitoring the impacts of the ongoing rising sea level rise in wetland
areas. We evidenced that the ongoing sea level rise can lead to a progressive reduction
of plant cover and biomass, as well as the height of the populations, by increasing the
areas subjected to high levels of submersion stress. Nonetheless, further
improvements are needed. We also highlighted that some physiological processes
such as the accumulation of pigments and secondary metabolites in relation to
increasing levels of stress could play a fundamental role for future remote sensing
monitoring and upscaling. These finding suggest that the acclimation of salt marshes
to sea level rise could be revealed through remote sensing monitoring over time by
intercepting the response of the key species S. fruticosa. These upscaling perspectives
applied to 'sentinel ecosystems', such as salt marshes, might provide an early warning
on global and regional changes, with fundamental understanding of future scenarios
of the entire coastal system.

MATERIALS AND METHODS

Study area and sampling design

The study was conducted in the Grado lagoon (from 45°42'10.5”N 13°9'17.8" E to
45°40'49.8"N 13°21'31.2" E) in the Northern Adriatic Sea (Friuli Venezia Giulia, Italy)
(Fig. 4a). The site is designated as both a Special Area of Conservation (SAC) and a
Special Protection Area (SPA) in the Natura 2000 network (site code 1T3320037). The
mean annual rainfall is 974 mm, with an average temperature ranging from 3.1°C in
January to 29.0°C in July. The lagoon is morphologically classified as a leaky lagoon
[80]. It is strongly influenced by tides which are semi-diurnal, with a mean range of
0.65 m and spring and neap ranges of 1.05 m and 0.22 m, respectively [81].

The sampling was performed during May 2021 in 9 salt marshes (Fig. 4b). In each salt
marsh, 3 sampling areas (plots) of 4 m? (2 m x 2 m) (Fig. 4c and 4d) were chosen along
a flooding gradient according to ground micro-morphology of salt marshes, for a total
of 27 plots.

Flooding and soil texture

The flooding depth and flooding duration were measured at each sampling site (27
plots) by using a water level data logger (HOBO U-20L-01, Onset, resolution: 0.02 kPa,
0.21 cm; water level accuracy £0.1%). The sensors were positioned at the ground level,
with a recording interval of 5 min along a complete tidal cycle (2 weeks, including a
shift from spring tide to neap tide). For an accurate flooding measurement, in each
monitored salt marsh a reference datalogger was positioned in high elevation point
never subjected to water submersion. Pressure data, recorded with the loggers, were
automatically compared with reference air pressure measurements, and hence,
converted to the height of the water column submerging the soil, using the
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HOBOware ® Pro software (version 3.7.14, Onset). Flooding depth was expressed as the
mean height (cm) of the water column of a complete tidal cycle, while the flooding
duration as the percentage of time the logger was flooded during a complete tidal
cycle. We used mean depth to better represent the average conditions of water
column. However, we verified the occurrence of a high correlation between mean
height and maximum height of water depth (r=0.89; p<0.001), considering them
interchangeable. The studied tidal range (Tab. 1) represent a significant shift in
ecological conditions and was already demonstrated to trigger remarkable changes in
salt marshes plant communities [27]. Moreover, the range is also representing a good
proxy of the sea level rise that in the norther Adriatic Sea have an increasing rate of
1.5 mm year™' over the last decades.

A soil sample was collected at the center of each plot using a cylindrical tube (height:
12 c¢m, width: 3.5 cm, volume: 115.5 cm?), transported to the laboratory for soil texture
analyses. All soil samples (n=27) were processed by removing any visible vegetal
remain and shell, wet-sieved through a 2 mm sieve and treated by hydrogen peroxide
(H202) 3% and distilled water 1:4 for 48 hours. Grain size analysis (2000-0.2 pum) was
performed through a Laser Diffraction Particle Size Analyzer (Malvern Mastersizer
2000) coupled with an autosampler. For further analyses we used only the clay
percentage of the sample (particle size < 4 um).

Salicornia fruticosa morphological and physiological traits

In each sampling plot, fourteen annual shoots of S. fruticosa were randomly collected
from different individuals, sealed in plastic bags, stored in portable fridge, and
transported to the laboratory. Five annual shoots were used to measure mean shoot
length and fresh weight and later oven-dried at 70°C for 72 h, weighed again (dry
weight) and used for calculating the dry matter content of selected plant shoots.

The remaining nine annual shoots were used for quantifying chlorophyll, carotenoid,
flavonoid and betacyanin content. The samples were pooled in three subsets (3 annual
shoot x subset) and ground into fine powder under liquid nitrogen. Chlorophyll (ie.,
chlorophyll a and b) and carotenoid concentration analysis was measured following
Marchiol et al. [82] protocol and expressed per gram fresh weight (ug g™") (for the
calculation methods see Wellburn [83]). Pheophytin content was estimated indirectly
as a percentage compared to the amount of chlorophyll [84]. The flavonoid content
was quantified according to the method described by Filippi et al., [85] with minor
changes and expressed as quercetin-eq content per gram fresh weight (ug quercetin-
eqg™).

The betacyanin concentration was determined by extraction from liquid nitrogen-
pulverized samples using a 50 mM ascorbic acid in 80% methanol solution. The
material was treated with a cold ultrasonic bath for 2 minutes, incubated for 30 minutes
at -20 °C and finally centrifuged at 15000 g for 10 minutes at room temperature. A
supernatant volume of 0.5 ml was diluted 1:1 with distilled water and its absorbance
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was measured at 538 nm. The determination of the betacyanin content was performed
following Priatni & Pradita method [86].

Plant community traits

The occurrence and the estimated cover value (% of plant cover compared to plot area)
of all vascular plants were recorded in each plot. Species nomenclature followed
Bartolucci et al [87]. The identification of the plant material was performed by
Francesco Boscutti, Paolo Cingano and Marco Vuerich in the field or in laboratory,
using the national flora references [88]. All samplings were performed in accordance
with national and international legislation [89,90]. None of the species employed in
the study belong to any national and international protective species list nor to the the
IUCN Red List of endangered species. In particular, the amount of S. fruticosa samples
collected was below the threshold limit set by regional legislation [90]. No voucher
specimen of the plant material has been deposited in a publicly available herbarium.
The height of 10 plants randomly selected of different species within each plot was
measured in the field and subsequently the total aboveground plant biomass (all
individuals of different species occurring) was harvested from a sub-plot (0.4 x 0.4 m),
sealed in plastic bags, and transported in a portable fridge to the laboratory where it
was fresh weighed, oven-dried at 70°C for 72 h and weighed again (dry weight). Dry
weight was then expressed as grams per square meters. Dry matter content was later
calculated as the ratio of fresh weight to dry weight.

UAV and Remote sensing indices

The hexacopter Zephyr Exos UAV (Zephyr SRL, Forli, Italy) equipped with a Parrot
Sequoia multispectral camera (Parrot Drones SAS, Paris, France) was used to acquire
multispectral images of each salt marshes. The hexacopter UAV was controlled via a
hand-held remote controller, which sends waypoint navigation information to the
aircraft allowing the hexacopter UAV to follow a flight path, at an altitude and speed
defined by the user. The flight altitude above ground level was set at 40 m and the
speed was 2 m s™' for all nine flights. Each flight lasted for ~15 min and was performed
close to solar noon with wind speed of <1 m s, during the low-tide cycle concurrently
to vegetation surveys and collection of plant and soil samples. Each flight path over
the trial area was designed with an 85% forward and side overlap The Parrot Sequoia
multispectral camera has four sensors for four spectral bands: green (wavelength = 550
nm, bandwidth =40 nm), red (wavelength = 660 nm, bandwidth = 40 nm), red-edge
(wavelength = 735 nm, bandwidth = 10 nm), and near infrared (NIR) (wavelength = 790
nm, bandwidth =40 nm). Before and after each flight was taken a picture of the
calibrated reflectance panel (CRP), which is a Lambertian surface with a reflectance
calibration curve associated that allows to convert raw pixels values into absolute
reflectance. Moreover, to minimize the error during image capture due to change of
the light, a downwelling light sensor (DLS) has been coupled to the multispectral
camera to automatically adjust the readings to ambient light. For identifying each
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sampling site, two ground control points were located diagonally to the sampling site.
Post-processing of the raw images was carried out using the Pix4Dmapper Pro
software (version 4.0, PIX4D, Lausanne, Switzerland). Firstly, a geometric correction for
each single-band raw image was performed using the camera calibration parameters
included for each sensor. The post-processed images were then used to generate
orthomosaic images including aligning photos, optimizing alignment, building a dense
cloud, building digital surface models (DSMs) and building orthomosaics with a spatial
resolution of 4 cm pixel". The orthomosaic images were radiometrically transformed
to reflectance using the known reflectance of the CRP and with the DLS. Multispectral
vegetation indices were calculated with the R package “terra” [91]. The calculated
vegetation indices were: (i) Normalized Difference Vegetation Index (NDVI), (ii) Leaf
Chlorophyll Index (LCI), (iii) Red Green Ratio Index (RGRI) and (iv) Anthocyanin
Reflectance Index (ARI) (Tab. 4). The mean value of each vegetation index was
calculated for each vegetation plot (2x2 m), as the average value of the pixel included
in the plot.

Statistical analysis

Prior to analysis, all pseudo replicates of the considered traits were averaged per each
plot (n=27). Plant community diversity was assessed by calculating the Shannon
diversity index, based on the estimated cover value of the vascular plants recorded in
each plot. The collinearity of the independent variables (ie., flooding depth, flooding
duration, clay content) was tested by the Pearson correlation test. As flooding depth
and flooding duration showed a significant positive correlation (r = 0.44, p = 0.02), we
cautiously decided to test only for flooding depth effects. Clay content did not show
any significant correlation with flooding (flooding depth vs soil clay: r = -0.12, p = 0.54;
flooding duration vs soil clay: r= -0.25, p = 0.20). Linear mixed effects models (LMMs)
were applied to examine the effect of flooding depth, clay content and their interaction
(L.e., dependent variable ~ flooding depth*clay content) on community traits (i.e., plant
height, dry weight, dry matter content, Shannon index), on S. fruticosa traits (i.e., shoot
dry weight, shoot dry matter conten, shoot length, chlorophyll, carotenoids, flavonoids
and betacyanin content) and on vegetation indices (i.e., NDVI, LCl, RGRI, ARI). The salt
marsh was considered as random factor. LMMs were applied using the “nlme” R
package [92]. Model assumptions were verified using diagnostic plots and Shapiro-
Wilk normality test (p > 0.05) on model residuals. Where model residuals violated any
linear model assumption (i.e., shoot dry weight and betacyanin content), variables were
log-transformed or evident outliers were discarded. The model interactions were
manually removed when not significant (p > 0.05). Full model outcomes are reported
in Table S1.

In order to assess the potential of remote sensing to upscale the community and
species response, we assessed the contribution of each trait significantly varying along
the studied gradients to the vegetation indices total variance. In particular, variance
partitioning tools were used to quantify the vegetation indices (i.e., NDVI, LCI, RGRI,
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ARI) variance explained by community (i.e., plant height, dry weight) and S. fruticosa
traits (i.e., shoot length, carotenoid and betacyanin content). At this stage we did not
include any abiotic variable to better encompass the contribution of plant response to
remote sending indices, in the upscaling perspective. Semi-partial coefficients of
determination (part R?) to partition the variance explained by individual traits were
calculated with R package “partR2” (version 0.9.1) [93].

All graphs and statistical analyses were performed in R statistical software [94].
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SUPPORTING INFORMATION

Table S1. Results of the LMMs relating the salt marsh community traits (i.e., plant height,
total DW, total DMC, Shannon index), the S. fruticosa traits (i.e., shoot DW, shoot DMC,
shoot length, chlorophyll, carotenoids, flavonoids, betacyanin content) the vegetation
indices (i.e., NDVI, LCl, RGRI, ARI) with flooding depth, soil clay content and their
interaction. Significant relationships are in bold. Degrees of freedom (Df), estimate,
standard error (SE), t-values and p-values are shown.

Dependent variable Independent variable  Df Estimate SE t-Value p-Value
Plant height Flooding depth 1,15 0.46 5.2 0.08 0.931
Clay content 1,15 0.38 0.3 1.32 0.205
Flooding depth*Clay content 1,15 -0.24 0.3 -0.85 0.405
Total DW Flooding depth 1,15 -39.78 423 -0.94 0.361
Clay content 1,15 1.12 2.5 0.44 0.664
Flooding depth*Clay content 1,15 0.81 2.1 0.39 0.705
Total DMC Flooding depth 1,15 -13.98 51.54 -0.27 0.790
Clay content 1,15 1.23 3.09 0.39 0.696
Flooding depth*Clay content 1,15 0.87 2.59 0.34 0.741
Shannon index Flooding depth 1,15 -0.11 0.29 -0.38 0.706
Clay content 1,15 -0.01 0.01 -0.58 0.567
Flooding depth*Clay content 1,15 -0.00 0.01 -0.00 0.998
log(Shoot DW) Flooding depth 1,15 -0.04 0.25 -0.16 0.875
Clay content 1,15 0.01 0.01 0.90 0.383
Flooding depth*Clay content 1,15 -0.00 0.01 -0.30 0.769
Shoot DMC Flooding depth 1,15 -5.02 13.98 -0.36 0.724
Clay content 1,15 -0.07 0.78 -0.09 0.929
Flooding depth*Clay content 1,15 0.21 0.74 0.28 0.780
Shoot length Flooding depth 1,14 1.18 0.54 2.20 0.046

Clay content 1,14 0.15 0.03 4.69 <0.001
Flooding depth*Clay content 1,14 -0.08 0.03 -2.77 0.015
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Chlorophyll Flooding depth 1,15 128.12 97.21 1.32 0.207
Clay content 1,15 1.69 5.31 0.32 0.755

Flooding depth*Clay content 1,15 -7.24 5.24 -1.38 0.187

Carotenoids Flooding depth 1,12 -31.19 8.93 -3.49 0.004
Clay content 1,12 -0.85 0.44 -1.94 0.076

Flooding depth*Clay content 1,12 1.56 0.48 3.29 0.007

Flavonoids Flooding depth 1,15 -5.21 7.27 -0.71 0.484
Clay content 1,15 -0.57 0.43 -1.33 0.203

Flooding depth*Clay content 1,15 0.20 0.37 0.552 0.589
log(Betacyanin) Flooding depth 1,15 0.47 0.72 0.81 0.430
Clay content 1,15 0.05 0.03 1.46 0.164

Flooding depth*Clay content 1,15 -0.01 0.03 -0.41 0.684

NDVI Flooding depth 1,15 0.05 0.05 1.05 0.310

Clay content 1,15 0.00 0.00 1.53 0.147

Flooding depth*Clay content 1,15 -0.00 0.00 -1.89 0.077

LCI Flooding depth 1,15 0.04 0.03 1.48 0.159

Clay content 1,15 0.00 0.00 1.75 0.100

Flooding depth*Clay content 1,15 -0.00 0.00 -2.23 0.041

RGRI Flooding depth 1,15 0.01 0.05 0.16 0.879

Clay content 1,15 0.00 0.00 0.19 0.852

Flooding depth*Clay content 1,15 0.00 0.00 0.69 0.495

ARI Flooding depth 1,15 1.73 0.89 1.94 0.071

Clay content 1,15 0.04 0.05 0.87 0.396

Flooding depth*Clay content 1,15 -0.11 0.05 -2.37 0.031
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Table S2. Results of the LMMs relating the vegetation indices (i.e., NDVI, LCl, RGRI, ARI)
with flooding depth, soil clay content and their interaction. Significant relationships are
in bold. Degrees of freedom (Df), estimate, standard error (SE), t-values and p-values are

shown.
Dependent variable Independent variable Df  Estimate SE t-Value p-Value

NDVI Flooding 1,16 -0.04 0.01 -3.14 0.006
Clay content 1,16 0.00 0.00 0.17 0.865
LCI Flooding depth 1,15 0.04 0.03 1.48 0.159
Clay content 1,15 0.00 0.00 1.75 0.100
Flooding depth*Clay content 1,15 -0.00 0.00 -2.23 0.041

RGRI Flooding 1,16 0.04 0.01 3.49 0.003

Clay content 1,16 0.00 0.00 1.06 0.303

ARI Flooding depth 1,15 1.73 0.89 1.94 0.071

Clay content 1,15 0.04 0.05 0.87 0.396

Flooding depth*Clay content 1,15 -0.11 0.05 -2.37 0.031
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Table S3. Contribution of salt marsh plant community traits and S. fruticosa traits to
vegetation indices. Proportions of vegetation indices (i.e., NDVI, LCl, RGRI, ARI) variance
explained by plant community traits (i.e., plant height and total DW) and S. fruticosa

traits (i.e., shoot length, carotenoid and betacyanin content).

Dependent variable Independent variables  Df t Value p-Value Part-R?
NDVI Plant height 1,11 0.78 0.448 0.00
Total DW 1,11 -0.76 0.456 0.00
Shoot length 1,11 2.83 0.014 0.10
Carotenoid 1,11 1.30 0.212 0.01
Betacyanin 1,11 -2.33 0.036 0.08
LCI Plant height 1,12 0.22 0.828 0.00
Total DW 1,12 -1.86 0.085 0.01
Shoot length 1,12 2.94 0.011 0.12
Carotenoid 1,12 2.04 0.062 0.06
Betacyanin 1,12 -1.81 0.093 0.05
RGRI Plant height 1,11 0.54 0.592 0.03
Total DW 1,11 -0.47 0.644 0.02
Shoot length 1,11 -1.99 0.068 0.12
Carotenoid 1,11 -1.91 0.079 0.10
Betacyanin 1,11 1.57 0.140 0.10
ARI Plant height 1,11 0.82 0.424 0.03
Total DW 1,11 -2.34 0.036 0.06
Shoot length 1,11 2.24 0.043 0.00
Carotenoid 1,11 -1.61 0.162 0.06
Betacyanin 1,11 -0.75 0.467 0.00
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CHAPTER 6 - Final Dissertation
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IMPACT OF THIS WORK AND FUTURE PROSPECTS

The present PhD thesis has provided a contribution to the investigation and
development of new technologies for the ecological transition in agriculture and to
expand expertise in the field of environmental monitoring.

Nanotechnology

With regard to the development of nano-enabled agriculture, the results showed that
this technology may indeed have a great potential. Functionalised nanoparticles,
although of different composition, proved to be excellent tools for the targeted
transport of bioactive molecules or nutrients: they were able to release them in a
controlled and sustained manner and to protect them from degradation or loss due
to environmental factors. Conversely, the expected biostimulating effect was not
always confirmed, since in the case of CaP-HS it was moderate and in that of chitosan
NPs it was not observed at all. This demonstrates that refinement studies are still
needed, which could concern either the type (e.g. chitosan of different origin or
molecular weight) or quantity (HS) of the material to be used.

Beyond these specific cases, the development of next-generation agrochemicals using
nanotechnology still requires in-depth study before they can enter the market (Saritha
et al, 2022). Firstly, there is a great need to test formulations in the open field, to
deeply understand inner mechanisms of action in target organisms and to verify the
absence of adverse or side-effects on complex environmental matrices and in
terrestrial and aquatic ecosystems through a science-based risk assessment (Saritha et
al., 2022). Apart from these unavoidable verifications, one of the main limitations is the
great variety of these nanomaterials. In fact, the topic has been at the forefront in
recent years and there is a great deal of research on the subject, but it is very variable.
Adding further complexity, the molecules to be used as functionalisers and the target
organisms are also numerous (Jiang et al., 2021; Saritha et al., 2022; Worrall et al., 2018).
As a result, it becomes complicated to standardise possible products and achieve a
high level of scientific maturity.

The same issues arise with the application of molecular methods for crop protection,
where the social acceptability of such tools needs to be considered (Giudice et al,
2021; Mezzetti et al., 2020). Although the main criticism concerns cisgenesis and
genome editing, which tend to be compared with GMOs (Giudice et al,, 2021), the use
of SIGS may also raise some doubts, mainly due to public incompetence. In this case,
the best approach for the introduction of these thechniques is to widely test the safety
of the method and to adopt a transparent dissemination strategy of the obtained
results.

In addition to the necessary investigations already mentioned for NPs, the use of RNA-
interference in agriculture requires further verifications due to the specificity of the
sequences to be used. Indeed, the application of dsRNAs as bio-based pesticides
needs specific knowledge of the target organisms and of the mechanisms underlying
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the recognition and triggering of the interference machinery (Giudice et al., 2021).
Discrepancies in the susceptibility to dsRNAs among organisms and even genera are
known (Giudice et al., 2021), as well as in the length of the dsRNAs used, where a size
from 150 to 500 bp seems the most efficient in inducing the activation of the RNAI
pathway (Das and Sherif, 2020; Hofle et al., 2020). Another of the most limiting factors
for field implementation of these technique is the cost-effectiveness of the approach,
Le., the amount of supplied dsRNAs, which would affect not only the success of the
treatment (Das and Sherif, 2020), but also its cost. Therefore, integrating molecular
techniques with nanotechnologies becomes advantageous, in order to obtain efficient,
long-lasting and economically accessible products by reducing the quantity of dsRNAs
employed (Dalakouras et al., 2020; Giudice et al., 2021).

Ultimately, the objective of the next years will be to overcome the mentioned
challenges and develop inexpensive nano-formulations with suitable properties, such
as prolonged shelf life, ease of transport and handling, and a high degree of efficiency,
safety and eco-compatibility. This would both overcome the existing legislative
limitations (Saritha et al, 2022) and induce farmers to favourably introduce these
products in their business (Singh et al., 2021).

Phenotyping

The two works concerning multi-scale plant phenotyping proved to be useful not only
for the results obtained regarding the examined species and ecosystem, but also for
their expandability to other research topics. In fact, these methods enable to identify
morphometric and functional traits capable of describing the adaptive responses of
plants, forming the basis of many investigation fields. In the agronomic sector, this
information could be supportive for genotype studies and to develop sustainable
methods for crop management, e.g., indicating which trait is crucial for resistance of
susceptibility responses. In the environmental sphere, instead, they become
fundamental for territorial planning and for predicting changes in ecosystems in
response to climate change.

In detail, the first work led to the identification of morpho-anatomical traits that
allowed to find distinguishing elements in four weedy Amaranthus species. This
technique proved extremely useful for the possibility of defining, with a statistical
validation, taxonomic differences among species at a juvenile stage, that is usually
difficult to analyse. The study could also be further extended to higher levels of
investigation, using upscaling techniques such as remote sensing, similar to those
employed in the last work of the present thesis. In this case, the multi-scale assessment
provided far-reaching results for understanding the behaviour of vegetation in
response to stresses. In addition, the comparison with conventional destructive
laboratory analyses allowed further validation of the method and of the reliability of
the obtained indices. Moreover, both methods showed to be advantageous
demonstrating to be practical, repeatable and non-destructive towards the whole
plant, factors that are of primary importance in new phenotyping techniques
(Langstroff et al., 2022).
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The implications of all these results are remarkable, as it would be possible to apply
imaging techniques on any plant species for a great variety of purposes. Indeed, the
obtainable information could be integrative for either ecophysiological studies (Noda
et al,, 2021) and smart crop management (Ullo and Sinha, 2021; Volpato et al., 2021;
Xu and Li, 2022).

For example, combining wide to low scale survey levels with additional analysis
methods, information could be obtained to predict:

o the development of different species in a specific (agro-) ecosystem and their
interactions with others (also weed-crop competition) (Aharon et al., 2020);

e the acclimatisation of plants in response to environmental factors, anticipating
modifications due to climate change (Arnold et al., 2019; Langstroff et al., 2022);

e the responses to both biotic and abiotic stresses, helping, in the agronomic
sector, to plan more sustainable disease and nutrition management (Fiorani and
Schurr, 2013; Gill et al., 2022; Zhang and Zhang, 2018).

Finally, such a level of detail in the knowledge of plant morpho-anatomical and
phisological traits could also be the turning point in the development of next-
generation eco-compatible agronomic products. In fact, as seen in the case of nano-
agrochemicals and RNA-interference, the comprehension of their interaction with plant
leaf surface and subsequent internalization is crucial to obtain cost-effective
formulations (Giudice et al., 2021; Jiang et al, 2021). This investigation could be
assessed and implemented through low-scale phenotyping. On the contrary, remote
sensing techniques would facilitate verification of the functionality and effectiveness
of these products by extending testing from the laboratory to the open field.

Conclusions

As seen, topics at the forefront nowadays, such as bio-based nanotechnology and
imaging techniques, have indeed proven to be valuable and multi-purpose tools. In
the perspective of sustainable development, they can provide a significant
contribution to making agronomic or environmental management practices more
efficient, especially by integrating them together and with other complementary
expertises.

This multi-disciplinary approach, with the introduction of new tools to cope with and
simultaneously mitigate the effects of climate change, is the key to reorganising
human activities, maintaining the balance between our development needs and
environmental sustainability.
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CONFERENCES AND WORKSHOPS — ABSTRACTS

Oral communications

Higher Education for Sustainable Food Production: 3rd Joint Meeting of Agriculture-
oriented PhD Programs at Unict, Unifg and Uniud — Giovinazzo (BA, Italy), 11-15 October
2021. Link

Chitosan nanoparticles doped with dsRNA as a tool for sustainable viticulture:
preliminary results

Dora Scarpin', Enrico Braidot', Elisa Petrussa’

1Department of Agriculture, Food, Environmental and Animal Sciences (DI4A),
University of Udine, Via delle Scienze 91, 33100 Udine, Italy.

Agriculture is recently undergoing a period of transition towards sustainability, with
the aim of providing sufficient food for the growing population by reducing the
environmental impact. In this context, nanotechnologies are arousing interest in
research thanks to the versatility and peculiar properties of some nanomaterials, which
appear promising to make some agronomic practices, such as nutrition and crop
protection, more eco-sustainable. Chitosan (CH) is an interesting organic polymer to
be used to obtain nanoparticles (NPs), thanks to its biocompatibility and to the
possibility of sourcing it through the circular economy. CH is known for its ability to
induce several biological responses in plants concerning their growth and their
defense against diseases, and it shows also good performances as a shuttle for a
variety of molecules. This opens the possibility both to profit from the CH carrier
function and its protective action against external agents, and to obtain a synergistic
effect between it and the transported molecule. In our case, the goal is the
functionalization of CH-NPs with specific dsSRNA sequences of grapevine pathogens to
exploit the RNA-interference (RNAI) mechanism, which has been suggested as an
innovative strategy to limit pathogen infections.

Preliminary results will be here presented, concerning the development of a protocol
for the synthesis of CH-NPs, their characterization and the first information regarding
their interaction with dsRNA sequences. Two variants of NPs have been produced
(from chitosan as it is, or treated with hydrogen peroxide), which were doped with
dsRNA sequences of Esca disease pathogens. The difference in synthesis procedures
determined opposite interactions with nucleotides, resulting in a lower dimensional
size and greater retention of the doping agent by the NPs obtained with untreated
chitosan.
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https://www.di3a.unict.it/sites/default/files/files/BOOK%20OF%20ABSTRACTS.pdf

55th SISV Congress: “Vegetation Science and Global Changes: Scenarios, Challenges and
Innovation” — L'Aquila (Italy), 16-17 June 2022. Oral communication by Dr. Giacomo
Trotta. Link

Remote sensing tools to parse the acclimation response of saltmarshes to
flooding stress: upscaling perspectives in lagoon systems

Giacomo Trotta'?, Marco Vuerich!, Paolo Cingano', Dora Scarpin’, Elisa Petrussa’,
Enrico Braidot', Francesco Boscutti’

'Department of Agriculture, Food, Environmental and Animal Sciences, University of
Udine (DI4A), Via delle Scienze 91, 33100 Udine, Italy.

?Department of Environmental and Life Sciences (DSV), University of Trieste, Via Licio
Giorgieri 5, 34127, Trieste, Italy.

Sea level rise is considered a prominent aftermath of the ongoing global warming,
which is expected to seriously treat the worldwide coasts. Among coastal
environments, saltmarshes harbor plant communities particularly sensitive to the
increase of flooding. Although saltmarshes might contrast sea level rise by accretion
and niche shifting, sea rise rates and the coastal squeeze phenomenon undermine the
acclimation capacity of such plant communities. For these reasons, parsing the
underlying mechanisms of the response of saltmarshes to flooding is of outmost
importance to foresee the future scenarios for these important ecosystems. In this
light, linking different ecological scales using an upscaling approach might provide
new insight into the ecological processes involved. We analyzed main traits of plant
community and the growth of the key species Salicornia fruticosa (L.) L. in 9 saltmarshes
along the flooding gradient (Marano and Grado lagoon, northern Adriatic Sea). In
particular, we considered community (i.e. species richness, dry biomass, dry matter
content) and individual growth (i.e. shoot annual growth, dry biomass, dry matter
content, plant height) and physiological traits (i.e. pigments and secondary metabolite
content) in response to flooding gradient. Concurrently we carried out a UAV
(Unnamed Aerial Vehicle) multispectral survey, in order to obtain remote sensing-
derived vegetation indices (i.e. NDVI - Normalized Difference Vegetation Index, LCI -
Leaf Chlorophyll Index, ARI - Anthocyanin Reflectance Index) for the upscaling of plant
responses. We found that the flooding gradient produced a significant decrease of
plant biomass and growth, affecting both plant traits and plant community features.
We also found remote sensing-derived indices to be related to the analyzed plant
traits, showing promising perspectives for the upscaling plant flooding stress response.
In particular, NDVI was mainly linked to individual annual plant shoot elongation while
the other indices were also related to stem pigments and secondary metabolites
content. Our findings shed new light on the potential use of the remote sensing tool
for the understanding of the response of saltmarshes vegetation to the future increase
of the sea level, proving to be a promising method for long-term monitoring of these
plant communities.
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Higher Education for Sustainable Food Production: 4th Joint Meeting of Agriculture-
oriented PhD Programs at Unict, Unifg and Uniud — Paluzza (UD, Italy), 3-7 October
2022. Link

Chitosan nanoparticles for sustainable agriculture: interactions with leaf surface
and protective effect on dsRNA as functionalising agent

Dora Scarpin’, Enrico Braidot’, Elisa Petrussa’

'Department of Agriculture, Food, Environmental and Animal Sciences, University of
Udine (DI4A), Via delle Scienze 91, 33100 Udine, Italy.

Collaboration: Research Centre for Viticulture and Enology, Council for Agricultural
Research and Economics (CREA-VE), Via XXVIII Aprile 26, 31015 Conegliano (TV), Italy.

Climate change and population growth are causing significant issues in the agricultural
world, among which the worsening of environmental stresses suffered by crops and
the inefficient use of resources must be highlighted. That's why it's necessary to find
eco-sustainable solutions that can guarantee adequate production efficiency without
affecting environmental health. Among the most advanced technologies, the
development of nanomaterials partially replacing the conventional treatments with
synthetic pesticides and fertilizers, stands out, given their more efficient transport of
bioactive substances to plants and protection from damaging factors. Considering
organic materials, nano-chitosan is even eco-compatible and obtainable through
circular economy.

Another innovation concerning the defense of crops is the exploitation of the so-called
RNA-interference mechanism. Specific dsRNAs targeting an essential gene of a
pathogen or weed can be applied exogenously, triggering a pathway that leads to
gene silencing into the organism. A major issue, however, consists in the easy
degradability of these sequences if applied naked, which makes the technology still
unlikely for agricultural up-scaling.

In this regard, the aim of our research was to verify the feasibility of dsRNA application
on plants by means of functionalized chitosan nanoparticles (NPs), thus allowing its
efficient delivery and protection. After defining the best synthesis protocol of NPs,
these were used for different tests. To verify their ability to adhere to the leaf surface,
they were observed by confocal microscope on two plant species thanks to a
fluorescent probe. Subsequently, after their functionalization with nucleotides, their
protective capacity was studied. These tests proved to be fundamental for the
prosecution of the work concerning the evaluation of the formulation efficacy on plant
pathogens.
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Chitosan is one of the most abundant biopolymers on earth, together with cellulose,
and is easily obtainable from chitin-based waste (crustaceans, fungi, insects) using
circular economy processes. Therefore, considerable interest is conferred to its
application in developing new technologies for eco-sustainability in agriculture,
especially in synthesizing nanomaterials. Furthermore, it is known that its beneficial
properties, such as the induction of biological responses concerning plant defense
against stresses, are enhanced when the polymer is in a nanometric form. Furthermore,
chitosan nanostructures show better interaction with plant teguments and an
appreciated durability and stability; hence, they are also suitable as carriers for
bioactive molecules to be used as new-generation agronomic formulates for crop
nutrition or protection.

Given their potential in the future, this lesson will take an in-depth look at the
properties and synthesis of chitosan nanoparticles, including some examples of plant
pathology applications.
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Increased anthropogenic activity and consequent climate change are causing
significant damages in the agro-ecosystem, including worsening environmental
stresses on crops and inefficient use of resources. Hence, it becomes essential to
develop sustainable solutions to ensure adequate production efficiency and limited
impact. Recent innovations include alternatives to be used as partial replacement of
agrochemicals for crop protection or nutrition, as well as smart technologies to detect
vegetation responses to environment in order to improve agronomic management
planning.

In this context, the present research firstly aimed to develop efficient ways for
sustainable crop protection using natural nanomaterials obtained through circular
economy (mainly chitosan-based). These nanoparticles (NPs) have also been employed
as carriers for specific double stranded-RNA sequences, aimed at making the so-called
Spray-Induced Gene Silencing technology more efficient. This strategy, through topical
application of RNAs targeting pathogen genes to plant material, may enable disease
control. For this purpose, after preliminary analyses on NPs’ properties (alone and
functionalized) and on their behavior when sprayed on tobacco leaves, inhibition tests
on Botrytis cinerea were carried out. To do it, NPs conveying dsRNAs with interfering
function on fungal metabolism have been employed.

Secondly, another experiment was conducted with the aim of developing an
investigation method for plant phenotyping. Different traits of the leaf surface of four
invasive Amaranthus species were studied, using imaging techniques and multivariate
statistical analysis. This method has made it possible to identify traits able to describe
plant adaptive responses, useful as supporting information for genotype studies.

Both lines of research, as innovative and complementary, are worthy of being
developed for the eco-sustainable management of the agro-ecosystem.
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Nowadays the management of crops requires the use of a large quantity of pesticides,
herbicides and fertilizers, especially in high-income crops such as vines, which undergo
several treatments per year. Their use, however, is highly inefficient, with considerable
losses that have harmful effects on the environment and human health. For this reason,
the interest towards methods able to make agronomic practice more sustainable is
growing noticeably. Particular attention is paid to nanotechnology applied in
agriculture, as this could lead to the development of nano-agrochemicals more
effective than conventional ones, concerning leaching and treatment persistence on
plant. In fact, nanomaterials allow to bind the molecules of interest and to transport
them directly to the target site in the plant, thus reducing the overall doses used and
their dispersion into the environment.

According to this perspective, in this work two types of calcium - phosphate
nanoparticles were applied on Chardonnay grapevine cultivar: the aim was to evaluate
their potential as vectors for low amounts of ionic elements, which may have a
nourishing or biocidal function. In particular, two different methodologies have been
used for functionalization with copper (Cu Il), aiming to investigate its inhibitory action
on Plasmopara viticola infection and to verify its entry into the leaves.
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Agriculture is currently facing numerous challenges: the rapid rise of the world
population, the consequent growth in food demand, the global decrease in crop yield.
Particularly regarding the last issue, climate change is worsening the environmental
stresses that commonly affect crops, and the use of resources — such as fertilizers and
pesticides — is highly inefficient and pollutant. In this context, research is looking for
new approaches to improve crop productivity by more efficient and environmentally
friendly practices. It has been shown that nanomaterials are suitable for the
development of cutting-edge technologies with the aim of improving the delivery of
bioactive substances on plants and to promote their resistance to biotic and abiotic
stresses. Among organic polymers, chitosan, if used in the nanoscale form, shows both
properties; it can induce biological responses concerning plant defense against
diseases and pathogen attack, and it is particularly suitable as a carrier for several
molecules. Another innovative method for the defense of crops is the exploitation of
the spray-induced gene silencing (SIGS) based on the activation of the so-called RNA-
interference (RNAI). It involves exogenous double stranded RNAs (dsRNAs) targeting
an essential pathogen gene, which trigger the RNAi pathway leading to the
translational repression by degradation of target homologous mRNAs. In our case, the
research aimed to verify the feasibility of dsSRNA distribution on plant surface by means
of functionalized chitosan nanoparticles (CH-NPs), thus allowing the protection of the
doping agent and its efficient delivery. Here we show the preliminary results regarding
the characterization of CH-NPs, their loading with dsRNAs and their interaction with
the leaf surface of Nicotiana benthamiana plants. The effects of the dose-dependent
distribution were analyzed by confocal microscopy upon incorporation of a fluorescent
probe.
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Weeds are one of the major issues in cropping systems, responsible for significant yield
losses. Herbicide applications are the most effective strategy to control weeds, but
stricter legislation has resulted in a significant reduction in the number of herbicides
available on the market. Furthermore, the recent European legislation on the
sustainable use of pesticides will require farmers to drastically reduce chemical use
over the next ten years while promoting integrated weed management strategies that
improve environmental sustainability and lower the risks to animal and human health.
In addition, the over-reliance on chemical control has resulted in the evolution of
resistant biotypes. As a result, new technologies to effectively manage weeds and weed
resistance should be developed. In this regard, the development of a non-chemical
weed control strategy based on RNA interference (RNAI) technology could: i) represent
a potential non-chemical weed control strategy, ii) provide an emerging GMO-free
strategy for managing invasive and resistant weeds, and iii) provide a valid opportunity
to go inside the molecular mechanisms of weed biology.

In this study, the acetolactate synthase (ALS) gene of Amaranthus hybridus L. has been
used as the target to assess the effectiveness and applicability of in-vitro synthesized
double-stranded RNAs (dsRNAs) direct application for endogenous gene silencing and
weed control. A. hybridus is a monoecious and self-pollinated weed that has evolved
multiple resistance to herbicides with different sites of action, including ALS inhibitors,
which are the most used herbicides in soybean. ALS represents an ideal target for the
development and future application of dsRNA-mediated gene silencing because it is
an intronless, nucleotide-stable, and single-copy gene. We have produced dsRNAs of
various lengths (ranging from 218 to 460bp) targeting three distinct ALS regions: the
5'- and 3'-ends, and a central region. dsSRNAs molecules were transcribed in-vitro by
T7 RNA polymerase and externally applied to the abaxial leaf surface of A. hybridus
plants at 4-6 true leaves developmental stage by: i) mechanical inoculation, or ii) high-
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pressure spraying. Despite the expression of ALS gene transcripts was found to be
lightly downregulated when synthetic ALS-dsRNAs were applied, no phenotypic effects
were observed. Our current research focuses on the determination of the effectiveness
of ALS-dsRNAs silencing using agroinfiltration techniques, and on dsRNAs delivery
techniques through the use of nanomaterials to maximize the effectiveness of gene
silencing by exogenous dsRNAs application. This second approach was preliminary
studied by RNA electrophoretic mobility of functionalized nanomaterial and by means
of confocal microscopy on A. hybridus leaves. In parallel, we are examining the
expression patterns of genes thought to be involved in the RNAIi pathway in A. hybridus
to verify if their expression is triggered by dsRNA applications.
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Plant phenotyping is an important tool that can provide insight into the interaction
between plants and the environment, often as supporting information for genotype
studies. The resulting knowledge can be useful in eco-physiological research, to
understand how species adapt to their growing conditions and to biotic competition.
In recent years, phenotyping techniques for the study of plant morpho-anatomical
traits have developed in the field of the imaging analysis, starting from microscope
images up to high scale acquisitions through remote sensing. In this work, we focused
on the detailed study of single-leaf morphometric traits through the processing of
photographic and confocal microscope acquisitions. Four species of Amaranthus were
used, being plants of interest due to their high invasiveness into fields. Their
morphological traits could become a useful tool to describe their adaptative responses
and to define strategies for the sustainable management of the agro-ecosystem.
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Increased frequency of heatwaves and droughts are some of the aspects by which
climate change threatens maize cultivation (Zea mays L.), thus playing a crucial role in
global food security. The impact of drought on maize production is multifaceted.
Firstly, drought stress during the critical stages of germination, flowering and
pollination can lead to decreased plant growth, pollen production, nutrient uptake and
ultimately to lower grain yields (1). In addition, prolonged periods of drought increase
the spread of pests and diseases, which further exacerbate the vulnerability of maize
crop and may compromise yield quality (2). However, the introduction of irrigation
could only partially limit the damaging effects of severe water stress on maize
performance. Therefore, improving the knowledge of the physiological response to
water scarcity of this crop may be crucial for agronomic choices in the field.

In this context, we monitored 20 maize fields, characterized by the simultaneous
presence of irrigated and non-irrigated areas, along a soil grain size gradient in the
Friuli Venezia Giulia region throughout the growing season, at four phenological
stages (Le., beginning of stem elongation, flowering, milk maturation, dent
maturation). In particular, we considered the plant individual functional response (i.e.,
plant height, SLA, leaf DMC, leaf chlorophyll, carotenoid and flavonoid content, kernel
DW, kernel C:N, kernel §13C), and the aflatoxin and fumonisin content of the kernel in
relation to irrigation conditions and climate data (ie, total precipitation, mean
temperature).

We found that the soil structure effect is overruled by the effect of climate and/or
irrigation. As we expected the absence of irrigation and low total precipitation led to
a reduction of plant biomass and kernel production whereas interaction between
irrigation and phenological stage had significant effect on leaf pigments (ie,
chlorophyll) and secondary metabolites (i.e., flavonoid). Moreover, irrigation enhanced
the kernel C:N ratio and 13C, whereas reduced the amount of aflatoxins.
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Our further investigations aim at evaluating the interplay between the climatic
variables, the soil structure and the individual traits on the ultimate content of
mycotoxins in the kernel, with two distinct irrigation regimes and at the given different
phenological stages adopting a structural equation modelling approach.

1) A. Challinor, J. Watson, D. Lobell, S.M. Howden, D.R. Smith, N. Chhetri (2014) Nature Clim Change 4,
287-291.

2) S. Savary, L. Willocquet, S.J. Pethybridge, P. Esker, N. McRoberts , A. Nelson (2019) Nat Ecol Evol 3,
430-4309.

188



IX International Plant Science Conference (IPSC) — Pisa (Italy), 13 - 16 September 2023.
Poster communication by Dr. Giacomo Trotta. Link

Alien plant invasion during early succession stages of dune systems is driven by
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Biological invasion is nowadays recognised as one of the major threats to biodiversity
(1). This is particularly true for coastal habitats, where dunes are considered one of the
most invaded habitats worldwide. Many studies linked the success of alien plant
invasion in dune ecosystems to human disturbances, but less is known about the role
of soil properties in plant invasion. Soil properties can directly affect plant dune
colonization and the final community composition (2,3). This is expected to be linked
to the interplay of soil and the plant functional response, generating important plant-
soil feedbacks able to reverberate on the community structure and composition. Plant-
soil interactions are thus expected to be crucial in explaining the invasion processes,
but their role in dune alien colonization in mostly unknown.

We performed a manipulative experiment in a barrier island of the Marano and Grado'’s
lagoon, Northern Adriatic Sea. The whole plant community of backdune was erased by
a soil miller in the selected plots to trigger a new ecological succession and test the
mechanism of alien plant invasion during the early stages of plant colonization. In 8
experimental bocks, we altered soil properties by adding salt, nitrogen and organic
matter (i.e. peat) and combining those treatments in 1 m2 plots with a factorial design
(Le. 8 replicates x 8 treatments = 64 plots). We recorded the emergence of seedlings
with a camera system every 15 days. At the end of experiments, we recorded the plant
community composition and measured the following traits: plant height, species cover,
number of individuals, leaf pigments, SLA. Moreover, those traits were calculated for
the overall community and for the key species (Cakile maritima Scop.) We also
estimated the decomposition rate of the soil using the Tea Bag Index. In addition, the
same parameters were collected in 8 reference plots (i.e. surrounding unaltered plant
community).

The results showed that most of the treatments decreased the species richness of alien
plants, in particular where soil salt content was enhanced. Moreover, some treatments
had positive effects on the native plant cover and decreased the overall number of
alien individuals, potentially reducing the initial propagule pressure due to the soil
seed bank and, hence, changing the further plant community trajectories. This study
provides new information on conservation and management efforts in this ecologically
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sensitive area, giving new insight into the dynamics of biological invasion and the
impacts on native ecosystems.

1) F. Lami, S. Vitti, L. Marini, E. Pellegrini, V. Casolo, G. Trotta, M. Sigura, F. Boscutti (2021) Ecological
Indicators, 133, 108450.

2) M. Vila, C. Basnou, P. PySek, M. Josefsson, P. Genovesi, S. Gollasch, W. Nentwig, S. Olenin, A. Roques,
D. Roy (2010) Frontiers in Ecology and the Environment, 8, 135-144.

3) S. Vitti, E. Pellegrini, V. Casolo, G. Trotta, F. Boscutti (2020) Journal of Plant Ecology, 13, 667-675.
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Maize (Zea mays L.) is one of the most important crops worldwide both in terms of
yield and land surface used, which are constantly increasing. One of the most critical
stages for maize reproduction and seed establishment is the emergence of silk from
cob: silks are particularly susceptible to environmental stresses and represent a
preferential entry route for mycotoxin-producing fungi such as Fusarium verticillioides
and Aspergillus flavus (1). Moreover, from elongation to senescence, silks become a
sink organ enriched in nutrients (e.g., Non-Structural Carbohydrates (NSC)), and a
crossway for various primary and secondary metabolites. In maize silks, these
metabolites are expected to be significantly affected by environmental stress
conditions (2) and by the maturation stage of silk tissues themselves, possibly affecting
the fungal colonization of the ear tissues. In temperate regions of cultivated maize,
also pathogen growth and mycotoxin production are thought to be affected by
environmental factors, such as alterations in temperature, rainfall and humidity (3),
which are strictly related to climate change.

The aim of this study is to investigate the impact of the environmental conditions on
the fungal microbiome in maize developing silks at two different phenological stages.
To do so, some eco-physiological parameters have been measured in 5 plots under
contrasting climate conditions, and the complete fungal microbiome has been
sequenced for each plot, both at the beginning of emergence and at the senescence
of silks.

In this study we expect to get new insights into the interplay of the environmental
conditions, ie. precipitation and temperature, and phenological stage of silks in
determining the fungal microbiome of maize silks. We do believe that climate-induced
plant response might be pivotal in shaping the microbiome communities by favouring
some fungal groups and disfavouring others during early silk colonization.
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1) Thompson, M. E. H. & Raizada M. N. Fungal pathogens of maize gaining free passage along the silk
road. Pathogens, 7(4), 81 (2018).
2) Slewinski, T. L. Non-structural carbohydrate partitioning in grass stems: a target to increase yield

stability, stress tolerance, and biofuel production. Journal Of Experimental Botany, Vol. 63, No. 13, pp.
4647-4670 (2012).

3) Magan, N. & Medina, A. Integrating gene expression, ecology and mycotoxin production by Fusarium
and Aspergillus species in relation to interacting environmental factors. World Mycotoxin J. 9, 673-684
(2016).
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