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Abstract 

Inspired by the Sustainable Developmental Goals of the Agenda 2030, this work addressed 

three topics of pivotal importance in the sustainability era, namely: circular economy, sustainable 

agriculture, and biodiversity valorization. Natural products chemistry and metabolomics were keys 

to achieve the following aims: 1) the valorization of waste plant material for circular economy, 2) the 

achievement of deep knowledge of plant-environment interactions in view of sustainable agriculture, 

3) the biodiversity valorization through the investigation of local flora.  

The first aim was accomplished by analyzing the phytochemical profile and the bioactivity of 

neglected plants matrices. Residues of aromatic plants after distillation resulted active against a plant 

pathogen suggesting a potential reuse of these matrices in agriculture. In addition, by-products of 

chestnut cultivation proved endowed with in vitro neuroprotective properties.  

The second aim was achieved by the development of two case studies. In particular, a work was 

carried out in field to study Sorghum bicolor subjected to several environmental and anthropic factors, 

and the other one in greenhouse exploring Taxus baccata responses to different LED lighting. 

Metabolomics proved successful to identify sorghum biomarkers for crop quality and development 

and allowed to monitor taxus growth providing useful insights for sustainable agriculture.  

To achieve the third aim, spontaneous plants collected in Sardinia were investigated for their 

antiproliferative activities. Five plants resulted endowed with promising bioactivity thus their 

phytochemical composition was investigated through NMR spectroscopy. Finally, a focus on 

chemodiversity was placed by studying Solanum dulcamara chemotypes through MS metabolomics 

which revealed that the chemotypes differed for the leaf steroidal glycoalkaloids. 

The overall thesis work underlined the importance of plant specialized metabolites in multiple 

fields and demonstrated that the study of these molecules aids the sustainable development, enhancing 

circular economy, sustainable agriculture, and biodiversity valorization. In this context, 

metabolomics approach resulted particularly interesting.  
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Introduction 

The Sustainability Era 

“Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs”. This 

definition, given by the World Commission on Environment and Development in 1987 

[1], can be considered the fundamental idea behind a new era: the era of sustainability 

[2]. Since 1950 global population has increased extremely fast and consequently also the 

environmental footprint of mankind has increased [3]. The demand of resources, such as 

food and energy, with the associated production of wastes and pollution, has reached a 

tipping point, making urgent a transition from the present model of development to a 

more sustainable one. This transition implies the cooperation between relevant 

stakeholders such as governmental bodies, private producing parties, scientists, and non-

governmental organizations, and requires policies and actions [4]. In 2015, United 

Nations adopted the 2030 Agenda, which lists 17 Sustainable Development Goals 

(SDGs), defining precise targets and indicators to end poverty, protect the planet and 

improve everyone’s life and prospects, everywhere [5]. Obviously, resources and 

environment management play a pivotal role in the Agenda. For instance, goal 2 is “zero 

hunger” and highlights the importance of increasing agricultural productivity and 

sustainable food production; goal 12 is “responsible consumption and production”, 

decoupling also economic growth from environmental degradation. Lastly, goals 14 and 

15 specifically address the conservation of biodiversity and natural habitats [5]. 

Sustainable agriculture 

In 2017 the estimated undernourished people were 821 million, a number which 

has been rising since 2014 and most likely will be worsened by the actual COVID 

pandemic [6]. Changing this trend is one of the great challenges of our time and requires 

global actions. The global community has defined the following targets to achieve goal 

2: universal access to safe and nutritious food; end all forms of malnutrition; double the 

productivity and incomes of small-scale food producers; sustainable food production and 

resilient agricultural practices; maintain the genetic diversity in food production; invest 

in rural infrastructures, agricultural research, technology, and gene banks; prevent 
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agricultural trade restrictions, market distortions, and export subsidies; ensure stable food 

commodity markets and timely access to information [5]. Clearly, these targets cannot be 

achieved without a deep understanding of the complex agricultural ecosystems and 

require interdisciplinary work of scientists from various research areas, such as 

agronomy, ecology, sociology, economics, and politics.  

With the objective of achieving sustainable agriculture, several strategies have been 

adopted from the simple adjustment of the crop management to fundamental changes at 

the farming system level. Lichtfouse et al. [7] described three main strategies: firstly, the 

substitution strategy which is based on the logic of replacing a farming technique with a 

more sustainable one, for example, to substitute toxic chemicals with compounds which 

are less pollutant or less persistent in soil; secondly, the agroecological strategy, which 

involves the application of ecological concepts such as enhancing biodiversity by 

intercropping or rotating crops; finally, the global strategy whose principle is to solve 

agricultural issues at global scale. Other emerging agricultural biotechnologies were 

recently described by Anderson et al. [8] and are mainly based on genetic and molecular 

tools to produce transgenic crops resistant to diseases or more tolerant to abiotic stress.  

Circular economy 

While part of the global population is suffering hunger and malnutrition, another 

one is dealing with obesity and food wastes. Already in 2011 FAO (Food and Agriculture 

Organization of the United Nations) estimated that one-third of food (about 1.3 billion 

tonnes per year) is lost or wasted globally. This is not only an ethical issue but also an 

environmental one. Together with the food itself, other resources, such as land, water, 

energy, soil, and seeds are wasted and greenhouse gasses are emitted in vain [9]. 

In nature there are no wastes, everything is transformed like in a closed-loop, in 

fact, cycles, such as of water and nutrients, are very common. Basically, this is the idea 

behind the circular economy: to avoid waste production making it a source for others so 

closing loops.  

Since 2015, the European Commission has adopted the Circular Economy Plan and 

implemented it in 2020. This strategy presents initiatives aimed at reducing waste 

production and implementing the SDGs [10], in fact, awareness about this problem was 

raised also by the United Nations especially in goal 12 of the Agenda 2030.  
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On one hand, the global waste is expected to grow to 3.40 billion tons by 2050 [11], 

on the other hand, it has been estimated that moving towards a circular economy Gross 

Domestic Product in European Union will increase by almost 0.5% by 2030 compared to 

the baseline case [12]. The measures contained in the Circular Economy Action Plan can 

help the shift to a more resilient economy providing guidelines for policy and companies. 

In parallel, also the scientific community is manifesting a growing interest in the topic, 

as reflected by the number of publications which is raised from less than 200 in 2015 to 

more than 3100 in 2020 [13]. One notable example of how research can help the 

implementation of circular economy practices is represented by the valorization of agri-

food loss and waste, studying these matrices, and finding potential application in the food, 

cosmetic, and pharmaceutical industries. In fact, especially waste of plant origin are 

source of nutrients, enzymes, and bioactive compounds that can be employed in different 

industrial sectors [14].   

Biodiversity  

Excessive resources extraction, greenhouse gas emissions, and pollution drastically 

change ecosystems leading to the loss of biodiversity. Despite some progress made 

towards sustainable forest management, about 100 million hectares of forest have been 

lost from 2000 to 2020 and around 1 million of animal and plant species are threatened 

with extinction [5]. This has profound consequences for human well-being and survival. 

For example, one consequence of interfering with the natural balance within ecosystems 

is the occurrence of zoonosis, as also recently shown by the COVID-19 pandemic.  

The value of biodiversity for human beings is also emphasized in the following 

words of United Nations, 34th Session of the Human Rights Council:  

“The full enjoyment of human rights, including the rights to life, health, food and water, 

depends on the services provided by ecosystems. The provision of ecosystem services 

depends on the health and sustainability of ecosystems, which in turn depend on 

biodiversity. The full enjoyment of human rights thus depends on biodiversity, and the 

degradation and loss of biodiversity undermine the ability of human beings to enjoy their 

human rights.” [15].  

Even though the focus on biodiversity is placed in goals 14 and 15 of the Agenda, 

according to Blicharska et al. [16], biodiversity can contribute to the fulfillment of all the 

SDGs, either directly or indirectly. In order to counteract the loss of biodiversity it is also 
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important the establishment of new protected areas; the improvement of regulation, 

monitoring, and surveillance; combating desertification, illegal fishing, and hunting as 

well as increasing scientific knowledge [5].  

Concerning plants, in addition to provide oxygen, absorbing carbon dioxide, 

offering food and habitat for many species, they represent a precious source of unique 

metabolites, also known as secondary metabolites or plant specialized metabolites. 

Thanks to secondary metabolism, plants can interact with the environment, however, the 

reason why such extraordinary chemical diversity exists is still debated. One of the most 

accredited hypotheses is the “interaction diversity” hypothesis, which posits that plants 

produce numerous compounds because they interact with numerous organisms [17,18]. 

In this view, secondary metabolites diversity (chemodiversity) can benefit plants in 

multispecies interactions and the other way around, namely plants grown in a high 

biodiverse environment likely express higher chemical diversity compared to plants 

cultivated in a low biodiverse environment, i.e. monoculture. This peculiarity of plants, 

turns out to be useful also in natural product chemistry, especially in drug discovery [19-

21].  

In this context, increasing knowledge about plant species, their specific metabolites 

and their ecological role and potential use, is particularly relevant in biodiversity research, 

not only for practical and technological purposes but also to increase awareness on the 

importance of biodiversity and to finally contribute to its preservation.  

The contribute of Natural Products Chemistry to sustainability  

Natural products chemistry covers the study of chemical compounds produced by 

living organisms. This research field has led to many innovations, particularly in 

medicine, where it has been estimated that up to 50% of the approved drugs during the 

last 30 years are coming from natural products, either directly or indirectly, and many of 

these are plant-derived [22]. These latter generally belong to secondary metabolites and 

play different functions in plants, including defense against predators or attraction of 

pollinators [23]. Over 400 million years, plants have shaped their chemistry and lately, 

also humans have learned to profit from these precious sources. Phytochemical 

investigation on Taxus brevifolia, Artemisia annua, Galanthus nivalis, and Salix alba 

resulted in the discovery of taxol, artemisinin, galantamine, and acetylsalicylic acid, 

providing the basis to treat or even heal diseases as cancer, malaria, Alzheimer’s, or 
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simple pain and inflammation. Natural products can either be used directly as 

pharmaceutical agents or serve as lead compounds. Despite other strategies have been 

adopted in search of new leads, such as high throughput screening systems and 

combinatorial chemistry, most likely nature will continue to offer a significant portion of 

these leads [24].  

Besides the pharmaceutical field, natural products are also employed for several 

other purposes. For example, in the food industry carotenoids are used as natural pigments 

[25], phenolic compounds and terpenes with antimicrobial properties are employed as 

natural preservatives [26], and terpenes are also used as flavoring and perfuming 

compounds [27]. Even agriculture can benefit from natural products, which find 

application as pesticides, herbicides, or are used as starting material or as leads in the 

synthesis of substances for crop protection [28,29]. In search for new molecules, focusing 

on understudied plants or conducting research in highly biodiverse areas (which likely 

return high chemical diversity), is particularly promising. Additionally, nowadays the 

possibility of recovering bioactive molecules from waste appears very attractive in view 

of sustainable development. 

The extraordinary chemical diversity of secondary metabolites and consequently 

the wide range of possibilities for their utilization, explain the relevance of natural 

products chemistry. However, in addition to study single molecules, their chemical 

structure, and their biological properties, focusing on extracts and their phytochemical 

patterns is equally important. For example, studying the metabolomic change within an 

organ or the entire organism in different biotic or abiotic conditions is useful to 

understand why a plant species produces a peculiar molecule, thus clarifying the 

biological or ecological role of this latter [30]. Unrevealing the metabolic pathways 

beyond the natural product of interest, is crucial to develop biotechnological methods for 

its synthesis [31]. Measuring the change of metabolites triggered by the administration of 

a natural product is relevant to understand its mechanism of action and its toxicity [32]. 

All these objectives can be achieved through multidisciplinary work and adopting an 

“omic” approach, in particular, metabolomics proved successful in different research 

fields such as drug discovery, evolutionary biology, and chemical ecology.  

In conclusion, the study of natural products, especially supported by the 

metabolomics approach, brought innovation in several disciplines and, in the light of what 
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described in the previous paragraph, plays an important role in implementing scientific 

knowledge also in fields such as biodiversity, circular economy, and sustainable 

agriculture representing the fil rouge of this thesis work.  

NMR-based metabolomics: a powerful tool in Natural Products Chemistry 

The classical phytochemical approach to the study of plant metabolites requires 

extraction, isolation and purification through chromatographic methods, and structural 

elucidation using techniques such as nuclear magnetic resonance (NMR) spectroscopy 

and mass spectrometry (MS). This approach is time-consuming, requires the use of a large 

quantity of solvents and starting plant material, and revealed some pitfalls when 

employed for lead compound discovery, such as degradation and isolation of compounds 

that are already known (replication).  

A novel approach is offered by metabolomics, defined as “the area of research 

which strives to obtain complete metabolic fingerprints, to detect differences between 

them and to provide hypothesis to explain those differences” [33]. The successful 

execution of metabolomics applied to natural products chemistry depends primarily on 

the proper harvesting and sample preparation. The following steps include the analysis of 

a sufficient number of samples to be compared, the multivariate data analysis, the 

identification of the biomarkers of interest, the extraction of biological knowledge, and 

the validation of the generated hypothesy(s) [34].  

Since its foundation in the late 1990s, metabolomics has proven to be a valuable 

tool for the analysis of biological systems and has been used in different fields, including 

medical science, synthetic biology, medicine, and predictive modeling of plant, animal, 

and microbial systems [35]. Currently, the main methods used for metabolomic studies 

rely on NMR or MS coupled with Chromatography (liquid or gas). Each method has its 

respective advantages and disadvantages. NMR is highly reproducible, fast, quantitative, 

and avoids samples derivatization treatments. However, its main limitation is its low 

sensitivity. MS is a highly sensitive technique that can reveal information on thousands 

of different metabolites. The main challenges associated with MS are reproducibility and 

compounds identification [36].  

Simple and fast sample preparation, short measurement time, advanced data 

analysis methods, the possibility to determine the structures of known or unknown 
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compounds using advanced two-dimensional (2D) techniques make the NMR-based 

metabolomic approach a very powerful tool for the profiling of crude plant extracts and 

for the rapid identification of bioactive natural products [37]. To date, numerous 

applications of NMR-based metabolomics have been reported in plants natural products 

chemistry, such as the quality control of botanicals or foods [38], chemotaxonomy [39], 

analysis of genetically modified plants [40], interactions between plants and other 

organisms [41], plant disease diagnosis [42]. Moreover, NMR-metabolomics combined 

with projection-based multivariate data analysis (PLS-DA, PLS) provides the possibility 

to link the chemical profile of plant extracts to their bioactivity data [43], offering a valid 

approach to solve the major challenge in the studies of medicinal plants: to identify the 

active compounds into a complex biological matrix.  

Objectives and thesis structure 

This thesis work, inspired by Sustainable Developmental Goals, addresses this topic 

through three research lines focused on: 1) circular economy, 2) sustainable agriculture, 

3) biodiversity. Consequently, the work is structured in three chapters covering the 

overmentioned subjects and the obtained results. 

Chapter one, dedicated to circular economy, includes a bibliographic survey, which 

was carried out as first step of this work, in order to assess the state of the art about 

recovery of bioactive compounds from neglected matrices of plant origin. Moreover, this 

chapter includes two works done on waste plant material, obtained from local industries 

and providers. These matrices, properly treated and extracted, were investigated by 

analyzing both the phytochemical profile and their potential biological activities, in order 

to valorize these products for the use in the pharmaceutical or agrochemical industries. In 

fact, recovering functional ingredients from easily available and low-cost material 

contributes to tackling the economic and environmental problem of the disposal of such 

waste by promoting recycling or re-use, thus enhancing the circular economy. 

Chapter 2 addressed the topic of sustainable agriculture, which requires to adopt 

cultivation techniques that use fewer inputs and resources without drastically reducing 

yields and keeping the desired standards of safety and quality. This can only be achieved 

through a deep knowledge of the plants, their needs, and how they relate to biotic and 

abiotic factors. In this framework, a field experiment was carried out on Sorghum bicolor, 

a crop important especially for its nutritional value. In this study, untargeted 
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metabolomics was coupled with agrometeorological survey with the aim of studying the 

metabolomic variation during crop development and in response to environmental and 

anthropic factors. Pursuing the goal of understanding how the plant shapes its 

metabolome in relation to the environment, can help to define the most appropriate 

farming practices and to develop smart agriculture techniques.  

A second research about the topic of sustainable agriculture, was focused on a plant of 

pharmaceutical interest: Taxus baccata. In this case, plants were grown in a smart 

greenhouse experimenting the effects of supplemental LED lighting on plant’s growth 

and metabolome. The 2030 Agenda highlighted also the importance of innovation and 

technology as well as the need of developing more sustainable farming systems. Indoor 

cultivation offers several advantages such as the possibility of reducing water supply and 

pesticides. Moreover, LEDs are considered more environmentally friendly and 

economically favorable than the conventional lighting, and have safer management and 

disposal practices [44,45]. Thus, researching in this field opens up new opportunities for 

improving agriculture sector.  

Finally, a focus on biodiversity and the consequent chemodiversity is reported in 

chapter 3. Plants collected in Sardinia, an island characterized by high biodiversity and 

notable degree of endemism, were investigated for their potential antiproliferative 

activity. Subsequently, their phytochemical composition was investigated by NMR. 

Additionally, another research project was focused on the chemodiversity of steroidal 

glycosides of Solanum dulcamara. As above-mentioned, searching for new leads is likely 

more successful in area with high biodiversity, in addition achieving a deep knowledge 

of the endogenous and endemic species contributes to increase consciousness about the 

importance of protecting the biodiversity of the territory.  
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Chapter 1  

 

The importance of plant secondary metabolites for circularity 

 

 

One of the main goals to achieve a sustainable development is represented by the 

transition from a linear economy to a circular economy. Which role do plant secondary 

metabolites play in this regard? These molecules proved endowed with numerous 

biological activities, thus are employed in different industrial sectors such as 

pharmaceutical, nutraceutical, cosmetic, agricultural. This chapter is dedicated to the 

valorization of neglected plant matrices trough the recovery of valuable compounds and 

it is structured in three parts. The first part is a review reporting the state of art about the 

principal classes of plant secondary metabolites, their biological activities and examples 

of their recovery from wastes and by-products. The second part reports a research work 

about the metabolomic analysis and anti-neuroinflammatory activity of leaves and spiny 

burs from an experimental chestnut grove in Emilia-Romagna region. Finally, a screening 

of plant neglected matrices as antioxidant and anti-phytopathogens is described in the 

third part of this chapter.   
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1.1. Plant Secondary Metabolites: An Opportunity for 

Circular Economy 

 

 

This review has been published in Molecules Journal:  

Chiocchio, I.; Mandrone, M.; Tomasi, P.; Marincich, L.; Poli, F. Plant Secondary 

Metabolites: An Opportunity for Circular Economy. Molecules 2021, 26, 495. 

https://doi.org/10.3390/molecules26020495 

 

Keywords: circular economy; waste valorization; plant by-products; plant secondary 

metabolites; natural products; bioactivities 
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Abstract 

 

Moving toward a more sustainable development, a pivotal role is played by circular 

economy and a smarter waste management. Industrial wastes from plants offer a wide 

spectrum of possibilities for their valorization, still being enriched in high added-value 

molecules, such as secondary metabolites (SMs). The current review provides an 

overview of the most common SM classes (chemical structures, classification, biological 

activities) present in different plant waste/byproducts and their potential use in various 

fields. A bibliographic survey was carried out, taking into account 99 research articles 

(from 2006 to 2020), summarizing all the information about waste type, its plant source, 

industrial sector of provenience, contained SMs, reported bioactivities, and proposals for 

its valorization. This survey highlighted that a great deal of the current publications are 

focused on the exploitation of plant wastes in human healthcare and food (including 

cosmetic, pharmaceutical, nutraceutical and food additives). However, as summarized in 

this review, plant SMs also possess an enormous potential for further uses. Accordingly, 

an increasing number of investigations on neglected plant matrices and their use in areas 

such as veterinary science or agriculture are expected, considering also the need to 

implement “greener” practices in the latter sector. 
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Introduction 

According to the United Nations [1], the global population is expected to increase 

from 7.7 billion (2019) to 9.7 billion in 2050. This prospect raises several concerns about 

the global consumption of biomass, fossil fuels, metals, and minerals, which should 

double [2], and annual waste production, following the current trend, will increase by 

70% in the next 40 years [3]. Undoubtedly, these premises challenge the move toward 

amore sustainable development. 

In this scenario, wastes and by-products from the food and agricultural industries 

are gaining international attention, not only for the issues associated with pollution, but 

also to overcome the paradox of 820 million people suffering from hunger and 

malnutrition while others are dealing with food over-consumption and related diseases, 

together with increasing food waste production [4,5]. Moreover, food waste and 

overproduction imply unnecessary exploitation of the environment and natural resources 

such as carbon, water, and land. The land footprint estimated by the FAO (Food and 

Agriculture Organization of the United Nations) in 2013 [6] revealed that almost 30% of 

the world’s agricultural lands are used to produce food that is ultimately lost or wasted, 

determining additional pollution and greenhouse gases emissions to no actual purpose. 

Furthermore, food overproduction and bad waste management also have a negative 

impact on the economy, with money loss at different levels of the supply chain.  

Conversely, the reduction of food loss and waste generation has the potential to 

generate considerable economic value.  

ReFED (Rethink Food waste through Economics and Data), a multi-stakeholder 

nonprofit committed to reducing food waste, identified 27 solutions, which were grouped 

into three categories: prevention, recovery, and recycling [7]. Although the associated 

incomes cannot be generalized for all countries, following these solutions, USD 100 

billion is expected over 10 years in U.S. According to this program, the solutions focused 

on preventing waste production account for over 75% of the total, while 23% relate to 

waste recovery, and only 2% to recycling [5]. This proposal is consistent with the EPA 

(Environmental Protection Agency) “waste hierarchy,” which grades waste prevention as 

the most preferable option (Figure 1) [8].  
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Figure 1. Scheme of the “waste hierarchy” proposed by the EPA [8]. 

In this scenario, the idea of circular economy took shape, promoting the shift from 

a linear economic scheme of “take-make-use-dispose” to a circular model, employing 

reuse, sharing, repair, refurbishment, remanufacturing, and recycling to create a closed-

loop system, attempting to minimize the use of resource inputs and the generation of 

waste, pollution, and carbon emissions [9,10]. In Europe, the most relevant strategy 

launched in order to attain a sustainable development is the Circular Economy Action 

Plan, according to which waste materials and energy become input for other industrial 

processes or regenerative resources for nature (i.e., compost) [11]. In order to facilitate 

and stimulate the implementation of these guidelines, the scientific community is paying 

increasing attention to the valorization of industrial and agricultural wastes and by-

products, in particular, those derived from plants. These neglected matrices are often 

manufactured for biofuel production, such as methane or ethanol [12]. However, 

according to the proposed “waste hierarchy” (Figure 1), energy recovery is a less 

preferable strategy of waste management, compared to others. Moreover, although 

biofuel is an alternative to petroleum-derived fuels, its sustainability is quite controversial 

[13,14]. 
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Actually, the high added-value molecules still contained in plant wastes and 

byproducts offer a wide spectrum of possibilities for their valorization and reuse, as 

foreseen by circular economy [15,16]. For example, from agri-food wastes it is still 

possible to extract macromolecules such as nucleic acids [17], pectin’s [18], cellulose 

material [19], and enzymes such as bromelain, which is derived from pineapple residues 

and extensively used as a pharmaceutical and meat tenderizer [20]. Primary metabolites 

(i.e., organic acids, amino acids, carbohydrates) can also be obtained from plant waste 

material and used for different purposes [21]. Plants in particular produce secondary 

metabolites(SMs), which are not directly involved in the basic functions of growth, 

development, and reproduction of the organism, but are essential for long-term survival 

and play multiple roles, including defense against predators or attraction of pollinators 

[22]. SMs are endowed with numerous biological activities, making them also extremely 

important for human health and well-being. Moreover, due to their chemical and 

biological properties, SMs have also found application in many other fields, serving as 

pigments, cosmetics, antifeedants and so on [23].  

SMs are usually classified according to their biosynthetic pathways in three 

principal groups: phenolics, terpenes, and alkaloids [24]. These phytochemicals are 

characterized by enormous chemical and biological diversity and, in addition to being 

species-specific and organ-specific, their production depends on many biotic and abiotic 

factors.  

One of the most common examples of SM recovery from plant by-products is from 

fruit peel generated from industrial processes [25], as in the case of citrus peel, from 

which essential oils [26] as well as phenolic compounds [27] are extracted. Phenolic 

acids, flavonols, and catecholamines are obtained also from banana peel [28], while 

carotenoids such as lycopene are usually obtained from tomato peel and other industrial 

tomato byproducts [29]. 

Interestingly, SMs are potentially present in all plant organs, offering several 

possibilities for the valorization of wastes from plant cultivation. In fact, in the 

agricultural sector, only a few plant organs are harvested and fully consumed, generating 

numerous wastes at different levels of the supply chain. In this context, scientific 

investigations aimed at identifying the bioactive compounds contained in these neglected 

matrices playa pivotal role in laying the basis for their valorization.  
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Aimed at facilitating and encouraging research projects focused on plant 

wastes/byproducts and circular economy implementation, the current review provides an 

overview of the most common SMs present in plant matrices, their classification and 

bioactivities, and the consequent potential application in different fields of the waste 

material containing these compounds. Consequently, in this work 99 publications (from 

2006 to2020) focused on plant waste/by-product valorization were reviewed and 

tabulated in order to schematize the state of the art on this topic and offer the opportunity 

to easily extrapolate information for the design of new studies on neglected plant material 

and its reuse in a circular economy perspective. 

 

Polyphenols 

Chemical Structure and Classification 

Polyphenols are one of the largest and most complex classes of SMs produced by 

plants, derived from shikimate biosynthesis pathway, which provides precursors for 

aromatic molecules. Based on the biosynthetic pathway, the number of aromatic rings, 

carbon atoms, and hydroxyl groups, they are divided into different sub-classes such as: 

simple phenols, phenolic acids, flavonoids and tannins (Figure 2). 
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Figure 2. Examples of polyphenols, basic nucleus and classification. 

Simple phenols are constituted by a single benzenic ring (C6) linked to a hydroxyl 

group such as resorcinol, orcinol, catechol, guaiacol, hydroquinone, and phloroglucinol.  

Phenolic acids present a carboxylic group among the substituents on the benzene 

ring, and they are generally divided into benzoic acid derivates (C6-C1) (i.e., gallic acid, 

vanillic acid, syringic acid) and hydroxycinnamic derivates (C6-C3) (i.e., caffeic acid, 

ferulic acid and coumaric acid). 

Flavonoids (C6-C3-C6) are generally constituted by two benzenic rings (A ring and 

Bring) linked by a chain made of three carbons, often condensed into a pyranic ring (C 

ring).Given their complexity, flavonoids are divided into other sub-classes such as: 

chalcones, dihydrochalcones, aurones, flavones, flavonols, dihydroflavonol, flavanones, 

flavanol, flavandiol or leucoanthocyanidin, anthocyanidin, bioflavonoids. Moreover, 

flavonoids exist in the aglycone form or as glycoside derivatives [30]. 

Tannins are high molecular weight polyphenols, usually distinct into condensed 

tannins (proanthocyanidins), which are polymers constituted by flavonoids units, and 

hydrolysable tannins characterized by a monosaccharide, normally D-glucose, esterified 

with one or more molecules of gallic acid (gallotannins), or ellagic acid 

(ellagitannins).Hydrolysable tannins are more labile in acid, alkali, or hot water than 

condensed tannins[30]. 

Distribution in Plants and Biological Activities 

Polyphenols are widely distributed in all plant organs [31]. In general, phenolic 

acids are found in seeds, leaves, roots, and stems [32], while flavonoids are prominently 

found in aerial parts, and tannins in roots, bark, and seeds [33].  

This heterogeneous group of SMs plays different roles in plants. For instance, 

flavonoids confer color to the flowers, attracting insects and promoting pollination [34]; 

some polyphenols are deterrents for herbivores [35], others are very important for 

Unprotections for their antioxidant properties [36,37]. 

Polyphenols, especially flavonoids, are considered important molecules for the 

human diet and, consequently, are often proposed as ingredients in food supplements and 

nutraceuticals. In fact, in addition to being antioxidant agents, they are endowed with 

several other biological activities [38]. For instance, flavonoids were proven active as 



19 

 

anti-inflammatory[39], anticancer [40,41], antihypertensive [42], microcirculation 

improving[43], and hypolipidemic agents [44]. They proved also interesting as active 

ingredients in the cosmetic field [45–47] and as natural dyes [48]. 

Phenolic acids are naturally found in fruits and vegetables, and are endowed with a 

wide spectrum of bioactivities such as: antidepressant [49], antihypertensive [50], anti-

inflammatory [51], neuroprotective [51], antihyperglycemic [52], anticancer and 

antidiarrheal[53]. 

Regarding tannins, they are used in the veterinary field as anthelmintic and 

antimicrobial agents [54,55], as well as in the leather industry for their tanning 

properties[56]. However, tannins should be used carefully, since in addition to their health 

promoting properties, some toxic effects have also been reported [57,58]. Moreover, 

although tannin-rich ingredients are often added to ruminants’ feed, there is still a lack of 

information about the interaction between hydrolysable tannins and ruminants’ 

gastrointestinal microbiota. The fate of hydrolysable tannin metabolites derived from 

gastrointestinal microbial activity in the animal is still underexplored. It is known that 

some metabolites derived from hydrolysable tannins (i.e., pyrogallol) have adverse 

effects on gastrointestinal microbiota and the host animal [59]. These data point out the 

need of deeper investigation on tannin uses and effects, taking into account that risks and 

benefits depend on the specific situation and concentration used. 

Polyphenols from Agro-Industrial Wastes and By-Products 

Polyphenols being present in a wide spectrum of plant organs, they are easily found 

in numerous agro-industrial wastes/by-products, offering several possibilities for their 

valorization. First of all, an excellent polyphenol source is represented by the main 

byproducts of wine production, namely: pomace, skins, and seeds. In particular, molasses 

seeds have a high flavonoids content, and molasses pomace is rich in tannins [60]. Grape 

pomace contains gallic acid, syringic acid, vanillic acid, catechin, isoquercitrin, and 

epicatechin [61]. The presence of these antioxidant metabolites [60,61] makes the wine 

byproducts useful additives for ruminant feed [62]. In addition to the antioxidant 

potential, pomace also shows anti-cholesterol activity [63], while tannins from pomace 

are also used as wood adhesive [64]. 
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Another polyphenol source is olive pomace [65], a by-product of the olive oil 

supply chain. This matrix is rich in tyrosol and its derivatives, and it also contains 

flavonoids such as rutin, apigenin, luteolin, taxifolin, diosmetin, and quercetin, and 

phenolic acids such as cinnamic, p-coumaric, caffeic, vanillic, and ferulic acid [66,67]. 

Due to its polyphenol content, olive pomace is also added to ruminant feed [68]. 

Moreover, olive wastewater contains polyphenols such as hydroxytyrosol 

[69,70],whose antioxidant and antibacterial properties make it a useful ingredient for 

cosmetic formulations [71].  

Juice industry by-products such as pomace, skins, and seeds are another potential 

source of polyphenols. Among them, apple pomace is an example [72], since it contains 

catechin, epicatechin, chlorogenic acid, procyanidin B2, phlorizin, and gallic acid [73].  

Among by-products derived from juice production, noteworthy are also 

strawberries, blueberries, carrots, and pears. In particular, black currants and chokeberries 

are the richest in anthocyanins, which are suitable ingredients for animal feed [74,75] and 

textile dyes [76].  

Polyphenol-rich wastes derive also from agricultural remains after harvesting 

[75],canning, and liquor industries [77].  

Regarding the aromatic herb industry, basil, sage, and rosemary generate several 

kind of wastes resulting from pruning, packaging, or distillation processes. It was proved 

that wastewater from the distillation of these herbs contains important metabolites such 

as glycosylated flavonoids and caffeic acid derivatives, above all, rosmarinic acid [78]. 

Wastewater generated from aescin (a saponin from horse chestnuts) production contains 

kaempferol and quercetin [79]. 

By-products containing polyphenols are also generated from the production of 

soluble coffee. For example, coffee grounds, which is the principal by-product, contain 

many polyphenols such as condensed tannins [80], chlorogenic acid, p-coumaric acid, 

ferulic acid, rutin, naringin, resveratrol [81]. By virtue of these SMs, coffee grounds 

proved active to inhibit seed germination [82]. Another by-product from this supply chain 

is the silver skin, a thin tegument covering coffee beans that is removed in the roasting 

process. Silverskin is rich in chlorogenic acid derivates such as dicaffeoylquinic acids and 

feruloylquinic acids [83–85]. 
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Regarding the agricultural sector, chestnuts wastes from Castanea sativa Miller, 

such as spiny burs, are noteworthy for their polyphenol content [86–89], including gallic 

acid and ellagic acid derivatives, together with glycosylated flavonoid [90,91]. By-

products derived from chestnut flour production such as chestnut peels are sources of 

polyphenols, in particular, tannins [86,88,92]. For this reason, chestnut spiny burs and 

peels are valuable as natural antioxidants and often used in animal feed [86]. Also bud 

pomace of C. sativa contains cinnamic acids, benzoic acids, flavonols, and catechin [93]. 

Regarding C. sativa cultivation for wood production, the principal waste is the bark, 

which is also an important source of tannins [94], similar to other tree barks [95]. 

Several other polyphenol-rich by-products are known, such as Cocoa shell, the 

waste of chocolate production, which contains catechin, epicatechin, and gallic acid [96]; 

the waste of black tea, which shows antioxidant and antimicrobial activity [97]; melon 

peels, which contain a great amount of polyphenols [98]; larch bark, a source 

proanthocyanin B7, a well-known antioxidant [99]; and maize bran containing ferulic 

acid [100]. 

 

Terpenes 

Chemical Structure and Classification 

Terpenes, also termed terpenoids or isoprenoids, constitute a large family of natural 

products extremely diversified in their structure, functions, and properties. Terpenes 

derive from mevalonic acid biosynthetic pathway. However, since their decomposition 

generates isoprene units (C5), this compound has been defined as terpene’s basic 

constituent. For this reason, these SMs are classified based on the number of isoprene 

units present in their structure, and generally condensed head-to-tail. Following this rule 

they are divided into hemiterpenes (C5H8), monoterpenes (C5H8)2, sesquiterpenes 

(C5H8)3, diterpenes (C5H8)4, sesterterpenes (C5H8)5, triterpenes (C5H8)6, etc. [101] 

(Figure 3).  
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Figure 3. Some examples of terpene chemical structures and classification according to the number 

of isoprene units contained in the structure. 

The broader term of terpenoids is applied to terpene-related molecules that, in 

addiction to isoprene units, contain other substituents, for instance, oxygenated functional 

groups [102]. Many other natural substances, such as alkaloids, phenolics, and vitamins, 

despite deriving from biosynthetic pathways other than mevalonate (i.e., acetate or 

shikimate), are sometimes classified as meroterpenoids since they present isoprenic 

moieties in their structure.  

Hemiterpenes are quite rare; one example is isoprene itself, which is a volatile 

compound present in several plants, especially trees. Monoterpenes are generally 

responsible for essential oils fragrance, some examples are: limonene, borneol, camphor, 

pinene, cineole, menthol, thymol, carvacrol. Diterpenes have as a precursor 

geranylgeranyl diphosphate; examples are phytol, which forms the lateral chains of 

chlorophylls, and taxol isolated from Taxus brevifolia Nutt, which is an important natural 

antitumor agent. Other renowned diterpenes are labdanes, which are the major 

components of the resin produced by plants of the Cistaceae family [103], and the 

gibberellins, important phytohormones regulating plant growth and development [104]. 

Squalene is triterpenes’ precursor, deriving from numerous compounds, including 
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tetracyclic triterpenes like dammarenes, and pentacyclic triterpenes like lupanes and 

oleanes. The latter are often found in saponin skeletons, where they are glycosylated with 

one or more sugar moieties. Saponins are phytogenic biosurfactants, which induce foam 

formation in aqueous solution, reducing the viscosity of heavy crude oil-in-water 

emulsions [105]. Triterpenic saponins are found in numerous plants, the most renowned 

among them are Saponaria officinalis L. (soapwort), Quillaja saponaria Molina, and 

Gypsophila arrostii Guss. [106], which were, in fact, traditionally used for their soap 

properties. Saponins are classified on the basis of the differences occurring in their 

aglycone structure or sugar moiety. For example, on the basis of the sugar moiety they 

are classified into mono, bi, and tridesmosidic. The type of aglycone and the number of 

linked sugar residues determine the foam properties and the entity of adsorption at the 

interface [107].  

Steroids can be considered modified triterpenes containing the lanosterol tetracyclic 

system without the two methyl substituents in C-4 and C-14 positions. Cholesterol is the 

basic structure of this class. They can be found also as saponins (steroidal saponins), such 

as cardioactive glycosides. 

Tetraterpenes include carotenoids, while high molecular weight isoprenoid 

polymers (higher than C40) are found in natural rubbers produced, for example, by trees 

belonging to the Euphorbiaceae and Sapotaceae families [108].  

Distribution in Plants and Biological Activities 

Terpenes may serve a wide spectrum of functions in plants, including attracting 

pollinators or protecting injured tissues from herbivores, insects, and parasites attack. 

According to this biological role various monoterpenes are toxic to insects [109], fungi 

[110], and bacteria [111]. In addition, steroidal saponins such as cardenolides are toxic to 

many animals through their inhibition of Na+/K+-ATPases. However, the same property 

makes them useful as therapeutic agents, in carefully regulated doses, to slow down and 

strengthen the heartbeat.  

Due to their numerous bioactivities, terpenes find various applications in several 

industrial sectors, such as pharmaceutical, food, cosmetic, perfumery, and agricultural, 

and are used as drugs, food supplements, flavors, fragrances, biopesticides, etc.  
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First of all, the peculiar fragrance of many monoterpenes, present principally in 

aromatic plant essential oils, makes this class of compounds extremely important for food, 

aromatherapy, and perfumes. In addition to the fragrance, monoterpenes from essential 

oils, such as thymol, thymine, and carvacrol (found principally in plants belonging to the 

Lamiaceae family) proved interesting also for their numerous biological activities, for 

instance, their potential in the treatment of disorders affecting respiratory, nervous, and 

cardiovascular systems, and as antimicrobial and antioxidant agents [112].  

Also labdane-type diterpenes are useful for the perfume industry, finding 

application as fixatives in high-end perfumes. Specifically, a fixative is a material with 

low volatility that provides long-term scent, aids in mixing with the other materials, and 

extends the shelf life of the perfume. The resin obtained from some plants of the Cistaceae 

family is one of the most common sources of labdane diterpenes used as perfume fixatives 

[113].  

Saponins are extremely important for the food industry. In fact, many of the 

processed foods, including baked goods, ice creams, sauces, desserts, and drinks, contain 

dispersions such as emulsions and foams used to stabilize, determine, and control texture 

and rheological properties of these products. Saponins, due to their amphiphilic 

properties, proved to stabilize food emulsions with less sensitivity to pH, ionic strength, 

and high temperatures (up to 90 °C) than currently used emulsifiers [114]. Moreover, the 

increasing consumer demand for plant-based and sustainable emulsifiers and foaming 

agents makes saponins much requested for the food industry nowadays.  

Despite saponins being toxic at high dosages, small quantities have been approved 

as food additives. The two main commercial sources are Q. saponaria from Chile, whose 

saponins have a prominently triterpenoid structure, and Yucca schidigera Roezl ex 

Ortgies from Mexico, which contains saponins with a steroid structure [106].  

Moreover, saponins at low dosage also showed numerous biological activities 

important for human healthcare, which are summarized in several review papers [115– 

117]; most relevant among them are the anticancer, cholesterol-lowering, and antiviral 

properties [118–121]. Some examples of the therapeutic potential of triterpenic saponins 

are provided by boswellic and betulinic acids. In fact, the extracts of the resin obtained 

from incense trees (Boswellia serrata Roxb.), containing the pentacyclic triterpenoid 

boswellic acid, have been employed as an anti-inflammatory drug [122], and the clinical 
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trials on gum-resin from B. serrata have shown an improvement in the symptoms in 

patients with osteoarthritis and rheumatoid arthritis [123,124]. Betulinic acid, a naturally 

occurring pentacyclic triterpene, exhibited a high variety of biological activities [125], 

including potent antiviral effects [126].  

Moreover, saponins are antimicrobial agents active also against bacteria and fungi 

invading plants [127,128]. The mechanism of these activities is likely based on saponins’ 

ability to form complexes with sterols present in the membrane of microorganisms and 

to cause, consequently, membrane perturbation [129,130]. Saponins also exert 

insecticidal [131] and molluscicidal [132] activities, as well as allelopathic activity 

toward different plant species [133]. These properties, together with their biological role 

in plant defense, confer to saponins an enormous potential as natural biopesticides useful 

for “green” agriculture practices. For example, Trdá et al. [134] found that saponin aescin, 

in addition to its antifungal effect against crop pathogens, is also able to activate plant 

immunity (in two different plant species) and to provide salicylic acid-dependent 

resistance against both fungal and bacterial pathogens.  

In the pharmaceutical industry, terpenes are used as excipients to enhance skin 

penetration of active principles [135] and as therapeutic agents endowed with numerous 

bioactivities including, as mentioned above, chemo-preventive, antimicrobial, antifungal, 

antiviral, antihyperglycemic, analgesic, anti-inflammatory, and antiparasitic activities 

[110,111,118,122]. Among the pharmaceuticals, the anticancer paclitaxel and 

antimalarial artemisinin are two of the most renowned terpene-based drugs.  

 

Terpenes and Terpenoids from Agro-Industrial Wastes and By-Products 

Due to their numerous bioactivities, terpenes are particularly interesting in the 

context of waste requalification. Monoterpenes such as thymol and carvacrol are still 

present in discrete amounts in several by-products derived both from essential oil 

distillation and from the harvesting of some aromatic plants. For instance, the solid waste 

residues left after the distillation of leaves and stems of Mexican oregano (Poliomintha 

longiflora A. Gray) contain thymol and carvacrol, and are, as a result, endowed with 

antimicrobial activity [136]. Similarly, the monoterpenes limonene and nerol were found 

in fennel (Foeniculum vulgare Mill.) horticultural wastes [137].  



26 

 

The inedible part (stones, husks, kernels, seeds) from the fruit processing supply 

chain constitutes a huge portion of the consequent solid waste, which remains 

underexploited. For example, about one-third of citrus fruit production is industrially 

processed, with more than 80% used for orange juice production, which generates a huge 

amount of peel waste [138]. Orange essential oil mostly contains the monoterpene 

dlimonene (3.8% of orange peel dry weight) [139,140]. This molecule has been used as 

an ingredient in bio-based functional food, as preservatives for food [141], as well as in 

cosmetics and aromatherapy massage [142,143].  

Moreover, the presence of d-limonene, an anti-fungal and antibacterial agent, 

makes orange oil a useful ingredient also for bio-pesticide formulations [144]. Finally, it 

is interesting to notice that waste orange peel, in addition to d-limonene, contains also 

other bioactive terpenes like linalool, and myrcene [145]. Besides orange peel, these 

terpenes can be found also in the peel of other citrus fruits such as lemon and several lime 

species [146], providing a good basis for the exploitation of this kind of wastes.  

Regarding diterpenes, more than one million tons a year [147] of residue is 

produced after steam distillation of pine resin to recover the volatile fraction called 

turpentine. The consequent by-product is the gum rosin, which is a mixture of resin acids 

(90–95%) and other neutral compounds. The resin acids, most of which are isomers of 

each other, can be classified into two main categories: abietic-type (including abietic, 

neoabietic, palustric, and levopimaric), and pimaric-type (including pimaric, isopimaric, 

and sandaracopimaric) [148]. Gum rosin is a high-value-added residue, in fact, it is a 

natural alternative to fossil-based polymers obtained from the heating and evaporation of 

pine resin [149], as well as a producer of organocatalysts to promote complicated 

asymmetric industrial synthesis [150].  

Several waste matrices contain saponins, which offer an enormous potential for 

their valorization. An example is provided by sisal (Agave sisalana Perrine), which is the 

main hard fiber produced worldwide. From its leaves, only the hard fibers (3–5% of total 

weight) are removed. The remaining 95–97% of the biomass is considered sisal waste, 

although it contains steroidal saponins, potentially useful for foods, cosmetics, and 

pharmaceuticals formulations, as well as for soil bioremediation [151].  

Saponins from onion skin were found useful as a new natural emulsifier to 

formulate oil-in-water nanoemulsions by a high-pressure homogenizer [152].  
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Triterpenic acids such as oleanolic, betulinic, and ursolic acids provide another 

example of high-value terpenes that can be extracted from agricultural wastes prior to 

burning for energy production.  

For example, oleanolic acid is found in agroforestry waste streams, such as in olive 

trees (Olea europaea L.), from which tons of wastes and by-products are generated on 

annual basis, including olive wood and leaves, cake, pomace, kernel, paste. During the 

production process, assuming a maximum content up to 3.1% of oleanolic acid in the 

leaves of O. europaea, a large amount of this high-value compound can potentially be 

extracted, contributing to the integrated valorization of the olive oil production chain 

[153]. In this context, the terpenes contained in the ethanol extract of olive milled residue 

showed anti-allergic activity on the cell line of rat basophilic leukemia, supporting the 

potential valorization of this other olive by-product [154].  

Humulus lupulus L. (hops) flowers are used to preserve and give flavor to beer, 

while hops leaves are usually discarded as a waste. However, hops leaves contain β- 

caryophyllene, phytol, fatty acids, terpenes, and C5-ring bitter compounds, and the oil 

obtained from the leaves contains bitter acids, in particular cohumulinic, 

dehydrocohumulinic, and humulinic acid, possessing antibacterial activity [155].  

Melon (Cucumis melo L.) is one of the most popular fruit cultivated in tropical 

countries and is industrially processed to obtain a wide spectrum of products such as 

juices, jams, dehydrated pulp, and salads or snacks, with consequent generation of a large 

number of by-products. However, these matrices (prominently pulp, seed, and peel) are 

still a good source of carotenoids (C40 tetraterpenoid pigments) like β-carotene, lutein, 

β- cryptoxanthin, phytoene, violaxanthin, neoxanthin, and zeaxanthin [156]. These 

substances are used to develop health-promoting functional food since they play an 

important role in eye photoprotection (provitamin A), improving immune functions, and 

preventing chronic diseases [157]. 

 

Alkaloids 

Chemical Structure and Classification 

A large number (more than 10,000 molecules) of plant SMs are classified as 

alkaloids [158]. The presence of nitrogen in the structure is the peculiar chemical feature 
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of alkaloids. However, due to the huge structural diversity, alkaloid classification is 

extremely challenging. More recent classifications are based on carbon skeletons and/or 

biochemical precursor. However, this requires compromises in borderline cases, for 

example, the alkaloid nicotine (from Nicotiana spp.), which contains a pyridine fragment 

from nicotinamide and a pyrrolidine part from ornithine, could be correctly assigned to 

two different classes [108].  

Historically, alkaloids have been defined as metabolites containing one or more 

nitrogen atom(s) within heterocyclic ring(s) [159]. However, N-containing compounds 

where the N atom is not heterocyclic, such as hordenine, ephedrine, colchicine and 

capsaicin, were further included into this SM group and classified as proto-alkaloids or 

amino-alkaloids. For this reason heterocyclic N-containing compounds are often regarded 

as “true alkaloids.” Since “true alkaloids” biosynthetically derive from amino acids, they 

are classified on the basis of the biogenetic origin (Figure 4).  

 

 

Figure 4. Examples of alkaloids (basic skeletons) and their precursors. 

 

In particular, the majority of them derive from ornithine, leucine, lysine, tyrosine, 

tryptophan, histidine, and phenylalanine. More specifically, pyrrole alkaloids derive from 

leucine; pyrrolidine, tropane, and pyrrolizidine alkaloids from ornithine; quinolizidine, 

and indolizidine alkaloids derive from lysine; catecholamines, isoquinoline, 
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tetrahydroisoquinoline, and benzyltetrahydroisoquinoline alkaloids originate from 

tyrosine; indolamines, indole, carboline, quinoline, pyrrolindole and ergot alkaloids come 

from tryptophan; and imidazole alkaloids from histidine.  

As the “true alkaloids,” proto-alkaloids derive from amino acids, and on this basis 

they are subsequently divided into phenylethylamino alkaloids, pyrrolizidine alkaloids, 

terpenoid indole alkaloids.  

Following this classification criterion, another class of alkaloid, namely 

“pseudoalkaloids,” was constituted, including compounds that do not originate from 

amino acids, while having a nitrogen atom inserted into the molecule by transamination 

or amination reactions (Figure 4). This letter class includes aromatic alkaloids, ephedra 

alkaloids, purine alkaloids, sesquiterpene alkaloids such as isoprenoid alkaloids including 

mono- (from geraniol), di- (from geranylgeranyl-PP), and triterpene (from cholesterol) 

derivatives, these latter called steroidal alkaloids [158].  

Regarding steroidal “pseudo-alkaloids,” they are often glycosylated 

(glycoalkaloids). These peculiar compounds are produced in more than 350 plant species, 

mainly from Solanaceae and Liliaceae families [160]. They consist of a C27 cholestane 

skeleton (aglycone), where the –OH in position -3 is glycosylated by one to five 

monosaccharides, such as D-glucose, D-galactose, D-xylose and L-rhamnose.  

Other peculiar alkaloids are the polyamine alkaloids (derivatives of putrescine, 

spermidine, and spermine), peptide and cyclopeptide alkaloids [161,162]. 

Distribution in Plants and Biological Activities 

Alkaloids are an enormous group of phytochemicals of ecological importance, and 

possess a number of toxicological, pharmacological, nutritional, and cosmetic activities. 

Alkaloids are extremely abundant in flowering plants (Angiospermae), with a wide 

distribution in all organs such as leaves, flowers, seeds, roots, stems, fruits, bark, and 

bulbs. However, the presence and the distribution of these metabolites depend on the 

phase of plant life cycle, and strongly vary according to plant species, which produce 

different types of alkaloids, accumulated in various organs [163,164].  

Alkaloids play numerous roles in plants, due to their involvement in defense [165–

167], allelopathy [168], seed dispersal, and pollinator attraction [169,170].  
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Consistent with their defensive role, the highest alkaloid content is often found in 

plant reproductive organs [171]. In fact, many alkaloids are toxic to different organisms, 

protecting plants from pathogens and preventing non-specialist herbivore grazing 

[165,167]. In contrast, other alkaloids are essential for plant–pollinator interactions, 

increasing the number of pollinator visits, thus favoring plant reproduction [169,170]. 

Alkaloids have been historically used as drugs, and they remain very important in this 

context [172]; an example is provided by morphine from poppy straw, which is one of 

the most used analgesics today.  

The biological activities of the principal sub-classes of alkaloids have been well 

summarized by Debnath et al. [159]. To cite some examples, quinine and quinidine, two 

quinolone alkaloids obtained from the bark of Cinchona officinalis L. (Rubiaceae), are 

very important historically used antimalarial drugs [173]; ephedrine, an adrenergic amine 

from the plants of genus Ephedra (Ephedraceae family), is used in many pharmaceutical 

preparations such as bronchodilators for asthmatic and allergic conditions, and to prevent 

low blood pressure during spinal anesthesia [174]; vinblastine and vincristine, two indole 

alkaloids extracted from Catharanthus roseus (L.) G. Don (Apocynaceae) [175], are 

renowned antitumor drugs.  

Many other alkaloids have been studied for their promising bioactivities, for 

example, catuabine, a tropane alkaloid obtained from the bark of Trichilia catigua A. 

Juss. (Meliaceae) is endowed with antidepressant-like effects on the forced swim model 

of depression in mice and rats [176]; berberine, occurring in roots and stem-bark of 

different species of Berberis (Berberidaceae), showed anti-diabetic effect in rodent 

models of insulin resistance [177], and anti-hypertensive, anti-inflammatory, antioxidant, 

antidepressant, hepatoprotective activity, and anti-cancer activity [178,179].  

Moreover, since some alkaloids possess psychotropic properties, they have found a 

role in social and ceremonial activities, as well as being important for popular spices and 

drinks, like the alkaloid caffeine, which is present in coffee [180]. Specifically, caffeine 

is a methyl-xanthine alkaloid, and its most important biological sources are Coffea 

arabica L. and Camelia sinensis (L.) Kuntze (leaves) (Theaceae). Caffeine is the most 

widely consumed stimulant drug in the world. It is also used in cold medications, 

analgesics, slimming agents, and cosmetics.  
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Moreover, consistent with their defense role, many alkaloids exhibit insecticidal 

[181,182], and fungicidal activity. For example, a piperidine alkaloid, pipernonaline, 

isolated from the hexane fraction of Piper longum L., showed potent fungicidal activity 

against the phytopathogen Puccinia recondita [183]; Coptis japonica (Thunb.) Makino 

extracts and the contained alkaloids (isoquinoline alkaloids, berberine chloride, palmatine 

iodide, and coptisine chloride) expressed fungicidal activities against several 

phytophatogens, namely: Botrytis cineria, Erysiphe graminis, Phytophthora infestans, 

Puccinia recondita, Pyricularia grisea, and Rhizoctonia solani in in vivo plant models 

[184]. 

Relevant in this context are also the alkaloids produced by the Solanaceae family, 

which have an enormous potential to deliver new chemicals for crop protection. In fact, 

more and more of these compounds, or mixtures of them, are being identified as pest 

control agents, especially against insects, fungi, and mites [185]. The Solanaceae family 

belongs to the most important plant taxa, particularly in terms of food production (i.e., 

tomatoes and potatoes). Tomato and potato are the best known and most widely used 

plants of this group, and they constitutively synthesize low levels of many different 

glycoalkaloids. These natural toxicants (stress metabolites) have insecticidal and 

fungicidal properties and, since naturally occurring pesticides are often biosynthesized 

when plants are under stress, injuries on plant tissues promote the synthesis of higher 

concentrations of these compounds. 

Alkaloids from Agro-Industrial Wastes and By-Products 

The neglected matrices containing alkaloids have a high requalification potential 

by virtue of the numerous bioactivities possessed by these metabolites.  

For instance, caffeine, a methyl-xanthine alkaloid, besides being an important 

ingredient for energy drink industry, it is also relevant for cosmetics. Caffeine is, in fact, 

used for cellulitis reduction [186,187], and to prevent skin aging through both antioxidant 

activity and inhibition of skin remodeling enzymes [188].  

Among the industrial by-products, a source of caffeine is represented by spent 

coffee grounds (from coffee bars), which still have an amount of caffeine in the range of 

5.99- 11.50 mg/g of dry matter [189].  
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Another source of methyl-xanthines (including caffeine and theobromine) are cocoa 

shells [96,190]. This is of particular interest, considering that the high amount of cocoa 

bean shell produced per year is generally disposed as waste and underutilized as fuel for 

boilers, animal feed, or fertilizer [191]. 

Another class of alkaloids, extremely relevant in view of waste valorization, is 

represented by glycoalkaloids, mainly produced by plants of the Solanaceae family. The 

major components of the glycoalkaloid family are α-solanine and α-chaconine found in 

potato plants (Solanum tuberosum L.), and solasonine and solamargine found in 

eggplants (Solanum melongena L.), whereas α-tomatine and dehydrotomatine are 

spirosolane-type glycoalkaloids found in tomato plants (Lycopersicon esculentum Mill.) 

[185].  

These compounds are agrochemically important, in fact, their defensive role in 

plants makes many of them (i.e., α-tomatine, α-chaconine, α-solanine, and various 

Solanum spp. extracts) endowed with insecticidal activity against various insect species. 

In particular, both α-chaconine and α-solanine decrease insect feeding, delay their 

development, affect reproduction, and alter insect enzyme activity [185].  

Although the majority of the toxicity studies have been focused on tomatoes and 

potatoes due to the economic importance and availability of these species, acute toxicity 

to insects has also been reported in plant extracts belonging to other genera, such as Piper, 

Datura, and Withania [185]. Notably, from Datura stramonium L. it is possible to extract 

a great variety of bioactive alkaloids, saponins, sterols, and polyphenols. This plant, as 

well as several other plants containing alkaloids, is often considered an agricultural waste 

[155], since it is invasive and its presence in cultivated fields is undesired.  

Potato peels, a by-product of the industrial production of potato fries, chips, and 

flour, are a significant part of the annual worldwide production of about 1.3 billion tons 

of food waste [192]. In this context, alkaloids extracted from potato peels proved to be 

antioxidant [193] and antiprotozoal against pathogenic Trichomonad strains that infect 

humans, farm animals, and felines [192].  

Alkaloids from plant wastes have been also tested for biological activities 

eventually useful for human healthcare, for instance, tomato (L. esculentum, Solanaceae) 

leaves alkaloids proved promising for Alzheimer disease treatment [194]. 
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Extraction Techniques 

Conventional Extraction Procedures and New Prospective for Solvents 

Natural products are characterized by great diversity, which implies the necessity 

to develop specific extraction methods according to the starting raw material and selected 

metabolite(s). Generally, the raw matrix is subjected to an air drying process, dried in an 

oven or freeze-dried, and subsequently ground to create a homogeneous sample before 

the extraction [195–197]. Sometimes, before polyphenol extraction, the matrix is defatted 

with a non-polar solvent like n-hexane [70].  

One of the most common extraction methods is solid–liquid extraction using water 

or organic solvents [65,84]. In some cases the extraction is performed through a Soxhlet 

extractor, which allows an efficient recycle of the solvent, which can be used in small 

amounts to extract a significant quantity of plant material [195,198].  

If the starting material is a liquid, as for wastewaters, a liquid–liquid extraction, for 

instance, using ethyl acetate, is preferable [70,71]. Liquid/liquid partition has often been 

employed also to extract alkaloids and terpenes [199].  

Sometimes the extraction can be facilitated by acidic or basic conditions under 

heating, as in the case of tannins, which can be extracted by maceration under reflux, 

using aqueous solvents, slightly alkaline at 85 °C. In particular, hydrolysable tannins are 

well extracted using a blend of 1% NaOH for 240 min, while condensed tannins are 

extracted with a blend of 1% Na2SO3 for 960 min [92].  

Essential oils are obtained by stem distillation, which extracts preferentially volatile 

monoterpenes, while resins, which are generally more enriched in diterpenes, are 

extracted using organic solvents. 

However, toxic solvents, like n-hexane or methanol, are unsuitable to extract 

products conceived for food or health uses. An option is to replace methanol with ethanol, 

which makes safer and “greener” the process. For example, an excellent polyphenol yield 

is obtained thought maceration in an hydro-alcoholic blend of 50 or 60% ethanol for 30 

min at a temperature between 60° and 80 °C, under reflux or simply under continuous 

stirring at room temperature [61,189].  

However, in search of more efficient and environmental friendly alternatives to 

extract high-value molecules, ionic liquids (ILs) and natural deep eutectic solvents 

(NADES) have been proposed [200]. 
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ILs are ionic species (organic salts), fluids or solids at room temperature, consisting 

of an organic cation (i.e., ammonium, imidazolium, pyridinium, phosphonium) and an 

anion (i.e., bromide, chloride, tetrafluoroborate, hexafluorophosphate). Due to their ionic 

nature, ILs possess negligible vapor pressure and high solvation ability, and they offer a 

wide spectrum of extraction abilities and selectivity [201]. Compounds such as 

flavonoids, alkaloids, phenolics, terpenoids, phenylpropanoids, and polysaccharides have 

been successfully extracted by ILs [202]. Moreover, recently, the possibility of using 

aqueous solutions of ILs instead of their pure forms led to a substantial improvement in 

their extraction efficiency and cost reduction. These solvents have already been used for 

the extraction of waste from natural products. For instance, solutions of surface-active 

ILs in water were used to efficiently extract triterpenic acids from apple peels [203], 

oleanolic acid from O. europaea [138], anthocyanins from grape pomace and peel of 

eggplant [204,205].  

Natural deep eutectic solvents (NADES) are considered as a specific class of liquids 

present in living cells, where they play an important role in biosynthesis, transport, and 

storage of compounds with intermediate polarity [206]. NADES are composed of 

hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) mixed together. 

The usual HBAs are nontoxic quaternary ammonium salts or amino acids, while HBDs 

are organic acids or carbohydrates. Alcohol, amine, aldehyde, ketone, and carboxylic 

groups can be used as both HBAs and HBDs. There are a huge number of natural 

metabolites, which can be combined to prepare NADES, making the latter a high 

versatility tailormade class of solvents. NADES have numerous favorable properties, they 

are liquid state within a wide temperature range, manifest chemical and thermal stability, 

are nonflammable and non-volatile, nontoxic as well as having sustainable “green” 

properties. On this basis, NADES have been used to extract a wide range of natural 

compounds, including phenolics, alkaloids, saponins, anthraquinones, terpenoids, 

polyunsaturated fatty acids, and photosynthetic pigments [207,208]. NADES and their 

perspectives in the agri-food sector were extensively reviewed by Mišan et al. [206]. 

Regarding the employment of NADES in the extraction of plant-driven industrial wastes, 

they have been used to efficiently obtain phenols from by-products of the olive oil 

industry, and the onion, tomato, potato, orange, and pear canning industries [209,210]. 
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Non-Conventional Extraction Methods 

Different extraction methods have been proposed in order to shorten, improve, and 

obtain greener procedures for natural metabolite extraction. Several works have been 

dedicated to summarize these techniques and their use to extract bioactive metabolites 

from natural wastes [211,212]. Ultrasonic-assisted extraction (UAE) is an effective 

extraction technique for a wide range of compounds from different types of matrices. Due 

to the cavitational effects leading to cell wall disruption the release of the target 

compound(s) from the biomass is favored [213]. In addition, ultrasounds also use the 

oxidative energy of radicals created during sonolysis to make more efficient the extraction 

process [214].  

This results in a shortening of the extraction process with low consumption of 

solvents and high product yields. This method has been used to efficiently extract 

different classes of metabolites from several plants [213].  

Microwave-assisted extraction (MAE) reduces extraction time with a minor 

consumption of solvents and minimum degradation of target compounds. It is based on 

microwave energy, which heats the solvents and increases the internal pressure inside the 

cell, helping the disruption of the cellular wall and the release of active compounds to the 

solvent [215]. Combined with inert atmosphere to avoid polyphenol degradation, this is 

a sustainable technique [216] that allows to work at high temperature (150 °C), obtaining 

very good yields of extracts endowed with a high antioxidant power [217]. This method 

can be optimized using a solution at pH 12, which facilitates the extraction of polyphenols 

[195].  

Supercritical fluid technology (SFT) is based on supercritical fluids, among them 

the most used is supercritical carbon dioxide (CO2), generated by increasing the pressure 

and the temperature of the liquid/gas above the critical point. These fluids have liquid-

like solvent power and gas-like diffusivity, resulting optimal to extract compounds from 

plant matrices, and yield solvent-free extracts by the reduction of CO2 pressure, which 

allows to easily remove it. This technique has been extensively applied to extract plant 

metabolites from waste. For instance, STF was used to efficiently extract tocopherols and 

carotenoids rich oil guava seeds, which are endowed with good antioxidant activity [218].  

Supercritical fluid extraction (SFE) was proven not suitable for polyphenol 

extraction [198], however it could be useful in a first phase where fatty acids are removed 
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from the matrix, and polyphenols might be extracted subsequently with the help of a co-

solvent [197].  

Among the green technologies, pressurized liquid extraction (PLE), also called 

accelerated solvent extraction (ASE), is a fully automated technique that combines high 

temperature and pressure with the use of liquid solvents. This technique proved efficient 

to extract different matrices such as food [219] medicinal plants [220], and environmental 

samples [221]. PLE improves extraction yield, significantly reducing time and solvent 

consumption, [222] and it can be used to extract molecules of different polarity, such as 

phenolic compounds, carotenoids, and essential oils [222]. An optimized PLE protocol 

for the extraction of water-soluble molecules is represented by hydrothermal extraction, 

which uses water at high temperature and high pressure and has been employed to extract 

spent coffee grounds [223].  

 

Trends in Publications Focused on Plant Wastes Valorization  

The number of scientific publications dealing with the valorization of waste derived 

from plants have notably increased in the last three years (Figure 5) [224]. This trend 

reflects the rising global interest in circular economy and requalification of neglected 

plant matrices.  

 

 

Figure 5. Trend of scientific publications from 2001 to 2020 reported by Scopus using as a query string: 

TITLE-ABS-KEY (plant AND by-products AND waste AND valorization). 
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This review carried out a bibliographic survey, taking into account 99 scientific 

articles on this topic published from 2006 to 2020. Table 1 summarizes the information 

about waste type, its plant source, industrial sector of provenience, contained secondary 

metabolites, reported bioactivity, and potential use for its valorization. The survey 

included 64 plants generating wastes, mainly derived from the food and beverage 

industries, followed by the herbal, agriculture, and forestry industries, and only one report 

was dedicated to a plant waste from the perfume industry. Moreover, according to this 

survey, wastes from 16 plant species originated from more than one industrial sector. This 

is easily understandable taking into account that the majority of the industrial products 

undergo different steps in the production chain. For example, different kinds of wastes 

are generated from Castanea sativa cultivated for nuts production, and these wastes 

originate at different level of the production chain. In particular, spiny burs are the main 

agricultural residue from tree cultivation, while husks are discarded by the food industry 

when producing chestnut flour. The beverage industry generates also a considerable 

amount of wastes/by-products from plant origin, most prominent among them fruit 

pomace and or/peel. Nevertheless, a conspicuous number of wastes are also produced 

during the previous steps of the supply chain, namely, the fruit production itself leads to 

several agricultural residues. An example is provided by the wine production chain, where 

grape pomace is the main final waste, even though the cultivation of Vitis vinifera L. itself 

generates residuals like green prunings. In this case, as highlighted also by our survey, 

due to their content in polyphenols, flavonoids, and tannins, grape pomace and skin are 

strongly valorized by-products (12 publications were focused on the requalification of 

these wastes). However, as pointed out by Acquadro et al. [225], green pruning might be 

exploited for its phenolic content.  

Focusing on the specific classes of SMs considered in the examined papers, 

polyphenols emerged as the most investigated one. Out of 64 plants mentioned in the 

reviewed articles, the generic presence of polyphenols was reported in 31 of them. 

Moreover, several investigations were focused also on specific polyphenol sub-classes, 

such as flavonoids (found in 21 plants) and phenolic acids (found in 18 plants).  

Conversely, terpenes and alkaloids resulted as less investigated; in fact, they were 

mentioned as important compounds in only 12 and 7 plant species, respectively. In the 
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context of waste valorization, the main bioactivity related to polyphenols was the in vitro 

antioxidant activity, which is common also to terpenes [29] and alkaloids [189]; this 

encourages further works dedicated to these latter classes of plant metabolites, often 

contained in wastes/by-products.  

According to this bibliographic survey, terpene saponins resulted as the less 

explored metabolite from plant waste matrices. Their presence was, in fact, reported only 

in waste constituted by onion skin and A. sisalana leaves. As mentioned above, saponins 

have numerous applications and bioactivities, among them their possible use in soil 

bioremediation. Moreover, this survey pointed out that only few waste matrices were 

studied for their potential use in the agriculture sector (Figure 6).  

 

Figure 6. Number of plant matrices investigated for potential application in four different areas: 

agriculture, OIA (Other Industrial Applications), HHF (Human Healthcare and Food), and veterinary 

science. The graphic summarizes the results of our bibliographic survey (from 2006 to 2020). 

 

In particular, Anacardium occidentale L. nut shells and Castanea sativa burs proved 

good sources of molecules endowed with pesticide and anti-fungal properties, 

respectively. On this basis they could find application as crop protection agents. Spent 

coffee ground showed allelopathic activity, which is useful for herbicide products. As it 
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is evident in Figure 6, the majority of plant wastes were valorized proposing potential 

exploitation in the area here called “human healthcare and food” (HHF) (including 

cosmetic, pharmaceutical, nutraceutical, and food additive use). However, since plant 

SMs are endowed with a wide range of chemical and biological properties (as summarized 

in this review), it is expected that, following the actual trend, wastes and byproducts of 

plant origin will be increasingly investigated also for their potential use in other areas of 

application, especially in agriculture, considering the need to implement “greener” 

practices in this sector.  
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Table 1. Summary of the results emerging from the survey. The table reports: plant species from which the waste is generated, the industrial sector 
manufacturing the plant material, the nature of the produced waste, the class of secondary metabolites found in the waste material, the bioactivity possessed 
by waste extract(s), the potential use for waste valorization, and the corresponding reference source of all the information reported in a line. If no biological 
activity was investigated, or no potential valorization in a specific field was proposed, the wording “not specified” (n. s.) has been inserted in the corresponding 
cell. 

Plant species1 Waste 

producer 

Industry 

Waste type Contained secondary 

metabolites 

Reported 

bioactivity 

Potential use for 

waste valorization 

References 

Acacia mangium 

Willd. 

Forestry bark tannins n. s. leather tanning [56] 

 Aesculus 

hippocastanum L. 

Herbal 

industry 

wastewaters flavonoids n. s. n. s. [79] 

Agave sisalana 

Perrine 

Fiber Industry leaves saponins n. s. cosmetic, pharmacy [151] 

soil bioremediation 

Allium cepa L. Food peel flavonoids, saponins  antiobesity pharmacy [44] 

surface activity food additive [152] 

pomace photoprotection cosmetic [226] 

Allium sativum L. Food n. s. flavonoids photoprotection cosmetic [226] 

Aloe barbadensis 

Mill. 

Agriculture roots  anthraquinones antiviral pharmacy [227, 228] 

 Anacardium 

occidentale  L. 

Food nut shell liquid 

(CNSL), testa, 

cashew 

apple, and 

cashew apple 

bagasse 

phenolic acids, 

alkaloids, tannins 

pesticide, larvicide, 

antitermite, dye, 

anti-cancer, anti-

bacterial, 

antioxidant, 

neurotransmitter, 

etc.  

colorant [229] 

crop protection 

pharmacy 

Ananas comosus 

(L.) Merr. 

Food core and skin polyphenols antioxidant in vitro  food additive [230] 

Food skin and husks antioxidant in vitro  feed additive [231] 
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Arachis hypogaea 

L. 

phenolic acids, 

flavonoids polyphenols 

antibacterial pharmacy 

Aronia 

melanocarpa 

(Michx.) Elliot 

Beverage pomace flavonoids antioxidant in vitro  feed additive [74] 

phenolic acids 

Camellia sinensis 

(L.) Kuntze 

Food black tea waste polyphenols antioxidant in vitro  cosmetic, food 

additive, pharmacy 

[97] 

antibacterial 

Castanea sativa 

Mill. 

Agriculture 

and Food 

burs polyphenols fungicides, enzyme 

inhibitor and 

antioxidant in vitro 

cosmetic, crop 

protection, food 

additive, pharmacy 

[86-90] 

leaves enzyme inhibitor, 

antitumoral and 

antioxidant in vitro  

[86-88] 

bud n. s. [93] 

husks enzyme inhibitor [86, 88] 

antioxidant in vitro  

husks and bark tannins n. s. cosmetic, pharmacy, 

industrial application 

[92, 94] 

Citrus spp. Food and 

Beverage 

peel and pulp flavonoids, essential 

oil, phenolic acid 

antioxidant in vitro, 

anti-inflammatory in 

vitro, antitumoral 

cosmetic, food 

additive, pharmacy 

[27, 226, 228] 

Citrus x bergamia 

(Risso) Risso & 

Poit. 

Herbal 

Industry 

peel flavonoids antibacterial pharmacy [228, 232] 

Citrus x sinensis 

(L.) Osbeck 

Beverage peel essential oil n. s. n. s. [233] 
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Coffea spp. Beverage and 

Food  

spent coffee 

grounds and 

silver skin 

polyphenols and 

alkaloids 

antioxidant in vitro  cosmetic, food 

additive, 

nutraceutical, 

pharmacy 

[80, 81, 84, 189] 

spent coffee 

grounds 

n.s. anti-pollutants [234] 

spent coffee 

grounds 

polyphenols allelopathic activity herbicide [82] 

Coffea arabica L. Food silver skin polyphenols antioxidant in vitro  n. s. [85] 

Cucumis melo L.  Food and 

Beverage 

peel polyphenols antioxidant in vitro  cosmetic, 

nutraceutical, food 

additive, pharmacy 

[98] 

Cucurbita spp. Food peel, seeds and 

fruits not 

suitable for 

human 

consumption 

terpenes and phenolic 

acids 

improvement of 

meat, milk, or eggs 

feed additive [235] 

Curcuma longa L. Agriculture leaves terpenes anti-inflammatory in 

vivo and in vitro 

pharmacy [236] 

Cynara scolymus 

L. 

Food floral stems polyphenols, 

flavonoids, tannins 

antioxidant in vitro, 

antibacterial, anti-

denaturating protein, 

antidiabetic in vivo 

and anti-

hyperlipidemic in 

vivo 

nutraceutical [237] 

Agriculture bracts of the 

heads 

cosmetic [75] 

Datura 

stramonium L. 

Agriculture leaves and 

flowers 

terpenes antibacterial pharmacy [155] 

Daucus carota L. Beverage pomace terpenes antioxidant in vitro  feed additive [74] 
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Foeniculum 

vulgare Mill. 

Herbal 

Industry 

seeds solid 

residue from 

distillation 

flavonoids and 

polyphenols 

antibacterial and 

antioxidant in vitro  

food additive [228, 238] 

Agriculture leaves, 

inflorescence 

and pseudo 

stems 

 

terpenes antioxidant in vitro n. s. [137] 

Fragaria spp. Beverage pomace flavonoids antioxidant in vitro  feed additive [74] 

Humulus lupulus 

L. 

Beverage leaves and 

flowers 

terpenes antibacterial pharmacy [155] 

Hyssopus 

officinalis L. 

Herbal 

Industry 

solid distillation 

residue 

phenolic acids antioxidant in vitro  food additive [228, 239] 

Ilex paraguariensis 

A.St.-Hil. 

Beverage  exhausted 

leaves 

terpenes, flavonoids, 

polyphenols 

antioxidant in vitro  n. s. [240] 

Juglans spp. Agriculture 

and Food 

husks tannins, flavonoids, 

terpenes, phenolic 

acids, anthraquinones, 

naphthoquinones  

removal of 

hazardous materials, 

antioxidant in vitro, 

antibacterial, anti-

platelet, cytotoxic 

cosmetic, pharmacy  [241] 

colorant 

Larix kaempferi 

(Lamb.) Carrière 

Forestry bark flavonoids enzyme inhibitor cosmetic [99] 

Lavandula x 

intermedia Emeric 

ex Loisel. 

Perfume 

Industry 

solid distillation 

residue 

flavonoids, 

polyphenols, phenolic 

acids  

antioxidant in vitro  n. s. [228, 242] 

Lycopersicon 

esculentum Mill.  

Agriculture leaves polyphenols and 

alkaloids 

enzyme inhibitor pharmacy [194] 
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Lycopersicon 

lycopersicum (L.) 

H.Karst.  

Food peel polyphenols antioxidant in vitro  cosmetic, food 

additive, pharmacy   

[75] 

Malus spp. Beverage pomace flavonoids and 

polyphenols 

antioxidant in vitro, 

additive  

cosmetic, food 

additive, pharmacy   

[74, 75, 217] 

Malus domestica 

(Suckow) Borkh. 

Food and 

Beverage 

pomace flavonoids and phenolic 

acids 

antioxidant in vitro, 

photoprotection 

cosmetic, feed 

additive 

[74, 226] 

Mangifera indica 

L.  

Food pomace polyphenols photoprotection cosmetic [226] 

Ocimum basilicum 

L. 

Food and 

Herbal 

Industry 

oil distillation 

wastewaters 

polyphenols antioxidant in vitro  cosmetic, food 

additive, 

nutraceutical, 

pharmacy 

[78, 228, 243] 

Olea europaea L. Food distillation 

wastewater, 

pomace, leaves 

polyphenols antioxidant in vitro, 

antibacterial, 

decrease lipolysis 

cosmetic, food 

additive, 

nutraceutical, 

pharmacy 

[69-71, 153, 226, 244] 

leaves, fruit 

milled waste 

terpenes antiallergic nutraceutical, 

pharmacy 

[153, 154] 

pomace polyphenols antioxidant in vitro, 

improvement of gut 

microbiota 

feed additive [68] 

Pinus spp. Forestry resin terpenes improve thermal 

stability of bio-

based materials 

technological 

application 

[149] 

organocatalyst [150] 

Pinus pinaster 

Aiton 

Agriculture bark tannins Tanning leather tanning [95] 
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Poliomintha 

longiflora A. Gray 

Herbal 

Industry 

solid distillation 

residue 

polyphenols, phenolic 

acids, acids, terpenes 

antibacterial and 

antioxidant in vitro  

n. s. [136, 228] 

Prunus avium (L.) 

L. 

Food peel and stems polyphenols antioxidant in vitro, 

enzyme inhibitor 

and photoprotection  

cosmetic [245] 

Prunus cerasus L. Food and 

Beverage 

cherry liquor 

pomace, 

pomace and 

seeds 

polyphenols antioxidant in vitro cosmetic, 

nutraceutical 

[77, 246, 247] 

stems, leaves, 

pomace and 

seeds 

terpenes antibacterial  nutraceutical 

Prunus dulcis 

(Mill.) D. A. Webb 

Agriculture 

and Food 

husks skins and 

blanching water 

polyphenols and 

flavonoids  

antibacterial, 

antioxidant in vitro 

pharmacy, 

technological 

application 

[248] 

Punica granatum 

L. 

Food and 

Beverage 

peel, arils, 

mesocarp and 

pulp 

polyphenols antioxidant in vitro, 

antibacterial, 

photoprotection  

cosmetic [226, 249-253] 

Pyrus spp. Beverage pomace polyphenols antioxidant in vitro  cosmetic [75] 

Quercus suber L. Forestry by-product of 

bark processing 

phenolic acids and 

tannins 

antioxidant in vitro  cosmetic [254] 

Ribes nigrum L.  Beverage pomace tannins and flavonoids dyes, antioxidant in 

vitro  

feed additive [74] 

phenolic acids and 

flavonoids 

enzyme inhibitor, 

antioxidant in vitro  

cosmetic [48, 255] 

Salvia officinalis 

L. 

Herbal 

industry and 

Food 

oil distillation 

wastewaters 

polyphenols  antioxidant in vitro  n. s. [78] 
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Salvia officinalis 

subsp. 

Lavandulifolia 

(Vahl) Gams 

Herbal 

Industry 

solid distillation 

residue 

phenolic acids antioxidant in vitro  cosmetic, food 

additive 

[228, 256] 

Salvia rosmarinus 

Spenn. 

Herbal 

Industry 

solid distillation 

residue 

polyphenols and 

phenolic acids 

antioxidant in vitro  food additive [228, 257] 

oil distillation 

wastewaters 

terpenes and 

polyphenols 

antioxidant in vitro  n. s. [78] 

Santolina 

chamaecyparissus 

L. 

Herbal 

Industry 

solid distillation 

residue 

phenolic acids antioxidant in vitro  pharmacy [228, 239] 

Satureja montana 

L. 

Herbal 

Industry 

solid distillation 

residue 

phenolic acids antioxidant in vitro  pharmacy [228, 239] 

Solanum 

lycopersicum L. 

Food pomace terpenes antioxidant in vitro, 

photoprotection, 

chemioprevention  

cosmetic, 

nutraceutical 

[29, 226] 

Solanum 

tuberosum L. 

Food peel polyphenols and 

alkaloids 

antioxidant in vitro  n. s. [193] 

peel anti-trichomonads pharmacy [192] 

Solidago virgaurea 

L. 

Herbal 

industry 

dried herb polyphenols antioxidant in vitro  cosmetic, food 

additive  

[75] 

Sophora flavescens 

Aiton 

Herbal 

Industry 

all plants flavonoids and 

alkaloids 

anti-inflammatory in 

vitro 

pharmacy [258] 

Agriculture seeds alkaloids antioxidant in vitro 

and antibacterial  

n. s. [259] 

Food bean shell phenolic acids antioxidant in vitro  food additive [195] 
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Theobroma cacao 

L. 

polyphenols and 

alkaloids 

n. s. [190] 

flavonoids and 

alkaloids 

n. s. [96] 

Thymus 

mastichina (L.) L. 

Herbal 

Industry 

solid distillation 

residue 

phenolic acids antioxidant in vitro  n. s.. [228, 256] 

Ugni molinae 

Turcz 

Food and 

Herbal 

Industry 

seeds polyphenols antibacterial n. s. [260] 

Vaccinium 

myrtillus L. 

Beverage pomace flavonoids Dyes colorant [76] 

Vitis labrusca L. Beverage pomace polyphenols n. s. nutraceutical [250, 261] 

Vitis vinifera L. Agriculture green pruning  polyphenols antioxidant in vitro  cosmetic, 

nutraceutical, 

pharmacy 

[225] 

Beverage seeds pomace 

and stems 

flavonoids, polyphenols antioxidant in vitro, 

antibacterial 

[225, 250, 262-265] 

pomace flavonoids, polyphenols antioxidant in vitro, 

photoprotection, 

cholesterol-lowering 

activities  

[61, 63, 226, 250, 251, 261, 

264, 266] 

pomace polyphenols, tannins, 

flavonoids, saponins 

antioxidant in vivo, 

anthelmintic  

feed additive, 

pharmacy 

[62, 267] 

pomace tannins adhesive properties adhesive [64] 

Zea mays L. Agriculture maize bran  phenolic acids n. s. n. s. [100] 

1Plant scientific names have been updated following the World Checklist of Vascular Plants (WCVP 2020) [268].
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Abstract 

 

Castanea sativa cultivation has been present in Mediterranean regions since ancient 

times. In order to promote a circular economy, it is of great importance to valorize 

chestnut groves’ by-products. In this study, leaves and spiny burs from twenty-four 

Castanea trees were analyzed by 1H NMR metabolomics to provide an overview of their 

phytochemical profile. The Orthogonal Projections to Latent Structures Discriminant 

Analysis (OPLS-DA) performed on these data allowed us to distinguish ‘Marrone’ from 

‘Castagna’, since the latter were generally more enriched with secondary metabolites, in 

particular, flavonoids (astragalin, isorhamnetin glucoside, and myricitrin) were dominant. 

Knowing that microglia are involved in mediating the oxidative and inflammatory 

response of the central nervous system, the potential anti-inflammatory effects of extracts 

derived from leaves and spiny burs were evaluated in a neuroinflammatory cell model: 

BV-2 microglia cells. The tested extracts showed cytoprotective activity (at 0.1 and 0.5 

mg/mL) after inflammation induction by 5 µg/mL lipopolysaccharide (LPS). In addition, 

the transcriptional levels of IL-1β, TNF-α, and NF-kB expression induced by LPS were 

significantly decreased by cell incubation with spiny burs and leaves extracts. Taken 

together, the obtained results are promising and represent an important step to encourage 

recycling and valorization of chestnut byproducts, usually considered “waste”. 
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Introduction 

 

Castanea sativa Mill. (Fagaceae) is widespread in the Mediterranean region, where, 

since ancient times, its cultivation for timber and nut production has played a pivotal role 

in local sustenance and economy. In the last decade, increasing attention has been given 

to the chestnut waste that is generated yearly, which has a negative impact on both the 

environment and economy [1,2]. In fact, farmers tend to burn spiny burs, a maintenance 

practice, which could be avoided by adopting more sustainable solutions [1–3]. In this 

context, the implantation of circular economy practices, based on valorization of a crop’s 

waste material, plays a pivotal role. Regarding chestnut by-products, Costa-Trigo and co-

workers suggested the application of chestnut burs extract for the production of culture 

media suitable for the growth of a wide range of microorganisms [4]. Moreover, chestnut 

shells of an Italian cultivar “Marrone di Roccadaspide” PGI (Protected Geographical 

Indication) were found to be endowed with antioxidant activity linked to their high 

content of tannins [5]. The abundance of total phenols and hydrolysable tannins confers 

to chestnut grove by-products interesting anti-inflammatory activity, as demonstrated by 

the ability of Castanea shell extracts to reduce the levels of cytokines and other 

biomarkers of inflammation in several experimental models [6–11].  

The present study was carried out on leaves and spiny burs of Castanea sativa 

collected from trees growing in the experimental chestnut grove of Granaglione, situated 

on the Apennines Mountains in Emilia-Romagna [12,13], where a number of different 

cultivars of C. sativa, are cultivated and studied. In order to first obtain an overview of 

the phytochemical composition of the samples, their 1H NMR metabolomic profiles were 

measured.  

Metabolomics relies on untargeted analysis protocols handled with multivariate 

data treatment. This workflow has already been applied successfully in several areas of 

research, from human diagnostics and epidemiology to the plant sciences [14]. In this 

latter field of study, metabolomics was successful at facilitating the identification of the 

active components of medicinal plants [15], studying plant ecotypes and biological 

features [16,17], and controlling food and botanical quality, both in terms of 

nutraceutical/biological properties and fraud detection [18,19].  
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Since the analyzed samples were classified as ‘Castagna’ and ‘Marrone’ by 

pomological analysis, the obtained metabolomic data were also treated by chemometrics 

in order to explore the occurrence of differences between these two groups.  

Moreover, with the view of valorizing Castanea by-products, the potential 

cytoprotective and anti-inflammatory roles of leaves and spiny burs extracts were 

investigated. In fact, according to previous studies, Castanea by-products are able to 

decrease oxidative stress [20] and consequently they could be promising in counteracting 

chronic degenerative diseases. Inflammation represents a feature of all chronic 

degenerative diseases, among which neurodegenerative diseases are considered a real 

threat to human health. It has been suggested that a cascade of processes collectively 

called neuroinflammation, which involves support cells called glia, contributes to 

neurodegeneration [21]. In particular, the activation of the neuroimmune cells, microglia, 

into proinflammatory states is an effective endogenous defense that protects the central 

nervous system (CNS) against microorganisms and injuries. It is usually a positive 

mechanism that aims to eliminate threats and restore homeostasis [22]. However, 

chronically activated and proliferating microglia promote the neuroinflammatory state by 

releasing cytokines and reactive oxygen and nitrogen species, ultimately causing 

oxidative damage to the neurons [23]. Growing experimental evidence suggests that 

controlling microglia activation may have protective effects against neurodegenerative 

diseases [24].  

Therefore, the most phytochemically diverse samples, according to metabolomic 

analysis, were tested in a cellular model of microglia (BV-2 cells) to evaluate their 

potential neuroprotective and anti-inflammatory activities.  

Hence, the overall objective of this study was to upgrade phytochemical knowledge 

on Castanea and its biological properties, with a particular attention to provide a basis for 

the valorization of chestnut grove waste material.  

 

Results and Discussion 

Metabolomic Analysis 

In order to compare the phytochemical profiles of ‘Castagna’ and ‘Marrone’, the 

Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) was built. 
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This is a powerful multivariate data modeling tool that provides insights into separations 

between experimental groups based on high-dimensional spectral measurements, i.e., 

from NMR. In this case, it was built using bucketed 1H NMR spectra as the x variables, 

and ‘Castagna’ and ‘Marrone’ (Figure 1A) as the discriminant classes, as identified by 

pomological analysis. Three components maximized the explained 87.5% of the variation 

in the data set (given by R2x(Cum)), R2y(Cum) was 84.8%, while the obtained Q2(Cum) 

was 73.1%, indicating good model predictability (Q2 must be equal or higher than 50%). 

The model was further validated by the permutation test, giving R2(Cum) = 84.8% and 

Q2(Cum) = 73.1%, and CV-ANOVA resulting in p = 0.41 x 10-3 and F = 7.68. The overall 

parameters proved that the developed model was not only interpretable but also predictive 

and, thus, able to discriminate ‘Castagna’ from ‘Marrone’ on the basis of the leaves’ 

phytochemical profile.  

 
Figure 1. OPLS-DA model performed on 1H NMR profiles of different C. sativa cultivars, discriminating 

‘Castagna’ and ‘Marrone’ on the basis of leave metabolome. (A) Score scatter plot colored according to 

model’s given classes; (B) Score Scatter plot colored according to the different cultivars analyzed 

(reported in the legend), each cultivar is represented by samples collected from two different trees; (C) 

Predictive loading plot is a schematic representation of bucketed 1H NMR spectra, indicating the most 

important 1H NMR signals contributing to the discrimination of ‘Castagna’ (in red on the negative axis of 

the plot) from ‘Marrone’ (on the positive axis of the plot). 
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It is worth noting that for each class, samples collected from two different trees of 

the same specific cultivar were analyzed, and they generally showed a reproducible 

metabolome, indicated by their closeness in the score of the scatter plot of the model 

(Figure 1B).  

S-plot, loading plot, and VIP (Variable Influence on Projection) plot (not shown) 

of the OPLS-DA model explain the relationships between x variables (1H NMR signals) 

and given classes, in this case, ‘Castagna’ and ‘Marrone’. Thus, these plots were used to 

provide information on metabolites peculiar to a specific Castanea cultivar and important 

for its metabolomics-based distinction and identification.  

‘Marrone’ leaves were characterized by small amounts of all metabolites, as 

highlighted by Figure 1C, where the highest intensity of the general spectral signals was 

found for ‘Castagna’ samples. Glucose and quinic acid were the only two metabolites 

showing a slight increasing trend in ‘Marrone’, but based on standard deviation calculated 

on VIP plot results, it is clear that this observation is not generalizable for all ‘Marrone’ 

samples; therefore, these metabolites are not trustworthy markers of distinction for 

‘Marrone’.  

Specifically, several aromatic signals were found to be less concentrated in 

‘Marrone’, among them, two doublets at δ 5.95 and 6.03 with coupling constants around 

2.2 Hz, which are generally characteristic of flavonoid protons situated on aromatic ring 

B [25]. They increased linearly with other aromatic signals and a doublet at δ 0.8, which 

is potentially related to the methyl group of rhamnose that is a common sugar moiety of 

several glycosylated flavonoids.  

The results obtained from this model made essential further studies aimed at 

characterizing the main flavonoids contained in leaves.  

The highest content of flavonoids was revealed, by 1H NMR analysis, in the EtOAc 

fraction that was derived from the liquid–liquid partition of an extract obtained by pooling 

all samples. Thus, this fraction was further fractionated by column chromatography. 

Three main flavonoids were chemically characterized through NMR and MS analysis. 

Mono and bi-dimensional NMR experiments allowed to elucidate the substitution pattern 

of the B ring (Table S1 and Figures S1–S4), while MS provided the molecular weights. 

On this basis, the identified flavonoids were astragalin [M-H]- ion at m/z 447, 

isorhamnetin glucoside [M-H]- ion at m/z 477, and myricitrin [M-H]- ion at m/z 463 
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(Figure 2). The presence of astragalin and isorhamnetin in C. sativa leaves was already 

reported [26]. Moreover, astragalin was also found in C. sativa burs and flowers [27,28] 

and isorhamnetin glucoside was found in flowers [29]. Various glycosides of myricetin, 

kaempferol, and isorhamnetin were also found in C. sativa and C. crenata flowers [28–

30].   

 

Figure 2. The main flavonoid glycosides identified in C. sativa leaves. ESI-MS spectrum of the flavonoid 

fraction obtained after direct infusion. Molecular ions at m/z 447, 477, and 463 belong to astragalin (1), 

isorhamnetin glucoside (2), and myricitrin (3), respectively. 

 

Spiny burs hydroalcoholic extracts were investigated through 1H NMR profiling. 

In contrast to the variation seen in the extracts from leaves, no specific metabolomics 

variation could be associated to ‘Castagna’ and ‘Marrone’ spiny burs. Compared to leaves 

(Figure 3A), this organ was less rich in secondary metabolites. Glucose and quinic acid 

were the most abundant compounds (Figure 3B). However, the aromatic region of the 

spectrum also showed numerous signals, potentially ascribable to tannins, which were 
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previously reported to be contained in this plant material [27].

 

Figure 3. 1H NMR profiling of C. sativa of representative leaves (A) and spiny burs (B) 

hydroalcoholic extract 

Effects of Chestnut Extracts on Cell Viability in Microglia BV-2 Cells 

Since it has been demonstrated that the BV-2 microglia cell line is a valid model 

system to study inflammation, and its response to lipopolysaccharide (LPS) is comparable 

to that of primary microglia [31], this cell model was chosen to study the potential anti-

inflammatory and neuroprotective role of different extracts from chestnut by-products. 

The potential cytotoxicity of different extracts from leaves and spiny burs, obtained 

as described in the Materials and Methods section, was tested in the BV-2 cell line. Cells 

were incubated with increasing concentrations of extracts (0.1–1 mg/mL) for 24 h, and 

then their viability was evaluated by MTT assay (Figure 4). Results show that, in several 

cases, the highest concentration of extracts tested (1 mg/mL) significantly reduced BV-2 
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viability. Extract concentrations ranging from 0.1 to 0.5 mg/mL did not affect cell 

viability compared to control cells. Therefore, this range of concentration was used in the 

subsequent experiments in order to evaluate potential cytoprotective and anti-

inflammatory activities exerted by the extracts. 

 

Figure 4. Effect of different extracts from chestnut by-products on the viability of BV-2 cells. BV-2 cells 

were incubated for 24 h with increasing concentrations (0.1, 0.5, 1.0 mg/mL) of extracts from chestnut 

leaves L (panel A) and spiny burs SB (panel B). Viability was evaluated by MTT test, as reported in the 

Materials and Methods section. Results are expressed as means ± SD of three independent experiments. 

Statistical analysis was performed by Bonferroni multiple comparison test following one-way ANOVA. § 

p < 0.05, significantly different from control cells. 

Cytoprotective Effects of Chestnut Extracts in the Presence of Inflammatory Stress 

To evaluate the possible cytoprotective role of the chestnut extracts against 

inflammatory stress, BV-2 cells were incubated with the different chestnut extracts in the 

presence or absence of LPS, as an inflammation inducer [32], and assessed for cell 

viability by MTT test, as reported in Figure 5.  

 

Figure 5. The effect of different extracts from chestnut by-products on the viability of BV-2 cells treated 

with lipopolysaccharide (LPS). BV-2 cells were incubated for 3 h with increasing concentrations (0.1, 0.5 
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mg/mL) of extracts from chestnut leaves L (panel A) and spiny burs SB (panel B), then 0.5 μg/mL LPS 

was added and the cells were incubated for a total of 24 h. Viability was evaluated by MTT test, as 

reported in the Materials and Methods section. Results are expressed as means ± SD of three independent 

experiments. Statistical analysis was performed by Bonferroni multiple comparison test following one-

way ANOVA; § p < 0.05, significantly different from control cells; * p < 0.05, significantly different 

from LPS-treated cells. 

The results show that many of the tested chestnut leaves extracts are able to exert a 

significant protective effect following LPS-generated inflammatory stress, with the 

exception of L12 (“Zocca”), which showed no significant differences from that of LPS-

treated cells. Notably, according to the metabolomic analysis, L12 also showed a lower 

flavonoid content compared to that of the other samples tested. These data might suggest 

the importance of flavonoids in cytoprotective and anti-inflammatory activities, as it has 

been reported by Spagnuolo et al. [33]. However, other plant constituents, such as tannins 

and coumarins, might also counteract inflammation [34,35]. For instance, a coumarin 

endowed with anti-inflammatory activity was found in the inner shell of chestnuts 

(Castanea crenata) [36].  

Anti-Inflammatory Effects of Chestnut Extracts 

As reported by Henn et al. [31], after exposure to LPS, BV2 cells show a broad 

response of gene activation, and many of the activated genes correspond to inflammatory 

mediators, such as IL-1β and TNF-α. These inflammatory mediators play an important 

role in the pathological processes of neurodegenerative diseases, as detailed in the review 

by Smith et al. [37]. To verify this observation in our model system, cells were treated 

with 0.5 μg/mL LPS for 21 h then subjected to RT-PCR analysis using specific primers 

for the detection of inflammatory markers. Results in Figure 6 confirm that LPS caused 

an increase in the transcriptional levels of IL-1β and TNF-α, highlighting the amplitude 

of the response of LPS-treated BV2 cells with respect to controls.  
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Figure 6. Tanscriptional level of inflammatory markers in LPS-treated BV-2 cells. BV-2 cells were 

incubated with LPS (0.5 μg/mL) for 21 h; then, RNA was extracted, reverse-transcribed to cDNA, and 

analyzed by RT-PCR using specific primers for IL-1β and TNF-α, as described in the Materials and 

Methods section. Results are expressed as means ± SD of three independent experiments. Statistical 

analysis was performed by Bonferroni multiple comparison test following one-way ANOVA. § p < 0.05, 

significantly different from control cells. 

 

In order to ascertain whether chestnut extracts are able to exert their protective 

effect at the transcriptional level, BV-2 cells pretreated with chestnut extracts were 

exposed to LPS, as previously reported, then mRNA quantification of the inflammatory 

markers was evaluated by RT-PCR (Figure 7). 

 

Figure 7. Protective effect of extracts from chestnut by-products on the transcriptional level of 

inflammatory markers in LPS-treated BV-2 cells. BV-2 cells were incubated for 3 h with 0.5 mg/mL 

extracts from chestnut leaves (L) and spiny burs (SB); then, 0.5 μg/mL LPS was added and the cells were 

incubated for a total of 24 h. Cells were then subjected to RNA extraction and analyzed by RTPCR using 

specific primers for IL-1β (panel A) and TNF-α (panel B), as described in the Materials and Methods 

section. Results are expressed as means ± SD of three independent experiments. Statistical analysis was 

performed by Bonferroni multiple comparison test following one-way ANOVA. § p < 0.05, significantly 

different from control cells; * p < 0.05, significantly different from LPS-treated cells. 
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As shown in Figure 7A, all chestnut extracts tested at the concentration of 0.5 

mg/mL were able to significantly decrease mRNA levels of IL-1β, a potent pro-

inflammatory cytokine that is crucial for host-defense responses to infection and injury.  

In addition, all the tested extracts were also able to reduce the mRNA level of TNF-

α, as reported in Figure 7B. Since it has been reported that TNF-α can induce necrotic or 

apoptotic cell death [38], it is conceivable that these results agree with the observed 

protective effect exerted by the chestnut extracts on BV-2 viability.  

The signaling pathway involving the transcription factor NF-kB is considered a 

typical proinflammatory pathway, largely based on the activation of NF-kB by pro-

inflammatory agents and on the role of NF-kB in the expression of pro-inflammatory 

genes including cytokines, chemokines, and adhesion molecules [39]. For this reason, the 

expression of this protein in LPS-stimulated BV-2 cells was evaluated in the absence and 

presence of chestnut extracts. Results obtained by Western blot analysis and reported in 

Figure 8 reveal that different tested chestnut extracts, with the exceptions of L6 

(“Lisanese”), SB6 (“Lisanese”), and SB7 (“Pastanese Biffoni”), are able to significantly 

decrease the LPS-induced expression of NF-kB.  

 

Figure 8. Effect of extracts from chestnut by-products on the NF-kB expression in LPS-treated BV-2 

cells. BV-2 cells were incubated for 3 h with 0.5 mg/mL of extracts from chestnut leaves L or spiny burs 

SB; then, 0.5 μg/mL LPS was added and the cells were incubated for 21 h. Cells were then lysed and the 

proteins were extracted, separated by SDS-PAGE, transferred to a nitrocellulose membrane, and 

immunoassayed using anti-NF-kB and anti-tubulin antibodies, as described in the Materials and Methods 

section. Results are expressed as means ± SD of three independent experiments. Statistical analysis was 
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performed by Bonferroni multiple comparison test following one-way ANOVA. § p < 0.05, significantly 

different from control cells; * p < 0.05, significantly different from LPS-treated cells. 

 

Materials and Methods 

Chemicals and Materials 

Deuterium oxide (H2O-d2, 99.90% D) and MeOH-d4 (99.80% D) were purchased 

from Eurisotop (Cambridge Isotope Laboratories, Inc, Saint-Aubin, France). Ultra-low 

Endotoxin FBS was obtained from Euroclone (Euroclone, Milan, Italy). Mini-

PROTEAN® TGX. precast gels 4–20%, Precision Plus Protein. Unstained Standards, 

Clarity. Western ECL Substrate and DCTM protein assay were purchased from Bio-Rad 

Laboratories (Hercules, California, United States). Primary antibodies against Nf-kB 

were purchased from Millipore (Merck Millipore, Burlington, MA, USA). Standard 3-

(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TMSP), sodium phosphate dibasic 

anhydrous sodium phosphate monobasic anhydrous, Dulbecco’s modified Eagle medium 

(DMEM), penicillin, streptomycin, glutamine, lipopolysaccharide (LPS) from 

Escherichia coli serotype O127:B8, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT), and all the other solvents and chemicals were purchased 

from Sigma-Aldrich Co. (St. Louis, MO, USA).   

Sampling and NMR Metabolomics 

Samples were collected during October 2018 in the experimental grove of 

Granaglione (Bologna, Italy, 44.1589851, 10.90389823). About twenty leaves were 

collected from each tree, immediately frozen in liquid nitrogen, then stored at -80°C until 

they were freeze-dried, ground, and kept in a fridge at 4°C before the analysis. Spiny burs 

were dried in a stove at 60°C, ground, and stored at room temperature. Pomological 

analysis was performed by Dr. Luca Dondini from the University of Bologna.  

Thirty milligrams of freeze-dried and powdered leaves or spiny burs material were 

extracted using 1 mL of a bland (1:1) MeOH-d4/H2O-d2 (containing 0.1 M phosphate 

buffer and 0.01% of TMSP standard). Samples were exposed to ultrasonic waves in a 

water bath (TransSonic TP 690, Elma, Germany) at a frequency of 35 kHz for 30 min and 

subsequently centrifuged for 20 min at 1700 x g (Eppendorf Centrifuge 5804R, Hamburg, 
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Germany); the supernatant (700 µL) was then separated from the pellet and transferred 

into NMR tubes.  

Pre-Purification of Flavonoids from Leaves 

The following procedure was designed according to Mandrone et al. [15] with slight 

modifications.  

Seventy-eight grams of powdered chestnut leaves, obtained from all twenty-five 

lots, were extracted with 1 L of MeOH/H2O (1:1). After 30 min of sonication, the extract 

was centrifuged for 20 min (2469 x g). Then, it was filtered on a Büchner funnel and dried 

by a rotary evaporator at 40°C (R215, Buchi, Flawil, Switzerland).  

The extract was suspended in 250 mL of H2O and 50 mL of MeOH and 

subsequently extracted by liquid/liquid partition with 250 mL of hexane, chloroform, 

ethyl acetate, and n-butanol (four times for each solvent).  

Dried Et-FR (200 mg) was sub-fractionated by an MPLC instrument (Reveleris®, 

Büchi, Flawil, Switzerland) equipped with a UV-detector and fraction collector and by 

using a C18 column (4 g) at a flow rate of 8 mL/min to collect fractions for UV peaks and 

setting the UV-Vis detector at 210 nm, 260 nm, and 350 nm. The extract was eluted with 

a gradient of H2O with 0.1% of TFA (solvent A) and MeOH (solvent B). Initial conditions 

were 5% followed by a linear increase of 5–25% B in 2 min, isocratic elution with 25% 

B for 5 min, increase to 60% B in 2 min, 60% B for 15 min, increase of 60–70% B in 2 

min, 70% B for 15 min, increase of 70–100% B in 2 min, and finally 100% B for 5 min. 

This procedure resulted in thirteen fractions (from FR1 to FR13). Fraction FR6 contained 

a mixture of different flavonoids.  

NMR and MS Spectra Measurement 

1H NMR spectra, J-resolved (J-res), 1H-1H homonuclear, and inverse detected 1H-

13C correlation experiments were recorded at 25°C on a Varian Inova 600 MHz NMR 

instrument (600 MHz operating at the 1H frequency) equipped with an indirect triple 

resonance probe. CD3OD was used for an internal lock. For 1H NMR profiling, the 

relaxation delay was 2.0 s, observed pulse 5.80 µs, number of scans 256, acquisition time 

16 min, and spectral width 9595.78 Hz (corresponding to δ 16.0). For the aqueous 
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samples, a presaturation sequence (PRESAT) was used to suppress the residual H2O 

signal at δ 4.83 (power = -6dB, presaturation delay 2 s).  

ESI-MS analyses were performed by direct injection of MeOH solutions of the 

compounds using a WATERS ZQ 4000 (Milford, MA, USA) mass spectrometer. 3.5.  

NMR Processing and Multivariate Data Treatment  

Free induction decays (FIDs) were Fourier transformed, and the resulting spectra 

were phased, baseline-corrected, and calibrated to TMSP at δ 0.0. Spectral intensities 

were reduced to integrated regions of equal width (δ 0.04) corresponding to the region 

from δ 0.0 to 10.0, with scaling on standard at δ 0.0 using the NMR Mestrenova software 

(Mestrelab Research, Santiago de Compostela, Spain). The analysis of the 1H NMR 

profiles was performed based on an in-house library and comparison with the literature 

[17,25].  

The regions of δ 4.9–4.8 and 3.34–3.26 were excluded from the analysis of the 

aqueous samples because of the residual solvents’ signals. For multivariate analysis, the 

model OPLS-DA (Orthogonal Partial Least Squares Discriminant Analysis) was 

developed using SIMCA-P+ software (v. 15.0, Umetrics, Umeå, Sweden). Data were 

normalized for standard (at δ 0.0) and subjected to Pareto scaling. The model was 

evaluated by the goodness of fit (R2x(Cum)) and goodness of prediction (Q2(Cum)), 

together with the parameters given by the cross validation tests: permutation test 

(performed using 30 permutations) and CV-ANOVA [40].  

Cell Culture 

BV-2 murine microglial cells were kindly provided by Prof. Elisabetta Blasi 

(University of Modena and Reggio Emilia, Modena, Italy) and were cultured in DMEM 

supplemented with 10% heat inactivated Ultra-low Endotoxin FBS (Euroclone, Milano, 

Italy), L-glutamine (1%), and streptomycin (1%) in a humidified incubator maintained at 

37 °C and 5% CO2, according to Blasi et al. [41].   

Cell Viability 

Cell viability was evaluated by the MTT assay as previously reported [42]. BV-2 

cells were treated with increasing concentrations of extracts from chestnut by-products 



76 

 

(0.1–1 mg/mL) for 3 h in 96-well plates and then 0.5 μg/mL LPS was added and the co-

treatment prolonged until 24 h. At the end of the treatments, the exhausted medium was 

eliminated and the MTT solution was added. The blue-violet formazan salt crystals that 

formed were dissolved with DMSO. The absorbance at 595 nm was measured using a 

multiwell plate reader (VICTOR3 Multilabel Counter; PerkinElmer, Wellesley, MA, 

USA).  

RT-PCR Analysis 

The transcriptional level of inflammatory markers was evaluated by RT-PCR as 

previously reported [42].  

After 3 h of treatment with extracts from chestnut by-products (0.5 mg/mL) and 21 

h co-treatment with LPS (0.5 μg/mL), total RNA was extracted from BV-2 cells using an 

RNeasy Mini kit (Qiagen). RNA quantification was performed using a NanoVue 

spectrophotometer and mRNA was reversetranscribed into cDNA using iScript cDNA 

synthesis kit (Bio-Rad). The PCR was carried out in a total volume of 10 μL containing 

cDNA, SsoAdvanced SYBR Green mix (Bio-Rad), and primers, according to 

manufacturer’s instructions.  

(IL-1_: FW_GTTCCCATTAGACAACTGCACTACAG 

RV_GTCGTTGCTTGGTTCTCCTTGTA; TNF-α: 

FW_CCCCAAAGGGATGAGAAGTTC RV_CCTCCACTTGGTGGTTTGCT; 

GAPDH*: 

FW_ACCACAGTCCATGCCATCACRV_TCCACCACCCTGTTGCTGTA; 

*reference control) 

Western Blot Analysis 

The protein expression of NF-kB was evaluated by Western Blotting as previously 

reported [43].  

After 3 h treatment with extracts from chestnut by-products (0.5 mg/mL) and 21 h 

co-treatment with LPS (0.5 μg/mL), BV-2 cells (250,000 cells/well) were washed with 

ice-cold PBS and lysed with RIPA buffer containing a protease and phosphatase inhibitor 

mixture. Protein concentration of the lysates was determined by Bio-Rad DC protein 

assay. Proteins (10 μg per lane) were electrophoretically separated on precast gels (Bio-
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Rad—Laboratories Inc.) and transferred to nitrocellulose membranes. Then, the 

nitrocellulose membranes were blocked and incubated overnight with primary antibodies 

(anti-NF-kB or anti-Tubulin I as internal normalizer) at 4°C. Nitrocellulose membranes 

were washed with T-TBS and incubated at room temperature for 1 h with secondary 

antibodies in T-TBS. Chemiluminescence detection was performed using Clarity Western 

ECL substrate. Bands were acquired with a CCD imager (ChemiDoc MP System, Bio-

Rad) and relative densitometric analyses were performed using Image Lab analysis 

software (Bio-Rad).  

 

Conclusions 

In this study, leaves and spiny burs of Castanea sativa from the experimental 

chestnut grove of Granaglione (Italy) were subjected to phytochemical analysis and tested 

for potential neuroprotective and anti-inflammatory activities.  

The 1H NMR-metabolomic analysis performed on ‘Marrone’ and ‘Castagna’ leaves 

showed that it was possible to distinguish these two classes of samples on the basis of 

some phytochemical features. In particular, ‘Marrone’ was characterized by lower 

amounts of all the metabolites, and specifically aromatic compounds, in particular 

flavonoids, namely, astragalin, isorhamnetin glucoside, and myricitrin, identified by 

means of NMR and MS experiments. The developed multivariate data model (OPLS-

DA), based on the leaves metabolomic profile, might be useful in support of the 

pomological analysis commonly performed to distinguish ‘Marrone’ and ‘Castagna’, or 

to discriminate among them when nuts are not available.  

With the aim of valorizing the by-products of the experimental chestnut grove, the 

potential neuroprotective effect of leaves and spiny burs were evaluated in a microglial 

model. The most current research is focused on the development of neuroprotective 

therapies aimed at contrasting neuroinflammation at the glial level [44].  

On this basis, the effects of extracts on BV-2 cell viability were assayed. 

Afterwards, their protective activity was assessed in the microglia model exposed to LPS, 

an inducer of inflammation.  

Deepening the study, the effect of extracts on the transcriptional levels of some 

genes that are protagonists of the inflammatory process, namely IL-1β, TNF-α, and NF-

kB, were also evaluated.  
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Despite the differences found in the metabolomic profiles, leaves and spiny burs of 

both ‘Marrone’ and ‘Castagna’ at concentrations of 0.1 and 0.5 mg/mL all showed 

interesting cytoprotective and anti-inflammatory activity on microglia cells, also reducing 

the expression of the abovementioned genes.  

These results represent an important step to encourage the recycling and 

valorization of Castanea by-products, favoring the circular economy and reducing the 

environmental impact related to management of chestnut grove waste.  

Further studies are ongoing to deeply investigate the metabolites that are active in 

counteracting neuroinflammation.  

 

Supplementary Materials: available online at http://www.mdpi.com/2218-

1989/10/10/408/s1.  
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Introduction 

 

The old economic approach, based on the logic of “make, use, dispose”, is no longer 

sustainable and needs to be counteracted. One of the current alternatives is represented 

by the circular economy, which aims to close loops in industrial systems by minimizing 

waste and by-products and turning them into resources [1]. The transition to a circular 

economy system requires actions and policy, the European Commission adopted the first 

circular economy action plan in 2015 and a new one in 2019 [2], which lists key products 

such as electronics, plastics, and food wastes.  

In order to implement this strategy, in the past two decades, the scientific 

community has been paying growing attention also to the valorization of industrial and 

agricultural wastes of plant origin [3,4]. These biological matrices are particularly 

interesting since they are source of high-value compounds such as secondary metabolites. 

Plant secondary metabolites are endowed with numerous biological activities making 

them useful in different fields such as cosmetic, nutraceutical, pharmaceutical, food 

additives, antifeedant [5]. According to a recent review work [6] the majority of the 

studies published between 2006 and 2020 deals with the potential use of neglected plant 

matrices as a source of bioactive molecules for human health care, while there are only a 

few reports about the use of these sources in agricultural field.  

The agriculture itself is one of the most challenged sectors for sustainable 

development. Indeed, population growth and the consequent rising demand for food 

require increasingly higher yields. However, lands are limited and overharvesting has 

caused several environmental problems such as depletion and pollution of water, 

hydrologic modifications, emission of greenhouse gasses, degradation of soil quality and 

fertility due to the use of fertilizers and pesticides [7,8]. Hence, more sustainable farming 

techniques need to be implemented and adopted. In this context, plant derived compounds 

represent a valuable alternative to the use of synthetic compounds. 

The present work aims at investigating whether neglected plant matrices can be 

used as sources of anti-phytopathogens, favoring both circular economy and sustainable 

agriculture. To this purpose 37 samples including agricultural residues, pest plants, herbal 

and food industry by-products were tested against strains of Pseudomonas syringae pv. 
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syringae ATCC 19310 and Clavibacter michiganensis subsp. nebraskense ATCC 27822. 

In addition, in vitro antioxidant activity of the samples was also determined. Finally, 

preliminary information about the phytochemical composition of the most active samples 

were obtained through 1H NMR profiling and by measuring total phenolics and 

flavonoids content. Pseudomonas syringae pv syringae van Hall (ATCC 19310) was 

chosen as Gram-negative bacteria because it is the most polyphagous in the P. syringae 

complex that primarily affects woody and herbaceous host plants. Alongside this 

microorganism, the bacterium Clavibacter michiganensis subsp. nebraskense (ATCC 

27822) was chosen, as it is a Gram-positive bacterium that affects the maize plant (the 

third most cultivated cereal in the world with an increasing cultivation trend [9]) during 

all its growth stages. 

 

Materials and methods 

 

Chemicals 

All reagents were purchased from Sigma Aldrich (Milano, Italy), except the 

deuterated solvents, which were purchased from Eurisotop (Cambridge, UK).  

 

Plant material and sample treatment 

Thirty-seven neglected plant matrices classified as agricultural waste and by-

products (crops residues and pest plants), residue from herbal industry (distillation 

residues), and residues from food industry (by-products belonging to 31 plant species) 

(Table 1) were obtained between 2018 and 2019. The matrices were provided by local 

producers (Emilia-Romagna region, Italy) including farmers, herbalists, and winemakers 

and vouchers of the dried plant material were deposited in Department of Pharmacy and 

Biotechnology, University of Bologna (via Irnerio 42, Bologna, Italy). Solid wastes from 

distillation, grape pomace and almond exocarp were freeze dried, while the other plant 

matrices were dried at 40 °C in stove. After the drying process, all samples were grounded 

and stored in the dark and at room temperature.  

 

Extracts preparation  
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Extracts were prepared as described by Cappadone et al. [10] with slight 

modifications. Briefly, 120 mg of dried and powdered plant material underwent ultrasonic 

assisted extraction for 30 min using 6 mL of MeOH/H2O (1:1). Subsequently, samples 

were centrifuged (2469 x g) for 20 min and each supernatant was separated from the pellet 

and divided into four tubes. Solvent was evaporated in vacuum concentrator (Savant 

SpeedVac SPD210, Thermo Fisher Scientific, Waltham, Massachusetts, United States) in 

order to yield the crude extracts. Aliquots of the extracts were in turn used for 1H NMR 

profiling, antioxidant, and antimicrobial activity.  

 

Total phenolic content and total flavonoid content  

Total polyphenol and flavonoid content and antioxidant activity were measured on 

the extracts before evaporating the solvent, the supernatant was separated from the pellet 

and directly tested.  

The total phenolic and total flavonoid content of the extracts were assessed by 

means of spectrophotometric methods using the spectrophotometer Victor™ X  

PerkinElmer (Waltham, Massachusetts, United States) as described by Chiocchio et al. 

[11] with slight modifications. The crude extracts were diluted in methanol (1:1) and 

tested in duplicate for each assay. Gallic acid and rutin were used to build the calibration 

curves which were used to calculate by interpolation the total phenolic content and total 

flavonoid content, respectively. Thus, total phenolic content was expressed as mg of 

gallic acid equivalent (GAE) per g of dried plant material and total flavonoid content was 

expressed as mg rutin equivalent (RE) per g of dried plant material. 

 

Total antioxidant activity 

In vitro antioxidant activity of the extracts was determined using the DPPH free 

radical scavenging assay as described by Marrelli et al. [12] with slight modifications. 

Crude extracts were diluted in methanol in order to test different concentrations (ranging 

from 1.25 to 1000 μL/mL in the assay). 50 μL of sample solutions were added to 700 μL 

of a DPPH methanol solution (50 mM). After 20 min at room temperature, absorbances 

(Abs) were measured at 517 nm and the percentage of antioxidant activity was calculated 

using the following formula: 

Antiradical activity % = ((control Abs – sample Abs) / control Abs) x 100. 

https://www.google.com/search?rlz=1C1CHBF_itIT883IT883&sxsrf=AOaemvLaPbqfakZqkjyhDHDAWiKxtbQBFA:1634031718640&q=Waltham&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWNnDE3NKMhJzd7AyAgDThZNCUQAAAA&sa=X&ved=2ahUKEwjThZDBysTzAhXDNOwKHTovCEkQmxMoAXoECDsQAw
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Methanol was used as negative control, Trolox (Tr) at different concentrations 

(ranging from 50 to 500 μM) was used as a positive control and Tr IC50 was used for the 

calculation of Trolox equivalents. Total antioxidant activity was expressed as mg of 

Trolox equivalent (TE) per mL of extract. 

 

Antibacterial Activity  

The antibacterial activity has been evaluated against phytopathogenic bacteria to 

preliminarily verify phytoiatric properties. Pseudomonas syringae pv. syringae ATCC 

19310 and Clavibacter michiganensis subsp. nebraskense ATCC 27822 were used to 

determine MIC (Minimum Inhibitory Concentration) through microdilution method 

using 96-well microtiter plates. Bacterial cultures were incubated overnight at 26 °C and 

28 °C, respectively, in Tryptic Soy Broth (OXOID Ltd., Hampshire, UK). One hundred 

μL of sterile medium were used together with 100 μL of sample to perform serial dilutions 

of extracts previously dissolved in fresh medium (50 mg/mL of stock solution), into all 

micro-wells. One-hundred microliters of bacterial culture standardized to 2 × 107 

CFU/mL were added to the wells and incubated at 26 °C and 28 °C for 24 h. After the 

incubation period, 40 μL of water solution (20 mg/mL) of 2,3,5-triphenyl-tetrazolium 

chloride (Sigma-Aldrich, St. Louis, USA) were added to each well and then incubated for 

 0 min: microbial growth was evaluated by microplate reader (680XR, Bio Rad, 

Laboratories, Inc., Hercules, CA, USA) at 415 nm. Thymol (concentration range 0.0625-

0.5 μg/mL) was used as a positive control. All determinations were made in triplicate. 

 

NMR and ESI-MS analysis 

For 1H NMR profiling each extract was solubilized in deuterated solvents obtaining 

a final concentration equal to 5 mg/mL. The solvent used was a mixture (1:1) of phosphate 

buffer (90 mM; pH 6.0) in H2O-d2 containing 0.01% trimethylsilylpropionic-2,2,3,3-d4 

acid sodium salt (TMSP) and MeOH-d4.  

1H NMR spectra were recorded at 25°C on a Varian Inova 600 MHz NMR 

instrument (600 MHz operating at the 1H frequency) equipped with an indirect triple 

resonance probe. Methanol-d4 was used for internal lock. Each 1H-NMR spectrum 

consisted of 256 scans (corresponding to 16 min) with the relaxation delay (RD) of 2 s, 

acquisition time 0.707 s, and spectral width of 9595.8 Hz (corresponding to δ 16.0). A 
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presaturation sequence (PRESAT) was used to suppress the residual water signal at δ 4.83 

(power = -6dB, presaturation delay 2 s). The spectra were manually phased and baseline 

corrected, and calibrated to the internal standard trimethyl silyl propionic acid sodium 

salt (TMSP) at δ 0.0 using Mestrenova software (Mestrelab Research, Spain). 

Compounds identification was based on an in-house library and comparison with 

literature data [13]. 

For ESI-MS analyses, extracts were dissolved in MeOH, and analyzed by 

WATERS ZQ 4000 (Milford, MA USA) mass spectrometer. in negative and/or positive 

ion modes according to the more ionizable chemical groups of samples. A direct infusion 

of 20 μL/ min, source temperature of 80 °C and desolvation (nitrogen) gas (flow rate of 

200 L/h) were common parameters used in both positive and negative ion modes. 

Capillary potential and source cone were 3.54 Kv and 20 V in positive ion mode, and 

2.53 Kv and 30 V in negative ion mode. The mass range was from 0 to 1000 m/z. 

 

Statistical analysis 

Values were expressed as the mean ± SD of one experiment performed in duplicate. 

Statistical analyses were performed using Graph Pad Prism 4 software (La Jolla, CA, 

USA). Samples were compared by one-way analysis of variance (ANOVA), followed by 

Tukey’s honestly significant difference (HSD) post-hoc test, considering significant 

differences at P values < 0.05. 

 

Table 1. Plant neglected matrices investigated in this work, their source (plant scientific and 

common name and plant part), and used tag are reported together with the type of waste/by-

product. Plant scientific names have been updated following the World Checklist of Vascular 

Plants [14]. 

Scientific 

name 

Common 

name 

Plant 

part 

Type of 

waste/by-

product 

Sample 

tag 

Voucher 

number 

Abutilon 

theophrasti 

Medik.  

Velvetleaf Aerial 

parts 

Pest plant Ath 

WST25 
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Achillea 

millefolium L. 

Common 

yarrow 

Aerial 

parts 

Solid waste 

from 

distillation 

Acm 

WST35 

Allium cepa L. Onion Dry aerial 

parts 

Agricoltural 

residue 

Ace 
WST1 

Artemisia 

absinthium L. 

Wormwood Aerial 

parts 

Solid waste 

from 

distillation 

Ara 

WST36 

Beta vulgaris 

L. 

Sugar beet Aerial 

parts 

Agricoltural 

residue 

Bvu 
WST10 

Camelina 

sativa (L.) 

Crantz 

Camelina Dry aerial 

parts 

Agricoltural 

residue 

Csa 

WST2 

Castanea 

sativa Mill. 

Chestnut Pericarp Food 

Industry by-

products 

Csp 

WST16 

Spiny 

burs 

Agricoltural 

residue 

Csr 
WST3 

Cicer 

arietinum L. 

Chickpea Aerial 

parts 

Agricoltural 

residue 

Car 
WST11 

Cichorium 

intybus L. 

Chicory Apical 

flowering 

aerial 

parts 

Pest plant Cia 

WST22 

Basal 

flowering 

aerial 

parts 

Pest plant Cib 

WST23 

Cucurbita 

pepo L. 

 

Courgette 

Leaves Agricoltural 

residue 

Cpe 
WST12 

Aerial 

parts 

Agricoltural 

residue 

Cpi 
WST15 

Cupressus 

sempervirens 

L. 

Cupressus Leaves Solid waste 

from 

distillation 

Css 

WST26 



89 

 

Echinochloa 

crus-galli (L.) 

P.Beauv. 

Cockspur Flowering 

aerial 

parts 

Pest plant Ecg 

WST24 

Erigeron 

canadensis L. 

Horseweed Aerial 

parts 

Pest plant Eca 
WST21 

Helianthus 

annuus L. 

Sunflower Leaves Agricoltural 

residue 

Han 
WST4 

Helichrysum 

italicum 

(Roth) G. Don 

Curry plant Aerial 

parts 

Solid waste 

from 

distillation 

Hei 

WST27 

Laurus nobilis 

L.  

Laurel Leaves Solid waste 

from 

distillation 

Lan 

WST28 

Lavandula 

angustifolia 

Mill. 

Lavander Aerial 

parts 

Solid waste 

from 

distillation 

Laa WST37 

Melissa 

officinalis L. 

Lemon 

balm 

Aerial 

parts 

Solid waste 

from 

distillation 

Meo 

WST29 

Origanum 

vulgare L. 

Oregano Stems Food 

Industry by-

products 

Orv 

WST19 

Phaseolus 

vulgaris L. 

Bean Husks Food 

Industry by-

products 

Pvb 

WST18 

Aerial 

parts 

Agricoltural 

residue 

Pvu 
WST13 

Prunus 

amygdalus 

Batsch 

Almond Exocarp Food 

Industry by-

products 

Pam 

WST17 

Rosa 

damascena 

Damask 

rose 

Buds Solid waste 

from 

distillation 

Rod 

WST30 
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Salvia 

officinalis L. 

Sage Aerial 

parts 

Solid waste 

from 

distillation 

Sco 

WST33 

Salvia 

rosmarinus 

Schleid. 

Rosemary Aerial 

parts 

Solid waste 

from 

distillation 

Sar 

WST31 

Salvia sclarea 

L. 

Clary sage Aerial 

parts 

Solid waste 

from 

distillation 

Sas 

WST32 

Solanum 

lycopersicum 

L. 

Tomato Basal 

leaves 

Agricoltural 

residue 

Sly 

WST14 

Solanum 

tuberosum L. 

Potato Leaves Agricoltural 

residue 

Stu 
WST8 

Sorghum 

bicolor (L.) 

Moench 

Sorghum Leaves Agricoltural 

residue 

Sbl 
WST6 

Roots Agricoltural 

residue 

Sbr 
WST7 

Stems Agricoltural 

residue 

Sbf 
WST5 

Thymus 

vulgaris L. 

Common 

tyme 

Aerial 

parts 

Solid waste 

from 

distillation 

Tvu 

WST34 

Triticum 

aestivum L. 

Wheat Dry aerial 

parts 

Agricoltural 

residue 

Tae 
WST9 

Vitis vinifera 

L. 

Grape Pomace Food 

Industry by-

products 

Vvi 

WST20 

 

Results 

The tests performed on a 96-well plate in microplate reader against the Gram-

negative bacterium (P. syringae pv syringae) did not show any noteworthy activities, 

while thymol, already well known in the literature for its antibacterial capacity, exhibited 

a MIC value of 62.5 µg/mL and Heliocuivre S, a terpenic formulate of copper hydroxide 
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used against bacterial diseases of horticultural crops, ornamental plants and fruit trees, 

showed a MIC value of 2.625 µL/mL. Regarding the results on Gram-positive bacterium 

(C. michiganensis subsp. nebraskense), extracts from 5 plant wastes showed antibacterial 

activities with MICs ranging from 125 to 1000 µg/mL. Interestegly, all the active matrices 

were solid residues from distillation, namely Salvia sclarea L., Salvia rosmarinus 

Schleid, Salvia officinalis L., Cupressus sempervirens L., and Helichrysum italicum 

(Roth) G. Don. The extracts deriving from plants belonging to the genus Salvia, showed 

a modest antibacterial activity with MICs ranging between 500 and 1000 µg/mL (Table 

2). However, the best result was exerted by the extract of Helichrysum italicum which 

showed a MIC of 125 µg/ml, higher only than thymol (thymol MIC = 62.5 µg/mL, 

Heliocuivre S MIC=0.65625 µl/mL).  

The results showed that Gram-negative bacteria were less sensitive than Gram-

positive bacteria, possibly because of the different bacterial wall characteristics that 

distinguish bacteria in Gram staining.  

Antioxidant activity ranged from 0.3 to 5 mg of Trolox equivalent per mL of plant 

extract, and extract of Castanea sativa (pericarp), Rosa damascena (buds post-

distillation), Prunus amygdalus (exocarp) were the most powerful ones (Fig. 1).  

 

Table 2. Total flavonoid content, total plyphenol content, in vitro antioxidant activity and 

antibacterial activity against C. michiganensis. 

Scientific 

name 

Sample 

tag 

mg RE/g 

(DW)  

mg GAE/g 

(DW) 

mg TE/mL of 

extract 

MIC 

(µg/mL) 

Abutilon 

theophrast

i Medik.  

Ath 13.73 ± 0.46 18.06 ± 0.57 0.95 ± 0.17 -  

Achillea 

millefoliu

m L. 

Acm 14.54 ± 0.48 25.81 ± 0 0.85 ± 0.07 

- 

Allium 

cepa L. 
Ace 1.36 ± 0.05 2.94 ± 0  - 

- 

Artemisia 

absinthium 

L. 

Ara 16.18 ± 0.54 29.26 ± 3.16 0.89 ± 0.02 

- 

Beta 

vulgaris L. 
Bvu 3.99 ± 0.13 6.32 ± 0.4  - 

- 
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Camelina 

sativa (L.) 

Crantz 

Csa 0.55 ± 0.02 2.48 ± 0.16 -  

- 

Castanea 

sativa 

Mill. 

Csp 4.78 ± 0.16 43.97 ± 1.7 4.76 ± 0.16 - 

Csr 6.23 ± 0.21 30.73 ± 0.76 1.65 ± 0.11 - 

Cicer 

arietinum 

L. 

Car 7.92 ± 0.26 10.04 ± 0.56  - 

- 

Cichorium 

intybus L. 

Cia 0.35 ± 0.01 4.67 ± 0.02  - - 

Cib 18.86 ± 0.63 25.26 ± 1.39 1.22 ± 0.07 - 

Cucurbita 

pepo L. 

Cpe 13.21 ± 0.44 16.45 ± 0.23  - - 

Cpi 19.88 ± 0.66 17.35 ± 1.1 0.71 ± 0.08 - 

Cupressus 

sempervire

ns L. 

Css 8.25 ± 0.27 36.39 ± 0.12 2.14 ± 0.11 1 

Echinochl

oa crus-

galli (L.) 

P.Beauv. 

Ecg 16.4 ± 0.55 15.95 ± 1.2 

- - 

Erigeron 

canadensis 

L. 

Eca 36.12 ± 1.2 31.68 ± 0.16 1.75 ± 0.14  - 

Helianthus 

annuus L. 
Han 5.12 ± 0.17 13.66 ± 0.62 

- - 

Helichrysu

m italicum 

(Roth) G. 

Don 

Hei 41.19 ± 1.37 37.55 ± 0.55 2.58 ± 0.36 0.125 

Laurus 

nobilis L.  
Lan 12.79 ± 0.43 29.87 ± 1.01 

- - 

Lavandula 

angustifoli

a Mill. 

Laa 15.26 ± 0.51 37.52 ± 0.29 1.92 ± 0.07 

- 

Melissa 

officinalis 

L. 

Meo 10.53 ± 0.35 36.49 ± 0.75 2.38 ± 0.46 

- 

Origanum 

vulgare L. 
Orv 4.82 ± 0.16 18.01 ± 0.94 0.56 ± 0 

- 

Phaseolus 

vulgaris L. 

Pvb 4.34 ± 0.14 6.11 ± 0.18 -  - 

Pvu 20.35 ± 0.68 19.04 ± 0.17 0.51 ± 0 - 
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Prunus 

amygdalus 

Batsch 

Pam 3.66 ± 0.12 42.38 ± 0.31 5.1 ± 0.07 

- 

Rosa 

damascena 
Rod 35.34 ± 1.18 43.96 ± 1.5 4.77 ± 0.12 

- 

Salvia 

officinalis 

L. 

Sco 26.6 ± 0.89 38.53 ± 0.95 1.85 ± 0.11 0.5 

Salvia 

rosmarinu

s Schleid. 

Sar 22.9 ± 0.76 39.83 ± 0.43 2.03 ± 0.26 0.5 

Salvia 

sclarea L. 
Sas 17.03 ± 0.57 19.9 ± 0.37 0.48 ± 0.01 1 

Solanum 

lycopersic

um L. 

Sly 19.35 ± 0.65 25.88 ± 0.4 1.06 ± 0.01 -  

Solanum 

tuberosum 

L. 

Stu 2.02 ± 0.07 5.98 ± 0.96 

- - 

Sorghum 

bicolor 

(L.) 

Moench 

Sbl 8.97 ± 0.3 16.12 ± 2.75 0.34 ± 0.01 -  

Sbr 2.78 ± 0.09 10.96 ± 0.01 - - 

Sbf 1.41 ± 0.05 5.85 ± 0.08 - - 

Thymus 

vulgaris L. 
Tvu 42.91 ± 1.43 42.05 ± 1.91 1.91 ± 0.03 

- 

Triticum 

aestivum 

L. 

Tae 4.13 ± 0.14 5.95 ± 0.35  - 

- 

Vitis 

vinifera L. 
Vvi 6.24 ± 0.21 29.36 ± 1.74 1.23 ± 0.02 

- 
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Figure 1. Antioxidant activity measured by DPPH assay. Different letters within the same assay 

indicate significant differences in ANOVA test (P < 0.05). Results are expressed as means ± SD 

of three independent experiments. 

 

All plant extract were analyzed for their total phenolic and flavonoid content. Total 

phenolic content ranged from 2 to 44 mg of gallic acid equivalent (GAE) per g of dried 

plant material (Fig. 2A), while total flavonoid content ranged from 0 to 43 mg of rutin 

equivalent (RE) per g of dried plant material (Fig. 2B). Except few samples having very 

low phenolics and flavonoids content, namely CSA, ACE, and CIA (below 5 mg GAE/g 

and 5 mg RE/g), most of the examined matrices resulted still valuable source of these 

antioxidant compounds.  

Notably, these three matrices CSP, ROD, and PAM are also the richest in phenolic 

compounds consistently with the renowned antioxidant capacity associated to these 

phytochemicals. While ROD showed also high content of flavonoids, the flavonoid 

content of CSP and PAM was quite low (4.8 and 3.7 mg RE/g). 

Interestingly, the samples that showed activity, are rich in polyphenols being all in 

the upper half of Fig. 1A, all exceeding 20 mg GAE/g plant material (DW).  
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Figure 2. A) Total phenolic content; 2B) Total flavonoid content. Different letters within the 

same assay indicate significant differences in ANOVA test (P < 0.05). Results are expressed ad 

means ± SD of three independent experiments. 

 

Samples showing significant antibacterial activity were analyzed by 1H NMR 

profiling in order to obtain an overview of their main phytochemicals (Figure 3). The 

analysis showed in all plant extracts belonging to the genus Salvia the presence of 

rosmarinic acid, which alone does not show a MIC value at the concentrations tested 

(from 0.125 to 1 mg/mL), but that, thanks to its recognized antibacterial activity [15], 

could act in synergy with other molecules present in the extracts to exert the recorded 

activity. 

Interestingly, the amount of rosmarinic acid in the waste from S. sclarea is lower 

than the other two species, while this sample was found particularly rich in sclareol, a 

diterpene generally found in the essential oil of this plant.  
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Figure 3. 1H NMR fingerprinting of the active extracts. a=sclareol, b=rosmarinic acid, 

c=hydroxycinnamic acids, d=shikimic acid, e=sucrose, f= α-glucose, g=β-glucose.  

 

Another active matrix was the solid residue from the distillation of C. sempervirens 

whose 1H NMR profile showed the presence of shikimic acid along with other unknown 

aromatic and aliphatic compounds (at low concentration). Finally, the most powerful 

antibacterial sample was the extract of Helichrysum italicum which resulted rich in 

hydroxycinnamic acids. This latter data was confirmed also by MS analysis.  

Conclusions 

This screening of plants neglected matrices allowed to find 5 out of 37 samples 

active against strains of Gram-positive bacterium C. michiganensis subsp. nebraskense. 

The active samples were extracts obtained from the solid wastes after distillation process 

lighting the potential of plant material to be further used after the extraction of essential 

oils. In addition, 23 samples proved to extert in vitro antioxidant activity by means of 

DPPH assay. The measured total phenolic and flavonoid content showed that most of the 

samples contained these compounds and the 1H NMR analysis carried out on the 

antibacterial extract revealed that 3 out of 5 samples, all belonging to Salvia genus, 
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contained rosmarinic acid. Other detected compounds were shikimic acid, sclareol, and 

hydroxycinnamic acids. This preliminary chemical information combined with the 

exerted biological activities, made the investigated plant matrices a valuable source of 

functional ingredients providing a basis for their utilization in various fields, especially 

agriculture.  
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Chapter 2 

 

 

Achieving sustainable agriculture through smart and innovative 

growth systems 

 

 

Agriculture is constantly challenged by specific needs such as growing plants 

resistant to pathogens, having high productivity, yielding high quality products, and being 

at the same time low-demanding in terms of resources. Achieving these objectives in a 

sustainable way requires increasing efforts, especially in extending the basic knowledge 

of plants and their interactions with the environment. In this context, the present chapter 

reports two case studies (two different plants and growth systems were chosen), which 

investigated the metabolomic responses of plants to various environmental and anthropic 

factors. 

The first research was focused on Sorghum bicolor grown in 12 diverse fields. This 

plant is drought-tolerant and heat-tolerant representing an important food crop in arid 

regions. The aim of the work was to investigate the metabolome variations in the different 

fields with the ultimate goal of favoring the development of smart agriculture techniques.  

Additionally, the potential of growing plants in a smart greenhouse was explored in 

a second research. In this case, Taxus baccata, a plant important for its bioactive 

metabolites, was grown under different LED lighting and the consequent biometric and 

metabolomic variations were measured.  
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2.1. Metabolomic Study of Sorghum (Sorghum bicolor) to 

Interpret Plant Behavior under Variable Field 

Conditions in View of Smart Agriculture Applications 

 

 

This article has been published in Journal of Agriculture and Food Chemistry:  

Mandrone, M., Chiocchio, I., Barbanti, L., Tomasi, P., Tacchini, M., & Poli, F. 

Metabolomic Study of Sorghum (Sorghum bicolor) to Interpret Plant Behavior under 

Variable Field Conditions in View of Smart Agriculture Applications. Journal of 

Agricultural and Food Chemistry 2021, 69(3), 1132-1145. 

https://doi.org/10.1021/acs.jafc.0c06533 

 

Keywords: smart agriculture; NMR metabolomics; quality control; Sorghum bicolor; 

dhurrin 

 

Reprinted with permission from [J. Agric. Food Chem. 2021, 69, 3, 1132–1145]. 

Copyright [2021] American Chemical Society. 
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Abstract 

To tackle the urgency of smarter crop management, the complex nature of agricultural 

ecosystems needs to be better understood, employing and combining different techniques 

and technologies. In this study, untargeted metabolomics and agro-meteorological survey 

were coupled to study the variation of Sorghum bicolor (L.) Moench metabolome during 

crop development, in response to environmental and anthropic factors. Twelve crop fields 

in the Emilia-Romagna region, Italy, were monitored and sampled at different stages, 

seedling (Ss), advanced vegetative (Sv), and ripening (Sr), and subjected to 1H NMR-

based metabolomics. The analytical method developed resulted to be successful to 

quickly analyze different sorghum organs. Dhurrin, a cyanogenic glucoside, resulted to 

be a biomarker of crop quality and development, and several insights into its turnover and 

functions were obtained. In particular, p-glucosyloxy-2-hydroxyphenylacetic acid was 

identified, for the first time, as the main metabolite accumulated in sorghum at Sr, after 

gradual dhurrin neutralization. During plant life, fertilization and biotic and abiotic stress 

reflected peculiar metabolomic profiles. Water supply and soil features (i.e., clay content) 

were correlated to metabolomic variations, affecting dhurrin (and related metabolites), 

amino acids, organic acids, and carbohydrate content. Increase in chlorogenic acid was 

registered in consequence of predator attacks. Moreover, grain from three fields presented 

traces of dhurrin and the lowest antioxidant potential, which resulted in poor grain quality. 

Metabolomics turned out to be a promising tool in view of smart agriculture for 

monitoring plant growth status and applying appropriate agricultural practices since the 

early stage of crop development. 
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Introduction 

Population growth, climate change, and the urgent demand for safe, nutritious, and 

sufficient food worldwide challenge agriculture to intensify production, while 

concurrently lowering the food environmental footprint [1]  

To tackle this demand, it is increasingly important to deeply understand the 

complexity of agricultural ecosystems. In order to achieve this goal, techniques and 

technologies from many disciplines (biotechnology, agronomy, phytochemistry, 

microbiology, engineering, and information technology) need to be jointly employed [2] 

The analysis of big data through an inductive (hypothesis-generating) approach, 

which leads to advances in various fields, is also expected to enable farmers and 

companies in the agricultural sector to improve their efficiency in a sustainable way [3]. 

For instance, considering that most agricultural processes (i.e., crop choice, sowing 

schedule, growth, and harvest management) depend on the weather, it is of general 

interest to study how shifts in the weather regimes determine crop variability at regional 

levels. Thus, advanced and accurate information on weather variables and their 

quantitative relations to crop processes need to be implemented [4]. In this framework, 

untargeted metabolomics coupled with agro-climatic studies could represent a valuable 

tool to obtain information on the variation of crop metabolome in response to 

environmental and anthropic factors. Metabolomics, which often relies on untargeted 

analysis protocols, whose data are handled with multivariate techniques (inductive 

approach), has already been applied successfully in several areas of research, ranging 

from human diagnostics and epidemiology to plant sciences [5]. In the latter field, this 

approach resulted to be particularly helpful in facilitating the identification of active 

principles in medicinal plants [6-8] and for food and botanical quality control, in terms of 

both nutraceutical/biological properties and fraud detection [9,10]. 

This work is focused on Sorghum bicolor (L.) Moench, belonging to the Poaceae 

family and Andropogoneae tribe. Of the large intraspecific variation, we addressed 

sorghum genotypes suited for grain production, that is, those featuring low plants with 

large panicles, which are grown as cereals for food and/or feed uses. More specifically, 

this work focuses on commercial sorghum hybrids producing white (actually pale) grain, 

that is, whose kernels are devoid of tannins and anthocyanins, and are, therefore, better 

suited for a vast array of food/feed uses. 
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The relevant role played by sorghum in global agriculture makes it an important 

crop to be investigated through metabolomic approaches. Sorghum is the fifth most 

important cereal in the world; thanks to its good drought resistance, it is intensively 

cultivated in Africa, Asia, and southwest USA [11] and is regarded with growing interest 

in other warm temperate areas of the world. The EU plays a minor role in grain sorghum 

cultivation: the crop is concentrated in the central Mediterranean areas, with the two 

major producing countries, France and Italy (approximately 70,000 and 50,000 ha, 

respectively). However, the cultivation of sorghum for food preparation is recently 

increasing in Italy and other Mediterranean countries because of its lack of gluten [12] 

and its recognized high nutritional value [13] Nevertheless, sorghum also produces a 

cyanogenic glycoside (dhurrin), whose content varies depending on the plant stage and 

growth conditions [14], and because of its toxicity, it must be kept extremely low at 

harvest. 

With these premises, 12 sorghum crop fields in Emilia-Romagna (Italy) were 

studied from an agronomic and metabolomic viewpoint. In particular, plant samples were 

harvested at three different stages: seedlings (Ss), advanced vegetative phase (Sv), and 

grain maturity (Sr), and subjected to 1H NMR-based metabolomic analysis. Thus, the 

relationships among the metabolome, crop parameters, and organs were investigated 

through multivariate data treatment. The antioxidant activity of the grain was also 

measured. 

On this basis, the present study was aimed to detect the variations of sorghum 

metabolome associated with growth stage, plant organ, and environmental/crop 

management factors. Consequently, the NMR-based metabolomic approach was here 

used also for the broad-spectrum quality control of sorghum grain. The final purpose was 

to better understand the sorghum metabolome and its response to environment, collecting 

data potentially useful for implementing smart agriculture practices. Particular attention 

was given to specific agricultural practices or environmental features, which could 

positively affect sorghum grain in terms of yield and quality. 
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Materials and Methods 

Sorghum fields 

In 2017, a survey was run on commercial sorghum crops in the Emilia-Romagna 

region, the largest sorghum-producing area of Italy. Twelve fields cultivated with 

sorghum hybrids producing white grain were selected between 44°07′ and 44° 8′ N, and 

between 11°06′ and 12°07′ E, in the plain area of the region (nine fields; elevation not 

exceeding 30 m above sea level) or in the footsteps of the Apennine mountains (three 

fields at an average elevation of 116 m above sea level) (Figure 1). The map of the fields 

was created in QGIS 2.18.20 (QGIS Development Team, 2016) using the DEM file 

provided by ISPRA [15] and the shape file provided by ISTAT [16]. 

 

Figure 1. Location of the 12 sorghum fields addressed in this study within the Emilia-Romagna region 

(Italy). The map of the fields was created in QGIS 2.18.20 (QGIS Development Team, 2016) using the 

DEM file provided by ISPRA and the shape file provided by ISTAT. 

 

Sorghum cultivation is fully mechanized in Italy, that is, all operations are carried 

out with agricultural machinery. Fertilization and weed, pest, and disease control, in most 

cases, are based on mineral fertilizers and chemical plant protection products. All crop 

interventions, their timing, and the products used in the 12 fields were annotated, from 

soil tillage (autumn 2016) to crop maturity (summer 2017). The 12 fields were managed 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig1
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig1
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under rain-fed conditions, that is, without irrigation. This is the standard practice for the 

sorghum crop in the surveyed area. 

The course of weather during the crop season (minimum and maximum 

temperature, precipitation, and relative humidity) was obtained from the regional network 

of meteorological stations [17]. Principal soil characteristics such as texture, pH, organic 

carbon (OC) content at 0–30 cm depth, clay content, silt, and clay content were obtained 

from specific regional maps [18]. The shallow water table depth during sorghum growth 

was obtained from the same online source [18]. 

Crop evapotranspiration (ETC), representing the evapotranspiration of the specific 

crop under nonlimiting water supply [19], was assessed based on the reference 

evapotranspiration (ET0) calculated with the Hargreaves method [20]. The relationship 

between the actual water supply (precipitation) and potential consumption (ETC) was 

investigated as an indicator of potential drought for the crop. 

Sorghum in the 12 fields was seeded in the early spring: the average seeding date 

was April 5, corresponding to 95 ± 5.1 days from the beginning of the year. Sorghum 

cycle from seeding to harvest lasted an average 127.5 ± 4.9 days after seeding (DAS). 

Plant and soil sampling 

Sorghum samples were collected at three relevant plant stages: seedling (Ss) (26.2 

± 6.1 DAS), booting–initial heading, that is, advanced vegetative stage (Sv) (76.4 ± 5.4 

DAS), and grain ripening (Sr) (111.0 ± 5.1 DAS). 

At the first sampling (average date, May 1), 40 seedlings were taken from an area 

of approximately 10 m2. Plants were extracted from soil and immediately frozen in liquid 

nitrogen, then stored at −80 °C until being freeze-dried, and kept in fridge at 4 °C before 

the analysis. 

At the second sampling (average date, June 20), 20 plants were collected from a 

nearby area and partitioned into stems and leaves. The stems and leaves were immediately 

frozen in liquid nitrogen and titrated as described for seedlings. 

At the third sampling, (average date, July 25), 20 plants were collected from a 

nearby area and partitioned into stems, leaves, and panicles. The vegetative organs were 

managed as previously described, whereas the grain from the panicle was dried in a stove 

at 40 °C, ground, and stored under dark conditions. Additional panicle samples were taken 

on 0.9 m2 crop areas per two replicates, and the grain recovered was weighed and 
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subjected to moisture assessment. Based on these data, the final grain yield per unit crop 

surface (Mg ha–1) at the reference moisture (14%) was determined. The test weight, that 

is, the apparent volumetric mass (g L–1) of the grain, was also determined. 

Grain yield and test weight at harvest were subjected to Pearson’s correlations with 

a series of agro-environmental parameters including tillage depth (TD), organic 

fertilization, mineral N supply, seeding date, length of the growth period, clay content, 

OC, ETC – P, P/ETC, and the depth of the shallow water table in July (WTD). 

Soil samples at the depth of 0–0.3 m were also collected at the same three times of 

plant sampling. They were oven-dried (105 °C for 48 h) to determine soil humidity at the 

beginning (H-ini), middle (H-mid), and end of the sorghum growth season (H-late). 

Chemicals 

Deuterium oxide (D2O, 99.90% D), CD3OD (99.80% D), and CDCl3 with 0.03% 

TMS (99.80% D) were purchased from Eurisotop (Cambridge Isotope Laboratories, Inc., 

France). Standard 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TMSP), 

sodium phosphate dibasic anhydrous, sodium phosphate monobasic anhydrous, and all 

the other solvents and chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, 

USA). 

Extract preparation for NMR analysis 

In all cases, samples representative of each field were obtained by pooling material 

from all the individuals collected on the same field. A 30 mg of freeze-dried and 

powdered seedlings, leaves, or stem material were extracted using 1 mL of a bland (50:50) 

CD3OD/D2O (containing 0.1 M phosphate buffer and 0.01% of TMSP standard). The 

extracts were sonicated for 30 min and subsequently centrifuged for 20 min at 17,000g, 

and the supernatant (700 μL) was then separated from the pellet and transferred into NMR 

tubes. 

For grain metabolomics, 50 mg of the dried and ground material was subjected to 

ultrasound-assisted (20 min) extraction in 0.8 mL of CDCl3. Then, 0.8 mL of the bland 

(50:50) CD3OD/D2O (containing 0.1 M phosphate buffer and 0.01% of TMSP standard) 

was added, and the samples were subjected to additional sonication for 20 min and 

subsequently centrifuged for 20 min at 17,000g. The obtained supernatant was constituted 

by a biphasic mixture: 400 μL of the chloroform phase was mixed with 200 μL of CDCl3 
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containing TMS standard (0.03%) and transferred into NMR tubes, whereas 600 μL of 

aqueous phase was directly transferred into NMR tubes to be analyzed by NMR 

separately. All metabolomic analyses have been performed during 2017 and 2018. 

Dhurrin, p-GPHA, and Chlorogenic Acid Prepurification and Structure Elucidation 

Freeze-dried leaves at Sr (1.2 g) underwent ultrasound-assisted extraction with 60 

mL of CH3OH/H2O (50:50). The mixture was centrifuged for 20 min at 2469g, and then 

the supernatant was filtered on a Büchner funnel and evaporated using a rotary evaporator 

under a reduced pressure below 40 °C. The resulting dried extract (200 mg) was dissolved 

in a proper volume of water and methanol and chromatographed using a C18 column (4 

g) by an MPLC instrument (Reveleris, Büchi, Switzerland) equipped with a UV detector 

and a fraction collector. The extract was eluted with a gradient of H2O (solvent A) and 

MeOH (solvent B) starting from 5% B and reaching 100% B in 25 min, followed by 

isocratic elution with 100% B for an additional 5 min. The flow rate was 15 mL min–1. 

This resulted in 19 subfractions (from F1 to F19). Dhurrin was obtained in F3 (see the 

Supporting Information for NMR assignment) and p-glucosyloxy-2-hydroxyphenylacetic 

acid (p-GPHA) in F2. 

Freeze-dried leaves at Sv (3 g) underwent ultrasound-assisted extraction with 180 

mL of CH3OH/H2O (80:20) two times. The mixture was centrifuged for 20 min at 2469g, 

and then the supernatant was filtered on a Büchner funnel and evaporated using a rotary 

evaporator under a reduced pressure below 40 °C. The resulting dried extract (700 mg) 

was dissolved in 50 mL of H2O and 50 mL of CHCl3; then, the mixture was transferred 

into a separating funnel to carry out a liquid–liquid partition using 50 mL of CHCl3 

another two times. The water fractions were combined and dried in the rotary evaporator, 

yielding 600 mg of crude extract. A 300 mg of this extract was solubilized in a minimum 

volume of H2O and chromatographed using a Sephadex column (180 cm × 2.5 cm internal 

diameter filled with 210 g of Sephadex LH-20 and 890 mL of CH3OH). Methanol was 

used as the eluent, and the flow rate was 1 mL min–1. A total of 17 fractions were 

collected, and chlorogenic acid was obtained from fraction 10 (see the Supporting 

Information for NMR and MS data). 

p-GPHA (D2O, 600 MHz): δ 7.39 (d, 2, J = 8.6 Hz, H-4, H-8), 7.09 (d, 2, J = 8.6 

Hz, H-5, H-7), 5.02 (d, 1, J = 7.7 Hz, H-1′), 4.89 (s, 1, H-2), 3.88 (dd, 1, J = 12.6, 2.3 Hz, 

H-6′b),  .71 (dd, 1, J = 12.6, 5.9 Hz, H-6′a),  .56 (qd, 1, J = 8.8, 6.2, 2.4 Hz, H-5′),  .50 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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(dd, 1, J = 8.4, 3.9 Hz, H-2′),  .47 (t, 1, J = 10.3 Hz, H- ′),  .42 (t, 1, J = 9.4 Hz, H-4′); 

13C NMR (CD3OD, 150 MHz): δ 179.4 (CO, C-1), 155.8 (CO, C-6), 134.8 (C, C-3), 128.3 

(CH, C-5, C-7), 116.5 (CH, C-4, C-8), 100.5 (CO, C-1′), 76.09 (CH, C- ′), 76.08 (CH, 

C-5′), 7 .  (CO, C-2), 73.26 (CH, C-2′), 69.72 (CH, C-4′), 66.8  (CH2, C-6′a, C-6′b). 

Positive ESI-MS m/z: 353 [M + Na]+, 369 [M + K]+, calculated as 330.29 for C14H18O9. 

Negative ESI-MS m/z: 329 [M – H]−. 

NMR and MS Spectra Measurement 

The 1H NMR spectra, J-resolved, 1H–1H homonuclear, and inverse-detected 1H–

13C correlation experiments were recorded at 25 °C on a NMR instrument Varian Inova 

(Milan, Italy), operating at the 1H frequency of 600 MHz, equipped with an indirect triple 

resonance probe. CD3OD was used as an internal lock for polar extracts and CDCl3 for 

chloroform extracts. For 1H NMR profiling, the relaxation delay was 2.0 s, observed pulse 

5.80 μs, number of scans 256, acquisition time 16 min, and spectral width 9595.78 Hz 

(corresponding to δ 16.0). For the aqueous samples, a presaturation sequence (PRESAT) 

was used to suppress the residual H2O signal at δ 4.8  (power = −6 dB, presaturation 

delay 2 s). ESI-MS analyses were performed by the direct injection of MeOH solutions 

of the compounds using a Waters ZQ 4000 (Milford, MA USA) mass spectrometer. 

NMR Processing and Multivariate Data Treatment 

Free induction decays were Fourier-transformed, and the resulting spectra were 

phased, baseline-corrected, and calibrated to TMSP at δ 0.0, which was also used as a 

standard for semiquantitative analysis. Spectral intensities were reduced to the integrated 

regions of equal width (δ 0.04), corresponding to the region from δ 0.0 to 10.0, with the 

scaling on standard at δ 0.0 using the NMR MestReNova 12 software (Mestrelab 

Research, Santiago de Compostela, Spain). The analysis of 1H NMR profiles was 

performed based on an in-house library and comparison with the literature [21-23].  

The regions of δ 5–4.5 and 3.34–3.30 were excluded from the analysis of the 

aqueous samples because of the residual solvent signals, whereas, for the same reason, 

the region at δ 7.3 was excluded from the analysis of the chloroform fractions. For 

multivariate analysis, the models (PCA, PLS-DA, OPLS, and OPLS-DA) were developed 

using SIMCA-P+ software (v. 15.0, Umetrics, Umeå, Sweden). Data were subjected to 

Pareto scaling. The supervised models were evaluated by the goodness of fit [R2Y (cum)] 
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and goodness of prediction [Q2 (cum)], together with the parameters given by the 

permutation test (performed using 100 permutations)[24]. The coefficients obtained are 

reported in Table S1 of the Supporting Information. OPLS-DA and PLS-DA were further 

validated by cross-validated (CV)-ANOVA. For Ss, nine independent OPLS models were 

built using the altitude, ETC – P, organic fertilizer supply, mineral N supply, OC, clay 

content, silt content, H-ini, and TD in turn as the y variable. A total of 10 independent 

OPLS models were developed for both stems and leaves at Sv, using the abovementioned 

variables with the addition of H-mid. Lastly, for Sr leaves, stems, and grain, H-late and 

WTD were also considered. 

β-Carotene Bleaching Assay and Statistical Analysis 

Sorghum grain samples were obtained by sonication (20 min) of 30 mg of grain 

powder in 1 mL of MeOH/H2O (50:50), followed by centrifugation for 10 min. The 

supernatants were evaporated in a SpeedVac system (SpeedVac SPD 101b 230, Savant, 

Italy) to yield the crude extracts. Stock solutions at concentrations of 120, 60, 30, and 15 

μg mL–1 were prepared. Water was used as the negative control, whereas Trolox stock 

solutions (from 50 to 500 μM) were used to build the IC50 curve of positive control. The 

assay was developed following the method described by Mandrone et al. [2017]. The 

samples were analyzed in triplicate, and the analysis was repeated three times. One-way 

ANOVA was performed by GraphPad Prism 4 software (La Jolla, CA, USA). Tukey’s 

post-hoc test was used, and differences at p < 0.05 were considered significant. 

 

Results 

Environmental traits 

Soil texture in the 12 fields ranged from being loamy to silty-clayey. The average 

sand, silt, and clay contents were 23.8 ± 8.3, 46 ± 3.9, and 30.2 ± 8.9%, respectively. The 

pH was always mildly alkaline (∼7.5), as that of most soils in the area. Organic carbon 

was quite low (average, 9.5 ± 3.4 g kg–1), which is also a typical feature in the surveyed 

area. Therefore, the soils had a prevailing mineral composition and were supplemented 

with specific doses of minerals and, sometimes (4 cases out of 12), organic fertilizers to 

support plant growth. 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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In Figure 2A the course of weather during the crop season is represented according 

to Bagnouls and Gaussen [25], that is, plotting for each month the average temperature 

versus precipitation, the latter in a double scale (right y axis) with respect to the former 

(left y axis), and reference evapotranspiration is also included. Based on the cited authors, 

the months during which double-scaled precipitation falls below the average temperature 

represent the dry periods of the year. This, in 2017, occurred in June and especially July, 

that is, during the drought-sensitive reproductive stage. The difference between the 

natural water supply (P) and potential demand from the atmosphere (ET0) is even more 

remarkable. This means that plants grown under a rain-fed regime underwent a severe 

water deficit, despite good precipitation restoring soil moisture at the beginning of the 

crop cycle, and the potential contribution from the shallow water table. 

 

Figure 2. (A) Average temperature (Tave), precipitation (P), and reference evapotranspiration (ET0) 

during the sorghum crop season. Vertical bars indicate ±standard deviation. (B) Predicted grain yield values 

based on multiple regression involving water table depth and N supply vs observed values. Vertical bars 

indicate ±standard error of the estimate. Data points away from the iso-yield bisecting line by more than 

the standard error are highlighted in red (predicted > observed) or green (predicted < observed). 

Grain Yield and Its Relationship with Agro-Environmental Parameters 

Grain yield varied in a wide range from a minimum of below 3 Mg ha–1 in a hilly 

site (GV) to a maximum of almost 10 Mg ha–1 in the fertile lowland (MT) (Table 1). The 

hot and dry weather of the 2017 crop season may have enhanced intrinsic differences 

among fields. Test weight, which expresses the degree of grain filling during maturation, 

varied in a much tighter range: from a minimum of 688 g L–1 to a maximum of 757 g L–

1. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl1
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Table 1. Grain Yield and Test Weight in the 12 Sorghum Fields (Average ± Standard Deviation) 

farm grain yield (Mg ha–1) test weight (g L–1) 

ZA 3.2 ± 0.2 700 ± 80 

AU 6.8 ± 0.5 688 ± 57 

BD 8.4 ± 1.2 762 ± 1 

SH 8.4 ± 0.1 705 ± 31 

MG 7.8 ± 0.9 752 ± 1 

BU 8.8 ± 0.1 653 ± 64 

BT 9.0 ± 0.7 745 ± 9 

MT 9.8 ± 0.5 701 ± 82 

BG 7.6 ± 2.2 636 ± 16 

SG 6.2 ± 0.2 757 ± 4 

GV 2.7 ± 0.2 656 ± 5 

BR 3.7 ± 0.6 696 ± 23 

 

The agro-environmental parameters varied remarkably among the 12 fields (Table 

2). The fields were all tilled to a relevant depth (0.3–0.45 m). The organic fertilization 

consisted of livestock manure (BT, MG) or slurry (AU), sometimes in association with a 

previous lucerne ley (BT, MG). This led to a composite score for organic fertilization 

ranging from zero, in most cases, to a maximum of 3 in BT. The N supply with mineral 

fertilizers ranged from a minimum of 92 kg of N ha–1 (BR) to a maximum of 230 kg of N 

ha–1 (MT). The length of the growing season from seeding to grain ripening varied in a 

relatively narrow range (120–135 days), owing to similar thermal course and similar 

(medium and medium–late) sorghum hybrids being cultivated in all fields. The clay 

content in the soil varied from a minimum of 19% (MT) to a maximum of 47% (BT). 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
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Organic C also varied from a minimum of 0.6% (BT) to a maximum of 1.8% (SG). ETC 

– P, that is, potential water demand (ETC) versus supply (P), outlined a relevant water 

deficit in the growth season: from 270 mm (AU) to 402 mm (BR) of seasonal gap between 

the plant potential uses and actual availability. Another way of expressing the same 

concept, the ratio of precipitation to crop evapotranspiration (P/ETC), indicates that 

precipitation covered from 17% (BT) to 48% (AU) of plant potential uses. This means 

that more than 50% of potential uses was not covered by precipitation or could only rely 

on other sources (previous soil water reserve and the shallow water table). Lastly, WTD 

during the month of July was either below the limit for detection (3 m depth) or between 

1.9 m (BT) and 2.67 m (MT and BG). 

 

Table 2. Agro-Environmental Parameters in the 12 Crop Fieldsa. 

aDOY, day of the year; ETC, crop evapotranspiration; P, precipitation; OC, organic carbon; WTD, water 

table depth in July. 

 

The relationships between the agro-environmental and yield parameters are 

reported in Table 3. Grain yield outlined the significant correlations with the amount of 

N supplied with mineral fertilizers and WTD in July. Test weight, which is intrinsically 

less important from a financial viewpoint, was not significantly related to any agro-

environmental parameter, nor was it related to yield. Additionally, no significant 

relationship was observed between the two parameters expressing water deficit (ETC – P 

and P/ETC) on one side and the two grain attributes on the other side. 

Farm Tillage 

depth 

(m) 

Organic 

fert. 

(scale 0- ) 

N supply 

(kg ha-1) 

Seeding 

date 

(DOY) 

Growth 

length 

(d) 

Clay 

(% dw) 

OC 

(% dw) 

ETC-P 

(mm) 

P/ETC 

(%) 

WTD 

(m) 

ZA 0.45 0 159 94 1 5 26 1.0   4  9 >  

AU 0. 0 1 161 94 120  5 0.6 270 48 >  

BD 0. 0 0 161 96 125 26 0.6  76    2.15 

SH 0.45 1 170 104 120    1.1  6   4 2.15 

MG 0. 5 2 1 8 97 125 45 1.2 440 29 2.66 

BU 0. 5 0 184 96 1 5 28 1.1 449 27 2. 7 

BT 0.40   184 8  1 0 47 0.6 449 17 1.90 

MT 0. 0 0 2 0 95 125 19 0.9 454 24 2.67 

BG 0. 5 0 1   96 1 0 20 1.2 492 21 2.67 

SG 0.45 1 161 90 125 25 1.8 485 17 2. 2 

GV 0. 0 1 125 98 1 0 25 0.7  97 26 >  

BR 0. 0 0 92 101 1 0    0.9 402 25 >  

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl3
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Table 3. Pearson’s Correlations between Agro-Environmental and Yield Parameters in the 12 Fieldsa. 

  Grain 

yield 

Test 

weight 

Tillage 

depth 

Organic 

fert. 

N 

supply 

Seeding 

date 

Growth 

length 

Cla

y 

OC ETC – 

P 

P/ET

C 

Test 

weight 0.24 

          
Tillage 

depth -0.01 0.27 

         
Organic 

fert. 0.19 0.45 0.26 

        
N supply 0.70 0.17 0.16 0.06 

       
Seeding date -0.22 -0.36 -0.21 -0.52 -0.38 

      
Growth 

length -0.36 -0.38 0.07 -0.24 -0.16 -0.21 

     
Clay 0.15 0.45 0.13 0.82 -0.14 -0.27 -0.16 

    

OC -0.03 0.12 0.57 -0.12 -0.08 0.08 0.00 

-

0.22 

   

ETC - P 0.32 0.02 0.10 0.08 0.10 -0.26 0.30 

-

0.16 0.50 

  

P/ETC -0.17 -0.10 -0.12 -0.22 -0.02 0.35 -0.31 0.06 

-

0.36 -0.93 

 
WTD 0.71 0.49 0.39 0.40 0.46 -0.36 -0.17 0.27 0.08 0.38 -0.41 

a r ≥ |0.58|, significant at P ≤ 0.05; r ≥ |0.71|, significant at P ≤ 0.01 (n = 12). 

 

The multiple stepwise regression of the crop management and environmental 

factors on grain yield resulted in the following equation 

Grain yield = 9.349825 + 0.013165*water table depth + 0.014968*N supply; R² = 0.67** 

It is perceived from this equation that the two factors singularly best-related with 

yield (Table 3) were also interacting, contributing to explain a good share (67%) of the 

total yield variation among the 12 fields. 

Based on this equation, predicted grain yield values were plotted versus the values 

observed (Figure 2B). Seven fields out of the twelve fell near the iso-yield bisecting line, 

meaning that the predicted and observed grain yield did not diverge significantly. Two 

fields in the medium–high range (MG and BG) exhibited a higher observed yield than the 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#t3fn1
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig2
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predicted yield, implying a better crop husbandry by the farmer or some unidentified 

factor determining this result. Lastly, three fields outlined lower observed values than 

predicted values (ZA, SG, and GV): the field in the medium yield range (SG) (observed 

and predicted of 6.2 and 7.7 Mg ha–1, respectively) suffered a severe hailstorm at the 

beginning of the reproductive stage, which can explain the result; the other two cases in 

the low yield range (ZA and GV) featured a poor crop husbandry or some unidentified 

factor for this outcome. 

Metabolomic Analysis of Leaves and Stems 

Seedling Analysis 

The untargeted 1H NMR-based metabolomic analysis pointed out the differentiation 

of sorghum growing on diverse fields (Figure 3). The diagnostic signals of all identified 

metabolites are reported in Table S2, and the exemplificative spectra are shown in Figure 

4. 

 

Figure 3. 1H NMR-based PCA score scatterplot of sorghum at three different growth stages: (A) Ss 

(seedling stage)––dhurrin, glucose, and fumaric acid increase along the positive side of component t[1], 

whereas aspartic acid follows an inverted trend, increasing on the negative side of t[1]. Sucrose increases 

along the positive side of component t[2], whereas p-HBA and chlorogenic acid increase on the negative 

side of t[2]; (B) leaves at Sv (advanced vegetative stage)––dhurrin and fumaric acid increase on the 

positive side of t[2] with a trend opposite to that of sucrose; glucose increases on the positive side of t[1] 

with a trend opposite to that of alanine; malic acid increases on the positive side of both t[1] and t[2]; (C) 

leaves at Sr (grain ripening)––p-GHPA, sucrose, acetic acid, and threonine increase along the positive 

side of component t[1], whereas alanine and dhurrin follow an inverted trend, increasing on the negative 

side of t[1]. Glucose increases along the positive side of component t[2], whereas p-HBA and chlorogenic 

acid increase on the negative side of t[2]. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig4
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig4
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig4
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Figure 4. 1H NMR full spectra of representative samples of sorghum leaves (collected on the SG field) at 

Ss, Sv, and Sr. Residual solvent signals have been removed; TMSP = standard. Numbers indicate the 

diagnostic signals of the most variated metabolites: 1 = valine, 2 = threonine, 3 = alanine, 4 = acetate, 5 = 

malic acid, 6 = aspartic acid, 7 = glycine betaine, 8 = sucrose, 9 = β-glucose, 10 = α-glucose, 11 = 

dhurrin, 12 = chlorogenic acid, 13 = fumaric acid, 14 = p-HBA, and 15 = p-GHPA. 

 

According to the PCA performed on samples at Ss (Figure 3A), dhurrin, 4-hydroxy-

benzhaldeyde (p-HBA), and chlorogenic acid were identified as the most varying 

secondary metabolites, whereas, among the primary metabolites, glucose, sucrose, 

fumaric acid, and aspartic acid were the most relevant for sample discrimination (loading 

plots of the models are given in Figures S1–S3). From NMR profiling, it is observed that 

dhurrin resulted to be the most abundant secondary metabolite produced at Ss, with the 

concentration ranging from 35 to 101 mg g–1 of dried weight (DW). 

BG and BR exhibited a peculiarly diverse metabolomic profile, both being 

characterized by a higher amount of dhurrin compared to the other samples. Furthermore, 

BR also showed increased glucose and fumaric acid, whereas BG was particularly 

enriched in chlorogenic acid and p-HBA. Moreover, the PCA revealed an inverted trend 

between aspartic acid and dhurrin concentration in plants at Ss. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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Late Vegetative Stage Analysis 

Leaves and stems at Sv were first analyzed separately by building two independent 

PCA models. Dhurrin was found in both stems and leaves, and in this stage, another 

aromatic compound was visible in the spectra. It was then isolated and identified (by 

NMR and MS analysis) as p-GPHA. Moreover, at this stage, in contrast to Ss, aspartate 

did not significantly contribute to the diversification among the leaf samples, and it was 

no more correlated to the decrease in dhurrin concentration. 

With regard to leaves at Sv, sucrose content also resulted to be an important factor 

of discrimination among samples, together with aliphatic amino acids, fumaric acid, and 

dhurrin (Figure 3B). The model placed ZA as an outlier because of its high content of 

chlorogenic acid, p-GPHA, and acetate. 

One of the most varying metabolites in the stems at Sv resulted to be glucose, 

increasing linearly with aspartate, aliphatic amino acids, and dhurrin (Figure S4A), while 

showing a trend opposite to that of chlorogenic acid. This latter metabolite resulted to be 

peculiarly abundant also in ZA stems. 

In order to deepen the metabolomic differences among stems and leaves at Sv, a 

supervised model OPLS-DA was developed (Figure S4B), classifying samples according 

to plant organs. This analysis highlighted that stems at Sv were generally characterized 

by a higher concentration of primary metabolites, except for alanine and fumaric acid. On 

the other hand, leaves at Sv resulted to be more enriched in secondary metabolites, 

especially dhurrin. Generally, the metabolite trends observed for the leaves and stems at 

Sv were not overlapping, with some exceptions: SH, which expressed a high level of 

dhurrin in both leaves and stems at Sv; GV, which showed a high content of sucrose in 

both leaves and stems; and ZA, characterized by the accumulation of chlorogenic acid in 

both organs. 

Ripeness Stage Analysis 

Different metabolomic profiles were also observed for sorghum leaves at Sr (Figure 

3C). Once again, dhurrin ranked among the most varied metabolites, as it followed an 

inverted trend versus p-GPHA, whereas aspartic acid was no more detectable in the leaves 

at this stage. 

BG, MT, and BR leaves at Sr were found to be more similar in their metabolome, 

characterized by higher amounts of dhurrin and alanine, in contrast to GV and SH, where 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig3
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these two compounds were strongly decreased in spite of increased p-GPHA, threonine, 

and sucrose. Lastly, AU and MG showed an increment in p-HBA and chlorogenic acid. 

For the stems at Sr, the most varying metabolites were acetic acid, fatty acids, 

carbohydrates (glucose and sucrose), malic acid, and glycine betaine (Figure S4C). 

As observed at Sv, the metabolome of stems and leaves did not follow the same 

variation trend. Noteworthily, BG leaves were the poorest in terms of sucrose content, 

whereas its stems were among the richest. 

The differences between leaves and stems at Sr were more deeply investigated 

through the OPLS-DA model (Figure S4D). This analysis clearly showed that the leaves 

at Sr have a higher content of the main metabolites except for malate and fumarate, which 

are more concentrated in the stems. 

Assessment of Metabolomic Variation during Plant Development 

In order to highlight the variations in the metabolome of different organs during 

sorghum ontogeny, all data previously obtained on leaves at different stages were 

summarized in another PLS-DA model, where the given classes were the three stages of 

harvesting. Similarly, an OPLS-DA model was built to compare the stems at Sv and Sr. 

The PLS-DA score scatterplot (Figure 5A) highlighted the peculiar variations, 

which occurred in leaf metabolome during sorghum growth. In particular, dhurrin, p-

HBA, chlorogenic acid, glucose, alanine, threonine, and aspartate content decreased 

progressively from the seedling to the ripening stage. On the other hand, p-GPHA, glycine 

betaine, fumaric acid, sucrose, and malic acid followed the opposite trend, reaching the 

highest concentration in the leaves at Sr. Based on this, the developed model pointed out 

that BG, MG, and MT leaves at Sr possessed a metabolome closer to the leaves at Sv. 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
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Figure 5. 1H NMR-based (A) PLS-DA score scatterplot comparing Ss and leaves at Sv and Sr. Leaves of 

MT, BR, and BG are more closely related between the two stages, in particular for their concentration of 

dhurrin which increases along the negative side of component t[1]. From the permutation test, R2 = 0.916; 

Q2 = 0.893; p (CV-ANOVA) = 1.26 × 10–23; F (CV-ANOVA) = 40.19. (B) OPLS-DA of stems at Sv and 

Sr; BD presents a peculiar profile because of the high concentration of an unknown aromatic compound. 

From the permutation test, R2 = 0.94; Q2 = 0.898; p (CV-ANOVA) = 3.75 × 10–9; F (CV-ANOVA) = 

41.67. 

 

Variable influence on projection (VIP) values of the model were also investigated. 

Variables having VIP values over 1.0 are generally considered as the most significant in 

terms of contribution to group separation. Accordingly, in the developed PLS-DA model, 

metabolites with a VIP cutoff value over 1.0 were: glycine betaine (2.92), sucrose (2.44), 

dhurrin (2.24), malic acid (2.08), chlorogenic acid (1.91), p-GPHA (1.56), p-HBA (1.46), 

and threonine (1.16), as listed in Table S3. 

The OPLS-DA model (Figure 5B) built to compare stems at Sv and Sr showed, as 

in the case of leaves, that dhurrin and p-HBA tend to decrease during plant life, with the 

consequent increase of p-GPHA. Moreover, stems at Sv showed the highest content of 

aliphatic amino acids (alanine, valine, and threonine) and sugars (glucose and sucrose). 

On the other hand, stems at Sr exhibited an increased amount of organic acids (malate, 

succinate, and acetate) and glycine betaine. 

In this case, metabolites with a VIP cutoff value over 1.0 were: glycine betaine 

(2.28), glucose (2.07), and sucrose (1.67), as listed in Table S3. 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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This model also stressed the peculiarity of BD stems at Sr because of the presence 

of an unknown aromatic compound (spectral signals at δ 7.9, 8.2, and 8.4). Moreover, it 

showed a low content of succinate, similar to the stems of plants at Sv. 

Grain Metabolomics and Antioxidant Properties 

Grain collected from the 12 fields were analyzed using a biphasic protocol of 

extraction, which led to the obtainment of two fractions analyzed separately. As the 

metabolite content of grain is quite low compared to the content in leaves and stems, this 

extraction procedure was required in order to concentrate grain metabolites (especially 

secondary metabolites such as dhurrin), making them detectable and quantifiable by 1H 

NMR. 

No differences were found among the metabolomes of the lipophilic fractions (data 

not shown), which appeared to be mainly constituted of fatty acids, whereas the 

hydrophilic extracts contained the metabolites of interest and were differing among each 

other. 

Dhurrin traces were still found in some samples (ranging from 10 to 76 μg g–1 DW). 

As shown by PCA (Figure 6A), grain of BG was the most enriched in dhurrin, together 

with p-GPHA. Moreover, SG grain showed the highest amount of sucrose, MT the highest 

amount of malic acid, whereas BR and AU showed the highest amounts of alanine, 

aspartic acid, and glucose (loading plots of the model are given in Figure S6). 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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Figure 6. Analysis of sorghum grain. (A) 1H NMR-based metabolomic PCA score scatterplot showing 

sucrose increasing along the positive side of component t[1], whereas dhurrin, tyrosine, and terpenes 

follow an inverted trend, increasing on the negative side of t[1]. Malic acid increases along the positive 

side of component t[2]; alanine, aspartic acid, and glucose increase on the negative side of t[2]. (B) OPLS 

based on the intensity of dhurrin diagnostic signal (at δ 5.95) used as y variable. (C) Antioxidant activity 

based on BCB test and subjected to ANOVA test; different letters indicate significantly different values at 

p < 0.05. 

Dietary exposure to elevated levels of some cyanogenic glycosides in the edible 

parts of crop plants has the potential to cause acute cyanide poisoning, constituting a 

health risk for humans and domestic animals [16,26]. Owing to the fact that the presence 

of dhurrin compromises grain quality, in order to highlight the occurrence of this 

metabolite in the sorghum grain, an OPLS model was built (Figure 6B) using dhurrin 

concentration as the y variable, which is represented by the intensity of the spectral bin at 

δ 5.91–5.95, referring to dhurrin diagnostic proton (H-2) in the α position in the nitrile 

group. 

This model allowed us to better visualize that BG, BR, and SH grain still presented 

traces of dhurrin, whereas the other fields presented no dhurrin at all, resulting in better 

grain quality. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
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However, among the better quality samples, there were still some differences, and 

they could be divided into three groups: one composed by MG and ZA; another by MT, 

BD, MT, AU, and BT; and the last one by BU and SG. The last group contained high 

amounts of sucrose but lower contents of all the other metabolites. The group comprising 

MG and ZA was characterized by more lipids and aliphatic amino acids such as valine. 

The group composed by all the remaining fields presented high glucose and malic acid, 

trigonelline, and some aromatic compounds. 

β-carotene bleaching (BCB) assay was performed to assess the grain antioxidant 

properties. All grain, especially BR, were found to actively inhibit the in vitro 

peroxidation of lipids; the statistical analysis highlighted a lower antioxidant potential for 

SH, SG, and ZA, with no significant differences among them (Figure 6C).ù 

Correlation between Agro-Environmental Parameters and Metabolomic Profiles 

Different supervised models (OPLS) were built to establish significant correlations 

between the variations in sorghum metabolome and the monitored agro-environmental 

parameters, which were used in turn as y variables of the related model, where x variables 

were again the bucketed signals of 1H NMR spectra. 

The S-plot, associated to a specific OPLS model, indicated which specific 

metabolites varied in correlation to the surveyed agro-environmental variable used as y 

(Figures 7 and S6). 

 

Figure 7. S-Plot obtained from different OPLS models using clay as the y variable. (A) Effect of clay 

(Cls) variations on the metabolome of Sr leaves, (B) Sr stems, (C) Sr grain: 1 = valine, 2 = threonine, 3 = 

alanine, 4 = acetate, 5 = malic acid, 6 = aspartic acid, 7 = glycine betaine, 8 = sucrose, 9 = β-glucose, 10 = 

α-glucose, 11 = dhurrin, 12 = chlorogenic acid, 13 = fumaric acid, 14 = p-HBA, 15 = p-GHPA, 16 = 

lipids, 17 = aromatics, and 18 = trigonelline. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig6
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig7
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig7
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
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For Ss and Sv leaves, no correlation could be established among variations in the 

metabolome and the surveyed agro-environmental parameters. Conversely, specific soil 

features (silt content, H-ini, and OC) were found to be correlated to the variation of Sv 

stem metabolome. In particular, OC was directly related to the glucose, glycine betaine, 

aspartate, valine, and threonine content of Sv stems. Sucrose content decreased at raising 

OC and increased at raising silt content. This latter variable, in turn, showed an inverted 

relation with acetate and dhurrin. A general increase in the whole metabolome was 

associated to the highest levels of H-ini, with a remarkable increment of sucrose, glucose, 

and aliphatic amino acids (aspartate, valine, and threonine). 

The only parameter found to be correlated to the stems at Sr was the clay content, 

whereas for the leaves at Sr, together with clay, water deficit (ETC – P) and TD were also 

correlated to the metabolomic variations. In the case of Sr stems, malic acid, fumaric acid, 

glycine betaine, p-GPHA, alanine, aspartic acid, and threonine increased together with 

clay, whereas sucrose and glucose were inversely related to this parameter. For leaves at 

Sr, increased clay and TD were generally associated with the increase of all metabolites, 

most prominently sucrose. The highest variation of dhurrin and alanine in Sr leaves was 

associated to ETC – P with an inverted trend to glucose, malic acid, and p-GPHA. 

With regard grain, the models were built after excluding BG, which was clearly too 

different from the other samples, probably because of delayed ripening. The grain 

metabolome resulted to be influenced by ETC – P, WTD, and clay, whereas no correlation 

was established with the panicle weight and grain yield. 

ETC – P resulted to be negatively correlated with alanine, glucose, valine, and 

acetate, whereas it scarcely affected sucrose. WTD was positively correlated with sucrose 

and aromatics (δ 6.59–6.67), possibly flavonoids, and negatively correlated with glucose, 

alanine, and valine. Clay content was negatively correlated with sucrose and malic acid, 

whereas it positively correlated with aromatics, alanine, valine, and acetate. 

The analyzed parameters were not strictly related to dhurrin content, even though 

this compound resulted to be little increased under increasing ETC – P. 
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Discussion 

The metabolomic analysis allowed us to identify the most prominent metabolites in 

diverse sorghum organs, their variation during plant growth, and the diversification of 

plant metabolome under different crop conditions. 

Dhurrin is one of the most peculiar secondary metabolites produced by sorghum, 

and the results of this work provide new insights into its biological role, the variations of 

its content during plant development, as well as some aspects of its turnover pathway 

(Figure 8). 

 

Figure 8. Schematic representation of dhurrin and related metabolite pathways and variations (in leaves) 

during plant development. The variation trend reflects in different catabolic pathways underwent by 

dhurrin. On this basis, the levels of dhurrin and aspartic acid in Ss and Sv are the biomarkers of crop 

development. At Sr, dhurrin content resulted to be affected by overfertilization and water depletion. 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig8
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig8
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Dhurrin is a cyanogenic glycoside, a class of metabolites that, upon tissue 

disruption, are hydrolyzed by endogenous β-glucosidases into cyanohydrin aglycone, 

which in turn releases the toxic hydrogen cyanide (HCN) [27].  

In this work, dhurrin was found to be particularly abundant at Ss. This is consistent 

with its defensive role as a deterrent against insects and generalist herbivores [28,29], a 

function particularly important during the early stage of plant life. On the other hand, 

dhurrin, as other cyanogenic glycosides, may serve additional functions, such as 

resistance against abiotic stresses and nitrogen storage/buffer [30,31]. The latter role 

might be important, especially during ripening processes; in fact, assimilation of nitrogen 

from the soil in cereals is often insufficient to supply the developing grain; thus, a 

complementary nutrient is made available through dhurrin remobilization from the leaf 

tissue [30].  

Moreover, according to the analysis performed on plants at Ss, it is observed that 

when aspartic acid increases, dhurrin decreases. These data support the dhurrin turnover 

pathway proposed by previous studies [32,33], according to which dhurrin is hydrolyzed 

to form the intermediate p-hydroxymandelonitrile (p-HMN), which is then converted into 

p-HBA and HCN. As a mechanism of detoxification, the released HCN is incorporated 

into β-cyanoalanine, to be finally converted into asparagine and aspartic acid, with a 

concomitant release of ammonia. Thus, according to the results of our study, when the 

dhurrin concentration decreases, aspartate production increases. Nevertheless, this trend 

was observed at Ss, whereas at Sr, a lowered dhurrin content in all organs (leaves, stems, 

and and grain) was associated to the accumulation of p-GPHA, instead of aspartic acid. 

This latter amino acid was not even found in Sr leaves, stems, and grain. Moreover, in 

this stage, p-HBA was also no more detected. 

To the best of our knowledge, this is the first report of p-GPHA occurrence in 

sorghum and of its accumulation as the main metabolite after dhurrin catabolism. In 

contrast to Ss, when dhurrin was converted into aspartate and HCN was neutralized in 

NH3, at Sr, dhurrin underwent a different turnover pathway, probably avoiding the release 

of HCN. Nielsen et al. [30] proposed two putative dhurrin turnover pathways in sorghum 

grain, one culminating in the production of dhurrin acid and the other in p-glycosyloxy-

phenylacetic acid (p-GPA). According to our results, none of them is the most prominent 
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final metabolite of dhurrin pathways in sorghum at Sr, whereas the metabolomic analysis 

suggested p-GPHA as the main metabolite resulting from dhurrin turnover. Considering 

the structure similarity of p-GPHA, dhurrin acid, and p-GPA, the latter two could be the 

intermediates from which p-GPHA is finally obtained. 

Besides the aspects related to dhurrin catabolism, the overall metabolomic picture 

obtained from the seedling analysis suggested three different trends among the 12 

sorghum fields. Four out of them showed the lowest content of dhurrin and p-HBA (with 

the resulting glutamate increase). These crop fields were possibly turning into a different 

development stage, characterized by a decrease of sucrose and glucose, which were likely 

used as carbon sources for the growth. An opposite trend was observed for two crop fields 

(BG and BR), which were characterized by the highest concentration of dhurrin. 

Interestingly, this peculiar metabolomic profile showed at Ss by BG and BR was 

associated to a delayed trend of development, which became evident at the final stage of 

the survey (Sr). 

However, BG seedlings showed a very peculiar profile, diverging from BR. In fact, 

BG was also characterized by an extremely high concentration of p-HBA and chlorogenic 

acid. These metabolomic features could not only be related to delayed plant development 

but also to a reaction against predators. In fact, if p-HMN is converted into p-HBA, 

instead of dhurrin, HCN is consequently released as an eventual defensive strategy [34]. 

The increment of chlorogenic acid is an additional evidence of a predator response, as 

this compound is already known to be involved in plant defense [35].  

The other six fields at Ss were characterized by sucrose accumulation, which might 

indicate a more quiescent metabolic activity, characterized by sucrose storage. During 

Sv, when dhurrin and p-HBA decreased, an increment of sucrose was once more 

registered. In this stage, BG and GV leaves were differing from the others for their 

increased sugar content and decrease of all other metabolites. Specifically, in GV, both 

glucose and sucrose increased, whereas in BG, only sucrose was highly concentrated. The 

highest content of dhurrin was found in SH leaves, whereas ZA leaves revealed a peculiar 

profile, with a high concentration of chlorogenic acid. In this stage, aphids were visible 

on ZA leaves, corroborating chlorogenic acid as defense against predator attack. 

The progressive decrease of dhurrin during plant development was clearly 

evidenced by the PLS-DA model, comparing leaves at Ss, Sv, and Sr (Figure 5A). This 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig5
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model showed how three crops at Sr (MT, BR, and BG) still presented high amounts of 

dhurrin in their leaves and, generally, metabolomic features similar to the leaves at Sv. 

Among these three fields, BR and BG also showed a significant concentration of dhurrin 

in their grain, which is an established biomarker of low ripeness degree in sorghum [30]. 

Conversely, in the case of MT, dhurrin was not found in the grain. These data remind that 

dhurrin is not only a biomarker of low ripeness degree but is also involved in other plant 

physiological processes and stress responses. In particular, the cyanogenic potential of 

sorghum is reported to greatly increase under abiotic stresses (drought, salinity, freezing, 

insufficient light, and nutrient deficiency) and herbivore and insect attack [36]. In the case 

of MT, sorghum was probably subjected to overfertilization, as the very high nitrogen 

supply demonstrates (Table 2). In fact, it was proved that dhurrin biosynthetic enzymes 

are induced by nitrate availability [14].  

A high content of dhurrin is toxic to animals [37,38] because of the release of HCN. 

Considering the fact that, together with grain, leaves and stems of sorghum are also 

generally used as forage, it is important to monitor and keep the level of this metabolite 

low in these organs also. This can be facilitated by the detection of environmental factors 

and practices correlated to the increase of this metabolite in sorghum. 

In this work, metabolomic analysis was coupled with the assessment of crop and 

environmental parameters. This integrated approach allowed us to identify the most 

significant features related to sorghum metabolomic variations (Figure 9). 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig9
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig9
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Figure 9. Schematic representation of the main agro-meteorological variables affecting the metabolite 

composition in sorghum at Sr. TD = tillage depth; WTD = depth of the shallow water table in July; ETC – 

P = difference between crop evapotranspiration and precipitation. WTD and ETC – P are related to water 

deficit. 

Several soil features were proved to be important for the diversification of sorghum 

metabolome at different plant stages (Figure S6). In particular, clay content was 

correlated to the metabolite variations in all plant organs at Sr, as shown by the S-plots of 

the developed OPLS models reported in Figure 7. Specifically, highest clay was 

correlated with an increase of sucrose in Sr leaves and a decrease of the same metabolite 

in Sr stems and grain. Clay content was also positively correlated to malic acid and 

glycine betaine (a marker of drought resistance in plants) in both the stems and leaves at 

Sr and to the increasing aromatic compounds in grain, whereas it did not affect the dhurrin 

content in any plant organ. 

Another influencing parameter for Sr leaves was TD; indeed, it directly correlated 

to the increasing concentration of p-GPHA and fumaric acid, in addition to a slight 

increase in dhurrin concentration. 

Difference in ETC – P had an impact on the metabolomes of both leaves (at Sv and 

Sr) and grain, whereas WTD affected the grain selectively. 

In leaves at Sr, increasing ETC – P (which reflects the water deficit) was highly 

related to increasing dhurrin content, together with alanine. This effect is consistent with 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig7
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#fig7
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the findings of Wheeler et al. [39], who reported that a prolonged exposure to chronic 

water deficit induces higher cyanide potentials in sorghum plants. Our results also support 

the findings of Burke et al. [40], who demonstrated that the leaf dhurrin content is a 

quantitative measure of the level of pre- and post-flowering drought tolerance in sorghum. 

The overall water deficit (increasing ETC – P and decreasing WTD) also determined 

a slight increase of dhurrin in grain. 

Carbohydrate levels have also been associated with water supply variation in 

sorghum varieties [41]. According to our results, the sucrose level in grain was increased 

by higher WTD, whereas an opposite trend was shown for glucose. ETC – P increase was 

correlated to a lower glucose accumulation in leaves at Sr, and it was associated to a 

higher glucose content in grain (Figure S6). 

Regarding grain yield, the strong variation in sorghum behavior and final yield is 

not surprising even in a relatively small region under a similar course of weather in a 

specific year. Although sorghum has lower water requirement than maize [42], it is 

affected by long dry periods, as those experienced in the 12 fields in 2017. Together with 

the impact on the metabolome, this factor leads to a reduced yield, overall, and stronger 

variation among the cultivation sites; the almost 1:4 yield ratio between the worst and 

best cases (Table 1) supports this point. However, grain yield, which is the ultimate goal 

for the farmer, was neither significantly correlated with the two parameters (ETC – P and 

ETC/P) (Table 2), expressing water deficit in the whole crop cycle, nor with any of the 

four stages (initial, development, mid, and late) in which the crop cycle is subdivided for 

computing ETC [19] (data not shown). This means that other factors must have played a 

major role, as the occurrence of a shallow water table contributing to sorghum water 

supply. Interactions with ETC – P and ETC/P are, nevertheless, not excluded. 

Although commercial sorghum grain is allowed to contain a low quantity of 

dhurrin, a better quality grain, especially for human consumption, is out of doubt dhurrin-

free. 

Our study highlighted that three sorghum fields (BG, BR, and SH) yielded grain 

still containing traces of dhurrin; among them, SH also showed the lowest antioxidant 

activity. Dhurrin content in sorghum grain generally decreases with ripening. Notably, in 

the case of BR and BG, the delay in ripening was prospected at Ss by their metabolomic 

profiles having a high content of dhurrin. Farmers commonly harvest sorghum under the 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06533/suppl_file/jf0c06533_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.jafc.0c06533#tbl2
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influence of the weather or other crop management urgencies. This practice may lead to 

premature harvesting, which, according to our results, determines lower quality grain as 

in the case of BR and BG. 

To conclude, metabolomics combined with the surveyed agronomic parameters 

through multivariate data analysis turned out to be a valid tool to develop smart 

agriculture practices, enabling predictions on sorghum development trend since the 

seedling stage. This could provide information on the most appropriate agricultural 

practices since the early stage of crop management, in order to obtain better grain quality, 

together with residual plant organs (leaves and stems) better suited for feeding livestock. 

The models obtained represent a useful starting point for implementing further studies on 

sorghum, which are ongoing. 

 

Supporting Information:  

The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.jafc.0c06533.  

Abbreviations: BCB, β-carotene bleaching assay; DW, dry weight; ET0, reference 

evapotranspiration; ETC, crop evapotranspiration; ETC−P, difference between crop 

evapotranspiration and precipitations; H-ini, soil humidity at the beginning of the  

sorghum growth season; H-mid, soil humidity at the middle of  the sorghum growth 

season; H-late, soil humidity at the end of the sorghum growth season; OC, organic 

carbon content at 0− 0 cm depth; p-GPA, p-glycosyloxyphenyl-acetic acid; p-GPHA, p-

glucosyloxy-2-hydroxyphenylacetic acid; p-HMN, phydroxymandelonitrile; p-HBA, p-

hydroxybenzaldehyde; Sr, ripening stage; Ss, seedling stage; Sv, advanced vegetative 

stage; TD, tillage depth; WTD, depth of the shallow water table in July. 
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Abstract 

 

Light emitting diode (LED) lamps are increasingly being studied in cultivation of 

horticultural, ornamental and medicinal plants as means to increase yield, quality, stress 

resistance, and bioactive compounds content. Enhancing the production of metabolites 

for medicinal or pharmaceutical use by regulating LED intensity and spectra is a 

challenging subject, where promising results have been achieved. Nevertheless, some 

species have been poorly investigated, despite their interest as a source of medicinally 

active substances, with particular reference to LED effects at the plant cultivation level. 

This study evaluates the effects of supplementary top-light LED treatments on Taxus 

baccata, one of the main sources of taxane precursors. Blue, red and mixed red–and-blue 

spectra were tested at 100 μM m-2 s-1. Moreover, 50 and 150 μM m-2 s-1 intensities were 

tested for the mixed spectrum. All treatments were set for 14 hours a day and were tested 

against natural light, in a controlled environment, from 19 August to 9 December 2019. 

A smart monitoring and control system powered by environmental and proximal sensors 

was implemented to assure homogeneity of environmental conditions, including base 

natural light for all the treatments. It resulted in negligible deviations from expected 

values and reliable exclusion of confusing factors. Biometric measurements and 1H-NMR 

based metabolomic analysis were performed to investigate growth and phytochemical 

profile throughout the trial. One-way ANOVA showed that supplemental LED lighting 

increased plant height and number of sprouts, with a growing trend up to 100 μM m-2 s-1. 

Plant vigor also increased, after the early growth stages. LED lights including blue 

appeared to perform the best. According to the metabolomic analysis, treated plants at 28 

DAT were characterized by the highest content of sucrose and aromatic compounds. 

Signals of a putative taxane were detected in the 1H NMR profiles of plants, which were 

compared to the spectrum of baccatin III standard. However, the intensity of these spectral 

signals was not affected by the treatment, while they increased only slightly during time. 

Light at 150 μM m-2 s-1 induced the strongest variation in the metabolome. Conversely, 

light composition did not induce significant differences in the metabolome. 
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Introduction 

 

LEDs for indoor cultivation mainly emit useful radiation, namely radiation able to 

enhance productivity by acting on the morphological and metabolic responses of plants. 

Since the maximum absorption of light by photoreceptors occurs in two wavelength 

ranges of the electromagnetic spectrum (650-665 nm and 450-470 nm, corresponding to 

the red and blue regions of the visible spectrum), the useful radiation for plants coincides 

with the wavelength range between 400 and 700 nm (PAR, photosynthetically active 

radiation). Photoreceptors sensitive to blue light (cryptochromes) and red light 

(phytochromes) stimulate transduction signals that act on plant morphology and 

physiology via different mechanisms of action [1,2]. Red light appears to be related to a 

stimulus to flowering in long-day species [3], and internode elongation [4], while blue 

light appears to be related to plant phototropism [5] and stomata opening [6]. 

Given these premises, and due to their physical characteristics (narrow spectral 

bands, non-thermal photon emission, longer life, energy saving), LED lamps with a 

combined red and blue spectrum are currently the most widely used light source to 

optimize growth and metabolism of plants in a controlled environment [7–9]. The 

physical properties of LEDs make them suitable for use both in intra-canopy (aka, inter-

lighting) and top-lighting systems [10], and both in horticulture and ornamental plants 

production, allowing reductions in energy consumption while maintaining optimal photon 

flux values of the incident radiation; for this reason, they are a valid source of light energy 

in greenhouse environments, especially during the winter season, exerting positive effects 

on crop quality, disease resistance, and bioactive compounds content [7]. Supplemental 

LED inter-lighting, relevant in particular for high-wire vegetable cultivations, has proven 

to increase yield and improve fruit quality in various all-year round greenhouse crops 

[11]. Supplemental top-lighting has proved to be beneficial in improving plant growth, 

morphology and quality of ornamental greenhouse-grown plants, with different results 

depending on spectral composition [12]. 

The applications of LED lighting to the cultivation of plants for both horticultural 

and medicinal use are numerous, and their effectiveness is widely demonstrated. 

Exposure to spectra of variable composition (blue, red and white light) showed effects on 

the organoleptic characteristics (color, aroma and flavor) in pepper cultivars (Capsicum 
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annuum L.) [13] and on yield and characteristics (such as crispness, sweetness, shape, 

color, and accumulation of chlorophylls, carotenoids, soluble proteins and sugars, and 

nitrates) in different species of leaf crops (Lactuca sativa L., Spinacia oleracea L., also 

in hydroponic cultivation), and aromatic and medicinal plants (Mentha arvensis L., 

Glycyrrhiza uralensis Fisch. ex DC.) (14,15). Blue light, in particular, showed effects on 

production of metabolites with nutritional properties (carotenoids and other pigments, 

glycosinolates, minerals) [16]. Exposure to appropriate LED spectra can also trigger the 

synthesis of antioxidants and bioactive compounds which in turn contribute to the 

improvement of the nutritional properties of the species used in horticulture; it can 

directly increase nutrient content, reduce microbial contamination, induce systemic 

resistance to fungal pathogens, affect the post-harvest ripening times of fruit and 

vegetables [9]. 

Besides the huge research effort focused on the use of LEDs to promote 

indoor/hydroponic cultivation of edible and ornamental plants, an increasing attention has 

been paid to the study of the use of LEDs in medicinal and aromatic plants. It is 

acknowledged that medicinal and aromatic plants are influenced by micro-climatic 

conditions, namely light. This includes not only plant growth and development, but also 

secondary metabolite production [17]. However, the way and degree in which light 

intensity, duration and spectral composition influence plant behavior and the yield of 

secondary metabolites vary from species to species, and no univocal trend may be 

outlined. LED technology has been used to stimulate plant growth and production of 

metabolites for medicinal or pharmaceutical use in numerous species; monochromatic 

light or spectral combinations of two or more wavelengths were used, either administered 

in place of natural light or as additional lighting, both on crops in a controlled 

environment and on tissue cultures. 

Fukuyama et al. [18–20] have shown that there are optimal frequencies and 

intensities of LED light (both red monochromatic and combined red-blue-UVA) capable 

of stimulating, increasing and optimizing the production of the monoterpenoid alkaloids 

vindoline and catharanthin, precursors of anticancer vinblastine and vincristine, in plants 

and leaf tissue of Catharanthus roseus (L.) G. Don. In the same species, Molchan et al. 

[21] determined the optimal PPFD values for increase in dry weight and for alkaloid 

synthesis. 
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Supplemental night lighting with blue LEDs (440-540 nm, peak at 469 nm) showed 

positive effects both on main growth parameters and production of secondary metabolites 

of pharmacological interest (mainly flavonoids and polyphenols with antitumor activity) 

in plants of Anoectochilus roxburghii (Wall.) Lindl. grown in greenhouses [22]. 

In cultures of root apexes of Artemisia annua L. exposed to red light (660 nm) 

higher biomass values and a higher artemisinin content were measured compared to crops 

exposed to white light [23]. In cell cultures of Artemisia absinthium L., both a higher 

frequency of growth and higher total phenol and flavonoid values were observed under 

white light compared to other spectra [24]. 

There are studies on the effects of treatment with LED spectra on conifers, focusing 

on growth parameters, on the physiology of gas exchange and on the induction of gene 

expression in seedlings of species of forest interest (Picea abies (L.) H. Karst. and Pinus 

sylvestris L.) [25,26]. Despite the great interest in the Taxus genus as a source of 

substances with antitumor activity, studies on the effects of LEDs for medicinal purposes 

in Taxus spp. are still in the initial phase. 

Su et al. [27] report a study with light spectra obtained through colored filters on 

Taxus yunnanensis WCCheng & LKFu (synonymous with Taxus wallichiana Zucc. var. 

wallichiana): the blue and red filters in different combinations confirmed positive effects 

on growth, physiology and synthesis of metabolites of pharmacological interest, but 

experiments using LEDs have largely been performed on tissue cultures. 

In the latest years, the agri-food sector has been showing an increasing interest in 

smart monitoring and modelling systems powered by ICT (Information and 

Communications Technology) and IoT (Internet of Things), since their application has 

set the premise for an efficient, sustainable and traceable management of agricultural 

systems, with positive impact on the market also due to the risen awareness of the 

consumers. Applications concerning the monitoring of field and indoor environmental 

conditions (for plant growing, livestock raising and food processing structures) represent 

a crucial part of those systems [28,29]. Moreover, spectral vegetation indices based on 

remote and proximal sensing have been widely used to estimate and analyze the vigor 

and phenology of plants, their reaction to stress conditions, degree in vegetation 

greenness, variation of canopy chlorophyll content [30,31]. Among them, the normalized 

difference vegetation index (NDVI) [32] is the vegetation index most widely used and 
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one of the most reliable [33,34]. Recently, specific developments proposed solutions to 

check and monitor several metrics from crops and animal conditions to the food quality. 

Moreover, the possibility to send, receive and store data in real time and the potentialities 

of big data analysis, allowed the precision and efficacy of the monitoring to be enhanced 

[35–38]. These systems also determine a dramatic improvement in the accuracy of plant 

cultivation experiments in controlled environments (such as greenhouses), based on the 

analysis of the spatial and temporal variability/homogeneity of environmental conditions 

affecting crop development, growth, quantitative and qualitative characteristics. These 

systems provide control of the designed conditions, record of the variable trends, 

identification and prevention of undesired conditions that could endanger or bias the trial. 

Moreover, monitored data could be helpful to define additional findings in research [39]. 

In particular, in studies aimed to assess the effect of one variable only, the homogeneity 

of other variables across all the treatments is a fundamental requirement. 

European yew, Taxus baccata L., is considered one of the main sources of taxane 

precursors currently usable in the pharmacological field. 

Based on the poor knowledge available about the effects of targeted lighting on this 

species grown in single plant pots, and the new opportunities opened by smart monitoring 

systems in the agricultural sector, this study aims at evaluating the effects of 

supplementary LED light treatments on Taxus baccata plants, both in terms of growth 

and metabolomic profile of the plants. Plants were grown in pots in a smart greenhouse, 

in order to maintain proper environmental conditions and ensure homogeneity among all 

the treatments, and 1H NMR based metabolomic analysis was performed to investigate T. 

baccata metabolome and its response under different LED light treatments. 

Besides the goal of contributing to the advancement of knowledge for this plant 

species under specific light spectra, this experiment paves the way for further studies, not 

only in order to improve the cultivation of this plant and the production of metabolites, 

but also to deepen the study of biosynthetic pathways.  

 

Materials and Methods 

Setting of environmental conditions and environmental monitoring system design 
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Due to the research aims, the trial was performed in a greenhouse in order to 

maintain proper environmental conditions as well as ensure their homogeneity among the 

treatments. 

The trial took place in the experimental greenhouses of the Imola District of the 

University of Bologna (40 km South-East of Bologna) between the 19th of August 2020 

and the 9th of December 2020. The greenhouse (see Figure 1) is divided into three spans 

and the trial was performed in the central one that covers an area of 8 m x 8 m; the height 

of the ceiling is between 4 and 5.5 m (measured respectively at eave and ridge). The 

facility is NE oriented (main axis azimuth 55°). Each span is provided with heating and 

cooling systems able to keep the temperature within the set range. Moreover, automatic 

openings help the temperature control and the air circulation. Finally, the greenhouse is 

provided with moveable shading screens useful to reduce the solar gain, to keep the indoor 

temperature and homogenize the indoor illumination. For the purposes of this experiment, 

according to Ellenberg [40], the heating and cooling systems were set to keep the 

temperature within 15°C and 25°C and the screens were kept throughout the whole trial. 

  
a) Aerial picture 

 

b) The experimental greenhouse  

 
 

c) layout of the greenhouse d) Experimental benches 
Figure 1 - University of Bologna Experimental greenhouse 
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To ensure the homogeneity of environmental conditions, specific tests were carried 

out before and during the trial. These tests allowed us to prove that the only difference in 

environmental conditions among the treatments was caused by the LED lamps in terms 

of intensity (PAR, Photosynthetically Active Radiation) and/or spectrum (red/blue ratio); 

tests were also intended to provide information on the environmental conditions during 

the experiment. 

It is worth to recall that the LED lights were added as a supplement to the natural 

light, so the first test was designed to ensure that each treatment spot would receive the 

same amount of natural light. Considering that the artificial light was provided during the 

daylight hours, the test on the natural light was performed before the trial started (August 

2019), when the lamps were off. In a 5-day campaign, illuminance in each spot was 

measured every day, three times a day (at 9 am, 1 pm and 6 pm). Sensors recorded values 

between 500 and 6500 lux; these values are higher than the compensation point for T. 

baccata [40]. Differences between the values on the spots and the average were lower 

than 5% for each set of measures. Therefore, the natural light could be considered uniform 

for all spots. Under this light, the illuminance recorded by the sensor placed in the control 

spot could be assumed as the natural light in the whole greenhouse span at the experiment 

level (70 cm above the floor level).  

The artificial light was produced by five LED lamps with three emission spectra: 

blue (B), red (R) and mixed red and blue light (M) (see the “Light treatments” 2.  section 

for more details). To produce the intensity required by the design of the trial, the lamp 

height was set in order to achieve the desired values 45 cm above the bench surface 

(average height of plants + pot at the beginning of the trial). Once the heights were set, 

the illuminance of each lamp was measured at foliage/canopy level for each treatment in 

total absence of natural light. Results are shown in Table 1. 

Table 1 - LED Light characterization for each treatment 

 Treatment 

1  

Treatment 

2  

Treatment 

3 

Treatment 

4  

Treatment 

5 

Treatment 

6 

LED 

Lamp 

M M M R B 0 

PAR 

[PPFD] 

150 100 50 100 100 0 

Illumin 

[lx] 

2270 1870 1390 1830 1170 0 
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Unlike illuminance, temperature and relative humidity are not affected by the 

artificial light (a preliminary test proved that the heat generated by the lamp was 

negligible), therefore we were able to monitor their values throughout the whole trial. 

The analysis of recorded data allowed us to characterize the trial environmental 

conditions as well.  

To run the monitoring, besides the facility system, an additional monitoring 

equipment was placed in the greenhouse during the trial. This equipment – specifically 

designed and built for this experiment – was constituted by six nodes and a gateway 

(central unit) depicted in Figure 2.  

  
a) one of the six nodes b) central unit 

Figure 2 - Node and central unit of the monitoring system 

 

Each node was placed in each treatment spot and measured temperature, relative 

humidity and illuminance every 3 minutes throughout the whole trial. The collected data 

were wirelessly sent to the gateway that uploaded data in a server with an internet 

connection allowing the experimental conditions to be checked remotely and in real time. 

Finally, data were stored and analyzed.  

The sensor data characteristics and specification are reported in the Table 2. 
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 Table 2 - Resolution and accuracy of the sensors used for the monitoring activity 

Sensor Resolution Accuracy 

Temperature 0.04 °C ± 0.3 °C 

Relative Humidity 0.7 % ± 2 % 

Illuminance 1 lx ± 1% 

 

The homogeneity analysis was based on Barbaresi et al. [41], who designed a 

method to divide a room in zones with same temperature and humidity. The proposed 

method was later implemented to assess the homogeneity of indoor conditions in a 

subsequent work [42].  

The above-mentioned paper assesses the homogeneity of environmental conditions 

by comparing data collected in a monitoring campaign with two reference parameters, 

IRV and ARV. The IRV – Identity Reference Value – is calculated on the sensor 

characteristics and is used to define when temperatures and humidity values can be 

considered identical. The second – the Acceptable Reference Value – is based on the 

purposes of the specific research and is used to define when differences in environmental 

conditions can be considered acceptable; in other words, when we can assume that the 

zones monitored by the sensors are in the same environmental conditions.  

In accordance with the two above-mentioned studies, the IRVs are set as the sum 

of sensors’ resolution and accuracy. On the other side, the ARVs are defined according 

to Ellenberg [40] and to the heating and cooling systems performances. Then, for the 

purpose of this study, IRV and ARV were set as follows (see Table 3): 

Table 3 - Values of temperature and relative humidity assumed as thresholds for the uniformity 

of greenhouse environmental conditions 

 IRV ARV 

Temperature 0.7 °C 2 °C 

Relative Humidity 4.7 % 5 % 

 

It is worth to note that the ARVs are remarkably lower than differences that can 

occur in T. baccata natural sites. According to the methods reported in [41], the following 

procedure was applied to temperature and humidity records: 

- temperature and relative humidity in each treatment were monitored every 3 minutes for 

the whole trial; 

- Data collected in a treatment were cleaned and compared to data collected in the other 

treatments, and difference were calculated for every record; 
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- The value zij=|mij|+sdij was calculated for every pair of sensors, where i and j are two 

sensors out of the six, m the mean and sd the standard deviation of the differences; 

- The z values were finally compared to IRV and ARV. In order to state if all the treatment 

were under the same environmental conditions, all the z values for both temperature and 

humidity should be lower than ARV. 

 

Plant material 

Forty European yew (Taxus baccata L.) plants were purchased from a nursery and 

used for the trial in the experimental greenhouse. In the nursery, the plants had been 

individually grown from seed in black plastic pots (height 15 cm, superior internal 

diameter 16 cm, approx. 15x15 cm) with standard substrate. Their individual morphology 

was rather heterogeneous, as well as their height and shape. 

 

Experimental design 

Each plant was randomly labelled, and its weight, height, and number of sprouts 

were measured. Prior to weighing, the plants were well watered and let drain in order to 

minimize differences due to disparity in substrate humidity. Taking into account the 

differences for the three measured parameters, 36 plants were distributed into 6 groups so 

that the internal heterogeneity of each group was similar, making the groups comparable. 

The resulting group composition was as follows: 

Group 1: plants n. 1, 2, 18, 19, 28, 33  

Group 2: plants n. 3, 21, 22, 23, 31, 32 

Group 3: plants n. 16, 24, 25, 26, 34, 36 

Group 4: plants n. 11, 12, 20, 27, 29, 30 

Group 5: plants n. 5, 7, 8, 9, 13, 14 

Group 6: plants n. 4, 6, 10, 15, 17, 35 

The four remaining plants were sampled for chemical analysis at time zero (T0; 19 

August 2019), shortly before the start of LED lighting. 
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Light treatments 

Each group of six plants was exposed to a top-light LED lamp emitting a different 

combination of light spectrum and intensity (PPFD, Photosynthetic Photon Flux Density), 

as follows: 

Group 1: R/B/Fr LED (2/3 red, 1/3 blue), PPFD 150 μM m-2 s-1 (R/B/Fr 150) 

Group 2: R/B/Fr LED (2/3 red, 1/3 blue) PPFD 100 μM m-2 s-1 (R/B/Fr 100) 

Group 3: R/B/Fr LED (2/3 red, 1/3 blue) PPFD 50 μM m-2 s-1 (R/B/Fr 50) 

Group 4: Red LED, PPFD 100 μM m-2 s-1 (R 100) 

Group 5: Blue LED, PPFD 100 μM m-2 s-1 (B 100) 

Group 6: natural light control (Ctrl) 

(R=Red, B=Blue, Fr=Far Red) 

 

Plants cultivation 

Plants were grown under treatment from 19 August to 9 December 2019. The 

supplemental lighting had the same light period of 14 hours per day for all LED 

treatments. The natural light varied according to the season (see tab. Table 6), while the 

indoor temperature, and consequently relative humidity, varied always within the set 

range. Watering was done when needed; since European yew is a slow-growing plant, no 

fertilization was given during the trial, in order to exclude morphophysiological responses 

due to factors other than LED light treatment. Moreover, in order to give each plant 

canopy a uniform light exposure, all plants were rotated a quarter turn every three days. 

 

Chemicals 

Deuterium oxide (D2O, 99.90% D), CD3OD (99.80% D) were purchased from 

Eurisotop (Cambridge Isotope Laboratories, Inc, France). Standard 3-(trimethylsilyl)-

propionic-2,2,3,3-d4 acid sodium salt (TMSP), sodium phosphate dibasic anhydrous and 

sodium phosphate monobasic anhydrous and all the other chemicals and solvents were 

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 

 

Biometric surveys and sampling for metabolomic analysis 

Morphometric/biometric surveys were performed once every 28 days at 0, 28, 56, 

84 and 112 days after treatment (DAT), spanning from 19 August to 9 December 2019. 



143 

 

At each survey three pictures per plant were taken for canopy shape evaluation, and the 

following parameters were measured: 

- plant height: measured from the crown to the tip of the main stem; branches occasionally 

taller than the main stem were not considered; 

- sprout number: number of young sprouts having pale green color; 

- NDVI (Normalized Difference Vegetation Index), which is defined as the ratio between 

the difference and the sum of reflectance values in the near-infrared and red spectrum, 

was selected as indicator of plant growth status. It was determined with the portable 

GreenSeeker reader (Trimble Inc., Sunnyvale, CA; USA), holding the instrument 

horizontally 50 cm above plant tips.  

 

Metabolomic analysis 

For metabolomic analysis samples from each plant were collected every 28 days by 

cutting 3 representative branches per individual. The samples were dried at 40°C and 

powdered using an electrical grinder (IKA, A11 basic, Merck, Italy).  

Plants extracts were prepared according to Mandrone et al. [43] with slight 

modifications. Briefly, thirty mg of each sample were extracted with 1 mL of mixture 

(1:1) of phosphate buffer (90 mM; pH 6.0) in H2O-d2 (containing 0.01% TMSP) and 

MeOH-d4 by ultrasonication (TransSonic TP 690, Elma, Germany) for 20 minutes. After 

this procedure, samples were centrifuged for 10 min (17000 x g), then 700 μL of 

supernatant were transferred into NMR tubes.  

 

NMR measurement 

1H NMR spectra were recorded at 25°C on a Varian Inova 600 MHz NMR 

instrument (600 MHz operating at the 1H frequency) equipped with an indirect triple 

resonance probe. Methanol-d4 was used for internal lock. Each 1H-NMR spectrum 

consisted of 256 scans (corresponding to 16 min) with the relaxation delay (RD) of 2 s, 

acquisition time 0.707 s, and spectral width of 9595.8 Hz (corresponding to δ 16.0). A 

presaturation sequence (PRESAT) was used to suppress the residual water signal at δ 4.83 

(power = -6dB, presaturation delay 2 s). The spectra were manually phased and baseline 

corrected, and calibrated to the internal standard trimethyl silyl propionic acid sodium 

salt (TMSP) at δ 0.0 using Mestrenova software (Mestrelab Research, Spain). For 
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metabolomic analysis, the regions of δ 5-4.5 and δ  . 4-3.30 were excluded because of 

the residual solvent signals. Then spectral intensities were reduced to integrated regions 

of equal width (δ 0.04) corresponding to the region from d 0.0 to 10.0, and normalized by 

total area. 

The spectrum of baccatin III was recorded in methanol-d4. 

 

Data management and multivariate data analysis 

Biometric data were split between two treatment sub-groups: one at different light 

intensity, composed by Ctrl, R/B/Fr 50, R/B/Fr 100 and R/B/Fr 150; and another at 

different light quality, composed by R 100, B 100 and R/B/Fr 100. In the two sub-groups, 

data were submitted to one-way ANOVA at each of the five surveys, using the 

STATISTICA v.10.0 software (StatSoft, Tulsa, OK, USA). For selected traits, the time 

trends of the treatments and their 95% confidence bands were traced, using the SigmaPlot 

10 software (Systat Software Inc., San José, CA, USA).  

The SIMCA software (v. 16.0, Umetrics, Sweden) was used for multivariate data 

analysis. In particular data were subjected to Pareto scaling and supervised models were 

evaluated by the goodness of fit (R2x (cum) and R2y(cum)) and goodness of prediction 

(Q2(cum)), together with the parameters given by cross validation tests: permutation test 

(performed using 200 permutations) and CV-ANOVA.  

 

Results 

For temperature and humidity characterization, the method described in Section 2.1 

was applied and data measured by the sensors for each experimental treatment were 

compared. Table 4 and Table 5 show the results. 

 

Table 4 - Analysis of the temperatures measured in each treatment. Data are expressed 

in Celsius degree 

Treatment Mean St.dev. |m|+sd 

T1 vs T2 0.314 0.960 1.274 

T1 vs T3 0.242 1.030 1.272 

T1 vs T4 0.271 0.296 0.567 

T1 vs T5 0.285 0.618 0.903 

T1 vs T6 0.650 0.518 1.169 

T2 vs T3 -0.071 0.301 0.372 
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T2 vs T4 -0.009 0.980 0.989 

T2 vs T5 -0.025 0.464 0.489 

T2 vs T6 0.320 0.785 1.105 

T3 vs T4 0.067 1.095 1.161 

T3 vs T5 0.049 0.569 0.618 

T3 vs T6 0.437 0.834 1.271 

T4 vs T5 -0.004 0.648 0.651 

T4 vs T6 0.324 0.528 0.852 

T5 vs T6 0.353 0.530 0.882 

 

 Table 5 - Analysis of the relative humidity measured in each treatment. Data are 

expressed in percentage 

Treatment Mean St.dev. |m|+sd 

T1 vs T2 -0.196 2.845 3.041 

T1 vs T3 -0.911 3.017 3.927 

T1 vs T4 -1.106 1.687 2.793 

T1 vs T5 -0.753 2.076 2.830 

T1 vs T6 -1.440 2.426 3.867 

T2 vs T3 -0.768 1.442 2.210 

T2 vs T4 -1.037 2.612 3.650 

T2 vs T5 -0.589 1.677 2.267 

T2 vs T6 -1.137 2.315 3.452 

T3 vs T4 -0.276 3.004 3.280 

T3 vs T5 0.169 1.853 2.021 

T3 vs T6 -0.435 2.566 3.001 

T4 vs T5 0.348 2.183 2.531 

T4 vs T6 -0.229 2.421 2.650 

T5 vs T6 -0.592 1.942 2.534 

 

The results show that the mean of differences were very low, even under the IRV 

in some cases and in general confirm the homogeneity of temperature and humidity. 

Under this light, to characterize the environmental conditions of the trial, the average 

temperature and humidity of the six treatments were retained to define the environmental 

conditions for all the treatments.  

As reference, Table 6 reports the significant environmental conditions that 

characterized four periods during the trial. Each period is defined as the time between a 
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morphometric/biometric survey and the following one: Period 1 (19/08 – 16/09), Period 

2 (17/09 – 14/10), Period 3 (15/10 – 11/11) and Period 4 (12/11 – 09/12). 

Table 6 - Characterization of temperature, relative humidity and natural light (average values) 

measured in the four periods of the experiment 

 Period 1 Period 2 Period 3 Period 4 

 day night day night day night Day Night 

T [°C] 23.65 21.44 22.87 20.05 20.55 16.61 19.42 15.04 

rH [%] 58.07 70.03 63.62 70.78 70.00 77.77 56.47 64.71 

Nat. light [lx] 1495 - 518 - 299 - 1280 - 

 

Growth analysis 

In the light intensity sub-group, plant height described a different trend across the 

112 DAT (Figure 3.a). Plants under natural light (Ctrl group) only modestly increased in 

height, whereas plants at increasing light intensity (R/B/Fr 50, 100 and 150 μM m-2 s-1) 

increased to a larger extent: the two upper levels (100 and 150 μM m-2 s-1) were practically 

superimposed, while the lower level (50 μM m-2 s-1) traced an intermediate trend between 

Ctrl and the two upper levels. 

The number of sprouts per plant remained very low under natural light, whereas it 

was strongly enhanced by the LED treatments in the early phase (28 and 56 DAT) (Figure 

3.b). The lower light intensity (50 μM m-2 s-1) showed slightly lower data than the two 

upper light intensities (100 and 150 μM m-2 s-1) only at 56 DAT. In the later growth phase 

(84 and 112 DAT), the stimulus to sprouting ceased, and all treatments fell very close to 

zero sprouting. 

The NDVI exhibited non-significant differences among light intensity levels until 

28 DAT (Figure 3.c). Thereafter, treatment differences became statistically significant, 

indicating that the Ctrl treatment was always below the three LED treatments. No further 

difference was shown among these latter. 
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Figure 3 - Plant height (a), number of sprouts per plant (b), and normalized difference vegetation 

index (NDVI) (c) at various days after treatment (DAT) in Taxus baccata exposed to different 

light intensity. Circles, squares, diamonds and triangles indicate the control and the R/B/Fr LED 

lamps at 50, 100 and 150 μM m-2 s-1, respectively. In plant height, the 95% confidence bands for 

the time trends of the four treatments are shown; in the other two traits, vertical bars indicate ± 

SE (n=6); n.s., (+), * and ** indicate non-significant and significant at P ≤ 0.10, P ≤ 0.05 and P ≤ 

0.01, respectively. 
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In the light quality sub-group, no significant difference in the three biometric traits 

was evidenced, apart from the number of sprouts at 84 DAT. In general, a slight beneficial 

influence is perceived for the blue light, alone or in combination with the red and far red 

(B 100 and R/B/Fr 100), over the red light (R 100) in sprouts per plant (Table 8), whereas 

in plant height (Table 7) and NDVI (Table 9) this effect is unperceivable. 

 

Table 7 - Plant height (cm) at various days after treatment (DAT) in Taxus baccata exposed to 

different light quality (R, red; B, blue; Fr, far red) at 100 μM m-2 s-1. Data are means ± SE (n=6). 

DAT 0 28 56 84 112 

R 100 55.7 ± 0.9 60.3 ±1.4 65.0 ± 2.0 66.2 ± 1.2 66.7 ± 1.0 

B 100 56.7 ± 2.0 61.7 ± 1.9 67.0 ± 1.9 69.7 ± 2.0 70.3 ± 2.3 

R/B/Fr 100 50.0 ± 2.3 61.2 ± 4.6 68.5 ± 5.1 70.8 ± 5.4 71.2 ± 5.2 

Stat. signif. n.s. n.s. n.s. n.s. n.s. 

 

Table 8 – Number of sprouts per plant at various days after treatment (DAT) in Taxus baccata 

exposed to different light quality (R, red; B, blue; Fr, far red) at 100 μM m-2 s-1. Data are means 

± SE (n=6). 

DAT 0 28 56 84 112 

R 100 1.5 ± 1.0 25.2 ± 6.4 28.0 ± 4.4 3.7 ± 0.3 a 1.0 ± 0.4 

B 100 2.0 ± 0.7 57.3 ± 10.5 34.8 ± 4.3 1.2 ± 0.7 b 0.2 ± 0.2 

R/B/Fr 100 5.0 ± 0.9 52.3 ± 13.7 45.3 ± 7.4 1.3 ± 0.5 b 0.5 ± 0.5 

Stat. signif. n.s. n.s. n.s. ** n.s. 

 

Table 9 – Normalized difference vegetation index (adim.) at various days after treatment (DAT) 

in Taxus baccata exposed to different light quality (R, red; B, blue; Fr, far red) at 100 μM m-2 s-

1. Data are means ± SE (n=6). 

DAT 0 28 56 84 112 

R 100 0.67 ± 0.02 0.78 ± 0.03 0.81 ± 0.01 0.75 ± 0.01 0.83 ± 0.01 

B 100 0.68 ± 0.02 0.77 ± 0.02 0.84 ± 0.01 0.74 ± 0.03 0.83 ± 0.02 

R/B/Fr 100 0.67 ± 0.02 0.78 ± 0.02 0.81 ± 0.02 0.76 ± 0.02 0.85 ± 0.01 

Stat. signif. n.s. n.s. n.s. n.s. n.s. 
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The pictures in Fig. 4 allow morphological differences to be detected among under 

the different light treatments. No significant evidence of systematic differences was 

found. Individual variability within each group was as high as variability between 

different groups.  

1 

  

 

2 

  

 

3 

   

 

 Figure 4 - Front, rear and above views of a plant from Control (1), R/B/Fr 100 (2), B 

100 (3) treatments on December 2019 
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Metabolomic analysis  

In order to detect eventual variations in the metabolome of the samples at 28 DAT, 

Principal Component Analysis (PCA) was performed on bucketed 1H NMR spectra, used 

as x variables of the model. As shown by the score scatter plot (Fig. 5A), samples of the 

control group (NL) were clustered in the upper left quadrant (negative component t[1] 

and positive component t[2]). 

 

Figure 5 - 1H NMR based Principal Component Analysis of T. baccata samples under different 

LED light treatments. A) Score scatter plot B) Loading column plot. R2(cum)= 0.552, 

Q2(cum)=0.442. 
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As shown by the loading plot (Fig. 5B), some spectral signals, resonating in the 

aromatics and carbohydrates regions, were particularly intense in the treated samples, 

determining a shift along the positive component t[1] of these latter in the PCA score 

scatter plot (Fig. 5A). In fact, it was evident from the 1H NMR spectra that treated samples 

were characterized by an increase in sucrose concentration compared to the control group. 

In addition, some spectral signals resonating at δ 6.26, 6. 4, 6.78, 6.86 (aromatic region) 

were found characteristic of the treated samples. Even though the plants belonging to the 

same group showed individual responses to the treatment, group 1 (treatment R/B/Fr 150 

μM m-2 s-1) resulted the most different from the control group (natural light, NL), while 

group 3 (treatment R/B/Fr 50 μM m-2 s-1) resulted more similar to the control.  

According to the results of the metabolomic analysis on samples at 56 DAT, in this 

stage the treated plants were no longer different from the control group, suggesting an 

adaptive behavior of T. baccata metabolome to prolonged treatment. The PCA model 

built on the bucketed 1H NMR spectra of both 28 DAT and 56 DAT (Fig. 6A), showed 

that all samples at 56 DAT were close to the control group at 28 DAT. Only the treated 

samples at 28 DAT showed evident differences compared to the controls. 

 

Figure 6 - A) 1H NMR based PCA of T. baccata samples under different LED light treatments at 

28 days and 56 days since treatments started. R2(cum)= 0.871, Q2(cum)=0.674. B) Score scatter 

plot of OPLS-DA model using sampling time as discriminant classes. C) S-plot of OPLS-DA 

model. 
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In order to obtain more information on the metabolites responsible for the 

separation of the treated samples at the different time points, OPLS-DA (Orthogonal 

Partial Least Squares-Discriminant Analysis) was carried out on bucketed 1H NMR 

spectra of treated plants, using as discriminant classes the two time points of sampling 

(control plants were excluded from the analysis) (Fig. 6B-C). The model found a perfect 

fit to the response using two components, with goodness of fit (R2y(cum)) of 82% and 

goodness of prediction (Q2(cum)) of 71%. The model was evaluated by permutation test 

(performed using 200 permutations), which gave R2(cum) of 83% and intercept on y axis 

of R-line was 0.16, and Q2(cum) of 71% and intercept on y axis of Q-line was -0.29. 

Moreover, the significance of the model was tested by the ANOVA of cross-validated 

residuals (CV-ANOVA) giving p = 2.1 x 10-14 and F = 34. The results showed by the S-

plot of this model (Fig. 6C) were consistent with the results of the PCA, confirming that 

at 28 DAT the treatments determined an increase in sucrose and aromatic compounds. In 

addition, from this plot it resulted that all the other metabolites were more abundant at 56 

DAT.  

 

Figure 7 - Comparison between 1H NMR spectra of baccatin III and plant number 2 at 56 DAT. 

On top are given extended regions from δ 0.6 to 2.6 and from δ 5.5 to 8.4. 
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Spectral signals ascribable to taxanes were also found in the 1H NMR profiles of the 

experimental plants, which were compared to the 1H NMR spectrum of baccatin III, a 

precursor of taxol [44]. 

 (Fig. 7). These signals were scarcely affected by the treatment. However, from the 

S-plot of the OPLS-DA, it was possible to detect a slight increase of the putative taxane 

in plants at 56 DAT (Fig. 8). 

  

Fig. 8 - S-plot of OPLS-DA model where the bucket containing a signal ascribable to taxane (δ 

8.10 - 8.14) was highlighted showing a slight increase in plants at 56 DAT 

 

Discussion 

To our best knowledge, the above results on Taxus baccata morphology, growth 

and metabolomic profile in response to differential LED treatments are the first to show 

up in the literature. In fact, coniferous plants are seldom surveyed among medicinal and 

aromatic plants, as a recent review demonstrates [17]. Still to our best knowledge, the 

only Taxus species having been focused in a previous LED experiment was Taxus 

chinensis [45], and in this case only plant growth and net photosynthetic rate were 

assessed in response to LED supplementation during the winter time.  

In this paucity of information, despite a relatively short experiment and the 

intrinsically slow growth of this species, supplemental LED illumination of moderate 

intensity (up to 150 μM m-2 s-1) was able to determine increased plant height, enhanced 

sprouting in the early growth phase, and somewhat better growth status (Figure 3). The 

temporal phase and the extent to which LED determined the above effects varied 
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depending on light intensity (0 – 150 μM m-2 s-1 of supplemental PAR) as well as quality 

(R, B and R/B/Fr), thus indicating that additional work is needed to better circumstantiate 

suitable plant conditions leading to consistent benefits from LED use. 

However, the generally good effects obtained with LED lighting in both 

quantitative (plant height and number of sprouts) and qualitative (NDVI as indicator of 

vigor) growth, are the premise for sustained growth over the medium to long term, 

potentially leading to higher production of valuable metabolites. These effects increased 

when light intensity rose, although beyond 100 μM m-2 s-1 these effects faded, indicating 

that effective growth stimulus can be triggered by a small LED supplementation. 

At the focal light intensity of 100 μM m-2 s-1, LEDs including the blue wavelength 

in their spectra (B and B/R/Fr) were shown to be slightly more effective than the 

monochromatic red light (R). This circumstance is not consistently echoed in the 

literature on LED use, although it should be born in mind that no specific work has so far 

addressed Taxus baccata.  

Both the combination of natural and LED light, and the low intensity of 

supplementary lighting require to be carefully managed in order to exclude any 

confounding factor. Therefore, besides an accurate design of the light supplementation 

and environmental control systems, this study paid special attention to assure and prove 

the uniformity of environmental conditions throughout the experiment. A system capable 

of monitoring temperature, relative humidity, and illuminance, allowed us to map and 

characterize every experimental slot with a high spatial and time resolution. The analysis 

of collected data allowed us to confirm that the different plant responses had to be 

attributed only to LED light supplementation. 

The metabolomic analysis showed that one of the most prominent effects exerted 

by LEDs on T. baccata was to determine an increase in the sucrose content. This is 

explained by the stimulation of the photosynthetic activity due to the additional lighting. 

Moreover, treated plants showed higher content of aromatic compounds, indicating that 

light exposure might have trigged the synthesis of photoprotective compounds such as 

phenols and flavonoids, which are generally found in Taxus genus [46,47]. 

The treatment at 50μM m-2 s-1 was not sufficient to induce a strong variation in the 

most abundant metabolites produced by T. baccata. On the contrary, according to the 

PCA, plants treated with the highest intensity LEDs were the most diversified from the 
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control group, indicating that light intensity has a strong impact on plant metabolome. 

Moreover, varying the light composition (red, blue and red/blue/far red) at intermediate 

intensity (100 μM m-2 s-1) did not determine significant differences in plant growth and 

morphology (Table 7). However, it may not be excluded that by varying some conditions, 

e.g., increasing light intensity, differences in light spectral composition might result in 

beneficial differences in plant behaviour.  

The OPLS-DA model built using the 1H NMR data collected at two different time 

points highlighted that treated plants become more similar to the control group at 56 DAT, 

and by S-plot it was possible to observe a general increase of metabolite content during 

plant growth. Although the treatment was not affecting the putative taxane concentration, 

it was increasing the number of sprouts and height of the plants. According to this data, 

the treatment of taxus with LED lights, might lead to obtain a higher amount of plant 

material with a consequent increase in the recovery of the metabolites of interest.   

Conclusions  

Studying the effects of supplemental LED lighting on the growth of medicinal 

plants and the production of secondary metabolites of pharmacological interest is a topical 

and challenging subject, which is gaining interest by many scholars across the globe. 

Nevertheless, it still needs further investigations, with particular reference to conifers, on 

which the effects of LED treatments have mostly been studied for forest tree species, 

focusing on growth and physiology, and have largely been performed on tissue cultures 

when the target feature was the production of metabolites of pharmaceutical interest. 

Therefore, this study addressed the challenge of investigating the effects of both 

quality and intensity of supplemental LED lighting on both growth and metabolism of 

Taxus baccata, known for being a source of substances with antitumor activity. 

The research focused on a cultivation environment which exploits natural light, 

allowing lower LED lighting intensities to be used, compared to those that would be 

needed in indoor farming. This was made possible thanks to a continuous monitoring and 

control of environmental parameters, which allowed us to assure homogeneous 

conditions of base natural light, temperature, and humidity, and thus to refer the 

differences in plant growth and metabolism only to the different supplemental light 

treatments.  
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Supplemental LED treatments showed clear effects on plant growth, in particular 

in terms of increased plant height, number of sprouts, and plant vigor. Both unsupervised 

(PCA) and supervised (OPLS-DA) analysis were performed on 1H NMR profiles of 

samples, showing that sucrose and aromatic compounds were significantly higher in 

treated plants. The increment in sucrose production is likely reflecting the increased 

photosynthetic activity of plants exposed to LED lighting [48]. In addition, the increase 

of aromatic compounds might represent a photoprotective strategy [49]. An overall 

increase of the most abundant metabolites, including the detected putative taxane, was 

observed during plant growth. These results highlight the importance of paying attention 

to plant growth stage and treatment duration when setting greenhouse cultivation. The 

study allowed us to identify 100 μM m-2 s-1 as the light intensity threshold above which 

no significant benefits can be obtained, and to detect that LED spectra including both red 

and blue show better results. However, further research is needed to better investigate the 

effects of different light spectra, also in combination with different light intensities. 
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Chapter 3 
 

 

Natural products research and chemodiversity as a base for 

biodiversity protection 
 

 

A sustainable development cannot be achieved without a responsible 

management of the ecosystems which firstly requires ecosystems protection and 

halting the loss of biodiversity. Studying plants, their specialized metabolites, and 

their properties contributes to raise the awareness of their importance, and enhances 

biodiversity valorization and protection.  

Moreover, natural products research highly benefits from studies conducted in 

areas characterized by high biodiversity generating, in turn, high chemodiversity. This 

chapter specifically addresses the topic of biodiversity and chemodiversity by 

investigating plants of local flora. In particular, the first study here reported 

investigated plants collected in Sardinia island, which is characterized by high number 

of endemic and exclusive species. These plants were studied, for their potential 

antiproliferative activity on human osteosarcoma cells, gaining also information about 

their phytochemical composition. Secondly, the topic of plant chemodiversity was 

deepened in cooperation with the Molecular Interaction Ecology research group of 

the German Center for Integrative Biodiversity Research by studying Solanum 

dulcamara chemotypes through a MS-based metabolomics approach.   
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3.1 Antitumor Potential and Phytochemical Profile of Plants 

from Sardinia (Italy), a Hotspot for Biodiversity in the 

Mediterranean Basin 
 

This article has been published in Plants Journal:  
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Picone, G., Poli, F. (2020). Antitumor potential and phytochemical profile of plants 

from sardinia (Italy), a hotspot for biodiversity in the mediterranean basin. Plants, 9(1), 

26. doi:10.3390/plants9010026 
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Abstract 

Sardinia (Italy), with its wide range of habitats and high degree of endemism, is an 

important area for plant-based drug discovery studies. In this work, the antitumor activity 

of 35 samples from Sardinian plants was evaluated on human osteosarcoma cells U2OS. 

The results showed that five plants were strongly antiproliferative: Arbutus unedo (AuL), 

Cynara cardunculus (CyaA), Centaurea calcitrapa (CcA), Smilax aspera (SaA), and 

Tanacetum audibertii (TaA), the latter endemic to Sardinia and Corsica. Thus, their 

ability to induce cell cycle arrest and apoptosis was tested. All extracts determined cell 

cycle block in G2/M phase. Nevertheless, the p53 expression levels were increased only 

by TaA. The effector caspases were activated mainly by CycA, TaA, and CcA, while AuL 

and SaA did not induce apoptosis. The antiproliferative effects were also tested on human 

umbilical vein endothelial cells (HUVEC). Except for AuL, all the extracts were able to 

reduce significantly cell population, suggesting a potential antiangiogenic activity. The 

phytochemical composition was first explored by 1H NMR profiling, followed by further 

purifications to confirm the structure of the most abundant metabolites, such as phenolic 

compounds and sesquiterpene lactones, which might play a role in the measured 

bioactivity.   
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Introduction 

Natural products (NP)-based drug discovery strongly benefits from research 

conducted in regions with high biodiversity and endemism [1,2]. In this context, Sardinia 

(Italy) deserves particular attention. This island is a hotspot for biodiversity, with a wide 

range of habitats and high degree of endemism, due to its geographical isolation and high 

geological and geomorphological diversification [3,4]. 

Sardinian flora consists of 2441 taxa [5], of which 295 taxa are endemic [6]. Among 

them, 189 are exclusive to Sardinia, 90 are Sardinian–Corsican endemics, and 16 taxa are 

also present in the Tuscan Archipelago [6]. Even though scientific evidence confirmed 

their interesting phytochemical and biological features [7,8,9,10], to date most Sardinian 

endemic plants remained scantly or not at all investigated. 

In addition, plant-based traditional medicine is still widely practiced and 

documented in Sardinia (Table 1). Ethnobotany plays also an important role in NP-based 

drug discovery, providing precious information about plant properties and uses, thus, 

increasing the chances to individuate active natural products with a good safety profile. 

 

Table 1. Ethnobotanical use of investigated plants in Sardinian traditional medicine. Up-to-date 

information on plants analyzed in this work. Traditional uses related to specific organs as well as 

preparation are reported. 
 

Plant species Plant 

Organ 

and 

label 

Ethnobotanical use in Sardinia Preparation 

 

 

 

Arbutus 

unedo L. 

 

 

 

 

 
Fruits 

(AuF) 

 

Astringent [22, 23], blood circulation (atherosclerosis) [24]  

Decoction 

 

 

Wound healing [25, 26]  

Cataplasm 

 

 
 

Leaves 
(AuL) 

 

 

Inflammations of intestine, kidney, bladder [25]  

Decoction (together with 

fruits and roots) 
 

Antipyretic, diarrhea [26-28], intestinal pains, as a vulnerary [29], 

diuretic, against cystitis and nephritis [22], asthma and bronchitis 
[28]  

Decoction 

 

 

 

Asphodelus 

ramosus L. 

subsp 

ramosus 

 

Rhizome 

(ArRh)  

Sore throat, skin diseases [24]  

 

Decoction 

 

Skin disease (chilblain) [24, 29], hemorrhoids and impetigo [30]  
Cataplasm 

Leaves 

(ArL) 
 

Diuretic (not recommended for patient affected by rheumatisms) 

[22] 
 

Decoction 

Carlina 

gummifera 

(L.) Less. 

 

Leaves 

(CgL) 

 

Diuretic [27, 30], cholagogue, stomachic and diaphoretic [30]  

 

 

Decoction and Infusion 

 

Centaurea 

calcitrapa L. 

 

Aerial 

parts 
(CcA) 

Antipyretic, digestive, for constipation and diarrhea [22, 31]  Decoction 

 

Antiseptic [31]  Juice 

https://www.mdpi.com/2223-7747/9/1/26/htm#B1-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B2-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B3-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B4-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B5-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B6-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B6-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B7-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B8-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B9-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B10-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#table_body_display_plants-09-00026-t001
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Centaurea 

horrida 

Badaròa 

 

 

Aerial 
parts 

(ChA) 

 

N.D.* - 

Centaurea 

napifolia L. 

Aerial 

parts 
(CnA) 

Nutritional purposes: aerial parts are often included in the diet 

[32]  

Direct ingestion 

Cistus 

monspeliensis 

L. 

 

Aerial 

parts 

(CmA) 

Topically for wound healing [30]  

 

Poultice obtained by 

pressing fresh leaves 

between two pieces of wood 
 

Cistus 

salvifolius L. 

 

 

Aerial 

parts 
(CsA) 

N.D.* - 

Cynara 

cardunculus 

L. 

 

 

Aerial 
parts 

(CycA) 

Hepatoprotective, blood depurative, hypocholesterolemic, 
digestive, intestinal spasmolytic [24, 33] 

Decoction 
 

 

Liver diseases [28]  Infusion 

Ferula 

arrigonii  

Bocchierib 

 

Leaves 

(FaL) 

N.D.* - 

Roots 
(FaR) 

N.D.* - 

Galactites 

tomentosa 

Moench 

 

Aerial 

parts 

(GtA) 

Nutritional purposes: aerial parts are often included in the diet 

[32]  

Direct ingestion 

Genista 

corsica 

(Loisel.) Db 

 

 

Aerial 

parts, 
Flowers 

(GcA) 

 

In Corse, flowers were used as disinfectant of wounds and 

abrasions [32]  

Infusion 

Glechoma 

sardoa (Bég.) 

Bég.b 

 

Aerial 
parts 

(GsA) 

 

Treatment of respiratory diseases, chronic catarrh, bronchitis, 
asthma and to heal wounds [22]  

 

Infusion of steam and 
flowers in water or milk 

Hypericum 

hircinum L. 

ssp hircinumc 

Aerial 

parts 

(HhA) 
 

Burns and wounds healing [22]  

 

Macerate in olive oil 

For rheumatic and sciatic pains and for dislocations and sprains 
[22]  

 

Macerated in olive oil and 
white wine, followed by 

evaporation of the wine 

Hypericum 

scruglii 

Bacch., 

Brullo & 

Salmeria 

 

Aerial 

parts 
(HsA) 

N.D.* - 

Lavandula 

stoechas L. 

 

 

Aerial 

parts 
(LsA) 

 

Against ringworm, skin diseases and wounds healing [22]  

 

Maceration in spirit 

 
 

Treatment of migraine, vertigo, asthma, palpitation, whooping 

cough, laryngitis, bronchitis, rheumatism [22, 23], sedative and 

skin diseases [24]  
 

Infusion 

 

 

Treatment of skin diseases [24]  

 

Direct application of leaves 

Limonium 

morisianum 

Arrigonia 

 

Aerial 
parts 

(LmA) 

 

N.D.* - 

Myrtus 

communis L. 

 

 

Fruits 

(McF) 

 

Vulnerary, cough, sedative, digestive [21]  Decoction 

Against cough and catarrh [25] and eupeptic [30]  Decoction (together with 

leaves) 
 

Digestive [25]  Macerated in spirit 

Leaves 

(McL) 
 

Wound healing [30]  

 

Dried and powdered for 

topical application 
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Digestive and as an agent to treat respiratory ailments, as 
vulnerary, against hemorrhoids, to treat sweaty feet [22] catarrhal 

cough [26]  

Infusion 

Digestive, treatment of respiratory inflammations and 
hemorrhoids [22]  

 

Fresh leaves pack 

Vulnerary, cough, sedative, digestive [23] bronchitis and asthma 

[28]  

Decoction 

Pistacia 

lentiscus L. 

 

Fruits 

(PlF) 

 

Cutaneous inflammations [30]  

 

 

Fresh-squeezed and heated 

for topical application 

Halitosis [22]  
 

Fresh fruits 
 

Catarrhal cough, gingivitis, sore throat [30], stomachache [28] Decoction 

Leaves 
(PlL) 

 

Treatment of gingivitis, sore throat [30]  
 

Decoction of fresh leaves to 
use as mouthwash 

 

Stomatitis, chough sedative, skin diseases [24]  

 

Decoction 

 

Against ticks [25]  Fumigation 

 

Anti-catarrhal [22], against cough and against bad breath and as 

an anti-sudorific [29]  

Infusion 

 
 

Pistacia 

terebinthus L. 

ssp. 

terebinthus  

Leaves 

(PtL) 

Catarrhal cough [26]  Decoction 

 

Plagius 

flosculosus 

(L.) Alavi & 

Heywoodb  

 

Aerial 

parts 
(PfA) 

N.D.* - 

Ptilostermon 

casabonae 

(L.) Greuterd 

 

Aerial 

parts 

(PcA) 

Antispasmodic [32] Direct ingestion 

Rosmarinus 

officinalis L. 

 

Aerial 

parts 
(RoA) 

 

Stomachache [30], cholagogue, general tonic, against common 

cold, hair loss [25], inappetence, digestive, diuretic, sedative, 
headache, pruritus [21] 

Infusion 

 

Hepatic [24], diarrhea [30], mucolytic, anti-inflammatory, tooth 

care, colic, tonic for blood pressure, joint pains [33], antitussive, 

antispasmodic, migraine, digestive [25], taenifuge, asthma, 
bronchitis. Stomachic [28]  

Decoction 

Anti-rheumatic [28]  Cataplasm 

Santolina 

corsica Jord. 

& Fourrb 

 

Aerial 

parts 
(ScA) 

N.D.*  

Scolymus 

hispanicus L. 

subsp. 

hispanicus  

Aerial 
parts 

(ShA) 

Nutritional purposes: young stems are often included in the diet 
[32] 

Direct ingestion 

Silybum 

marianum 

(L.) Gaertn. 

 

Aerial 
parts 

(SmA) 

Treatment of bleeding, diuretic, hypotensive, sudorifer in case of 
pneumonia and chronic catarrh [22]  

 

Decoction (together with the 
seeds) 

 

Smilax 

aspera L. 

 

Aerial 

parts 

(SaA) 
 

Treatment of rheumatisms, skin diseases [24], hemorrhoids [28]  

 

Cataplasm 

 

 

Sudorific and blood cleanser [24, 27]  Decoction 
 

Toothache [28]  

 

Drops of fresh-squeezed 

juice applied on the gums 

Stachys 

glutinosa  L.c 

 

Aerial 

parts 

(SgA) 

Antiseptic, antispasmodic [32] Infusion 

Cholagogue, diuretic and hepatoprotective [27], common cold 

[28]  

Decoction 

Tanacetum 

audibertii 

(Req.) DCc 

 

Aerial 
parts 

(TaA) 

 

Digestive, vermifuge, anti-arthritic and to treat menstrual 
disorders [30] 

Decoction 
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Thymus 

herba barona 

Loisel.e  

 

 

 
Aerial 

parts 

(ThA) 

Antitussive, expectorant, antispasmodic, collutory [22], 
anthelmintic, treatment of stomachache [24], sore throat, common 

cold, tonic and anti anaemic, diuretic [28]  

Decoction or infusion 
 

Against foot perspiration and urticaria [25] 
 

Powder obtained crushing 
aerial parts 

 

Rheumatisms [24]  Cataplasm 

 

Catarrhal, antipyretic [24]  Macerated in wine 

Lung diseases [24]  Vaporization 
a Endemic species of Sardinia; b endemic to Sardinia and Corsica; c endemic to Sardinia, Corsica, and Tuscan 

Archipelago; d endemic to Sardinia (Italy), Corsica, and the Hyères islands (France); e endemic to Sardinia, Corsica, 

and Majorca (Spain); * N.D. = Not documented, there are no published data on the ethnobotanical use of these plants. 

 

Several studies have demonstrated the role of medicinal plants in prevention and 

treatment of cancer [11], one of the leading causes of morbidity and mortality worldwide, 

responsible for one in eight deaths worldwide [12]. Chemotherapy and radiotherapy, 

routinely used for cancer treatment, are not devoid of their own intrinsic problems, such 

as the scarce selectivity toward cancer cells or the onset of drug resistance, requiring 

further research and treatment development. Next to common targets for tumor therapy, 

such as cell cycle inhibitors or proapoptotic agents, there are often angiogenesis 

modulators, especially in combined treatments [13]. The solid tumors, in fact, require an 

increased blood supply to support their growth, thus, angiogenesis is critical for the 

initiation, growth, and metastasis of these tumors [14]. 

As previously mentioned, in cancer treatment, the contribution of natural drugs has 

been both historically and currently remarkable [11,15]. Moreover, the preventive or 

antitumor activity of plant extracts was explored, attributing the result to the combined 

action of various phytochemicals rather than a single molecule [16,17]. Epidemiological 

studies also established associations between certain dietary patterns and reduced cancer 

risk [18,19], and significant results were obtained in vitro and in vivo on different food 

secondary metabolites such as carotenoids, phenolic, and organosulfur compounds 

[20,21]. 

On this basis, this work aimed at exploring the in vitro anticancer potential of a 

wide number of Sardinian plants, investigating the mechanisms of activity and the 

phytochemical profiles of the most active ones. 
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Results and Discussion 

Plant Traditional Uses and Screening of Antiproliferative Effect 

Firstly, a literature survey on uses in traditional Sardinian medicine of all the 

analyzed plants was conducted. The results are reported in Table 1. 

Out of 30 plants, 18 resulted in being widely and commonly used for medicinal or 

nutritional purposes, while 13 are endemic and little known. For five of them (Centaurea 

horrida, Ferula arrigonii, Hypericum scruglii, Limonium morisianum, and Plagius 

flosculosus), there are no literature data available on their uses in traditional medicine, 

probably because of their rarity. They were included in the study for their importance as 

endemic species of Sardinia. 

As a first line of screening, all plant extracts underwent MTT, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay to evaluate their growth 

inhibition activity on U2OS cells. Cells were treated for 24 h with plant extracts at two 

fixed concentrations (50 and 100 µg/mL), and the extracts which reduced cell growth by 

at least 20% were considered promisingly active and selected for further investigations. 

On this basis, five extracts significantly reduced osteosarcoma cell viability, namely: 

Arbutus unedo (AuL), Centaurea calcitrapa (CcA), Cynara cardunculus (CycA), Smilax 

aspera (SaA), Tanacetum audibertii (TaA) (Figure 1A).  
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Figure 1. Antiproliferative effects of plant extracts on U2OS cells. (A) Screening of all extracts on 

viability of U2OS cells treated at 50 and 100 μg/mL concentrations. Bars indicate the means of six 

replicated experiments and represent the percentage of viable cells with respect to the control taken 

arbitrarily as 100%. (B) Dose–response curves of U2OS cell viability after treatment with the five most 

active extracts for 48 h. 

 

To calculate the EC50 concentration of the selected plants, dose–response curves at 

different times of treatment were performed (Table S1). The best-fitting sigmoidal 

function was obtained at 48 h of treatment (Figure 1B). Hence, all following experiments 

were carried out treating the cells for 48 h with the extracts at their EC50 concentration. 

Effect of the Selected Plants on the Cell Cycle Progression 

In order to investigate the mechanism of antiproliferative effects induced by the most 

active plant extracts, the cell cycle analysis was performed. Treated and control cells were 

stained with propidium iodide and analyzed by flow cytometry. All five extracts 

https://www.mdpi.com/2223-7747/9/1/26/htm#app1-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#fig_body_display_plants-09-00026-f001
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determined a block of cell population in G2/M phase, even though of different entities, 

and as a consequence a variation of cell percentage in G0/G1 and S phases. In particular, 

the increase of cell percentage in G2/M phase became more consistent after treatment 

with CycA and TaA, reaching values above 50% (Figure 2A). 

Several anticancer agents induce cell cycle arrest involving the pathway of the tumor 

suppressor p53 [34]; thus, the expression levels of this protein were analyzed by 

immunofluorescence after treatment with CycA and TaA. The TaA extract significantly 

affected p53 levels: the fluorescence mean channel went from 18 to 30 on a logarithmic 

scale, corresponding to an increase of the protein levels by 60% compared to the controls. 

On the contrary, CycA did not involve the p53 protein, as its levels in the treated cells 

were comparable to those of the controls (Figure 2B). Therefore, the two extracts exerted 

their effects through different mechanisms, involving various targets and signal 

transduction pathways. It is well known that many proapoptotic agents, including natural 

compounds and chemotherapeutics drugs, are able to induce apoptosis without any 

changes in p53 levels [35,36]. In particular, it is reported that doxorubicin-induced 

apoptosis on p53-null human osteosarcoma cells was characterized by an increase of ROS 

production, suggesting that ROS might act as the signal molecules even in the absence of 

p53 upstream cell death process [37]. 

 

Figure 2. Effects of most potent plant extracts on cell cycle progression and p53 levels. (A) Cell cycle 

distribution of U2OS after 48 h of treatment with the plant extracts. Data are presented as means ± SD of 

three different experiments. Differences were considered significant when p ≤ 0.05 (* p ≤ 0.05; ** p ≤ 

0.05; *** p ≤ 0.001). (B) Flow cytometric analysis of p53 protein levels after CycA or TaA treatment. 

The histograms represent the protein expression levels with respect to the control taken arbitrarily as 

100%. Results shown are representative data from three similar experiments. 

 

 

https://www.mdpi.com/2223-7747/9/1/26/htm#B34-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#fig_body_display_plants-09-00026-f002
https://www.mdpi.com/2223-7747/9/1/26/htm#B35-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B36-plants-09-00026
https://www.mdpi.com/2223-7747/9/1/26/htm#B37-plants-09-00026
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Assessment of Apoptotic Effect of Selected Extracts 

 

To give some insights into the biological effects of the active extracts, it was 

determined whether they induced apoptosis. Firstly, the morphology of the treated cells 

was evaluated. As expected, a significant reduction of adherent cells was visible as well 

as many floating cells, especially with CycA and TaA extracts (Figure 3A). Cells were 

stained with HOECHST nuclear probe to discriminate between apoptotic and necrotic 

death: the typical nuclear fragmentation of apoptotic cells, associated with the higher 

fluorescence intensity, was evident in treated samples, confirming the more prominent 

cytotoxicity of the CycA and TaA extracts (Figure 3B). 

 

Figure 3. Apoptotic effects on U2OS cells treated for 48 h with the selected extracts: morphological 

changes and caspase activity. (A) Images acquired by optical microscope. (B) Images acquired by 

fluorescence microscope after HOECHST staining. (All the images were taken at the same magnification 

and depict microscopic fields representative of the whole cell population.) (C) Caspase activity assay 

(fold change of protein activity was calculated by taking untreated cells as a control = 1). Bar graphs 

represent means ± SD determined from at least three independent experiments. Differences were 

considered significant when p ≤ 0.05 (* p ≤ 0.05; *** p ≤ 0.001). 
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It is well known that activation of effector caspases represents a clear marker of 

apoptotic cell death [38]. Hence, to evaluate the apoptotic effect of the selected extracts 

on osteosarcoma cells, the caspase-3 activity was determined. The histogram in Figure 

3C shows that three plants triggered a significant caspase activation, although with 

different degrees. However, the higher induction was observed with CycA, followed by 

TaA and finally by CcA extracts. On the contrary, the antiproliferative effects of AuL and 

SaA extracts did not culminate in apoptotic events and these latter can be considered 

cytostatic rather than cytotoxic agents. 

Comparison of the Selected Plants’ Effects on U2OS and HUVEC Cells 

A growing number of research has shown that angiogenesis is a hallmark of tumor 

development, becoming an attractive target for anticancer chemotherapy [39,40]. 

Furthermore, inhibiting angiogenesis before it starts (angio-prevention) allows blocking 

the expansion of hyperplastic foci and subsequent tumor development at the premalignant 

stage. Endothelial cell proliferation and migration are the key steps of the angiogenic 

process. Therefore, we investigated the effects of the most active extracts on the 

proliferation of human endothelial vein cells. As previously stated for Figure 1, a 

reduction of cell viability of at least 20% was considered significant. The data obtained 

clearly showed that four out of five tested extracts induced a marked cytotoxicity also in 

endothelial cells. In particular, CcA and CycA reduced the cell viability by 90% at both 

50 μg/mL and 100 μg/mL concentrations. SaA and TaA reduced the viability by 30% and 

50%, respectively, only at 100 μg/mL concentration, similarly to osteosarcoma U2OS 

cells. Although this preliminary result requires further investigations, our findings suggest 

additional activity of these extracts, useful to contrast tumor growth. On the other hand, 

the lack of toxicity of AuL against HUVEC cells makes this extract interesting for the 

selectivity toward tumor cells (Table 2). 
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Table 2. Effects of five most active plant extracts on U2OS and HUVEC cell viability. Cells were treated 

at 50 and 100 μg/mL concentrations for 24 h. Data are presented as means ± SD of three replicated 

experiments and represent the percentage of viable cells with respect to the control taken arbitrarily as 

100%. 

 

Extracts 

 

U2OS cells 

 

 

HUVEC cells 

 

 50 μg/mL 100 μg/mL 50 μg/mL 100 μg/mL 

AuL 79.6±7.7 56±5.5 111.8±0.63 104.7±4.6 

CcA 90±2 50±6.5 6.5±0.29 6.4±0.05 

CycA 45±1.4 29±9.9 6.5±0.02 7.7±0.37 

SaA 85.4±5.5 68.3±0.7 114.2±0.08 77.3±1.11 

TaA 96.9±12.9 56.9±3.9 98.9±0.07 50.4±1.5 

 

Phytochemical Analyses 

Since the results showed that Arbutus unedo (leaves) (AuL), Cynara cardunculus 

(aerial parts) (CycA), Centaurea calcitrapa (aerial parts) (CcA), Smilax aspera (aerial 

parts) (SaA), and Tanacetum audibertii (aerial parts) (TaA) were promising for their 

biological activities, they were subjected to further phytochemical investigations. Three 

of them (CycA, CcA, TaA) belong to the Asteraceae family and, among them, T. 

audibertii is endemic to Sardinia and Corsica. 

Firstly, 1H NMR profiling was performed to acquire a preliminary overview of the 

main metabolites present in the extracts (Figure 4). Both secondary and primary 

metabolites (such as amino acids, carbohydrates, and organic acids) were detected in the 

extracts (diagnostic 1H NMR signals are listed in Table S2 in SI). The content of the main 

metabolites was then determined, on the basis of the internal standard TMSP, as reported 

in Table 3. 
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Figure 4. 1H NMR extended spectral regions of AuL; CcA; SaA; TaA; CycA (from top to bottom). (A) 

region from δ 0.4 to 3.4; (B) from δ 3.4 to 5.4; (C) from δ 5.4 to 8.1; (D) from δ 7.8 to 10.00. Numbers 

indicate diagnostic signals of the most abundant metabolites: O-rhamnosyl flavonoid (1), valine (2), 

alanine (3), cynaropicrin (4), quinic acid (5), shikimic acid (6), succinic acid (7), malic acid (8), aspartic 

acid (9), sucrose (10), β-glucose (11), arbutin (12), α-glucose (13), sesquiterpene lactone-derivative (14), 

caffeic acid (15), trigonelline (16), formic acid (17). Spectra were measured in D2O-buffer (pH 6.0) using 

TMSP as standard, residual water signal has been removed. 

Table 3. Estimated amount of metabolites by 1H NMR analysis. 

Metabolite 

Diagnostic 1H NMR signal 

(δ) used for the 

quantification and 

number of underlying 

proton/s (in brackets) 

Metabolite quantity in the extract (μg/mg of extract) 

AuL CycA CcA TaA SaA 

alanine 1.48 (3H) 1.4 2.0 - 8.9 3.7 

arbutin 7.07 (2H) 75 - - - - 

aspartate 2.96 (1H) - - 17 33 - 

caffeic acid 7.62 (1H) - - - - 13 

cynaropicrin 6.16 (1H) - 159 - - - 

α-glucose  5.2 (1H) 22 24 - - 40 

β-glucose 4.59 (1H) 36 49 - 34 88 

isoleucine 1.06 (3H) - - - - 19 

quinic acid 1.87 (1H) 142 43 - - 193 

shikimic acid 6.45 (1H) - - - - 141 

sucrose 5.4 (1H) 138 - - 45 79 
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Regarding secondary metabolites, AuL showed a high concentration of arbutin, a 

glycoside hydroquinone which is considered the main active principle of this plant [41]. 

The NMR profiling highlighted also the presence of O-rhamnosyl flavonoid, showing 

typical signals of α-rhamnose, namely the doublet of the methyl group resonating around 

δ 0.89. Both arbutin and flavonoids might play a role in the measured biological activities 

[42,43]. 

Since, in the first screening, both leaves (AuL) and fruits (AuF) of Arbutus unedo 

were tested, and only leaves were found active, the 1H NMR-based phytochemical 

profiles of these two samples were also compared. The profile of AuF lacked both arbutin 

and rhamnosyl flavonoid signals (Figure S1), supporting the importance of these 

compounds for the bioactivity of AuL. 

From the 1H NMR profile of CycA, the guaiane-type sesquiterpene lactone 

cynaropicrin resulted in being the most abundant metabolite (see Table A1 and Figure S2 

for structure elucidation). 

Interestingly, despite its high lipophilicity, this compound was found highly 

concentrated (159.4 μg/mg of extract) in the extract solubilized in D2O-buffer. This 

phenomenon is quite common in natural products chemistry, since the inclusion of a 

lipophilic compound in a complex mixture of metabolites, such as a plant extract, often 

increases its solubility in water [44]. The discrete concentration of cynaropicrin found in 

the water medium is interesting also because CycA is traditionally prepared in the form 

of a decoction or infusion (Table 1). 

Cynaropicrin is potentially one of the most important active principles responsible 

for the bioactivity of CycA [45]. Similarly to CycA, the bioactivity of the other plants 

belonging to Asteraceae might be due to sesquiterpene lactones, which are typical of this 

plant family, and are reported to possess antitumor potential [46]. Moreover, several 

studies report the ability of these plant extracts to inhibit the proliferation mainly of breast 

cancer cells, but also of hematological cancer [47,48]. 

Regarding CcA, the 1H NMR profile clearly presented signals ascribable to 

sesquiterpene lactones [48]. In particular, the geminal protons of the double bond in 

position 13 on the γ-lactone were clearly visible in the CcA profile. They showed two 

doublets with chemical shift of δ 6.05 and 5.59 and coupling constant of 3.23 Hz 
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(calculated by J-res experiment), with HSQC correlation to the carbon at δ 119.24, and 

HMBC and COSY correlation to carbon at δ 52.72 and proton at δ 3.08, respectively, 

which are characteristic chemical shifts of position 7 of this nucleus. The latter carbon, in 

turn, showed HMBC correlation to a proton resonating at δ 2.50 (linked to carbon at δ 

51.41), which is typical of position 5 of the molecule (Figures S3 and S4). High 

antioxidant and cytotoxicity activities on HeLa and Vero cell lines were reported for 

Centaurea calcitrapa [49]. Our results confirm the capability of the hydroalcoholic plant 

extract to inhibit cell proliferation on another cell type, highly proliferating and 

undifferentiated such as the U2OS cell line. 

Interestingly, in this work, two other species of Centaurea were tested (CnA and 

ChA) showing no relevant bioactivity. The 1H NMR profiles of all three Centaurea 

species were recorded and compared. In the ChA profile, no signals ascribable to γ-

lactone were visible, while in CnA, they were present, showing a lower intensity 

compared to the CcA profile (Figure S5 in SI). This data might support the importance of 

these compounds for the measured bioactivity. 

The phytochemical profile of SaA showed a high quantity of shikimic acid and 

quinic acid, together with caffeic acid. There are very few studies on potential 

antiproliferative of Smilax aspera. It is reported that steroidal saponins and anthocyanins 

have been isolated from this plant, and that some of these compounds exhibit cytotoxic 

activity against human normal amniotic and human lung carcinoma cell lines [50,51]. We 

demonstrated that it induces cytostatic effects on osteosarcoma cells. 

Moreover, flavonoid and phenolic content of the five selected plants were 

determined, and the results were compared by one-way ANOVA test (Figure S6). The 

phenolic content ranged from 76.97 to 25.68 mg GAE/g of extract, with the following 

order of concentration: AuL > SaA > TaA > CycA > CcA. Total flavonoid content ranged 

from 52.3 to 16.09 mg RE/g of extract. No significant differences were found among the 

samples, with the exception of TaA, which resulted as the extract with the highest content 

of flavonoids. It is noteworthy that samples treated with this latter extract showed a 

marked apoptosis induction, characterized by significant G2/M arrest and increased p53 

level. The high phenolic content could explain the clear proapoptotic effect, as it is well 

known that this class of compounds is able to induce apoptosis via the p53 pathway [39]. 
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Our work demonstrated for the first time the antitumor potential of Tanacetum audibertii, 

as only antifungal properties have been documented in the literature [52]. 

 

Materials and Methods 

Chemicals 

All reagents were purchased from Sigma Aldrich (Milano, Italy), except the 

deuterated solvents, which were purchased by Eurisotop (Cambridge, UK). 

Plant Material 

All plants were collected at the flowering stage. Species were botanically identified 

by Dr. Cinzia Sanna and voucher specimens were deposited at the General Herbarium of 

the Department of Life and Environmental Sciences, University of Cagliari (Table 4). 

Regarding selected endemic species, they are not protected by local or international 

regulations. Furthermore, the locations where they were harvested are not included in 

national or local parks or any other natural protected areas. Therefore, no specific 

permission was required for their collection. 

Table 4. List of the plants analyzed in this work. Plant name, family, considered plant organ and adopted 

label, harvesting date and GPS coordinates, and voucher number are reported. 

Plant name Family 

Plant 

organ 

and 

sample 

label in 

brackets 

GPS 

coordinates 

Harvesting 

date 
Voucher 

 

Arbutus unedo L. 
Ericaceae 

Fruits 
(AuF) 

39°45'37.8"N 
9°30'31.0"E 

December 
2017 Herbarium 

CAG 878 Leaves  

(AuL) 

39°45'37.8"N 

9°30'31.0"E 

December 

2017 

 

Asphodelus 

ramosus L. 

subsp. ramosus 

Asphodelaceae 

Rhizome  
(ArRh) 

39°10'38.7"N 
9°22'50.3"E 

April 2017 
Herbarium 
CAG 1405 Leaves  

(ArL) 

39°10'38.7"N 

9°22'50.3"E 
April 2017 

Carlina 

gummifera (L.) 

Less. 

Asteraceae 
Leaves 

(CgL) 

39°45'44.2"N 
9°40'16.9"E July 2018 

Herbarium 

CAG 770 

Centaurea 

calcitrapa L. 
Asteraceae 

Aerial 

parts 
(CcA) 

39°18'02.3"N 

8°53'39.4"E June 2017 
Herbarium 

CAG 781 

Centaurea 

horrida Badarò* 
Asteraceae 

Aerial 

parts 
(ChA) 

40°57'51.6"N 

8°12'05.0"E June 2017 
Herbarium 

CAG 777 

Centaurea 

napifolia L. 
Asteraceae 

Aerial 

parts 

(CnA) 

39°16'51.5"N 

8°56'01.5"E June 2017 
Herbarium 
CAG 784 

Cistus 

monspeliensis L. 
Cistaceae 

Aerial 

parts 

(CmA) 

39°45'44.2"N 

9°40'16.9"E April 2018 
Herbarium 
CAG 135 

https://www.mdpi.com/2223-7747/9/1/26/htm#B52-plants-09-00026
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Cistus salviifolius 

L. 
Cistaceae 

Aerial 
parts 

(CsA) 

39°45'44.2"N 
9°40'16.9"E April 2018 

Herbarium 

CAG 135/C 

Cynara 

cardunculus L. 
Asteraceae 

Aerial 

parts 
(CycA) 

39°18'02.3"N 

8°53'39.4"E April 2017 
Herbarium 

CAG 790 

 

Ferula arrigonii 

Bocchieri** 

 
Apiaceae 

Leaves 

(FaL) 

39°51'37.9"N 

8°26'05.2"E 
April 2017 

Herbarium 
CAG 612/A Roots 

(FaR) 
39°51'37.9"N 
8°26'05.2"E 

April 2017 

Galactites 

tomentosa 

Moench 

Asteraceae 

Aerial 

parts 
(GtA) 

39°46'16.7"N 

9°30'41.6"E 
September 

2018 

Herbarium 

CAG 789 

Genista corsica 

(Loisel.) DC** 
Fabaceae 

Aerial 

parts 
(GcA) 

39°49'35.0"N  

9°20'27.5"E May 2017 
Herbarium 

CAG 286 

Glechoma sardoa 

(Bég.) Bég** 
Lamiaceae 

Aerial 

parts 

(GsA) 

39°57'33.5"N 

9°19'13.3"E June 2017 
Herbarium 
CAG 1104 

Hypericum 

hircinum L. ssp 

hircinum+ 

Hypericaceae 

Aerial 

parts 

(HhA) 

39°46'55.8"N 

9°30'52.5"E June 2018 
Herbarium 
CAG 232 

Hypericum 

scruglii Bacch., 

Brullo & 

Salmeri* 

Hypericaceae 

Aerial 

parts 
(HsA) 

39°45'57.4"N 
9°30'41.8"E 

June 2018 
Herbarium 

CAG 239/C 

Lavandula 

stoechas L. 
Lamiaceae 

Aerial 

parts 

(LsA) 

39°45'44.2"N 

9°40'16.9"E April 2017 
Herbarium 
CAG 1067 

Limonium 

morisianum 

Arrigoni* 

Plumbaginaceae 
Aerial 
parts 

(LmA) 

39°54'33.3"N 
9°24'41.0"E 

December 

2017 

Herbarium 

CAG 909/G 

 

Myrtus communis 

L. 

Myrtaceae 

Fruits 
(McF) 

39°45'44.2"N 
9°40'16.9"E 

December 
2018 Herbarium 

CAG 514 Leaves 

(McL) 

39°08'22.2"N 

8°58'08.9"E 
April 2018 

Pistacia lentiscus 

L. 
Anacardiaceae 

Fruits 

(PlF) 

39°45'44.2"N 

9°40'16.9"E 

December 

2017 Herbarium 

CAG 280 Leaves 

(PlL) 

 December 

2017 

Pistacia 

terebinthus L. 

ssp. terebinthus 

Anacardiaceae 
Leaves 

(PtL) 

39°47'38.8"N 
9°30'38.3"E June 2018 

Herbarium 

CAG 279 

Plagius 

flosculosus (L.) 

Alavi & 

Heywood** 

Asteraceae 

Aerial 

parts 
(PfA) 

39°21'45.2"N 
8°32'24.1"E 

July 2017 
Herbarium 

CAG 743 

Ptilostemon 

casabonae (L.) 

Greuter++ 

Asteraceae 
Aerial 
parts 

(PcA) 

39°53'52.7"N 
9°26'31.8"E June 2018 

Herbarium 

CAG 796 

Rosmarinus 

officinalis L. 
Lamiaceae 

Aerial 
parts 

(RoA) 

40°34'10.1"N 
8°22'57.0"E May 2017 

Herbarium 

CAG 1091 

Santolina corsica 

Jord. & Fourr** 
Asteraceae 

Aerial 

parts 
(ScA) 

40°32'30.6"N 

9°36'09.4"E 
November 

2017 

Herbarium 

CAG 732/A 

Scolymus 

hispanicus L. 

subsp. hispanicus 

Asteraceae 

Aerial 

parts 
(ShA) 

39°03'25.9"N 

8°58'46.3"E June 2018 
Herbarium 

CAG 812 

Silybum 

marianum (L.) 

Gaertn. 

Asteraceae 

Aerial 

parts 

(SmA) 

39°16'51.5"N 

8°56'01.5"E May 2017 
Herbarium 
CAG 801 

Smilax aspera L. Smilacaceae 

Aerial 

parts 

(SaA) 

39°10'38.7"N 

9°22'50.3"E May 2017 
Herbarium 
CAG 1414 

Stachys glutinosa 

L.+ 
Lamiaceae 

Aerial 

parts 

(SgA) 

39°55'46.1"N 

9°27'10.7"E June 2017 
Herbarium 
CAG 1099 

Tanacetum 

audibertii (Req.) 

DC** 

Asteraceae 
Aerial 
parts 

(TaA) 

40°02'07.9"N 
9°17'59.1"E August 2018 

Herbarium 

CAG 737/A 
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Thymus herba 

barona Loisel§ 
Lamiaceae 

Aerial 
parts 

(ThA) 

39°56'01.2"N 
9°19'56.9"E June 2017 

Herbarium 

CAG 1065 

* Endemic species of Sardinia 

** Endemic to Sardinia and Corsica 

+ Endemic to Sardinia, Corsica and Tuscan Archipelago  

++ Endemic to Sardinia (Italy), Corsica and the Hyères islands (France) 

 § Endemic to Sardinia, Corsica and Balearic Islands (Spain) 

 

Preparation of Plant Extracts for Bioactivity Tests and for 1H NMR Profiling 

A total of 30 mg of dried and powdered plant material were extracted by sonication 

for 30 min using 1.5 mL of MeOH/H2O (1:1). Subsequently, samples were centrifuged 

(1700× g) for 20 min and the supernatant was separated from the pellet and dried, firstly 

in vacuum concentrators (speedVac SPD 101b 230, Savant, Italy) for 2 h to remove 

MeOH, then the residual extracts were freeze-dried overnight to completely remove the 

residual H2O, finally yielding the crude extracts. This extraction procedure is ideal to 

prepare a small quantity of extracts for in vitro bioactivity tests, thus for screenings of a 

high number of plants, allowing a minimal consumption of both solvents and plant 

material. The choice of the extraction solvents was based on metabolomics works [53,54], 

where MeOH/H2O (1:1) turned out as the best choice for first-line extraction of generic 

plant material, having obtained a broad spectrum of compounds. 

Extracts were solubilized in H2O to prepare stock solution at a concentration of 1 

mg/mL, which was centrifuged for 10 min (1700× g) and used for testing the biological 

activities. 

For 1H NMR profiling, 4 mg of freeze-dried extracts were solubilized in 1 mL of 

phosphate buffer (90 mM, pH 6.0) in D2O containing standard 0.01% 

trimethylsilylpropionic-2,2,3,3-d4 acid sodium salt (TMSP). Samples were centrifuged 

for 10 min (1700× g) and 700 µL of the supernatant were transferred into NMR tubes for 

the analysis. 

Fractionation and Cynaropicrin Identification 

To better characterize predominant secondary metabolites from CycA and AuL, 

further purification procedures were carried out. The amount of 1 g of CycA was extracted 
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in 50 mL of MeOH/H2O (1:1), sonicated for 30 min, and centrifuged for 15 min in 50 mL 

tubes. The supernatant was dried in a rotary evaporator, yielding 92 mg of extract, which 

was solubilized in 25 mL of H2O and subjected to liquid/liquid partition with CHCl3 (25 

mL for three times). The organic phases were collected, anhydrificated using Na2SO4 

anhydrous, filtered, and dried in the rotary evaporator. Cynaropicrin was identified by 

NMR experiments (1H NMR; HMBC, HSQC, COSY, J-res) (Figure S2 and Table A1) 

from the CHCl3 fraction (yield equal to 21 mg) solubilized in CD3OD at a concentration 

of 4 mg/mL. 

NMR Measurement and Analysis 

1H NMR spectra, J-resolved (J-res), 1H-1H homonuclear, and inverse detected 1H-

13C correlation experiments were recorded at 25 °C on a Varian Inova 600 MHz NMR 

instrument (600 MHz operating at the 1H frequency) equipped with an indirect triple 

resonance probe. D2O was used for internal lock for 1H NMR profiling and CD3OD for 

the other measurements. 

For all 1H NMR analyses, relaxation delay was 2.0 s, observed pulse 5.80 µs, number 

of scans 256, acquisition time 16 min, and spectral width 9595.78 Hz (corresponding to 

δ 16.0). For 1H NMR profiling, a presaturation sequence (PRESAT) was used to suppress 

the residual H2O signal at δ 4.8  (power = −6dB, presaturation delay 2 s). 

Spectra were processed by Mestrenova software (Mestrelab Research, Santiago de 

Compostela, Spain), and the analysis of 1H NMR profiles of extracts was performed based 

on an in-house library and comparison with literature [55,56]. Estimation of metabolites 

amount in the crude extracts was calculated by comparison of diagnostic signals and 

TMSP (internal standard) resonating at δ 0. 

Phenolic and Flavonoid Content 

The assays were performed in a Spectrophotometer Jasco V-530 as described by 

Mandrone et al. (2019) [8]. Analyses were performed in triplicate. 

Cell Culture and Treatment 

Human osteosarcoma cells U2OS were cultured in RPMI 1640 medium, 

supplemented with 10% fetal bovine serum and 2 mM L-glutamine, at 37 °C in a 

humidified atmosphere containing 5% CO2. 
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Cells were plated at 1 × 104 cells/cm2 in Petri dishes and treated with plant extracts 

after 24 h for all experiments. 

Human umbilical vein endothelial cells (HUVEC) were plated on gelatin-coated 

tissue culture dishes and maintained in phenol red-free basal medium M200 (Life 

Technologies, Waltham, Massachusetts) containing 10% FBS and growth factors (LSGS, 

Life Technologies, Waltham, Massachusetts) at 37 °C with 5% CO2. Cells from passages 

3 to 7 were actively proliferating (70%–90% confluent) when samples were harvested 

and analyzed. Dried extracts were dissolved in ultrapure water at 1 mg/mL and added to 

cell medium at the appropriate concentration and for the required time depending on the 

experiments. 

MTT Assay 

The cells were seeded in a 96-well plate and treated for 24 and 48 h with extracts 

under test in quadruplicate; controls were treated with an equal volume of water. 

A total of 20 µL of tetrazolium salt (2.5 mg/mL) in PBS was added to culture 

medium for 4 h, then the medium was removed and 100 µL isopropanol was added to 

each well. The absorbance at 570 nm of the solubilized formazan salt was determined by 

microplate reader (VICTOR3, PerkinElmer Life and Analytical Sciences, Milan, Italy). 

EC50 refers to the concentration of extract which results in a 50% reduction of cell 

growth, and values for different extracts were obtained by dose–response curve 

interpolation, using Sigma Plot 10.0 software. 

Cell Cycle Analysis 

DNA profiles were obtained by cytofluorimetric analysis. After 48 h of treatment, 1 

× 106 cells were pelleted and suspended in trisodium citrate 0.1% (m/v), RNase 0.1 mg/L, 

Igepal 0.01% (v/v), propidium iodide (PI) 50 mg/L. After 30 min at 37 °C in the dark, 

cells were analyzed by Bryte HS Biorad cytometer, equipped with Xe-Hg lamp. PI 

fluorescence was collected on a linear scale at 600 nm and the DNA distribution was 

analyzed by the Modifit 5.0 software. 

Analysis of p53 Expression Levels by Flow Cytometry 

The cells were harvested, washed twice with PBS, fixed with 3% paraformaldehyde, 

washed with 0.1 M glycine in PBS, and permeabilized in 70% ice-cold ethanol. After 
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fixing, the cells were washed with 1% BSA in PBS and incubated overnight with 1:200 

anti-p53 monoclonal antibody (Upstate, MA, USA) in blocking buffer. Then, the cells 

were washed three times and incubated for 1 h at room temperature in 1:1000 FITC 

labeled secondary antibody (Sigma Aldrich, Milan, Italy). Finally, the samples were 

analyzed by flow cytometry. FITC green fluorescence was analyzed at 525 nm on a 

logarithmic scale by WinDMI 2.8 software. 

Caspase Activity Assay 

The enzymatic activity of caspase 3 was evaluated by using the colorimetric 

CaspACE assay system (Promega), according to the manufacturer’s instructions. Briefly, 

treated and control cells were detached, centrifuged, and resuspended in lysis buffer at 5 

× 107 cells/mL concentration. Cells were lysed by three freeze–thaw cycles. Cell lysates 

were centrifuged and supernatant fraction was collected. In a 96-well plate were added 

Caspase Assay Buffer (32 µL), DMSO (2 µL), DTT 100 mM (10 µL), deionized water to 

final volume (98 µL), and 2 µL of caspase substrate (DEVD-pNA) in each well. After 4 

h of incubation at 37 °C, the absorbance at 405 nm was measured and the caspase activity 

was obtained. 

Fluorescence Microscopy 

The cells were seeded onto slides and treated with plant extracts. After 24 h of 

incubation, they were marked with fluorescent dye Hoechst 33,432 0.1 mg/mL for 30 min 

at 37 °C. Then, the samples were washed twice with PBS and fixed with 4% para-

formaldehyde in PBS for 20 min at room temperature in the dark. After two washes in 

glycine-PBS, samples were embedded in Mowiol and analyzed by a Nikon Eclipse 

fluorescence microscope. 

Statistical Analysis 

Values are expressed as the mean ± SD of three independent experiments (each one 

performed in triplicate). Statistical analyses were performed using Graph Pad Prism 4 

software (La Jolla, CA, USA). For biological assays, the statistical significance of 

differences among treatment groups was determined by paired Student’s T-test. For 

flavonoids and phenolic content, sa mples were compared by one-way analysis of 
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variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) post hoc 

test, considering significant differences at p values <0.05. 

 

Conclusions 

Thirty-five extracts from Sardinian plants were screened for their antitumor potential 

against U2OS cells. The results showed five plants were endowed with high activity, 

namely: Arbutus unedo (AuL), Cynara cardunculus (CycA), Centaurea calcitrapa 

(CcA), Smilax aspera (SaA), and Tanacetum audibertii (TaA), this latter endemic to 

Sardinia and Corsica and still scantly investigated. The antiproliferative activity and the 

phytochemical profiles of these five plants were further investigated. All five extracts 

caused a block of cell cycle in G2/M phase, and treating with CycA and TaA, the 

percentage of cells in this phase was higher than 50%. The activity of TaA significantly 

affected p53 expression levels, while CycA activity did not involve this protein. A 

significant caspase activation was observed especially for CycA, followed by TaA and 

CcA. On the contrary, AuL and SaA did not induce apoptotic cell death, suggesting 

cytostatic rather than cytotoxic effects. 

Except for AuL, the other four extracts produced a marked cytotoxicity also on 

human endothelial vein cells, making them interesting for the additional potential to 

contrast angiogenesis development. On the other hand, the complete inactivity of AuL on 

the viability of HUVEC cells indicates its selectivity. The phytochemical analysis 

revealed a high presence of arbutin and flavonoids in this plant, which might be important 

for the measured bioactivity. Interestingly, three out of five active plants (CcA, CycA, 

and TaA), belong to the Asteraceae family, which is renowned for producing bioactive 

sesquiterpene lactones; in fact, these compounds were detected by NMR analysis. 

This study highlighted the potential use of these plants as active ingredients to 

develop functional food for chemoprevention or adjuvants in cancer therapy. Further 

phytochemical and biological studies are ongoing. 

Supplementary Materials: available online at https://www.mdpi.com/2223-

7747/9/1/26/s1  

https://www.mdpi.com/2223-7747/9/1/26/s1
https://www.mdpi.com/2223-7747/9/1/26/s1
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Appendix A 

Table A1. NMR spectral references for cynaropicrin. Spectra of the purified fraction were measured in 

CD3OD. Splitting patterns and coupling constants were determined by J-res experiment. 

Position 

 
1H (δ; J) 

13C 

(δ) 
HMBC COSY 

1 
3.00 (ddd; J=11.53; 10.65 

Hz; 6.84) 
46.22 

39.78; 51.32; 74.18; 118.11; 

142.84 

2.09; 1.74; 2.88 

 

2a 
2.09 (ddd; J=13.14; 7.50; 

6.84 Hz) 
39.78 46.22; 51.32; 74.18; 142.84 1.74; 3.00; 4.49 

2b 
1.74 (ddd; J=13.14; 11.53; 

8.80 Hz) 
39.78 46.22; 74.18; 152.92 2.09; 3.00; 4.49 

3 
4.49 (dd; J=8.80; 7.60 Hz) 

 
74.18 152.92 

2.09; 1.74; 5.43; 

5.64 

4 
- 

 
152.92 - - 

5 
2.88 (ddd; J=10.65; 9.21 Hz) 

 
51.32 79.81 

3.00; 4.33; 4.91; 

5.33 

 

6 
4.33 (dd; J=11.06; 8.89 Hz) 

 
79.81 75.15 2.88; 3.27 

7 
3.27 (m) 

 
41.48 ov.  

4.33; 5.15; 6.12 

5.64 

8 
5.15 (m) 

 
75.15 ov. 3.27 

9a 
2.73 (dd; J=14.65; 5.26 Hz)  

 
37.14 118.11; 142.84 

2.40; 4.91; 5.15 

 

9b 
2.40 (dd; J=14.65; 3.50 Hz) 

 
37.14 118.11; 142.84 2.73; 4.91; 5.15 

10 
- 

 
142.84 - - 

11 
- 

 
138.77 - - 

12 
- 

 
170.01 - - 

13a 6.12 (d; J=3.30 Hz) 121.96 41.48; 138.77; 170.01 3.27; 5.64 

13b 5.64 (d; J=3.30 Hz) 121.96 41.48; 138.77; 170.01 3.27; 6.12 

14a 5.14 (d; J=2.09 Hz) 118.11 37.14; 46.22; 142.84 2.40; 2.73; 4.91 

14b 4.91 (d; J=2.09 Hz) 118.11 37.14; 46.22; 142.84 2.40; 2.73; 5.14 

15a 5.43 (d; J=1.97 Hz) 122.36 51.32; 74.18; 152.92 2.88; 4.49; 5.33 

15b 5.33 (d; J=1.97 Hz) 122.36 51.32; 74.18; 152.92 2.88; 4.49; 5.43 

1’ - 
165.28 

 
- - 

2’ - 
140.80 

 
- - 

3’a 6.30 (d; J=1.40 Hz) 125.70 61.73; 140.80; 165.28 4.30; 5.97 

3’b 5.97 (d; J=1.40 Hz) 125.70 61.73; 140.80; 165.28 4.30; 6.30 

4’ 4.30 (s) 61.73 
125.70; 

140.80; 165.28 
5.97; 6.30 
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Background and aim of the work 

In addition to the production of primary metabolites, directly involved in normal 

growth, development and reproduction, plants also synthesize compounds known as 

secondary metabolites. It has been predicted that plant intraspecific phytochemical 

diversity (i.e. chemodiversity) accounts for at least 1.060.000 metabolites [1].  However, 

only 200.000 plant secondary metabolites have been identified so far [2]. These 

metabolites play a variety of functions, governing the interaction with the environment 

and other organisms [3]. Secondary metabolites may vary qualitatively and quantitatively 

among individuals of the same plant species giving rise to chemotypes. Intraspecific 

chemodiversity has been observed in many plant species within and among populations. 

For example, Artemisia annua, one of the most studied medicinal plant, displayed two 

contrasting chemotypes: one producing high amount of the antimalarial principle 

‘artemisinin’, and the other one producing significantly lower quantity of the same 

metabolite [4]. It is postulated/assumed that chemical diversity is the results of adaptation 

to the abiotic environment [5] and co-evolutionary processes between plants, and their 

interaction partners such as herbivores and pathogens [6]. Chemodiversity also affects 

plant ecology, since specialized metabolites serve as defense against predators and 

attractant for pollinators [7]. For instance, Tewes and Müller [8] have recently reported 

how different Bunias orientalis chemotypes shown different resistance to fungal 

pathogens. However, the current knowledge about chemodiversity and its effects on plant 

biodiversity and ecology is still incomplete.  

The huge diversity of secondary metabolites has fascinated scientists for decades, 

especially for their pharmaceutical properties. Yet, questions about the biological role of 

secondary metabolites in plants, and about the origin of plant chemodiversity, are still 

unanswered [9]. A consequence of chemodiversity, is its impact on the biological or 

pharmacological activity of a plant extract [10]. Thus, many efforts have been made in 

order to phytochemically characterize chemotypes and to develop analytical techniques 

for quality control in plants with relevant economic profit [11].  

Solanum dulcamara L., also known as ‘bittersweet nightshade’, is among the 

herbaceous species which display intraspedific chemodiversity. It belongs to the 

Solanaceae family and is considered a good model plant to study, since it can host 

pathogens of other commercially important Solanaceae, such as tomato or potato [12]. 
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Differently to domesticated and widely cultivated nightshades, S. dulcamara is a wild 

species found in contrasting habitats, from relatively dry sandy areas to regularly 

inundated floodplains [13].  

As described since the late ‘70s [14], S. dulcamara produces diverse steroidal 

glycosides that differ in the presence of nitrogen or oxygen in the nucleus, saturation 

degree, number and type of conjugated sugars. More recently, it was reported that this 

structural diversity influences herbivores preference, suggesting the involvement of 

steroidal glycosides in plant defense [15,16]. 

Although S. dulcamara intra-specific variation in steroidal glycoside composition 

is already reported, little is known about the chemical variation among ontogenetic stages 

and among organs.  

A crossing scheme carried out by the Molecular Interaction Ecology research group 

(MIE) of the German Centre for Integrative Biodiversity Research (Leipzig, Germany) 

allowed to select chemotypes differing for their leaf steroidal glycoalkaloids composition, 

detected by Liquid Chromatography coupled with Mass Spectrometry (LC-MS). In 

particular, two chemotypes showing steroidal glycoalkaloids differing in the saturation 

degree, one labeled as “U” (unsaturated) and the other one labeled as “S” (saturated). 

In this framework, the present work examinates S. dulcamara “S” and “U” 

chemotypes with the aim of characterizing the phytochemical profiles of different organs 

across two developmental stages, namely vegetative and generative (flowering).  

 

Methods  

Plant material 

Solanum dulcamara seeds were collected in two contrasting environments in The 

Netherlands, coastal dunes (Zandvoort Dry 4 - ZD04) and island wetlands (Texel Wet 12 

- TW12) [15]. Knowing that the leaves of TW12 contain saturated glycoalkaloids, while 

ZD04 produces predominantly unsaturated glycoalkaloids, accessions of both tyoes were 

used to produce reciprocal hybrids. Here, progeny of the cross TW12 x ZD04 (TW12 

maternal genome, TW12 pollen donor) was preliminarily analyzed by liquid 

chromatography-quadrupole-time of flight-mass spectrometry (LC-QTOF-MS) and 

classified into two groups on the basis of the leaf chemotype. Stem cuttings were taken 

from two lines of each group and propagated in order to obtain enough material for the 



190 

 

experiment. Plants were grown in greenhouse and after 6 weeks, leaves and roots samples 

were collected and immediately frozen in liquid nitrogen in order to obtain samples for 

the vegetative stage. Simultaneously, stem cuttings were taken to grow new plants, which 

were kept under the same greenhouse conditions until they reached the generative 

(flowering) stage. As soon as the plants flowered for at least 7 days a second sampling 

was carried on at this growth stage, collecting also flowers and stems in addition to leaves 

and roots. Frozen samples were freeze-dried, ground with a Ball mill (Mixer Mill MM 

400, Retsch GmbH, Haan, Germany), and stored at – 80°C in the dark.  

 

Extraction and metabolomic analysis   

Plant material was extracted and analyzed by LC-qToF-MS (Impact HD, Bruker 

GmbH, Bremen, Germany XXX) following the metabolomics protocol developed by the 

MIE group [15] with slight modifications. Briefly, 20 mg of leaf material per sample and 

10 mg of root material per sample were extracted in 1 mL of solvent. Hence, leaves 

extracts were dilutited 1:10 while root extracts were diluted 1:5 and then analyzed. Data 

were processed using Metaboscape (Bruker GmbH, Bremen, Germany) and multivariate 

data analysis was carried out in SIMCA 16 (Umetrics, Umeå, Sweden). 

 

Preliminary results and future perspectives 

The Principal Component Analysis based on MS data of the vegetative stage (Fig.1) 

showed three separate groups (Fig.1A): two groups of leaves samples and one of roots 

samples.  
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Fig. 1. PCA of LC-qToF-MS based metabolomic data of plants at vegetative stage. A) Score scatter plot; 

B) Loading scatter plot, 1- steroidal glycoalkaloids having aglycone whose m/z value is 414.33, 2- steroidal 

glycoalkaloids having aglycone whose m/z value is 416.35. 

 

This result confirmed that the leaves belonging to two different chemotypes had 

different metabolomic profiles. In particular, the chemotype labeled as “S” contained 

steroidal glycoalkaloids having diagnostic m/z value equal to 416.35. The other 

chemotype, labeled as “U”, showed steroidal glycoalkaloids having m/z value equal to 

414.33. Both these peaks are ascribable to the aglycone (eluting at retention time from 

minute 5 to minute 6.6) and since they differ from each other by 2 Da they likely have 

different saturation degree. This was already expected and is consistent with the upstream 
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broad chemotyping. However, the metabolomic analysis also highlighted other features 

important for the separation and ascribable to more polar compounds (eluting at retention 

time from minute 1 to minute 4) that still need to be characterized. For example m/z values 

183.68, 120.68, and 163.03 are important in the separation between “S” and “U” leaves, 

while 138.05, 142.12, and 84.08 are among the peaks which leads the clustering between 

roots and leaves.  

Interestingly, roots of both S and U chemotype clustered together and separately 

from the leaves. This result showed that S. dulcamara chemodiversity is differently 

expressed in roots and leaves. From the inspection of the roots mass spectra it emerged 

that, independently of the chemotype, they contain both types of steroidal glycoalkaloids. 

Transcriptomic analysis has been planned in order to clarify the molecular 

mechanisms underling these chemical differences. Moreover, clones of the experimental 

plants were grown in fields with the aim of investigating the interactions among plants 

and above-belowground herbivores. 
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Conclusions 

 

This thesis connects the study of plant specialized metabolites to Sustainable 

Developmental Goals through three main research lines: circular economy, sustainable 

agriculture, and biodiversity valorization.  

The first aim of this work was to valorize plant neglected matrices for circular 

economy. Knowing that plants are endowed with numerous bioactive compounds, this 

aim was achieved by analyzing the phytochemical profile and the bioactivity of several 

wastes and by-products of plant origin. In particular, neglected plant matrices including 

agricultural residues, pest plants, and by-products from herbal and food industries were 

tested to assess their antioxidant and antibacterial activities against plant pathogens. 

Twenty-three neglected matrices proved to exert in vitro antioxidant activity and notably, 

residues of aromatic plants after distillation showed antibacterial activity against the 

Gram-positive bacterium Clavibacter michiganensis subsp. nebraskense. Some of the 

detected compounds were rosmarinic acid, shikimic acid, sclareol, and hydroxycinnamic 

acids. This result supports the use of by-products from herbal industry in phytoprotection, 

and this is particularly interesting since, from the literature review conducted for this 

thesis, it emerged that only poor studies suggesting the exploitation of plant specialized 

metabolites in agriculture were found.  

Moreover, by-products of chestnut cultivation (spiny burs and leaves) were evaluated for 

their potential neuroprotective properties in BV-2 microglia cells. This research line 

allowed several bioactive samples to be found and the 1H NMR profiling provided 

preliminary information about their chemical composition. In addition, flavonoids, such 

as astragalin, isorhamnetin glucoside, and myricitrin were identified in Castanea sativa 

leaves through NMR and MS experiments.  

These results support the valorization of waste and by-products of plant origin through 

their use in several sectors, such as nutraceutical and agrochemical, and contribute to the 

circular economy. 

The second research line aimed at achieving a deeper knowledge of plant-

environment interactions in view of sustainable agriculture. In this framework, two 

research projects were carried out, the first one was focused on Sorghum bicolor grown 

in field and subjected to different environmental and anthropic conditions. Metabolomics 
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coupled to agrometeorological survey revealed interesting information about sorghum 

crop allowing to identify dhurrin as biomarker of quality and crop development. In 

addition, environmental features such as water supply and soil composition proved to 

influence sorghum metabolome providing important insights for its cultivation. The 

second project was a greenhouse experiment on Taxus baccata exposed to different LED 

lighting. NMR-based metabolomics contributed to monitor T. baccata growth in a smart 

greenhouse and showed that LED light supplementation enhances the synthesis of sucrose 

and aromatic compounds especially at the highest tested intensity (150μM m-2 s-1). 

The third aim was the investigation of spontaneous plants in order to enhance 

biodiversity valorization. Hence, 35 samples from Sardinian plants, including also 

endemic species, were investigated for their antitumor activity on human osteosarcoma 

cells U2OS. Five plants resulted endowed with promising bioactivity namely, Arbutus 

unedo, Cynara cardunculus, Centaurea calcitrapa, Smilax aspera, and Tanacetum 

audibertii. Mono- and two-dimensional NMR experiments were carried out to investigate 

the phytochemical composition of the active samples allowing the identification of the 

most abundant metabolites, such as phenolics and sesquiterpene lactones. This work 

supports other evidence about the potential of highly biodiverse region and their related 

chemodiversity to favor the discovery of bioactive compounds. Finally, a study of 

Solanum dulcamara chemodiversity was also carried out. In this case, different organs of 

two selected chemotypes were investigated through an MS-based metabolomics 

approach. Steroidal glycoalkaloids in the leaves resulted involved in the discrimination 

between the two chemotypes, while the same was not observed in the roots. This result 

laid the basis for future investigations aimed at clarifying the molecular mechanisms 

underlying the observed chemodiversity and its ecological consequences.  

In conclusion, the results reported in this thesis highlighted the importance of 

natural products chemistry and metabolomics to promote sustainable development in 

many different ways. Plant specialized metabolites represent an endless resource to be 

explored and the study of these molecules, both as bioactive agents and for their 

importance in plant-environment interactions, offers great opportunities to enhance 

circular economy, sustainable agriculture, and to valorize biodiversity. In this context, the 

metabolomics approach, providing the base to build databases, make predictions, and 

favor data sharing, is particularly suitable.   


