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ABSTRACT

Urban areas are expanding throughout the world and questions about the impacts
on biodiversity have been raised. One of the problems found in urban areas is weed
control using herbicides based on synthetic chemicals which are extremely hazardous
both to public health and to the environment. However, their use is needful, not only for
agricultural production, but also for urban spaces maintenance. Public concern with the
environment has been increasing and legislation regarding the use of chemical
substances has been more restrictive. Therefore, it urges to find alternative sustainable
solutions which are currently lacking in the market. For this purpose, several studies are
focusing on natural herbicides based on plants. As the most frequent and closest contact
between people and chemical products occurs in urban areas, this study aims to assess
the herbicidal potential of plant aqueous extracts (dried Acacia dealbata bark and fresh
Oxalis pes-caprae) and of an agrifood waste (spent coffee grounds) on the urban weed
species: Achillea ageratum, Conyza canadensis and Dittrichia viscosa. For that, in vitro
and pot assays were performed to test the effect of the extracts on seed germination and
on plant growth. Results showed that Oxalis pes-caprae and Acacia dealbata bark
extracts were the most effective ones at reducing seedling growth and development,
mainly affecting germination and radicle length. Results depended on weed species and
extract concentration. It also seems that soil have neutralized the herbicide effect of the
extracts. Therefore, our study reinforces the need of carrying out studies under
conditions as close as possible to the natural ones. Based on our results, further studies
should be conducted to better know the potential of Oxalis pes-caprae and Acacia

dealbata bark extracts as selective preemergence bioherbicides.

KEYWORDS: Acacia dealbata bark; Bioherbicides; Oxalis pes-caprae; Spent coffee

grounds; Urban weeds.



RESUMO

As areas urbanas estdo em expansao por todo o mundo e diversas questbes
acerca dos impactos na biodiversidade tém sido levantadas. Um dos problemas
encontrados nestes locais é o controlo de infestantes urbanas com recurso a herbicidas
a base de quimicos de sintese que sdo extremamente nocivos, tanto para a saude
publica, como para o ambiente. No entanto, a sua utilizacdo é indispensavel, ndo sé
para a producdo agricola, mas também para a manutencdo de espacos urbanos. A
preocupacédo da populacdo com o ambiente tem sido crescente e a legislagdo sobre o
uso de substancias quimicas tem-se tornado mais restrita. Assim, € crucial a procura de
solug@es alternativas sustentaveis que faltam atualmente no mercado. Diversos estudos
tém-se focado em herbicidas naturais a base de plantas. Como o contacto mais
frequente e préximo entre a populacao e estes produtos quimicos ocorre nas areas
urbanas, este estudo tem como objetivo avaliar o potencial herbicida de extratos
aguosos de plantas (casca seca de Acacia dealbata e Oxalis pes-caprae fresco) e de
um residuo agroalimentar (borra de café) em infestantes urbanas: Achillea ageratum,
Conyza canadensis e Dittrichia viscosa. Para tal, foram realizados ensaios in vitro e em
vaso para testar os efeitos dos extratos na germinacéo e no crescimento das plantas.
Os resultados demonstraram que os extratos de Oxalis pes-caprae e de casca seca de
Acacia dealbata foram os mais eficazes na reducgdo do crescimento e desenvolvimento
das plantulas, afetando principalmente a germinagédo e o comprimento da radicula. Os
resultados dependeram da espécie de infestante e da concentracdo do extrato. O solo
parece ter um importante efeito de neutralizacdo dos efeitos dos extratos. Também
parece que o solo neutralizou o efeito herbicida dos extratos. Portanto, o nosso estudo
reforca a necessidade de se realizarem estudos em condi¢des tdo proximas quanto
possivel, as naturais. Com base nos nossos resultados, mais estudos devem ser
realizados, para melhor conhecer o potencial dos extratos de casca de Acacia dealbata

e de Oxalis pes caprae como bioherbicidas seletivos de pré-emergéncia.

PALAVRAS-CHAVE: Bioherbicidas; Borra de café; Casca de Acacia dealbata;

Infestantes urbanas; Oxalis pes-caprae.
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[.INTRODUCTION

1. Urban areas

Nowadays, urban areas, besides covering only about 1 % of all habitable land, are
expanding throughout the world, both in size and number (Ritchie & Roser, 2013, 2020).
In 2018, the number of cities with at least 1 million inhabitants was 548, which is expected
to increase to 706, in 2030 (UN, 2018). This has been raising questions about the
impacts on biodiversity because they are often located at critical ecosystem junctions or
in areas known as biodiversity hotspots (Ruth & Coelho, 2007; Seto et al., 2012;
Rastandeh et al., 2017). These impacts may be direct, mainly referring to habitat loss
and biotic and abiotic changes, or indirect, such as the high dependence on ecosystem
services and the produced urban waste (McDonald et al., 2019).

Some researchers have shown that the inclusion of biodiversity in urban planning
plays an important role influencing people’s lives (Giles-Corti et al. 2005, Barton & Pretty,
2010; Nilon et al., 2017). The interaction with nature makes people more aware of its
conservation and has positive effects on physical and psychological health, social
cohesion and sense of belonging, crime reduction, and economic advantages (Kuo &
Sullivan, 2001; Elmqvist et al., 2015; Shanahan et al., 2016; Lee et al., 2017; Aerts et
al., 2018).

Therefore, it is important that cities become planned spaces allowing biodiversity and
anthropogenic coexistence (Gaston et al., 2013; Aronson et al., 2017). To achieve that,
green spaces and asphalted areas must be harmoniously integrated, since they are both

essential for cities growth and development (Davies et al., 2019).

1.1. Urban weeds

Of the 250 000 existing plant species, around 3 % show an invasive behaviour
and less than 0.3 % are major world weeds (Holm, 1978; Westbrooks, 1998). Weeds are
plants that grow spontaneously in unwanted places, being often pioneer species
(Clements & Jones, 2021). They are characterized by a highly competitive capacity and
persistence, thriving in disturbed habitats, and producing abundant seeds, frequently not
useful to humans (Zimdahl, 2007).

In urban areas, weeds are perceived as a problem from an environmental point of

view as well as from a public health and aesthetic perspectives. Weeds are capable to



interfere with native vegetation, causing soil erosion, and may promote substrate
establishment that aggravates the whole problem (Ward et al., 1999; Kristoffersen et al.,
2008). Furthermore, they interfere with public wellbeing by appearing spontaneously in
pavements and causing asphalt damage, indirectly causing water flow disturbance,
interference with activities such as bike riding and field sports and may reduce visibility
contributing to traffic-accidents (Ruiz-Avila & Klemm, 1996; Benvenuti, 2004; Zimdabhl,
2007; Melander et al., 2009; Keken et al., 2019). Additionally, they are considered a
human health hazard, given that some people are allergic to the plant itself and/or their
pollen, and are seen as aesthetically unappealing in public places (Zimdahl, 2007;
Gadermaier et al., 2014; Bonthoux et al.,, 2019a). All these problems embody extra
expenses for the government, either because of weed control costs or because of the
money spent on damage repair (EPA, 1974; Marble et al., 2017; McLeod, 2018). Another
negative consequence associated with urban weeds is related with their currently most
used control method: by applying herbicides based on synthetic chemicals (Bonthoux et
al., 2019b). We can also consider that these products are used to maintain turfgrass and
green city spaces (Fuller & Gaston, 2009). In fact, these urban green infrastructures,
including lawns and parks, cover up to 40 % of core European cities (Maes et al., 2019).

2. Herbicides

Herbicides, a subdivision of pesticides, are defined as phytotoxic chemicals used to
destroy or inhibit the growth of several plants, mainly weeds (Gupta, 2011). Among
pesticide, herbicides are the leading group in terms of tons produced, total treated area,
and sales revenue (Gruber et al., 2011; Holt, 2013).

To be effective, an herbicide should contact the plant or seed, be absorbed, move to
the action site, and accumulate in enough quantity to induce a response (Beckie et al.,
2000). Usually, this response is achieved through enzymes’ inhibition or through a
general interference with proteins that support fundamental pathways for plant survival
(Flamini, 2012; Zulet et al., 2013; Lonhienne et al., 2018). Nonetheless, an herbicide can

be categorized in different ways according to some characteristics:

a) Their action timing: they can act during preemergence (seed germination may be
compromised) or they can act during postemergence (they are applied when the
plant is completely formed) (Vats, 2015). Postemergence herbicides are still
separated in two categories: contact (the chemical does not move inside the plant

after contact application an only damages the portion it contacts) (Sherwani et



al., 2015) and systemic (the chemical is translocated through the plant vascular
system) (Singh & Sharma, 2008).

b) Their mode of action or the way they affect the plants: lipid and amino acid
biosynthesis inhibitors, plant growth regulators, photosynthesis inhibitors,
nitrogen-metabolism inhibitors, pigment inhibitors, cell-membrane disruptors and
seedling-growth inhibitors (Sherwani et al., 2015).

¢) And their smaller or larger action spectrum when it comes to the plants they
affect: non-selective herbicides that damage all types of vegetation, and selective
herbicides that are more specific to a particular plant and when applied do not

harm other types of vegetation (Das & Mondal, 2014).

2.1. Pros and cons of synthetic herbicides

Herbicides are definitely an essential element for agricultural production and public
spaces’ maintenance (Gianessi, 2013; Hahn et al., 2020). In addition, they are relatively
easy to apply and many different formulations are available (Zimdahl, 2007). However,
these synthetic products contain dangerous active chemicals that can cause several
problems. The most concerning one is their possible toxicity for human and animal health
(Flamini, 2012; Barchanska et al., 2017; Zhu et al., 2018).

The continued use of these products can lead to “superweeds” emergence - resistant
plants that have a diminished response to a specific compound (Zimdahl, 2007; Gaines
et al., 2020), water contamination and other challenges on account of these persistent
chemicals due to environmental pollution by volatilization, leaching, and runoff (Flamini,
2012; Li et al.,, 2018; Wilms et al., 2020). In addition, non-target species may be
compromised due to mortality or population reduction caused by non-specific herbicides,
and, if those species are edible, dangerous chemicals may be bioaccumulated in food
chain (Flamini, 2012; Sikorski et al., 2019).

It is also known that herbicides and its application have a high cost. On the other
hand, expenses to develop new products that fulfil all the requirements imposed by an

increasingly strict law have been rising (Zimdahl, 2007; Green, 2014).

2.2. Glyphosate as an example

Glyphosate is one of the most globally used active substances as herbicide

(Duke, 2017). This non-selective herbicide has been used in agricultural fields since

3



1974 (Benbrook, 2016). In Portugal, around 1600 tons are sold annually for agriculture
and urban purposes, thus, being the bestselling herbicide on the country (DGAV, 2017)
and the most used in the world (Duke, 2017). According to the World Health
Organization, glyphosate has been classified as probably carcinogenic for humans
because it has proven to be carcinogenic on lab animals (Quercus, 2016). Other studies
linked glyphosate to other health problems, such as teratogenic effects (Paganelli et al.,
2010), hormonal deregulation (Romano et al., 2010), hepatic and renal toxicity (Beuret
et al.,, 2005; Jayasumana et al., 2014) and even autism (Beecham & Seneff, 2015).
Furthermore, formulations with glyphosate frequently include adjuvants that may
increase product hazard and are not shown on the label of commercial herbicides
(Mesnage et al., 2015).

From an environmental perspective, glyphosate residues are present in water,
soil, and plant products because this herbicide is fairly resistant to degradation (Van
Bruggen et al.,, 2018; Zhao et al.,, 2018; Helander et al., 2019; Medina-Pastor &
Triacchini, 2020). There are also reports suggesting its negative effect on bees
(Balbuena et al., 2015) and links to the decline of Monarch butterfly populations in North
America (Thogmartin et al., 2017).

On the European Union (EU), glyphosate use is authorized at least until 2022
(European Commission, 2017). However, there are an increasing number of reports on
countries that are banning this product or expanding restrictions on its use. In 2016, local
administrations in Spain banned its use for weed control in public parks and in 2019, it
was totally banned in Austria and Vietham (Kanthal et al., 2020). Other restrictions were
also applied in France, Czech Republic, Italy, and the Netherlands (Kanthal et al., 2020).

2.3. The present and the future

On the EU, herbicides are part of the “Plant Protection Products” (PPPs) and are
under the Regulation (EC) No 1107/2009 that coordinates the approval of active
substances and its commercialization and under the Regulation (EC) No 396/2005 that
deals with residues maximum limits definition on food products for humans and animals.
Also, as a complement, there is the Sustainable Use Directive (SUD) (Directive
2009/128/EC) that aims to reduce potential hazards of pesticides promoting the use of
alternative approaches and techniques, also known as Integrated Pest Management
(IPM) (Kudsk & Mathiassen, 2019).



The European Commission, in collaboration with the European Food Safety Authority
(ESFA) and all Member States drafts annual reports on the use of these chemicals and
on the implementation of national action plans (European Commission, 2020b; Medina-
Pastor & Triacchini, 2020). In the last years, legislation regarding these synthetic
products has been stricter. The number of approved active substances in the EU
drastically decreased. In fact, a reduction of more than 50 % has been observed
(https://ec.europa.eu/assets/sante/food/plants/pesticides/lop/index.html).

EU pesticides’ laws are considered the most stringent around the world. This fact
was supported by a study showing that 72 approved pesticides in the USA are banned
or in the process of being discontinued in the EU (Donley, 2019). Moreover, 25 % of the
banned pesticides in the EU are free to use in the USA (Donley, 2019). When it comes
to the turfgrass sector and urban spaces in general, this fact is very clear (Hahn et al.,
2020). For instance, in Germany, only two herbicides can be used on golf courses
(German Golf Association, 2017). In Great Britain, the maximum allowable load of
herbicide active ingredients that may be applied to public areas, residential lawns, sports
field, golf courses, etc., suffering a 64 % reduction from 2006 to 2012 (Department for
Environment, Food and Rural Affairs, 2015). In Holland, the turfgrass industry has
agreed to accept a complete ban of all pesticides by 2020 (Government of the
Netherlands, 2017).

Regarding market, in 2016, the global agrochemical sales of the six largest firms was
up to 32 billion euros and, in Europe, the profit was around 12 billion euros (European
Commission, 2020a). Since then, those firms became the “big four”: Syngenta and
ChemChina, Dow and Dupont, Bayer and Monsanto (European Commission, 2020a). In
2014, the process to obtain a new PPP was estimated to cost 250 million euros and take
about 10 years. Thus, we can see the important role that biotechnology and evolution

play in improving some life aspects (European Commission, 2020a).

Recent trends in weed management point to an increase in the quantity of herbicides
used, a decline in herbicide productivity (the amount of crop produced per herbicide
input), and to a rising problem due to herbicide resistant weeds in farms leading to more
expenses (Davis & Frisvoldb, 2017; Heap, 2014). There has also been an increasing
public concern with environmental protection and with the search for organic and
pesticide free products in the EU. As a result, the organic farming area already increased
70 % in the last decade (Czaja et al., 2015; Cordeau et al., 2016; European Commission,
2019).



The “perfect” herbicide described as able to control weeds selectively, non-toxic to
non-target species and humans, persistence in soil but not beyond a given time, easily
and quickly degraded to harmless products, active at very low rates and not leachable
nor volatile is still not available (Zimdahl, 2007). We all know how hard it has been to
fulfil all these requirements, thereby, the search for sustainable alternative solutions to

meet farmers, countries and individuals’ needs is crucial.

3. Biopesticides

Nowadays, research has focused on the biopesticides development as an alternative
solution (Damalas & Koutroubas, 2018). It is believed that these products neither
negatively impact ecosystems, nor represent a risk for public health (Benvenuti et al.,
2017; Kaab et al., 2020). Natural products such as essential oils, agricultural
by-products, plant extracts, and living organisms (bacteria, fungi and insects) showing
potential phytotoxicity are probably more environmentally friendly than synthetic
products (Saini & Singh, 2019). This view comes to meet the goals established on ONU’s
2030 Agenda for Sustainable Development, mainly goal 11: Sustainable cities and
communities — delineates that until 2030 the negative environmental impact per capita
must be reduced and also, by then, “enhance inclusive and sustainable urbanization and
capacity for participatory, integrated and sustainable human settlement planning and
management” and “ provide universal access to safe, inclusive and accessible, green
and public spaces” (ONU, 2015). Goal 15 also states: Life on land is extremely important
given that biodiversity is in danger, therefore, natural herbicides appear as a solution to

“reduce the degradation of natural habitats, halt the loss of biodiversity” (ONU, 2015).

These natural control products can be classified according to the active substance and
its use. Thus, following the division used by Abbey et al. (2019), based on the active
substance, biopesticides can be: microbial, biochemical, and plant-incorporated
protectants. Regarding its use, they can be named bioinsecticides, biofungicides,

bioherbicides and bionematicides.

a) Microbial: This includes fungi, bacteria and viruses and substances obtained from
them (Duke & Dayan, 2018). They act by suppressing pest's development
through the production of a specific toxin. The most known and used microbial
pesticide is the bacterium Bacillus thuringiensis (Bt) (Chandler et al., 2011; Czaja
et al., 2015; Kumar & Singh, 2015; Abbey et al., 2019).


https://www.sciencedirect.com/science/article/pii/S0254629919309172#!

b) Biochemical: natural substances capable of a non-toxic pest’s control by
interfering with mating, growth and/or population build-up. They may have their
origin in plants, animals or insects and plant secondary metabolites are an
example (e.g. pyrethrins [Silvério et al. 2009]) (Chandler et al., 2011; Abbey et
al., 2019; Liu et al., 2021).

c) Plant-Incorporated protectants: compounds produced by plants from genetic
material that has been added to them. For example, a specific Bt pesticidal
protein gene, when introduced into the plant genetic material, induces the
pesticidal protein synthesis, making it resistant to pest’s infection (Fujimoto et al.,
1993; Chandler et al., 2011; Abbey et al., 2019; Liu et al., 2021).

3.1 Bioherbicides

Bioherbicides are products that have its origin in either living organisms or their
natural metabolites, being applied as conventional herbicides to control weed
populations, while keeping the biopesticide’s requirement of not degrading the
environment (Radhakrishnan et al., 2018). Most bioherbicides have been targeted
toward agronomic weeds, but they are also useful to control weeds in hon-agronomic
areas (recreational areas, forests, pavements, lawns, gardens, etc.) (Hoagland et al.,
2007).

3.1.1. Plants as a source of chemical compounds

The search for natural herbicides has had several starting points, being the study
of plants one of the most common (Bordin et al, 2020). Plants are one of the richest
organisms in organic compounds. Up to now, more than 2 140 000 secondary
metabolites are known, and 80 % of them have its origin in plants (Berdy, 2005;
Thirumurugan et al., 2018). These compounds play important roles in regulating
metabolism, growth, cell signalling and many other biochemical processes (Chen et al.,
2020).

Some secondary metabolites do not play a direct role on the plant’s development,
but they are crucial in defence mechanism against microorganisms, animals, and other
plants (Flamini, 2012). Therefore, they display the so-called phytotoxicity activity — an

impact on species growth or fithess (Werrie et al., 2020).



Allelopathy is the most interesting phenomenon for the search of natural
herbicides based on plant compound (Soltys et al., 2013; Macias et al., 2019).
Allelopathy happens when one plant interferes with the development of others by
releasing allelopathic compounds (a type of secondary metabolites) (Zimdahl, 2007).
Allelochemicals with negative effects have the capacity of inhibiting cell division, of
preventing hydrolysis of nutrient reserves, and of disturbing the electron transport in
photosynthesis (Balke, 1985; Irshad and Cheema, 2004; Hejl & Koster, 2004). These
bioactive metabolites are released from plants via volatilization, foliar leaching, root
exudation or decomposition of residues and leaf litter (Ben-Hammouda et al., 2001;
Bonanomi et al., 2006; Kumar et al., 2009). They also have a very promising activity
profile: wide biological activity at low concentrations, high selectivity and sensitivity on
species, and they may perform new modes of action at different target sites (Macias et
al., 2001). In addition, according to recent studies, Asteraceae and Poaceae are probably
the most allelopathic plant families (Sanchez-Moreiras et al., 2003; Li et al., 2019;).
Therefore, they are good contenders to be the base for natural herbicides or used in
addiction to synthetic chemicals to reduce their dosage (Flamini, 2012).

3.1.1.1. Plant extracts

Because of the previously stated, there has been a huge interest on plant extracts
as a source of natural chemicals as some studies have shown an herbicidal effect by
direct spraying on weeds (Omezzine et al., 2011; Shai et al., 2016; Jelassi et al., 2016).
Plant extraction consists of using an appropriate solvent to separate active plant
compounds (alkaloids, flavonoids, terpenes, steroids, glycosides and others) from inert
or inactive material (Abubakar & Haque, 2020). The type of solvent used depends on
factors such as the type of plant material to be extracted, bioactive compounds nature,
and the solvent availability. The most popular ones are water, methanol, ethanol,
hexane, and dichloromethane (Abubakar & Haque, 2020). Water is a recurrent polar
solvent due to its capacity of dissolving a wide range of substances, being cheap and
non-toxic (Das et al., 2010). Aqueous plant extracts have been exhibiting good inhibitory
activity on root and shoot growth of seedlings and also on seed germination (Imatomi et
al., 2015; Kapoor et al., 2019). The higher the concentration of these extracts the more
visible and intense is the effect (Radhakrishnanv et al., 2018; El-Wakeel et al., 2019;
Chen et al., 2020).



3.1.1.2 Agri-food and forest waste as a potential source of
bioactive compounds

Another interesting source of biocompounds that may act as biopesticides to pest
control is agri-food waste (Santana-Méridas et al.,, 2012; Vardanega et al., 2015;
Balasubramanian & Tyagi, 2017). Food waste, as defined on the Special Report -
Combating Food Waste: an opportunity for the EU to improve the resource-efficiency of
the food supply chain from the European Court of Auditors, “refers to any product or part
of a product grown, caught or processed for human consumption that could have been
eaten if handled or stored differently” (Storup et al., 2016). Agricultural waste refers to
unwanted material resulting from agricultural activities such as manure, oil, silage
plastics, fertilizer, farms, veterinary medicines, or horticultural plastics (Ramirez-Garcia
et al., 2019). As we know, agricultural and food waste, by-products, and co-products
(stems, leaves, seeds, shells, pomace, bran, food that does not meet the quality
standards) are produced throughout the entire agri-food sector, amounting on more than
250 MT/year (Panouillé et al., 2007; Fava et al., 2015). In the EU alone, 129 million tons
of food is wasted per year (nearly one fifth of food production for human consumption)
(Europen Commission, 2020a). This represents a negative impact both on the economy
and on the environment (Vardanega et al., 2015). Therefore, the valorisation of these

products contributes to a circular economy while reducing waste.

Bioactive compounds can be extracted from this waste while taking into account
parameters such as solvent, time, temperature, mode of stirring and others
(Santana-Méridas et al., 2012). When it comes to compounds with biopesticidal activity,
there are a few studies addressing this subject. Did et al. (2011) reported the use of citrus
peels to obtain limonene or essential oils to control mosquitoes. Moiteiro et al. (2006)
studied the insecticidal and phytotoxic potential of friedelane triterpenes from cork
processing waste, among others. Yamane et al. (2014) found that spent coffee grounds
may have a short duration weed control capacity and Hardgrove & Livesley (2016)
reported that horticultural plants grew poorly in response to spent coffee grounds,
regardless of soil type and fertiliser addition. It has frequently been stated that spent
coffee grounds have naturally toxic properties (Leifa et al., 2000; Mussatto et al., 2011,
Pujol et al., 2013) and may interfere with plant growth via (1) biological N immobilisation
and (2) phytotoxicity (Hardgrove & Livesley, 2016).

Waste is also produced when preventing, controlling, and eradicating aggressive

invasive plants (van Wilgen et al., 2016). Recently, an idea emerged consisting of finding



potential uses for plant waste resulting from management actions as a way to partially
recover invested funds and promote a sustainable strategy aligned with the principles of
circular bio-economy (Schmidt et al., 2012; Brito et al., 2013; Brito et al., 2015). Acacia
dealbata Link is one of the invasive species being managed worldwide (Richardson &
Rejmanek, 2011; Lorenzo & Rodriguez-Echeverria, 2015). Some reports have shown
that this species produces and releases allelopathic and/or phytotoxic molecules that
interfere with the normal functioning of plants and soil microorganisms (Lorenzo et al.,
2008; Lorenzo & Rodriguez-Echeverria, 2015; Aguilera et al., 2015a; Aguilera et al.,
2015b). Its bark, the most common waste, is an abundant source of chemicals, and its
extract may be studied as a source of natural herbicides in agriculture (Narwal, 2010; de
Albuguerque et al., 2011; Lorenzo et al., 2016). Oxalis pes-caprae L. is another species
that behaves as an invader in the Euro-Mediterranean area, thus requiring management
actions which produce waste (Chawdhry & Sagar, 1974; Paspatis, 1985; Papini et al.,
2017). However, this species also has a high potential to be the base of a natural
herbicide, given that, several studies have already identified phytotoxic compounds and
allelopathic capacity linked to weed management (Travlos et al., 2008; DellaGreca et al.,
2009; Marisa et al., 2018).

3.1.1.3. Pros and cons of bioherbicides

One of the perks of studying secondary metabolites of living organisms is that it
is more likely they show biological activity at lower concentration than chemical
compounds synthesized in labs (Nascimento et al., 2000). This is because they result
from an evolution of responses to biotic interactions (Duke et al.,, 2000). Natural
compounds are usually water-soluble and non-halogenated molecules, thereby being
less environmentally harmful, with usually shorter half-lives than synthetic chemicals
(Duke et al., 2000; Soltys et al., 2013).

Moreover, we know there is way more of these bio compounds than we know of
and the possibility to find one that has the properties we look for is very attractive
(Shoemaker et al., 2005). Of the already discovered metabolites, there are a large

number that has not been fully studied mainly on its phytotoxicity (Duke et al., 2000).
The look for new herbicides with different modes of action is also very appealing,

given that evolution of resistant species to current herbicides has been increasing
(Zimdahl, 2007, Pallett, 2016).
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Although they have many positive aspects, we must not forget natural toxins are
known to be some of the most powerful toxins in mammals, for instance, oleandrin,
oleandrigenin, and other cardiac glycosides found in Nerium oleander L. makes it one of
the most dangerous plants in the world (Duke et al., 2000; Farkhondeh et al., 2020).
Many secondary metabolites also have a very complex structure, such as multiple chiral
centres, which makes economical production more difficult and expensive (Duke et al.,
2000). In addition, there are all the bureaucratic processes to create legislation that

permit implementation of bio-based products (Bordin et al., 2020).

3.1.1.4. The present and the future

Nowadays, no more than 8 % of conventional herbicides derived from natural
compounds (Dayan & Duke, 2014). On a global scale, there are only 13 natural
herbicides in the market based on products extracted from microorganisms and other

living organisms. Only a few of them contain active substances extracted from plants:

a) Beloukha® is obtained from rapeseed oil through a natural extraction process
(Cordeau et al., 2016). It’s active substance is the pelargonic acid and it incites
plant cells dehydration (Godard et al, 2016). This herbicide is authorized in
Portugal (DGAV, 2019).

b) BioWeed™ and BioSeed™ based on pine oil, works by destroying the outer
coating of the plant and seed material when it contacts the plant material, causing
cell collapse and desiccation (James et al., 2002).

c) Katoun Gold® has pelargonic acid extracted from sunflower as its base. It causes
permeability disruption on the plant’s cellular membranes. This product is
intended for use on green spaces as: parks, paths, public gardens, sidewalks
(Cordeau et al., 2016).

However, new biocompounds from plants with a promising bioherbicidal activity have
been identified in recent studies. For instance, compounds from Cynara cardunculus L.
var. altilis (DC) leaf extracts appear to have influence on species such as Amaranthus
retroflexus L., Portulaca oleracea L., Stellaria media (L.) Vill and Anagallis arvensis L.
(Scavo et al., 2020).

The first biopesticide appeared on the market in 1980 and, since then, there has
been a raise, but only 10 % of that increase refers to natural herbicides (Charudattan,

2001). Recently, biopesticides comprised just a small share (5-6 %) of the total global
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crop protection market (Dunham & Trimmer, 2018). Nevertheless, the growth prospects
of the bioherbicides market are really attractive and suggestive, since in 2020 it
represented 1.7 billion dollars and in 2029 it should reach around 6.3 billion dollars
(Prophecy Market Insights, 2020). This is a great incentive to obtain funds to finance

research projects on this area (Ndolo et al., 2020).

However, some issues still must be addressed. Research has to overcome certain
challenges: development and methodological aspects, as synthesis difficulties due to
complex structure of natural compounds, poor results in field trials, rapid degradation;
certain application and environmental, biotic and abiotic factors, such as microflora,
water stress and temperature fluctuations, and mammalian toxicity; and to
commercialization issues, like cost effectiveness, and the competition that chemical
compounds still represent (Li et al., 2019; Bordin et al., 2020).

4. Aim of the study

Taking into consideration that urban areas are the most suitable places to
enhance the contact between population and chemical products, that the market lacks
alternatives for more sustainable and environmentally friendly herbicides, the present
work intended to explore the potential herbicidal activity of plant extracts and agri-food
waste to valorise them and to promote circular economy. The specific objective of this
study aimed at assessing the potential herbicidal effect of three aqueous extracts: bark
and aboveground biomass from Acacia dealbata and from Oxalis pes-caprae
management actions, respectively, and spent coffee grounds on germination, seedling
growth and well-stablished plants of urban weeds. The selection of these extracts was
based on previous phytotoxic results (Travlos et al., 2008; Cruz & Marques dos Santos
Cordovil, 2015; Lorenzo et al., 2019).
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. MATERIALS AND METHODS

1. Weed seeds collection and preliminary germination tests

Seeds of different weed species were collected from pavements, particularly on
sidewalks, parking spots, roadsides, and separators in iParque, a science and
technology park located in Antanhol, Coimbra (40°10'46.1"N 8°27'58.5"W). Weed
species were subsequently identified by a plant specialist of the Botanical Garden of the
University of Coimbra. Most of them belonged to the Asteraceae family. Then, four
weeds that showed the highest number of available seeds at visit time in iParque. were
chosen to be included in this study: Conyza canadensis (L.) Cronquist (horseweed),
Achillea ageratum L. (sweet yarrow), Dittrichia viscosa (L.) Greuter (false yellowhead)
and Cortaderia selloana (Schult. & Schult.f.) Asch. & Graebn. (pampas grass).

After that, preliminary germination tests were conducted to evaluate the germination
process of those species, as following described. For each plant species, two Petri
dishes (9 cm diameter) were prepared by covering their bottom with filter paper which
was later moistened with 2.5 mL of distilled water. Twenty-five seeds of each species
were homogeneously distributed on the filter paper, and after being sealed with parafilm,
to prevent evaporation, Petri dishes were randomly placed for incubation at 22/18 °C and
12 /12 h photoperiod, for ten days. The number of germinated seeds were recorded. The
species with the highest germination record and better performance, Achillea ageratum
(86 %), Conyza canadensis (74 %) and Dittrichia viscosa (22 %), were selected to

conduct subsequent herbicidal experiments.

2. Extracts preparation

Acacia dealbata bark was collected in Polo I, University of Coimbra
(40°11'10.6"N 8°24'45.9"W) in the summer of 2019, dried at room temperature and cut
into 4-7 cm portions. Oxalis pes-caprae fresh flowers, leaves and stems were collected
in the Botanical Garden of the University of Coimbra on the 11" of March of 2020 and
immediately used. Spent coffee grounds were collected in local coffees, while still damp,

one or two days before the beginning of the experiments.

Each extract was prepared with a proportion of 40 g of plant material/waste added
to 100 mL of distilled water, to obtain the 40 % concentration of the extract (Fig.1A). After

24 hours, at room temperature, the extract was filtered through a filter paper, Whatman
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n° 1®, to Schott glass bottles and kept frozen in 500 mL aliquots, at -18 °C pending use
(Lorenzo et al., 2011).

Extracts were assayed at 40, 20 and 10 % concentrations, using distilled water
(0 %) and the herbicide Podium (recommended dose: 2.5 mL product / 200 mL distilled
water, 5 L ha) as negative and positive controls, respectively. At the beginning of the
experiments, defrosted 40 % extracts were diluted with distilled water to obtain extracts
with 20 and 10 % concentrations (Fig. 1). Extracts pH were measured for each extract
(Table 1.).

A

Figure 1. A) Extracts preparation to obtain the 40 % concentration. B) Aspect of the dilutions
of the studied extracts. From top to bottom and left to right: Acacia dealbata bark extract at 40,
20 and 10 %, Spent coffee grounds extract at 40, 20 and 10 %, and Oxalis pes-caprae extract
at 40, 20 and 10 %.

Table 1. Values of pH of different concentrations for each studied extract.

Treatment Concentration (%) pH
Spent coffee grounds extract 10 6.43
20 6.35
40 6.33
Acacia dealbata dried bark extract 10 5.53
20 5.45
40 5.43
Oxalis pes-caprae fresh extract 10 3.21
20 3.03
40 2.88
Distilled water 0 5.88
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3. Experiment 1: Preemergence effect of extracts - in vitro assays

In order to study the effect of the three extracts, Acacia dealbata bark,
Oxalis pes-caprae flowers, leaves and stem, spent coffee grounds, at three
concentrations, 40, 20, and 10 %, on germination and early growth of the three urban
weeds, Achillea ageratum, Conyza canadensis, and Dittrichia viscosa, an in vitro
bioassay was set up, using two substrates, Whatman n° 1 filter paper and field soil. To
compare the results, distilled water and the herbicide were used as negative and positive
controls, respectively. There were five replicates for each extract dilution, as well as for
controls, for the two substrates.

For each plant species, Petri dishes (9 cm diameter) were prepared by covering
their bottom with one filter paper which was later moistened with 4 mL of extract/distilled
water/herbicide. Twenty-five seeds of each species were homogeneous distributed on
the filter paper, and after being sealed with parafilm, to prevent evaporation, Petri dishes
were randomly placed in a growth chamber, at 26 °C, with 12/12 h (light/dark), for nine,
twelve, and fourteen days, for A. ageratum, D. viscosa, and C. canadensis, respectively,
when cotyledons reached the lid (Fig.2A & B). After that, dishes were stored at -20°C to
stop the growth of seedlings during the measurement process. Then, the number of
germinated seeds in each dish was recorded and the root and stem lengths for each

seedling were determined (Fig. 2C).

A similar experiment was conducted using field soil from the iParque as substrate,
instead of filter paper. The only different conditions were that Petri dishes (9 cm diameter)
were filled with 20 mL of field soil and were later moistened with 5 mL of extract/distilled
water/herbicide (Fig. 2).
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Figure 2. A) Petri dishes with the different treatments randomly placed in the growth chamber; B)
Grown seedlings of Dittrichia viscosa in soil treated with Oxalis pes-caprae extract at 40 %; C)

Measurement of two Dittrichia viscosa seedlings.

4. Experiment 2: Postemergence effect of extracts

4.1. Pot assays

A pot bioassay was also conducted to test the effect of the same extracts
(Acacia delabata bark, Oxalis pes-caprae flowers, leaves and stem, and spent coffee
grounds) at three concentrations (40, 20, and 10 %, plus controls) on the growth of
well-established A. ageratum, C. canadensis and D. viscosa plants grown in field soil,
under natural photoperiod in greenhouse conditions. For that, on the 9" of September of
2020, 120 mL pots were filled with field soil collected in iParque and ten seeds of
A. ageratum, C. canadensis and D. viscosa were immediately sown in each pot. Then,
they were watered with 50 mL of tap water to achieve soil saturation and were allowed
to germinate and grow for eight weeks. During the growing period, pots were irrigated
with around 3 mL of tap water, three times a week the hottest weeks, and once a week
the coldest ones. Pots were also randomly rearranged once a week. On the 21% of
October, one or two plants in highly - germinated pots were carefully removed, avoiding
root damages, and transplanted into non-germinated pots assigned to the same species,
allowing them to acclimate for two weeks. On the 6™ of November, plants were well-
established for the three weed species. Then, plants were thinned to obtain one per pot,
attempting to maintain a homogeneous size (Fig. 3A). On the 8" of November, plants
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were sprayed with 2.5 mL of respective extract or control, turning 90° each pot to cover
every side of the plant (Fig. 3B). Before applying treatments, the number of leaves and

maximum leaf length in each plant were recorded.

Extracts of the three concentrations, as well as controls were randomly assigned

to plants and replicated ten times.

Figure 3. A) Conyza canadensis plants after thinning process. B)

Spent coffee grounds extract application.

Two weeks and a half after treatments application, on the 26" of November, the
assay was finished, as some leaf chlorosis and dead leaves in plants were observed
(Fig. 4A). Number of dead plants was counted and the leaf number and maximum foliar
length in each plant were also recorded (Fig. 4B). Then, the aboveground biomass was
collected and dried at 50 °C, for two weeks, to determine the dried weight for each plant
(Fig. 4C & 4D).

4.2. Quantification of pigments

To determine if the extracts have any effect on the pigments’ concentration
present in the leaves of the weeds, the collected fresh leaves, were weighted and then
macerated in the cold with TrisM and acetone (80 %) buffer with a 1:4 proportion (Fig.4E).
The macerated was collected to Eppendorf microtubes, which were placed in the dark
and on ice. Absorbances of the aliquots at 663, 537, 647 and 470 nm were registered,
using the EnSpire® Multimode Plate Reader® (Fig.4F).
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Chla
Chib =

Carotenoids =

Chlorophyll a (Chla) and b (Chlb), anthocyanins and carotenoids concentrations
(umol of pigment/g of leaf fresh weight), were calculated with the following equations

according to Sims & Gamon (2002) protocol:

_ (0.01373 A663 - 0.000897 A537 - 0.003046 A647)Xextration volume

sample weight
(0.02405 A647 - 0.004305 A537 - 0.005507 A663)Xextration volume

sample weight
(0.08173A537— 0.00697A647— 0.002228A663)xextration volume

sample weight

Anthocyanins =

(((A470- (17,1 x (Chla + Chlb) - 9.479 x anthocyanins)) / 119.26) xextration volume

sample weight

Figure 4. A) Chlorosis on Dittrichia viscosa plants; B) Measuring maximum foliar length of a
Dittrichia viscosa plant; C) Plant collection to dry and freeze; D) Weighting an Achillea

ageratum dried plant; E) Cold pigment extraction; F) Plate preparation with samples to

absorbance reading.

5. Data analysis

In the preemergence assay, the effect of extracts (Acacia dealbata bark, fresh
Oxalis pes-caprae, spent coffee grounds), concentrations (40, 20, and 10 % plus the
controls distilled water, and herbicide) and substrate (filter paper and soil) on germination
and seedling growth, was separately evaluated for each weed species. Firstly, a

18



statistical analyses to determine the effect of substrate on germination (Generalized
Linear models, gim() function from the ‘stats’; poisson error and link log) and seedling
parameters (Linear Mixed Models, Imn() function from the ‘nime’ package; Petri dish as
random factor) was conducted. When substrate had a significant effect, statistical
analyses were separately conducted for each substrate. Two-way Generalized Linear
models (GLMs, gim() function from the ‘stats’ package) with poisson error and log link
were used to test the effect of treatment, concentration and the interaction between these
two factors on the number of germinated seeds for each substrate for the three weed
species. We conducted the two-way Linear Mixed Models (LMMs, Imn() function from
the ‘nlme’ package) with Petri dish as random factor to assess the effect of treatment,
concentration, and the interaction between them on radicle and stem length of
germinated seedlings for each substrate in all the weed species, except for the radicle
length of A. ageratum.

For the postemergence assay, data were also separately analysed for each weed
species. The effect of treatment, concentration, and the treatment x concentration
interaction on the number of dead plants and leaf number increase was analysed using
two-way GLMs using binomial error and cloglog link or using quasipoisson error and log
link with the number of leaves before treatments application (NFO) as a covariate,
respectively. We conducted two-way Liner Models (LMs, Im() function from the ‘stats’
package) to test the effect of treatment, concentration, and the interaction between these
two factors on the foliar length increase using the maximum foliar length before the
treatment application (CMFO0) as a covariate. Finally, two-way GLMs with Gamma error
and identity link were used to test the effect of treatment, concentration, and the
treatment x concentration interaction on dried biomass using the leaf number increase
INF) and foliar length increase (ICF) as covariates. When running the analyses, we
detected inconsistencies between our results and the post-hoc outcomes. Thus, when
covariables did not show significant differences, we removed them from the analysis:
from the influence on dry biomass, the INF covariate on Conyza canadensis and the ICF

covariate on Dittrichia viscosa.

For the analyses of pigment concentrations, for each weed species, we run a
two-way Linear Model (LM) for Chlorophyll a, Chlorophyll b, and Carotenoids’
concentration to test for the effect of treatment, concentration, and the interaction
between them. The exception was the carotenoid content of Conyza canadensis, where
we performed a two-way GLM with Gamma error and identity link to test for the effect of

the same factors.
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Statistical differences between groups were analysed using the Ismeans() and
cld() functions from the ‘lsmeans’ and ‘multcomp’ packages by comparing the
least-squares means obtained within each model. The level of significance was set at
P<0.05 for all the analyses. All statistical analyses were conducted in R (R Development
Core Team 2015).

. RESULTS

1. Preemergence effect of extracts - in vitro assays

The results obtained in the preemergence assay show that the substrate had a significant
effect on germination, stem length and radicle length of C. canadensis (P<0.001,
P<0.001, and P<0.001) and also of D. viscosa (P<0.001, P<0.001 and P<0.001) and
germination and stem length of A. ageratum (P<0.001 and P<0.001), respectively, but
not on the A. ageratum radicle length (P=0.08).

The effect of extracts

When the substrate was soil, the number of germinated seeds did not vary among
extracts for any weed species (APPENDIX — TABLE 1, Fig. 5A). However, extracts
significantly affected germination in filter paper as substrate (APPENDIX — Tablel). In
fact, germination was lower in the Oxalis pes-caprae extract for A. ageratum compared
to the other two extracts (Fig. 5B). In addition, for C. canadensis, O. pes-caprae and
A. dealbata bark extracts showed a 43.9 % and 40.2 % seed germination reduction,

respectively, when compared to the spent coffee grounds extract (Fig.5B).

The extracts also had a significant effect on the radicle length in both soil and
paper substrates, for all weed species (APPENDIX — TABLE 1). In A. ageratum, the
radicle growth was lower in the Oxalis pes-caprae extract compared to the other two
extracts, regardless the type of substrate (Fig. 6A). For the remaining species in sail,
radicle length was significantly lower when treated with the spent coffee grounds extract
(Fig. 6B). However, an opposite tendency was generally observed for this parameter

when seedlings were grown in paper (Fig. 6C).
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Regarding stem length, this parameter was affected by extracts in soil and paper,
except for D. viscosa in paper (APPENDIX — TABLE 1, Figs. 7A, 7B). In soil, stem length
was lower for A. ageratum seedlings treated with spent coffee grounds and with
O. pes-caprae extracts, for C. canadensis seedlings grown in presence of A. dealbata
bark and O. pes-caprae extracts, and for D. viscosa seedlings treated with the
A. dealbata bark extract (Fig. 7A). However, in paper, the lowest stem length was found

in the O. pes-caprae extract for A. ageratum and C. canadensis (Fig. 7B).
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Figure 5. Effect of the extracts (Spent coffee grounds, Acacia dealbata bark and Oxalis
pes-caprae) on seed germination of Achillea ageratum, Conyza canadensis and Dittrichia
viscosa grown in soil (A) and paper (B). Mean valuestSE are shown. n=25. Different

letters indicate statistically significant differences (P<0.05; Generalized Linear models).
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The effect of concentrations

The extracts concentration had a significant effect on seeds germination of all
weed species, in both soil and paper substrates (APPENDIX — TABLE 1). In soil, only
the herbicide application (the positive control) reduced seed germination comparing with
distilled water (negative control) (Fig. 8A). In paper, germination seems more affected
with concentration increase: the 40 % concentration reduced this parameter by 45.5 %
in A. ageratum, 59.1 % in C. canadensis and 70.1 % in D. viscosa, having similar effect
to the herbicide in the last two species (Fig. 8B). Additionally, extracts at 20 % also

reduced germination of C. canadensis seeds (Fig. 8B).

Extracts’ concentration affected radicle length of all species in both substrates
(APPENDIX — TABLE 1), being herbicide the most effective treatment (Fig. 9). The
radicle length of A. ageratum was reduced at higher concentrations (20 and 40 % with a
radicle length reduction of 28.2 and 42.5 %, respectively), but did not reach the herbicide
level (88.8 % reduction) regardless the substrate used (Fig. 9A). For this parameter, in
soil and compared to distilled water, there was a significant stimulation at 10 % and a
reduction at 40 % of C. canadensis (Fig.9B). The 40 % concentration reduced the radicle
growth of D. viscosa (Fig.9B). For the paper substrate, the three concentrations assayed
significantly reduced the radicle length compared to the negative control (Fig. 9C). The
inhibitory effect was similar among concentrations for C. canadensis, but this effect
increased with concentration for D. viscosa, achieving 86.7 % of reduction at 40 % (Fig.
9C).

For all the weed species, the stem length in soil was more affected by the
herbicide and none of the extract concentrations reached its impact. The stem growth
was also reduced by the 20 and 40 % concentrations in A. ageratum, and by all the
concentrations in C. canadensis when compared with distilled water (Fig. 10A). This
parameter was stimulated in D. viscosa seedlings at 10 and 40 % concentrations (Fig.
10A). In paper, we mainly found stimulatory effects, i.e., at 10 % for A. ageratum, and at
any concentration for C. canadensis compared with distilled water (Fig. 10B). An
inhibition was found in D. viscosa at 40 % (Fig. 10B). None of the effects reached the
herbicide efficacy (Fig. 10B).
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statistically significant differences (P<0.05; Generalized Linear Models).
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The interaction between the two variables, extract and concentration

The interaction between extract and concentration did not have a significant effect

on seed germination in soil, for all the weed species (APPENDIX — TABLE 1). In this
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substrate, the number of germinated seeds followed the same trend in any plant species
(Fig. 11A). On paper, the extract x concentration interaction significantly affected the
germination of A. ageratum and C. canadensis (APPENDIX — TABLE 1). For A. ageratum
species, germination was inhibited by the herbicide and by O. pes-caprae at 40 %, which
had the same inhibiting effect as the herbicide (around 86.1 %) (Fig. 11B). A similar trend
was found for C. canadensis seeds, herbicide had the highest inhibition (94.8 %) in the
three extracts, accompanied by A. dealbata bark extract at 40 % (87.6 %) and O. pes-
caprae extract at 20 and 40 % (76.3 and 87.6 %, respectively) compared to distilled water
(Fig. 11B).

The radicle length was significantly affected by the interaction between extracts
and concentration in all weed species for both substrates (APPENDIX — TABLE 1). For
A. ageratum regardless the substrate, the radicle growth was stimulated when spent
coffee grounds extract was applied at 10 % but inhibited when applied at 40 %. Radicle
inhibition was also found when using A. dealbata bark at 10 % and O. pes-caprae at 20
and 40 % compared to distilled water (Fig. 12A). For the other two weed species the
results varied according to extract and concentration, but herbicide always showed the
highest inhibition compared with distilled water (Fig.12B, C). In soail, radicle length of C.
canadensis was inhibited when treated with spent coffee grounds extract at 20 and 40
% but stimulated with A. dealbata bark at 10 and 20 % (Fig. 12B). For D. viscosa, spent
coffee grounds and A. dealbata bark extracts at 40 % inhibited the growth and A.
dealbata bark at 10 % showed stimulation (Fig. 12B). In paper, the C. canadensis radicle
length was higher in spent coffee grounds at 10 and 20% than in distilled water, being
significantly reduced by the same extract at 40 %, and also by A. dealbata bark extract
at 10 and 20 % and by the three concentrations of the O. pes-caprae extract (Fig. 12C).
For D. viscosa, we observed the previously identified tendency of a higher concentration
having a more significant negative effect on the plant development: when using spent
coffee grounds and O. pes-caprae extracts at 20 and 40 % and A. dealbata bark extract
at 10, 20, 40 % (Fig.12C).

The interaction between extract and concentration significantly affected the stem
length of A. ageratum and C. canadensis in soil, and of the three weed species in paper
(APPENDIX — TABLE 1). In sall, this parameter was reduced in A. ageratum when using
spent coffee grounds and O. pes-caprae extracts at 20 and 40 %, comparing with distilled
water (Fig. 13A). In C. canadensis, spent coffee grounds extract at 20 % stimulated the
stem growth, but it was inhibited by the three concentrations of A. dealbata and

O. pes caprae extracts, although inhibition did not achieve the herbicide efficacy (Fig.
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13A). In paper, A. ageratum stem growth was stimulated by applying A. dealbata bark at
10 and 20 % and inhibited by using O. pes-caprae at 20 % compared with distilled water
(Fig. 13B). Stem length of C. canadensis was stimulated by spent coffee grounds extract
at 20 and 40 % and by A. dealbata bark at 10, 20 and 40 % (Fig. 13B). Finally, in
D. viscosa, we observed a stem length reduction when using O. pes-caprae at 20 % (Fig.
13B).

A) Soil B) Paper
. 30 Achillea ageratum w 30 Achillea ageratum
© el
it o 5
9 25 Z 518 a 2 a a
k5 & k5 Z a z
£ 20 £ 20 = B ia
£ c a I
g 15 g 15
- 10 - 10
et e b
g ° i £ 35 3 S =8
-, f i
= U&&&IU&& Ib\\&l z ORXRRXRRXRTOUORKRXIRTOKRXKXKXRT
S © O (=] (=) o © O S O O o © O
~ < ~ N ?l‘ H N < ~ < - NS - N X
Spent coffee A. dealbata bark|  Oxalis pes- Spent coffee  A. dealbata bark Oxalis pes-
grounds caprae grounds caprae
2 30 Conyza canadensis . 30 Conyza canadensis
e
g 25 o 25 a 4
3 - ba ba ba ba ba
£ 20 z 820 P
s © ba
= c
E 15 € 15 b
& 10 & 10
= Y
8 5 ]: o C
2 i i g ° c s - S
o) I
g 0 O N N e O Yy ITO S T € 0 - i - -
= S88* g88 gE8 z ORXEXERTORXKRXIXRTORRT
SSF¥ | SS¥ | SKF SRE | SR8 | ¥R®
Spent coffee  A. dealbata bark  Oxalis pes- Spent coffee  A. dealbata bark Oxalis pes-caprae
grounds caprae grounds
Dittrichia viscosa ittrichia vi
2 30 2 30 Dittrichia viscosa
(O] (0]
8 25 3 25
ks °
+ 20 £ 20
£ £
£ 15 E 15
] T ]
:D 10 I I I L.D_D 10
o o
g ° g 5
Ke] el
€0 € o
z z

ORXIKRITYIOKRKIKRT|OKRRKRT
S o9 S o9 S o9
=N T =N T - N T

. dealbata bark|

Spent coffee
grounds

Oxalis pes-
caprae

Spent coffee | A. dealbata Oxalis pes-
grounds bark caprae

Figure 11. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata
bark and Oxalis pes-caprae) and concentrations (distilled water (c), 10 %, 20 %, 40 % and
herbicide (H)) on the germination of Achillea ageratum, Conyza canadensis and Dittrichia
viscosa seeds in soil (A) and paper (B). Mean values+SE are shown. n=25. Different letters

indicate statistically significant differences (P<0.05; Generalized Linear Models).

29



A) Soil and Paper

Achillea ageratum

3.5
'g 3
— 25
<
2 2 a
=15 b b
% '1 bc ariberbepa bc
E d =dd
0 ] [ "
ORXRXXTOR cF & T ORXKXXT
S O O (@) S O O
- N ~ N TI' - N
Spent coffee A. dealbata bark Oxalis pes-
grounds caprae
B) Soil C) Paper
35 Conyza canadensis 35 Conyza canadensis
_ B
= 3 s 3
=25 = 25
£ &
W 2 s 2
g a ©
=15 a < 15 a
° bc bc ¢ b pebe 5 b
° 1 |[’Cddef of 5 t:: - 8 1 ¢ c c c
S f f £ || = d de =dy
o5 II I = 0.5 I I eI e
. n N . B S
C8gTEsEsE8 T8 URRXRXTOURRRTORRRT
~ N v - N Y o NT S g Sr S 8 Sr S| 3 Sr
Spent coffee  A. dealbata bark | Oxalis pes- Spent coffee  A. dealbata bark ~ Oxalis pes-
grounds caprae grounds caprae
35 a Dittrichia vtl)scosa 35 Dittrichia viscosa
— abab =
ab €
5 3 boyy bc gabc bc : S 3 4 a a
c 0% - R
%ﬂ 2.5 cdee de E" 2.5 alb l _a_
a 2 o 2
(]
L 15 S 15
= he)
8 1 8 1
o f f
0.5 0.5
0 N i 0
ORXXNRNRTOXRXRXRRKRTOXRRXRT
S O O S © O S O O
~ N N NS - N
Spent coffee A. dealbata bark ~ Oxalis pes- Spent coffee |A. dealbata bark|  Oxalis pes-
grounds caprae grounds caprae

Figure 12. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata

bark and Oxalis pes-caprae) and concentrations (distilled water (c), 10 %, 20 %, 40 % and

herbicide (H)) on the radicle length of Achillea ageratum seedlings grown in soil and paper (A),

on the radicle length of Conyza canadensis and Dittrichia
and paper (C). Mean values+SE are shown. n=20. D

significant differences (P<0.05; Linear Mixed Models).
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Figure 13. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata

bark and Oxalis pes-caprae) and concentrations (distilled water (c), 10 %, 20 %, 40 % and

herbicide (H)) on the stem length of Achillea ageratum, Conyza canadensis and Dittrichia

viscosa seedlings grown in soil (A) and paper (B). Mean valuesz=SE are shown. n=20. Different

letters indicate statistically significant differences (P<0.05; Linear Mixed Models).

2. Post-emergence effect of extracts - pot assays

We observed that neither extract, concentration, nor interaction between them

significantly affected the number of alive plants in any weed species (APPENDIX —

TABLE 2). Treatments were not able to kill well-stablished plants in any species,
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surviving almost all of them (Data not shown). However, treatments differentially affected

plant growth.

The effect of extracts

The extract factor had a significant effect on the increase of leaf number and plant
biomass of D. viscosa (APPENDIX — TABLE 2). Plants sprayed with A. dealbata bark
extract showed lower increase of leaves number in D. viscosa compared with the other
two extracts (Fig. 14), and lower plant biomass compared with the O. pes-caprae extract
in the same weed species (Fig. 16). In the other cases, extracts did not show significant
differences among them (APPENDIX — TABLE 2, Figs. 14, 15, 16).

In D. viscosa plants, concentration of chlorophyll a, chlorophyll b and carotenoids
obtained the lowest value when O. pes-caprae was applied (APPENDIX — TABLE 2,
Table 2).
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Figure 14. Effect of the extracts (Spent coffee grounds, Acacia dealbata bark and Oxalis pes-
caprae) on the leaf number of Achillea ageratum, Conyza canadensis and Dittrichia viscosa
plants. Mean valueszSE are shown. n=10. Different letters indicate statistically significant

differences (P<0.05; Generalized Linear Models).
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Figure 16. Effect of the extracts (Spent coffee grounds, Acacia dealbata bark and Oxalis pes-
caprae) on the dry biomass of Achillea ageratum, Conyza canadensis and Dittrichia viscosa
plants. Mean valuestSE are shown. n=5. DW= Dry weight. Different letters indicate
statistically significant differences (P<0.05; Generalized Linear Models).
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Table 2. Mean comparisons of the pigment concentrations (Chlorophyll a — Chla, Chlorophyll b — Chlb and Carotenoids) of the three weed species (Achillea
ageratum, Conyza canadensis and Dittrichia viscosa) grown in pots with the application of three extracts (Tr) — Spent coffee grounds, A. dealbata bark and
Oxalis pes-caprae, at three different 10 %, 20 % and 40 % vs. herbicide (H) and vs. distilled water/negative control (C) and mean comparisons of the interaction
between extracts and concentration (Tr x C). Mean values = SE are shown.

Specie Fixed effects Variable Chla (umol/g) Chlb (umol/g) Carotenoids (umol/g)
Achillea ageratum Tr Spent coffee grounds (SCG) 0.809 + 0.038 0.438 + 0.025 0.510 + 0.023
A. dealbata bark (AB) 0.830 + 0.050 0.486 + 0.047 0.513 + 0.022
Oxalis pes-caprae (O) 0.732 + 0.066 0.405 + 0.038 0.461 + 0.037
C C 0.900 + 0.025 a 0.464 + 0.020 0.523 £ 0.024
10 % 0.894 £ 0.062 a 0.424 +0.031 0.505 + 0.038
20 % 0.931 +0.096 a 0.560 + 0.085 0.505 + 0.050
40 % 0.718 £ 0.054 ab 0.439 + 0.047 0.458 + 0.039
H 0.466 £ 0.046 b 0.315 £ 0.027 0.481 + 0.028
TrxC SCG-C 0.900 + 0.047 0.464 + 0.038 0.523 £ 0.044
SCF-10% 0.955 + 0.105 0.459 + 0.053 0.520 + 0.056
SCF - 20 % 0.847 + 0.062 0.529 + 0.087 0.558 + 0.075
SCF - 40 % 0.807 + 0.043 0.400 + 0.029 0.461 + 0.032
SCF-H 0.466 + 0.088 0.315 + 0.052 0.481 + 0.053
AB-C 0.900 + 0.047 0.464 + 0.038 0.523 £ 0.044
AB - 10 % 1.060 + 0.096 0.514 + 0.048 0.640 + 0.061
AB - 20 % 1.040 + 0.199 0.828 +0.278 0.398 + 0.037
AB — 40 % 0.694 + 0.048 0.410 + 0.041 0.470 + 0.033
AB - H 0.466 + 0.088 0.315 + 0.052 0.481 + 0.053
Oo-C 0.900 + 0.047 0.464 + 0.038 0.523 £ 0.044
O0-10% 0.612 + 0.080 0.267 + 0.038 0.317 £ 0.042
0-20% 0.946 £ 0.241 0.432 £ 0.103 0.517 £0.122
O0-40% 0.639+0.176 0.524 + 0.156 0.437 £0.130
O-H 0.466 + 0.088 0.315 + 0.052 0.481 + 0.053
Conyza canadensis Tr Spent coffee grounds (SCG) 1.590 £ 0.125 0.819 + 0.066 1.000 £ 0.083
A. dealbata bark (AB) 1.310 £ 0.122 0.668 + 0.063 0.851 + 0.085
Oxalis pes-caprae (O) 1.400 £ 0.157 0.669 + 0.076 0.828 + 0.097
C C 0.859 £ 0.099 b 0.420+0.054 b 0.481 +£0.062 b
10 % 1.660 £ 0.171 ab 0.865 + 0.090 ab 1.050 + 0.103 ab
20 % 1.130 £ 0.170 ab 0.609 + 0.096 ab 0.695 +0.111 ab
40 % 1.780+0.131 a 0.862 +0.059 a 1.050 +0.076 a
H 1.780 + 0.237 ab 0.860 + 0.116 ab 1.250 £ 0.159 a
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Specie Fixed effects Variable Chla (umol/g) Chlb (umol/g) Carotenoids (umol/g)
TrxC SCG-C 0.859 £ 0.185 0.420 £ 0.100 0.481 £0.116
SCF-10% 1.760 £ 0.370 0.889 £ 0.199 1.050+ 0.222
SCF -20% 2.240 £0.137 1.240 £ 0.028 1.440 + 0.057
SCF-40% 1.410 £ 0.069 0.717 £0.033 0.847 £0.037
SCF-H 1.780 £ 0.453 0.860 £ 0.222 1.250 + 0.304
AB-C 0.859 £ 0.185 0.420 £ 0.100 0.481 +0.116
AB -10% 1.700 £ 0.104 0.982 + 0.063 1.280 + 0.079
AB - 20 % 0.526 £ 0.206 0.287 £0.129 0.316 £ 0.138
AB - 40 % 1.700 £ 0.175 0.805 £ 0.080 0.978 £0.101
AB-H 1.780 £ 0.453 0.860 = 0.222 1.250 £ 0.304
O-C 0.859 £ 0.185 0.420 £ 0.100 0.481 £0.116
O0-10% 1.570 £ 0.425 0.733 £0.212 0.811 £ 0.225
0-20% 0.637 £0.119 0.295 £+ 0.061 0.331 £ 0.068
O0-40% 2.230 £ 0.329 1.080 +0.143 1.350 £ 0.182
O-H 1.780 + 0.453 0.860 + 0.222 1.250 + 0.304
Dittrichia viscosa Tr Spent coffee grounds (SCG) 0.970 + 0.063 ab 0.509 + 0.028 ab 0.612 +0.030 ab
A. dealbata bark (AB) 1.190£0.127 a 0.593 + 0.056 a 0.710 £ 0.057 a
Oxalis pes-caprae (O) 0.625+0.110 b 0.330£0.053 b 0.403 £0.057 b
C C 0.975 £ 0.068 abc 0.475 £ 0.034 ab 0.506 + 0.032 ab
10 % 1.230 £+ 0.213 ab 0.587 £ 0.101 ab 0.644 + 0.105 ab
20 % 1.350+0.161 a 0.646 £ 0.079 a 0.720 £ 0.076 a
40 % 0.693 £ 0.064 bc 0.353 £ 0.034 ab 0.391+£0.039 b
H 0.404 £0.023 c 0.326 £0.021 b 0.613 +0.049 ab
TrxC SCG-C 0.975+0.117 b 0.475 +0.063 ab 0.506 + 0.059 ab
SCF-10% 1.010 £ 0.076 b 0.528 +0.050 ab 0.602 + 0.053 ab
SCF -20% 1.500 £ 0.132 ab 0.741 £ 0.051 ab 0.826 + 0.045 ab
SCF - 40 % 0.964 £+ 0.063 b 0.474 £ 0.038 ab 0.514 £ 0.041 ab
SCF-H 0.404 £0.042 b 0.326 £ 0.039 b 0.613 £ 0.092 ab
AB-C 0.975+0.117 b 0.475 £ 0.063 ab 0.506 + 0.059 ab
AB - 10 % 2.340£0.430 a 1.100 £ 0.204 a 1.190 £ 0.202 a
AB — 20 % 1.370 £ 0.133 ab 0.618 £ 0.047 ab 0.722 + 0.063 ab
AB - 40 % 0.871+0.051 b 0.450 £0.022 b 0.524 +0.035 ab
AB -H 0.404 £0.042 b 0.326 £ 0.039 b 0.613 +0.092 ab
O-C 0.975+0.117 b 0.475 +0.063 b 0.506 + 0.059 ab
O0-10% 0.326 £0.143 b 0.133+0.056 b 0.146 £ 0.061 b
0-20% 1.170+0.479 b 0.580 £ 0.232 ab 0.613 £ 0.229 ab
O0-40% 0.245 £ 0.078 b 0.136 £ 0.040 b 0.136 £0.035 b
O-H 0.404 £ 0.042 b 0.326 £ 0.039 b 0.613 £ 0.092 ab
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The effect of concentrations

The concentration factor significantly affected the increase in the number of
leaves, the increase in the maximum foliar length and also the plant biomass of all the
weed species (APPENDIX — TABLE 2, Figs. 17, 18, 19). As expected, the herbicide
(positive control) showed the most inhibitory effect (Figs. 17, 18, 19). The increased
number of leaves was reduced at 10 % in A. ageratum, by almost half, at 10 and 40 %
in C. canadensis, and at all extracts concentration in D. viscosa (Fig. 17). In the case of
the increase in maximum foliar length, we found a reduction of 53.8 % in this parameter
at 10 % for A. ageratum, and of 34 and 42.9 %, at 10 % and 40 % for C. canadensis
when compared with distilled water (Fig. 18). Finally, plant biomass followed the
tendency of the parameters above: for A. ageratum and D. viscosa, biomass was lower
at 10 and 40 % and for C. canadensis, at 40 % (Fig.19).

Concentration also influenced pigment quantities of the weed plants (APPENDIX
— TABLE 2, Table 2). Chlorophyll a was inhibited with the herbicide use on A. ageratum
plants (Table 2). However, for C. canadensis plants, there was an increase in the content
of chlorophyll a, chlorophyll b and carotenoids at 40 %, and in carotenoids with the
herbicide treatment compared to distilled water (Table 2) .
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Figure 17. Effect of the concentrations (distilled water (C), 10 %, 20 %, 40 % and herbicide
(H)) on the leaf number of Achillea ageratum, Conyza canadensis and Dittrichia viscosa
plants. Mean valuestSE are shown. n=10. Different letters indicate statistically significant
differences (P<0.05; Generalized Linear Models).

36



Conyza canadensis Dittrichia viscosa

Achillea ageratum 1.2

1.2

=
i

T i
1 1 f=a 1
- J_ ab I ab a
Eos { 03 T 0.8 a
b I be 1 B a T il
ae]
g6 be 06 i o 06 + J_
£ 1 T 1
@0.4 04 0.4 i
ks c
Z0.2 ' 0.2 d 0.2 b
: i i
0 0 0
C 10% 20% 40% H C 10% 20% 40% H C 10% 20% 40% H

Figure 18. Effect of the concentrations (distilled water (C), 10 %, 20 %, 40 % and herbicide
(H)) on the foliar length of Achillea ageratum, Conyza canadensis and Dittrichia viscosa plants.
Mean valuestSE are shown. n=10. Different letters indicate statistically significant differences
(P<0.05; Linear Models).
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Figure 19. Effect of the concentrations (distilled water (C), 10 %, 20 %, 40 % and herbicide
(H)) on the dry plant biomass of Achillea ageratum, Conyza canadensis and Dittrichia viscosa
plants. Mean valuestSE are shown. n=5. DW= Dry weight. Different letters indicate

statistically significant differences (P<0.05; Generalized Linear Models).

The effect of the interaction between extracts x concentration

The extract x concentration interaction had a significant effect on the increase
number of leaves for C. canadensis and D. viscosa, on the increase of the maximum
foliar length for A. ageratum and for C. canadensis, and on plant biomass of A. ageratum
and D. viscosa (APPENDIX — TABLE 2, Figs. 20, 21, 22). Statistical models also found
a significant effect of covariates: the number of leaves previous treatment application
affected the increased number of leaves in C. canadensis and D. viscosa; the maximum

foliar length before treatment application had an effect on this parameter in treated
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plants; the increase in the maximum foliar length and the increased number of leaves
affected plant biomass of A. ageratum and D. viscosa, respectively (APPENDIX — TABLE
2).

As previously indicated, the herbicide treatment inhibited growth in almost all
cases (Figs. 20, 21, 22). Although the increased number of leaves in C. canadensis and
D. viscosa was affected by the factor’'s interaction, significant differences between
distilled water and extract-concentration treatments was only found for O. pes-caprae
extract at 10 %, in C. canadensis, and for A. dealbata bark extract at 20 %, in D. viscosa,
where inhibition reached the herbicide level (Fig. 20). The increase in foliar length was
reduced to herbicide values in plants of A. ageratum treated with A. dealbata bark extract
at 10 %, and in plants of C. canadensis sprayed with A. dealbata bark at 10 % and with
O. pes-caprae at 40 % concentration (Fig. 21). On the other hand, plant biomass was
significantly decreased when using O. pes-caprae extract at 10 % in A. ageratum plants,
and spent coffee grounds extract at 20 % and O. pes-caprae at 40 % in D. viscosa plants
(Fig. 22).

Interaction between extracts x concentration only had significant effects on
clorophylls a and b and on carotenoid concentrations of D. viscosa plants (APPENDIX —
TABLE 2, Table 2). On this species, chlorophyll a concentration was higher with A.
dealbata bark extract at 10 % application (Table 2). However, the content of Chlorophyll
b and carotenoids were not significantly different from the negative control (distilled water
treatment) (Table 2).
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Figure 20. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata
bark and Oxalis pes-caprae) and concentrations (distilled water (C), 10 %, 20 %, 40 % and
herbicide (H)) on the leaf number increase of Achillea ageratum, Conyza canadensis and
Dittrichia viscosa plants. Mean valuestSE are shown. n=10. Different letters indicate

statistically significant differences (P<0.05; Generalized Linear Models).
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Figure 21. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata
bark and Oxalis pes-caprae) and concentrations (distilled water (C), 10 %, 20 %, 40 % and
herbicide (H)) on the foliar length increase of Achillea ageratum, Conyza canadensis and
Dittrichia viscosa plants. Mean valuestSE are shown. n=10. Different letters indicate

statistically significant differences (P<0.05; Linear Models).
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Figure 22. Effect of the interaction between extracts (Spent coffee grounds, Acacia dealbata
bark and Oxalis pes-caprae) and concentrations (distilled water (C), 10 %, 20 %, 40 % and
herbicide (H)) on the dry plant biomass of Achillea ageratum, Conyza canadensis and
Dittrichia viscosa plants. Mean values+SE are shown. n=5. DW= Dry weight. Different letters

indicate statistically significant differences (P<0.05; Generalized Linear Models).
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IV. DISCUSSION

1. Preemergence effects of extracts - in vitro assays

In general, the results showed that germination and radicle length were severely
inhibited with filter paper as a substrate, with an increasing effect as concentrations
increased. However, the inhibitory effect was reduced or disappeared in the presence of
soil. It was also found some stimulating effects for the radicle length at low concentrations
of extracts, mainly in soil. When evaluating the effect of extracts on the stem length, it is
evident that the negative effects were not as intense as the ones on the radicle growth.
In fact, it was noticed some stimulation in paper, but inhibition was more frequent in soil.
These results suggest that soil neutralized or modified the effect of assayed extracts.
The fate and effectiveness of bioactive compounds in soil are highly dependent on biotic
and abiotic environmental conditions (Inderjit et al., 2011). Different effects found in soll
and in filter paper may be related to soil properties. Indeed, previous studies showed that
soil properties such as organic matter and cation exchange capacity influence the
herbicide effect (Blumhorst et al., 1990; Jursik et al., 2020) and the plant extracts efficacy
(Dilipkumar et al., 2012). Soil organic matter may activate, inactivate, or retain herbicides
(Lépez-Pifieiro et al., 2013; Bonfleur et al., 2013; Tejada et al., 2017). Soil microbes also
play a key role in the deactivation, degradation, or transformation into stimulatory
compounds of phytotoxins (Souto et al., 2000; Lankau, 2010; Zhu et al., 2011). For
example, the biodegradation of herbicides can be accelerated by increasing the
microbiological activity of soils (Gomez et al., 2014). Sunflower leaf extracts not only tend
to bind with soil colloids, but also may become diluted in saturated soil, therefore less
available (Dilipkumar et al., 2012). Moreover, different soil types have been reported to
eliminate phytotoxicity of the plant bioactive compound (+)-catechin (Furubayashi et al.,
2007). This compound rapidly disappeared after incubation for four hours due to soil
adsorption and transformation reactions (Furubayashi et al., 2007). In the scientific
literature related to natural herbicidal research, most of studies conducted bioassays
using Petri dishes filled with paper (Leather and Einhellig, 1986, eg. Lorenzo et al., 2016).
In the present study, it was demonstrated that soil conditioned the effect of agqueous
extracts. This highlights the importance of conducting studies mimicking natural
conditions, since there is a necessity to prove the potential bioherbicides’s efficacy under
field conditions. Nevertheless, it should be highlighted that the tested extracts were more
effective in filter paper, which might be relevant as urban weeds are common in

pavements with barely any soil (Zimdhal, 2007) and would facilitate weed control once
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there is no interference from soil. However, field experiments must be conducted to

corroborate this hypothesis.

Furthermore, it was repeatedly identified a tendency for a greater inhibition when
extracts’ concentrations were higher (20 — 40 %) mostly affecting germination and radicle
length. Similar results were found by Chemetova et al. (2019) when observed that the
inhibition of seed growth was more relevant with the increase of A. dealbata bark extracts
concentration. The results obtained in our study with the Oxalis pes-caprae extract are
also in accordance with those obtained by Travlos et al. (2008), who found that the
increase concentrations of the leaves, stems and petioles aqueous extracts of
O. pes-caprae caused higher growth inhibition of duckweed. In fact, it is known that as
concentration increases, the number of individual compounds in extracts also increases
exponentially (Crozier & Monteiro, 1990). Distinct reactions may occur because each
physiological process has unique responses to certain doses of each specific compound
(Cruz-Ortega et al., 1998, Reigosa et al., 1999a). Additionally, the phytotoxic effect of
agueous extracts can result from synergies of several compounds, and consequently,
the mixture of compounds could be more effective than their respective individual
compound (An et al., 2001; Chon et al., 2003; Reigosa et al., 2007). Other explanation
contributing to the reduced germination and radicle length is the seed contamination by
fungus occurred in some Petri dishes, mainly in those filled with filter paper. This could
be due to the fact that neither seeds nor extracts were sterilized or that extracts might
contain sugars that favoured the fungi development (Ismail et al., 2016). On the other
hand, it was also registered some stimulatory effects when the extracts concentrations
were lower (10 %), mainly when applying spent coffee grounds and Acacia dealbata bark
extracts. Spent coffee grounds, at low concentrations, were tested as a possible fertilizer
on Lactuca sativa (Gomes et al., 2014). Positive effects of coffee waste on plant growth
have also been found by Kasongo et al. (2013) since it caused an increase of nutrients
(N, P, K) in the soil and improved water retention capacity, mainly on low fertility soils.
However, several studies showed its potential to impact plant growth probably because
of its high content in caffeine, when increasing concentration (Bravo et al., 2012). Batish
et al. (2008) showed that caffeine in higher concentrations (2,000 uM) adversely affects
the rooting potential of hypocotyl cuttings of Prunus aureus L. and Tanti et al. (2016)
reported a growth and germination decrease of Borreria hispida (L.) K. Schum. seeds at
high caffeine concentrations. Both observations were also registered by Mshelmbula et
al. (2018): as the caffeine concentration increased, germination and radicle length
decreased, and lower concentrations caused an increase in Bambara groundnut

germination. Stimulating effects with A. dealbata bark solutions were also found on
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Lactuca sativa seedlings and Allium cepa L. plants by Lorenzo et al. (2016) and (2019),

respectively.

It is also important to mention that the most affected pre-emergence parameter
was the radicle length. These results agree with previous reports that studied caffeine
(Batish et al. 2008; Tanti et al. 2016; Mshelmbula et al.2018) and Acacia dealbata
(Aguilera et al., 2015a; Aguilera et al., 2015b; Chemetova et al. 2019) effects on
germination. Also, other types of plant extracts such as black mustard extract showed
the same effect on germination and growth of alfalfa and lentil (Turk & Tawaha 2002;
Turk et al., 2003). This outcome might have happened because roots are the first organ
to absorb the (toxic) compounds from the environment (Gilbert, 2001). We also
registered several visual effects similar to those found by Turk & Tawaha (2002), such
as smaller roots, morphological abnormalities (eg. twisted roots) and darker colours
mainly in seeds which were treated with A. dealbata bark extract (Fig. 23). It is worth
mentioning that this parameter was significantly impacted by extracts at 40 % despite of
soil interference. This suggests that the studied extracts might still have potential
herbicidal activity when directly applied in soil.

L '—' \"A"l“"'v v\g.'.\ H‘v . i'¥
Figure 23. A) Seedlings of Conyza canadensis and of B) Achillea ageratum plants treated

with A. dealbata bark extract with small, twisted, of dark colours or inexistent roots.

2. Post-emergence effects of extracts — pot assays

Results from the post-emergence assays did not show a clear inhibitory pattern
as obtained in pre-emergence ones. They also varied in each weed species. However,
it was found some reductions on the number of leaves, on the foliar length, and on the
dried biomass with O. pes-caprae and A. dealbata bark extracts at 10 and 40 %. Even
though, some chlorosis were recorded on plants before treatments application, extracts
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did not increase the area of these discoloured spots. In fact, the pigment content was
not negatively affected by the application of treatments, and even some occasional
stimulation was registered. This could happen because the extracts were not able to be
adsorbed, to dissolve the cuticular fatty acids and, therefore, not capable of penetration
(Batish et al. 2007; Hazrati et al., 2017). The non-severely injured weed growth and the
no-effect on the content of chlorophylls suggest that the photosynthetic apparatus
functioned properly, and the occasional reduction found in plant growth should be related
to other factors such as poor soil quality or different plant size when extracts were
applied. In fact, the statistical analyses revealed a significant effect of initial plant growth,
the CMFO (Maximum foliar length before treatment application) and NFO (Leaf number
before treatment application), two covariates in the used statistical models. The effect of
both covariates indicates a non-homogeneous initial growth probably related to a
deficient trays rotation throughout the weeks before extracts application.

3. Overall results

Regarding plant development, the assayed extracts affected more significantly
the pre-emergence than post-emergence parameters. Seed germination and seedling
emergence are extremely important and vulnerable phases during the plant development
(Lamichhane et al., 2019), being the most vulnerable stages to phytotoxic compounds
(Larcher, 1995). With maturation, there are gradual changes in plant morphology and
anatomy, responsible for the development of physical barriers and chemical defence
toward abiotic and biotic stresses (e.g. trichomes and their phenolic compounds, leaf
cuticle that thickens as leaves age) (Rankenberg et al., 2021). Consequently, it is
expected that well-established mature plants showed less harmful effects by extracts
application and the studied extracts may be considered as potential pre-emergence

bioherbicides.

Extracts of Acacia dealbata bark and Oxalis pes-caprae were the most effective
according to the objective of this research: search for natural herbicides. For the
A. dealbata bark extract, the results mainly showed inhibitory evidence, contrary to
stimulatory effects found by Lorenzo et al. (2016) and (2019). However, according to
some studies, the inhibitory activity of A. dealbata bark extract might be related to the
presence of a significant amount of tannins (Ruibal Brunet et al., 2003; Barberis et al.,
2012 Abilleira et al., 2021). Tannins are phenolic compounds, which have previously
been shown to have the ability to disrupt cell membranes’ permeability and to alter ions

flow and hydraulic activity in the roots, resulting in severe negative impacts on
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photosynthesis and respiration rates (Gonzélez et al., 1995; Seigler 2003). In addition,
they affected the germination via inhibition of the process of reserve substances
(Einhellig, 2004; Aguilera et al., 2015c). In O. pes-caprae there is also interesting
compounds, such as ester and phenyl cinnamate derivatives, aromatic compounds and
phenols found in the leaves and twigs (DellaGreca, Previtera, et al., 2007; DellaGreca et
al. 2008; DellaGreca et al. 2010) that have an already reported phytotoxic activity
(DellaGreca et al. 2009). Moreover, this plant has a high content in oxalic acid which
implies a lower pH value (Vila et al., 2006), as found in the tested extract. This may also
have negatively impacted plant growth since inadequate pH can provoke abiotic stress

in terrestrial plants (Pedrol et al. 2006).

In order to find a potential bioherbicide to be applied on a wide range of similar
species, weeds belonging to Asteraceae family were used. In fact, the goal of this type
of studies is to find a compound or a mixture of compounds, capable of affecting several
weed species. However, our results were species-dependent. Different outcomes may
indicate actions on distinct physiological processes within each species (Reigosa et al.
1999a). For example, the effect of six phenolic compounds separately and in a mixture
on a variety of target species varied with its concentration and the target species
(Reigosa et al., 1999b). It is plausible that in natural situations test species have not
developed the same strategies to cope with stress and environmental pressures (Weir
et al. 2004). Thus, while some plants have detoxification mechanisms to reduce or
tolerate negative effects (Weir et al. 2004), others remain helpless. Despite this, there is
still the possibility to develop selective bioherbicides that may be effective towards one
problematic weed. Even though our tested plants were all from the Asteraceae family, in
both pre- and post-emergence assays, the effect of each extract depended on the weed
used. Interestingly, Conyza canadensis, a weed-resistant herbicide (Heap IM, 2014;
Palma-Bautista et al., 2018) and an invasive species that displaces the native flora in
different ecological habitats all over the world (Blonde & Aronson, 1999), showed limited
early development in soil when treated with A. dealbata bark and O. pes-caprae biomass
extracts. Then, these results may lead to a new promising research line to control this
weed since it has high seed production, efficient seed dispersal, flexible life cycle,
tolerance to harsh climatic conditions, among others, which make it a problematic and
resistant weed (Tozzi et al.,, 2014). Nevertheless, these results deserve further

evaluation.
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V. FINAL REMARKS

The present study supports the theory that some plant extracts may have a
potential herbicidal effect, which may be due to its high bioactive compounds content.
Our results suggest that the tested extracts have a more prominent impact on the
pre-emergence physiological process than on well-stablished plants (post-emergence).
The lack of remarkable effects after treatments led us to discard the use of any of our
agueous extracts as post-emergence bioherbicides for the tested weeds. Additionally, it
seems that soil reduce or neutralize the effect of these extracts, highlighting the need of
conducting experimental bioassays as similar as possible to field conditions.

The extracts worth to further study on field and identify its phytotoxic components
are the Acacia dealbata bark and the Oxalis pes-caprae extracts. Both plant species are
invasive in Portugal (Marchante et al., 2014; Papini et al., 2017) and by combining the
use of waste from management actions to control these invasive species with
eco-friendly alternatives to reduce the use of synthetic herbicides, we make the process
more sustainable promoting a bio-based circular economy. The inhibitory activities were
also concentration and plant species dependent. Thus, our extracts could theoretically
be explored as selective preemergence hioherbicides. However, further studies on the
germination process and early growth are required to evaluate their real and viable

potential under field conditions.
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APPENDIX

TABLE 1. Generalized Linear Models (GLMs) for the effects of each extract (Tr), concentration (C) and the interaction between them on the germination in different
substrates (soil and paper) of Achillea ageratum, Conyza canadensis and Dittrichia viscosa. Linear Mixed Models (LMMs) for the effects of each extract (Tr),
concentration (C) and the interaction between them on the radicle length and stem length of Achillea ageratum, Conyza canadensis and Dittrichia viscosa in different
substrates (soil and paper). Results correspond to degrees of freedom (Df) or numerator degrees of freedom (Num Df), residual degrees of freedom (Resid Df) or
denominator degrees of freedom (Dem Df), residual deviance (Resid deviance) or F values and Pr(>Chi) values or P values. Values in bold indicate significance at
P<0.05 level.

Species Variable Substrate Model fE:rz(i)I;/ fuhi:t:(on Factor Df gl\'ium Deviance Dfﬁ)eesri: Df deﬁ:ﬁi IE Pr(>§ hi)/
ag‘:r‘g'tﬁﬁq Germination Soil GLM Poisson Log Tr 2 5.049 72 217.385 0.080
C 4 190.196 68 27.189 <0.001
TrxC 8 4.882 60 22.307 0.770
Paper GLM Poisson Log Tr 2 11.668 72 387.82 0.003
C 4 311.445 68 76.380 <0.001
TrxC 8 38.915 60 37.460 <0.001
Radicle Soil and paper  LMM - - Tr 2 - 2013 22.931 <0.001
length
C 4 - 2013 88.309 <0.001
TrxC 8 - 2013 26.698 <0.001
Stem length Soil LMM - - Tr 2 - 1031 12.865 <0.001
C 4 - 1031 92.051 <0.001
TrxC 8 - 1031 3.199 0.005
Paper LMM - - Tr 2 - 885 37.903 <0.001
C 4 - 885 27.249 <0.001
TrxC 8 - 885 6.205 <0.001
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Species Variable Substrate Model fi:rqcill; fuhicrl:(on Factor f g\'ium Deviance Df)l?)isri? Df dev'?aer?(i:de IE Pr(>§ hi)/

Conyza

canaden Germination Soil GLM Poisson Log Tr 2 1.181 72 282.729 0.554

sis

C 4 203.573 68 79.156 <0.001

TrxC 8 5.571 60 73.585 0.695

Paper GLM Poisson Log Tr 2 65.88 72 536.20 <0.001

Cc 4 395.33 68 140.87 <0.001

TrxC 8 109.09 60 31.790 <0.001

Ff:r?é‘t’Le Soil LMM . . Tr 2 . 1012 62.400 <0.001

C 4 - 1012 50.261 <0.001

TrxC 8 - 1012 15.551 <0.001

Paper LMM - - Tr 2 - 769 74.272 <0.001

C 3 - 769 14.512 <0.001

TrxC 6 - 769 59.256 <0.001

Stem length Soil LMM - - Tr 2 - 1012 96.576 <0.001

C 4 - 1012 74.640 <0.001

TrxC 8 - 771 16.019 <0.001

Paper LMM - - Tr 2 - 771 83.588 <0.001

C 3 - 771 241.137 <0.001

TrxC 6 - 771 28.091 <0.001

Di_ttrichia Germination Soil GLM Poisson Log Tr 2 0.112 72 85.121 0.946
viscosa

C 4 33.533 68 51.589 <0.001

TrxC 8 4.388 60 47.201 0.821
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Species Variable Substrate Model fi:;cill; fuhicrl:(on Factor f g\'ium Deviance Df)l?)isri? Df de\/|?ae:(i:i IE Pr(>§ hi)/
Paper GLM Poisson Log Tr 2 2.720 71 170.855 0.159
Cc 4 130.214 67 40.642 <0.001
TrxC 8 7.679 59 32.963 0.488
Ff:%ﬂ]e Soi LMM . Tr 2 . 599 10.543 <0.001
Cc 4 - 599 126.029 <0.001
TrxC 8 - 599 7.582 <0.001
Paper LMM - - Tr 2 - 261 11.027 <0.001
c 3 - 261 79.416 <0.001
TrxC 6 - 261 6.767 <0.001
Stem length Soil LMM - - Tr 2 - 601 3.349 0.036
C 4 - 601 16.705 <0.001
TrxC 8 - 601 1.736 0.087
Paper LMM - - Tr 2 - 269 1.731 0.179
C 3 - 269 4.535 0.004
TrxC 6 - 269 2.830 0.011
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TABLE 2. Generalized Linear Models (GLMs) for the effects of each extract (Tr), concentration (C) and the interaction between them on leaf number increase, dry
biomass and mortality of Achillea ageratum, Conyza canadensis and Dittrichia viscosa. Linear Models (LMs) for the effects of each extract (Tr), concentration (C)
and the interaction between them on the foliar length increase of Achillea ageratum, Conyza canadensis and Dittrichia viscosa. Results correspond to degrees of
freedom (Df) or numerator degrees of freedom (Num Df), residual degrees of freedom (Resid Df) or Mean square (Mean sq), residual deviance (Resid deviance) or
F values and Pr(>Chi) values or P values. Values in bold indicate significance at P<0.05 level and italic refers to analysed covariables: NFO (Leaf number before
treatment application), CMFO (Maximum foliar length before treatment application), INF (Leaf number increase), ICF (Foliar length increase).

Species Variable Model Factor Df g\'ium Deviar;ge/Sum Resid E;/Mean Resid (/jlsviance Pr(>|g:hi)/
agce':g'ti";‘n Leiﬁ‘;pg;zger GLM  QuasiPoisson Tr 2 1.344 144 81.010 0.221
c 4 19.401 140 61.609 <0.001
TrxC 8 2.406 132 59.203 0.713
NFO 1 0.112 146 82.354 0.616
F?gi‘giggth LM Tr 2 0.824 0.412 1.818 0.166
c 4 9.15 2.288 10.095 <0.001
TrxC 8 5.909 0.737 3.26 0.002
CMFO 1 4.733 4.733 20.888 <0.001
Dry biomass GLM Tr 2 0.909 68 37.324 0.110
c 4 20.11 64 17.214 <0.001
TrxC 8 4.335 56 12.879 0.007
INF 1 2.423 71 42.945 0.001
ICF 1 4.712 70 38.233 <0.001
Mortality ~ GLM Tr 2 2.238 146 9.763 0.327
c 4 3.484 142 6.279 0.480
TrxC 8 0 134 6.279 1
Chlorophylla LM Tr 2 0.118 0.059 0.496 0.612
c 4 1.946 0.486 4.074 0.006
TrxC 8 0.474 0.059 0.496 0.853




Species Variable Model Error family fuhicr;:(on Factor Df g\'ium Deviau;%e/Sum Resid SE‘)c;‘/Mean Resid c/i::aviance Pr(>§hi) /
Chlorophyll b LM Tr 2 0.073 0.037 0.517 0.599
C 4 0.412 0.103 1.455 0.229
TrxC 8 0.392 0.049 0.693 0.696
Carotenoids LM Tr 2 0.038 0.019 0.446 0.643
C 4 0.039 0.010 0.232 0.919
TrxC 8 0.244 0.031 0.717 0.676
Cai‘;gﬁiis L'ﬁﬁ‘;{‘;;;ger GLM  QuasiPoisson  Log Tr 2 1.137 144 74,516 0.109
C 4 33.008 140 41.508 <0.001
TrxC 8 7.09 132 34.418 0.001
NFO 1 0.047 146 75.653 0.668
Foliarlength ) Tr 2 0.138 0.069 0.603 0.549
increase
C 4 10.195 2.549 22.271 <0.001
TrxC 8 3.438 0.430 3.755 0.001
CMFO 1 0.005 0.005 0.042 0.839
Dry biomass GLM Gamma identity Tr 2 0.948 68 44.133 0.503
C 4 9.879 64 34.254 0.006
TrxC 8 3.998 56 30.256 0.671
ICF 1 2.297 70 45.081 0.068
Mortality GLM Binomial cloglog Tr 2 0 145 <0.001 1
C 4 0 141 <0.001 1
TrxC 8 0 133 <0.001 1
Chlorophyll a LM Tr 2 0.925 0.463 0.616 0.544
C 4 10.609 2.652 3.534 0.012
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Species Variable Model Error family fuhicr;:(on Factor Df g\'ium Deviar;ze/Sum Resid SE‘)c;‘/Mean Resid c/i::aviance Pr(>§hi) /
TrxC 8 9.808 1.226 1.634 0.136

Chlorophyll b LM Tr 2 0.340 0.170 0.913 0.407
C 4 2.450 0.613 3.287 0.017

TrxC 8 3.121 0.390 2.093 0.052

Carotenoids  GLM Gamma identity Tr 2 0.480 68 54.227 0.608
C 4 10.119 64 44.108 <0.001

TrxC 8 6.473 56 37.635 0.099

'?/iits”cing Leiﬁ‘;pgarzger GLM  QuasiPoisson  Log Tr 2 5.941 146 74.283 <0.001
C 4 28.59 142 45.693 <0.001

TrxC 8 9.279 134 36.414 <0.001

NFO 1 1.577 148 80.224 0.014

Follar fength Tr 2 0.067 0.033 0.168 0.846
C 4 8.057 2.014 10.139 <0.001

TrxC 8 1.012 0.126 0.637 0.746

CMFO 1 2.319 2.319 11.671 0.001

Dry biomass GLM Gamma identity Tr 2 0.436 71 13.267 0.022
C 4 4.823 67 8.444 <0.001

TrxC 8 4.677 59 3.767 <0.001

INF 1 1.708 73 13.703 <0.001

Mortality GLM Binomial cloglog Tr 2 2.211 147 9.804 0.331
C 4 3.302 143 6.502 0.509

TrxC 8 0 135 6.502 1

Chlorophyll a LM Tr 2 4.108 2.054 5.757 0.005
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Link Df / Num Deviance/Sum Resid Df/Mean Resid deviance Pr(>Chi) /

Species Variable Model Error family function Factor DE sq sq IF P

© 4 8.973 2.243 6.287 <0.001

TrxC 8 8.231 1.029 2.884 0.009

Chlorophyll b LM Tr 2 0.906 0.453 5.419 0.007

Cc 4 1.183 0.296 3.54 0.012

TrxC 8 1.881 0.235 2.814 0.010

Carotenoids LM Tr 2 1.231 0.616 6.361 0.003

© 4 0.988 0.247 2.552 0.048

TrxC 8 2.084 0.260 2.692 0.013
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