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Abstract

The Plant-Parasitic Nematodes (PPNSs) are responsible for considerable damage
on worldwide crops, which is evaluated in a value of 157 billion dollars. Among the
PPNs, Meloidogyne spp. (Goldi, 1892), commonly known as Root-Knot Nematode
(RKN), is one of the most important nematode disease, being responsible for devastating
crops with high economic importance, causing also a huge impact on international trade,
social and economic development. Pesticides, chemical synthetic products, are used to
control these plant enemies. However, these toxic compounds are responsible for causing
major environmental and human health problems. Therefore, it is essential to find
ecofriendly alternative resources for a sustainable agriculture, which was the main aim of
this work. This study evaluated, in vitro, the nematicidal activity of eight higher plants
(Acacia dealbata, Acacia longifolia and Vicia faba) and algae (Gracilaria gracilis,
Sargassum muticum and Ulva rigida) extracts on J2 of Meloidogyne sp. The activity of
each extract was observed at 24, 48, 96 and 168 hours. In each observation time, four
replicates of each treatment and of each control, were analysed for immobile and dead
nematodes and were subsequently discarded. The extract of U. rigida (0.1 g mL™) was
the most effective (98.8% mortality) against Meloidogyne sp. J2 after 48 hours of
exposure, obtaining 100% mortality at 96 and 168 hours. The second most effective was
the extract of oxidized pod of V. faba (0.1 g mL™*) with nearly 100% at 96 and 168 hours
of exposure. The fresh pod of V. faba extract (0.1 g mL™) was the third most effective,
followed by U. rigida (0.05 g mL1) and A. dealbata (0.2 g mL™?), respectively. S. muticum
(0.1 g mLY), G. gracilis (0.1 g mL™?) and A. longifolia (0.2 g mL) were the least
effective. Based on the obtained results, it should be highlighted that U. rigida, oxidized
and fresh pod of V. faba can be explored as potential sources for new ecofriendly
biopesticides. Therefore, the nematicidal effects of these species have brought new
insight on the development of a promising natural, cheap and environmentally-friendly
alternative to chemical synthetic pesticides for RKN management, progressing towards a

sustainable development.

Keywords: algae extracts, biopesticides, Meloidogyne sp., plant extracts, sustainable

development.
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Resumo

Os nematodes parasitas de plantas (NPPs) sdo responsaveis pela destruicdo de
culturas pelo mundo inteiro, o qual esta avaliado num valor de 157 mil milhdes de dolares.
Neste grupo incluem-se 0s nematodes-das-galhas-radiculares (NGR), Meloidogyne spp.
(Goldi, 1892), os quais sdo responsaveis pela destruicdo de culturas com elevado valor
econémico, causando um enorme impacto no comércio internacional e no desenvolvimento
social e econémico, sendo considerados uma das principais doencas dos NPPs. Pesticidas,
produtos quimicos sintetizados, séo utilizados para controlar esta doenca. No entanto, estes
compostos toxicos sao responsaveis por causar grandes problemas a nivel ambiental e a nivel
da satde humana. Deste modo, é essencial encontrar recursos alternativos e ecossustentaveis
para uma agricultura mais amiga do ambiente, sendo este o principal objetivo deste trabalho.
Neste estudo foram avaliadas, in vitro, a atividade nematicida de oito extratos de plantas
superiores (Acacia dealbata, Acacia longifolia and Vicia faba) e algas (Gracilaria gracilis,
Sargassum muticum and Ulva rigida), em J2 de Meloidogyne sp. A atividade foi observada
as 24, 48, 96 e 168 horas. Em cada tempo de observacdo foram analisadas quatro repeticdes
de cada tratamento e de cada controlo quanto a imobilidade e mortalidade dos nematodes,
tendo sido estas posteriormente descartadas. O extrato de U. rigida (0.1 g mL™) obteve o
melhor resultado (98.8% de mortalidade) contra J2 de Meloidogyne sp. ap6s 48 horas de
incubagdo, obtendo 100% de mortalidade as 96 e 168 horas. O segundo mais eficaz foi o
extrato de vagem oxidada de V. faba (0.1 g mL™?) obtendo quase 100% de mortalidade de J2
ap6s 96 e 168 horas de exposicdo. A vagem fresca de V. faba (0.1 g mL™) foi o terceiro
extrato mais eficaz, seguido pela U. rigida (0.05 g mL™) e A. dealbata (0.2 g mL™),
respetivamente. S. muticum (0.1 g mLY), G. gracilis (0.1 g mL™?) e A. longifolia (0.2 g mL
1y foram os extratos menos eficazes. Os efeitos nematicidas da U. rigida, da vagem oxidada
e fresca de V. faba nestes nematodes mostraram ter capacidade para o desenvolvimento de
um novo biopesticida. Portanto, o efeito nematicida destas espécies trouxe uma potencial
alternativa natural, econdémica e ecossustentavel, aos pesticidas sintéticos quimicos para o

controlo dos NGR, progredindo ao encontro de um desenvolvimento sustentavel.

Palavras-chave: biopesticidas, desenvolvimento sustentavel, extratos de algas, extratos de
plantas, Meloidogyne sp.
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1. Introduction

Agriculture will face multiple challenges in this century. It can be highlighted the
need to increase food production using the same crop fields to adopt more efficient and
sustainable production methods and to adapt to climate change (Alexandratos &
Bruinsma, 2012; FAO, 2017c).

In 2003 the world's population was 6.3 billion. Nowadays, it is estimated that by 2030
the earth will be inhabited by 8.5 billion people (UN, 2015). Such an increase on the
demand of food will require an additional agricultural production which should be based
on crop productivity improvement, and not in the increase of arable surface taken from
rain and temperate forest. This crop productivity improvement can be obtained through a
suitable plant enemies’ control (diseases, pests and weeds), which are responsible for
reducing crop production by an estimated average of 35% (Popp et al., 2013). Pests and
diseases affect food production during crop growth, post-harvest and storage (Kulkarni et
al., 2009). Thus, elimination of these plant enemies will help reduce world food crisis,
thereby improving animal and human health (Dimetry, 2014). Currently, the plant
enemies’ control is usually achieved by using synthetic chemical pesticides (Cook, 2000;
Agrios, 2005). On the other hand, the use of these pesticides (DDT and derivatives, for
instance) has led to serious environmental and health problems (Cook, 2000; Dimetry,
2014). This concern was already evident in the Stockholm Convention that took place in
2001, which aimed to eliminate or restrict the production and use of organic pollutants
(POPs) such as aldrin, chlordane, DDT, dieldrin, dioxins, endrin, mirex and toxaphene
(UNEP, 2010). Over time, reports about the negative effects of synthetic pesticides’ use
have been growing, leading to an increasing interest and demand for natural-based
biopesticides as an environmentally sustainable approach to pest control (Dubey et al.,
2010; Lehr, 2014).

1.1. Tomato

Solanum lycopersicum, commonly known as tomato, belongs to the Solanaceae
family, which also includes other well-known species such as tobacco, pepper and potato.
The Solanum genus has its origin in the South America and S. lycopersicum is one of the

most consumed horticultural crop worldwide due to its high nutritive value and



diversified use (Costa & Heuvelink, 2005; Ayandiji & Omidiji, 2011; Raiola et al., 2014).
In fact, tomato is a good source of vitamins A, B and C, mineral salts such as folic acid,
potassium and calcium, essential amino acids, iron, dietary fibers, phosphorus, sugars and
it is a low caloric fruit (Ayandiji & Omidiji, 2011). There are several beneficial effects
on human health associated with tomato. It decreases the risk of chronic diseases, such as
cardiovascular disease and cancer, increases skin resistance against harmful ultraviolet
radiation and improves bone health, among others (Agarwal & Rao, 2000; Rao & Rao,
2007; Raiola et al., 2014). As tomato is a perennial plant and has a short production cycle,
farmers obtain a high yield. Therefore, the production of tomatoes is very economically
attractive. Furthermore, as tomato grows easily, it is one of the most studied crops, and it
is normally used as a model plant or used to explore its characteristics (Schwarz et al.,
2014).

Tomato production has been increasing over the years and, in 2014, the world
production was about 170 million tons (FAO, 2017a). Portugal was the third main
producer in EU-28 in 2014, with about 1.4 million tons. Nowadays, one of the most

important sectors of agriculture in Portugal is the tomato production (FAO, 2017a).

Tomato yield decrease can be due either to abiotic stress, such as salinity and drought,
or biotic stress caused by pests, such as insects (leaf-mining larvae, whiteflies and
caterpillars), and diseases caused by bacteria (bacterial canker, bacterial spot, bacterial
wilt), fungi (fusarium wilt, early blight, southern blight), viruses (tobacco mosaic virus,
cucumber mosaic virus and tomato spotted wilt virus) and nematodes (Belonolaimus
longicaudatus, root-knot nematode) (Abrantes et al., 2007; Moshe et al., 2012; Smith,
2016).

1.2. Root-Knot Nematodes

The Phylum Nematoda includes a large number of invertebrate animals capable of
inhabiting a wide range of environments. They can be free living or obligate plant/animal
parasites. The Plant-Parasitic Nematodes (PPNSs) are responsible for considerable damage
on worldwide crops. Based on their feeding mechanisms, PPNs can be classified into
three broad groups: the migratory ectoparasites (e.g., Xiphinema spp., Trichodorus spp.
and Belonolaimus spp.), the migratory endoparasites (e.g., Pratylenchus spp. and
Radopholus spp.) and the sedentary endoparasites (Globodera spp., Heterodera spp. and
Meloidogyne spp.) (Sijmons et al., 1994; Li et al., 2015).
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Damage due to PPNs is evaluated in 157 billion dollars, in the world (Li et al., 2015).
Among the PPNs, the Meloidogyne spp. (Goldi, 1892) genus, commonly known as Root-
Knot Nematode (RKN), is one of the most important nematode disease for crops. It is
estimated that every year they cause worldwide crop losses of about 5% and they are
capable of parasite over 3,000 plants’ species, including fruits, ornamental and vegetable
crops, such as tomato, tobacco, rice, sunflower, bean, chickpea, grape, peach, melon,
corn, pineapple, carrot, lettuce, papaya and pumpkin (Eisenback & Triantaphyllou, 1991;
Hussey & Janssen, 2002; Abad et al., 2003). RKNs are also widely distributed in Portugal.
Some of the reported species affecting economically important crops are M. chitwoodi,
M. hapla, M. hispanica, M. javanica, M. arenaria, M. incognita and M. lusitanica
(Abrantes & Santos, 1991; Abrantes et al., 2008; Conceicéo et al., 2009).

The RKNs are obligate plant parasites and can affect the production and quality of a
number of plants with a high economic importance, as mentioned previously. Since RKN
need to penetrate roots to feed and reproduce, they affect the nutrient and water uptake
and the upward translocation by the root system, decrease the rate of photosynthesis on
the leaves and prevent the photosynthetic products passing through phloem to roots.
Therefore, plant health is compromised and the plant itself becomes more susceptible to
the attack by other pathogens such as pathogenic fungi, virus, and/or bacteria (Hussey,
1985; Carneiro et al., 1999).

The above-ground symptoms exhibited by Meloidogyne spp. infected plants may
consist in lack of vigor and various degrees of stunting because of the prolonged root
stress caused by nematodes. Plants also tend to wilt more readily under water stress and

high temperatures than non-infested plants (Hussey, 1985).

RKN life cycle (Fig. 1) includes four juvenile stages and four moults and it takes
between 22 and 30 days, depending on host susceptibility, soil temperature, among other
factors. The infective stage, the second-juvenile stage (J2), hatches from the eggs and
moves through the soil looking for roots of host plants. This stage is extremely important
in these nematodes life cycle and in their relation with the host. Any factor that influences
this process can have a significant effect in their survival, in the time of duration of the
generation and in the capacity of host infection (Moens et al., 2009; Conceicdo et al.,
2012). After root penetration, at the elongation zone, J2 migrate and start to feed on
protophloem and protoxylem cells (Karssen & Moens, 2006). These plant cells
differentiate into giant cells, providing a permanent supply of nutrients to the nematode,

3



so the infective juveniles are responsible to induce and develop a permanent feeding site
(Vanholme et al., 2004). The infected plant produces a gall around giant cells in response
to the presence of the nematode. At this stage, J2 becomes sedentary and, after three
successive moults, nematodes reach the third and the fourth-juvenile stages, and finally
the adult stage. The ratio females/males depends on several conditions, such as food
sources, temperature and water availability. If these conditions are favorable, most of the
adults become spherical females, if they are not the number of males increases. The males
migrate to the soil but the females keep sedentary in roots and produce a protective
gelatinous matrix where eggs are deposited, thus forming up the egg masses. The
embryogenic development happens inside the egg resulting in the first-juvenile stage.
Then, first-juvenile stage moult into J2, still within the egg (Abad et al., 2003; Karssen
& Moens, 2006; Moens et al., 2009).

Meloidogyne spp. reproduction depends on the species; nonetheless, most of them
reproduce by obligatory mitotic parthenogenesis. Some reproduce by amphimixis, where
the male is necessary to the fertilization, and some reproduce by facultative meiotic

parthenogenesis (Chitwood & Perry, 2009).

Q 12

. First moult, egg with
J2 after feeding Infective juvenile juvenile

Figure 1 The life cycle of the root-knot nematodes, Meloidogyne spp. J2: second-stage juveniles; J3: third-
stage juveniles; J4: fourth-stage juveniles. (Adapted from Karssen & Moens, 2006).
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1.3. Management and Control of RKN

Firstly, it is essential to understand the difference between the terms management
and control. Management strategies aim at achieving the effective suppression of the
nematode population density by using a combination of control practices. Control
practices are specific one-time actions available to growers that will reduce nematode

populations below the economic damage level (Nyczepir & Thomas, 2009).

In this moment, the most commonly used control practices in agriculture are included
in these categories: chemical control, cultural control, host plant resistance and
biopesticides (Fig. 2) (Nyczepir & Thomas, 2009).

Control practices

Chemical control Cultural control Host plant resistance Biopesticides
Fumigant nematicides Crop and fallow rotation Biological control
Mon-fumigant Trap crops, cover crops
nematicides and soil amendments Biochemical pesticides
Steam heat and
solarization
— Sanitation

Figure 2 Schematic representation of the different control practices.

Chemical control and host plant resistance are the most used means to control
Meloidogyne spp. in many annual economically important crops and in several perennial
crops in North America (Bridge & Starr, 2007; Nyczepir & Thomas, 2009).

Nematicides used in chemical control are usually categorized according to their
application methods in three categories: fumigant, non-fumigant, and those that are
derived from naturally occurring biotic sources (Haydock et al., 2006). At the moment,
in this chapter, special attention will be given to fumigant and non-fumigant nematicides,
which are considered synthetic controls, and not to those derived from naturally occurring
biotic sources, which are considered biopesticides (Haydock et al., 2006).



Fumigant nematicides are usually formulated as liquids and they volatilize to a
gaseous phase upon entering soil. On the other hand, non-fumigant nematicides, which
can be formulated either as granular or liquid materials, are not volatile and they need to
be dispersed in the soil through water via irrigation and/or rainfall to be active against
nematodes. Non-fumigants nematicides are considered nematostatic, as their effects are
reversible and nematodes are not killed. Therefore, it is important that the contact between
the nematodes and nematicide lasts for approximately 4-8 weeks, to avoid nematode
infection, causing minimal impact on plant growth. (Wright, 1981; Haydock et al., 2006).
It is also important to add that non-fumigant nematicides are not so effective in nematode
populations suppression as fumigant nematicides because they do not have broad-

spectrum activity (Sikora et al., 2005).

For many years, the use of nematicides to control Meloidogyne spp. was
recommended in pre and/or post-plant phases. However, many of the nematicides have
been banned from the market due to environmental and human health awareness issues
(Batchelor, 2002). One of them was the 1,2-dibromo-3-choloropropane (DBCP), whose
registration as a soil fumigant for all crops was suspended by the US Environmental
Protection Agency (EPA) in 1981 (Nyczepir & Thomas, 2009). After this, other
nematicides were prohibited, like methyl bromide that was forbidden in USA and
Western Europe after January 2005, which causes ozone depletion among other
undesirable effects (Nyczepir & Thomas, 2009). Another famous case is the highly toxic
aldicarb, which is used to control insects and nematodes. This pesticide was responsible
for thousands of poisoning, people and animal’s deaths, contamination of soil, foods,
rivers and groundwater. For this reasons the European Union banished this product (Zaki
et al., 1982; Ruiz-Suarez et al., 2015).

The European Union Authorizations’ Directive 91/414/EEC reduced the approved
nematicides for use in Europe, as new and existing pesticides active substances must
undergo a certification process (Haydock et al., 2006). Hence, the predominance of
nematicides has decreased in many regions of the world. Alternatives to chemical control
are being increasingly investigated and implemented when possible, and they can include
the use of host plant resistance, cultural practices and the application of biopesticides
(Nyczepir & Thomas, 2009).



Cultural control includes strategies such as crop and fallow rotation; trap crops,
cover crops and soil amendments; exploitation of plant phenology; steam heat and

solarization; sanitation (Nyczepir & Thomas, 2009).

Farmers frequently include non-hosts or poor crops to the specific nematode in their
crop production schemes to reduce Meloidogyne spp. populations (Nyczepir & Thomas,
2009). The key factors needed to assess the economic viability of crop and fallow
rotation are the identification of nematode species, to know their host range, the number
of non-host crops that are possible to cultivate in the geographic region, and the guarantee
that rotation crop will not lead to new plant-parasitic nematodes or other plant enemies
species establishment (Belair & Parent, 1996; Bridge & Starr, 2007; Nyczepir & Thomas,
2009).

Normally, the crop change reduces the economic return in the short-term because the
farmer may have to invest in new equipment and the new crop could be less profitable
(Viaene & Abawi, 1998). However, this method has proven to be successful with annual
crops. Conversely, it is not adequate to perennials. Sometimes it is necessary to leave the
land in fallow (uncropped) for an extended period of time before replanting an agricultural
crop. The objective of this method is to suppress nematode populations. The main
advantage of fallowing crop land is that the identification/characterization of nematode
species becomes relatively unimportant. Many farmers of intensive production systems
do not prefer to adopt fallowing because their profit is negative, due to weed control costs

and also due to the deleterious soil erosion effects (Nyczepir & Thomas, 2009).

Trap crops are plants used to suppress or directly control nematode populations.
These plants must be good hosts allowing the easy infection of the nematode species.
After infection, plants are killed before nematodes lay their eggs. This method does not
control migratory endoparasites or ectoparasites because they are not “trapped” in roots
(Nyczepir & Thomas, 2009). At the same time, trap crops provide others benefits such as
enrichment of organic matter, increasing beneficial microbial populations, weed
suppression and reducing soil erosion (Melakeberhan et al., 2006). In addition, there are
also major advantages of this method that can be pointed out, such as the productivity
increase in subsequent cultures and/or nematicides use reduction. On the other hand, most
of the considered good trap crops species are plants with unwanted characteristics, like

weedy traits or toxicity to the animals (McSorley, 1998).



Cover crops are those grown together or alternating with cash crop cycles. They
prevent soil erosion, improve soil structure (water infiltration and water-holding
capacity), improve soil fertility, increase soil organic matter and may also help in insect,
weed, and nematode suppression (including Meloidogyne spp.) if the crop is properly
selected (Timper et al., 2006). Cover crops can suppress nematodes because they only
move short distances on their own and if a cover crop is not a host, nematodes cannot
migrate to another field. Therefore, some nematodes can starve, helping to reduce their

population (Nyczepir & Thomas, 2009).

Soil amendments are elements added to the soil such as organic compost, poultry
manure and livestock. Normally, this strategy is used to enhanced the organic content and
improve the structure of the soil, increasing nutrients and moisture soil capacity (Nyczepir
& Thomas, 2009). This method is rarely used to control root-knot nematodes due to its
lower efficiency. In some cases the application of fresh poultry or composted horticultural
wastes increased vegetable yields and simultaneously decreased Meloidogyne incognita
population (Riegel & Noe, 2000).

Steam heat has long been utilized in greenhouse and nursery crop production
systems to control plant-parasitic nematodes, other soil-borne pathogens, insects and
weeds through soil sterilization. In fact, PPNs die when soil is heated at 45°C (Sikora &
Fernandez, 2005). Wang and McSorley, (2008) found that lower temperatures had lethal
effects on Meloidogyne incognita eggs and J2 of however, the exposure time increased,
which is consistent with the findings of Pullman et al., (1981). Nonetheless, the utilization
of steam heat in these days is limited by the high cost of heating fuel, amount of labor
required, reduction of beneficial soil biota and change in soil pH (Melander & Jgrgensen,
2005).

Soil solarization is normally used to manage root-knot nematodes in field
conditions. This technique of increasing soil temperature requires solar energy in high
levels without interruptions. Therefore, this method is used in temperate regions of the
world (Gaur & Perry, 1991). The temperature necessary to kill the PPNs was already
referred in the last technique. The limitations of this method are the size of the area to be
treated, the diminishing of pest control efficacy with increasing soil depths, the negative
effects on beneficial organisms, and the period of time needed (Freitas et al., 1997;
McSorley, 1998).



After using the techniques mentioned above to reduce RKN populations, it is
essential to follow good sanitation practices to minimize the introduction/dispersion of
RKNs into the crops. Sanitation is a cultural control to avoid the movement of RKNs to
new production areas or among planting sites (Nyczepir & Thomas, 2009). Some
examples of sanitation practices include cleaning equipment utilized in the farm,
utilization of inspected and certified plants without nematodes from trustworthy
nurseries, avoiding irrigate non-infested crops with runoff water that comes of infested

crops and removing infected plants before replantation (Nyczepir & Thomas, 2009).

Host plant resistance consists in the introduction of the cross natural nematode
resistance genes into cultivated plant species to improve their resistance to nematodes by
plant breeders. Some of the limitations of this method are the lack of durability because
of the increased frequency of virulent nematode populations, the time it takes to screen
for resistant plant varieties and the time necessary to breed resistance traits into
commercial varieties, and the specificity of the resistant host plant, since most of them
are only effective against a single Meloidogyne species. However, when available,
efficient host plant resistant is one of the most effective, economical and environmentally

safe strategies (Hussey & Janssen, 2002).

Another interesting way to control RKNs is the use of genetic engineering to develop
effective resistance in modern crop cultivars, known as Plant-Incorporated Protectants
(PIPs), which are recognized as biopesticides to US EPA. One of the most popular
examples of the use of genetic engineering is the introduction, in the plants' genome, of
the gene Bt, which encodes a pesticidal protein that occurs naturally in Bacillus
thuringiensis. In this way, the plant is capable of producing the same pesticidal protein
that will help control and/or kill the pest while it feeds on the plant. The US EPA is
responsible for controlling the genetic and proteic material introduced in the plant;
however, they do not regulate the plant itself (Schnepf et al., 1998; US EPA, 2016). The
development of genetically modified plants resistant to Meloidogyne spp. is being
studied, proving to be benign to the environment and non-target organisms. Furthermore,
this approach does not pose a risk to human health, which has been proven by
toxicological and allergenicity studies. However, the commercialization of these products
will be very difficult because of the currently lack of consumer acceptance of genetically

modified plants and European policies (Thomas & Cottage, 2006; Atkinson et al., 2009).



Biological control of nematodes refers to the use of living organisms that are natural
nematodes’ enemies, such as insects, fungi, bacteria, predatory nematodes and protozoa,
or their metabolites, to reduce the damage of nematodes in the crops (Eilenberg et al.,
2001; Li et al., 2015). Normally these natural enemies can be found in soils suppressive
to nematodes (Oka et al., 2000a). Actually, some microorganisms have effective
strategies to Kkill, digest and trap the PPNs. They usually affect specifically the
development stages of the nematode’s life cycle. This seems to be an ecological and
economical way to reduce the damage of RKNs. However, this method takes more
intensive planning and management, which is a significant disadvantage. Another
drawbacks of the biological control agents are the long time it takes to be accepted in the
market, the existence of natural enemies to each biological control agent and their limited

survival in some environmental conditions (Li et al., 2015).

Biopesticides are ecofriendly pesticides which are derived from natural substances
such as plants, bacteria, animals and certain minerals (Copping & Menn, 2000).

The biopesticides have different definitions in Europe and in the USA. In Europe,
biopesticides are those which are based on natural products (biochemical pesticides) and
microbial pesticides; in USA, biopesticides include natural products, microbial pesticides,
but also PIPs, which were previously mentioned (Copping & Menn, 2000; Chandler et
al., 2008; OECD, 2015; US EPA, 2017).

Biopesticides have several benefits compared to the conventional pesticides. They
are usually inherently less toxic and, therefore, safer and more target-specific than
conventional broad-spectrum pesticides. They are also more effective in lower quantities
and generally decompose faster, which offers lower exposure. Biopesticides can be used
in integrated pest management (IPM) programs, reducing the use of conventional
pesticides and simultaneously offering potentially higher crop yields (Thakore, 2006; S.
Kumar & Singh, 2015; Kamble et al., 2016; US EPA, 2016).

1.4. Biochemical Pesticides

The biochemical pesticides are natural substances, including plant extracts,
pheromones and natural insect growth regulators, able to control pests by less toxic
mechanisms than synthetic pesticides (Sarwar, 2015; US EPA, 2016). Sometimes it is
difficult to determine if the substance corresponds to the established criteria to be

classified as a biochemical pesticide. Thus, EPA has established a distinctive committee
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to make these kind of decisions (US EPA, 2016). When the biochemical pesticides are
incorporated in programs of IPM they reduce the use of conventional pesticides and at
the same time crop yields remain high. Therefore, the use of biopesticides and bio-
fertilizers is becoming more and more important as an alternative to the conventional
pesticides. The main reason to this fact is the increasing consumer awareness and concern
about food and environment safety. The production of biopesticides is increasing rapidly
and, in the future, it will be superior than the synthetic pesticides’ production (Gupta &
Dikshit, 2010).

The biochemical pesticides, which occur naturally in nature, have been successfully
used to reduce RKNs in various crops. They can have suppressive, repellent or
antagonistic effects on RKNs, while others are toxic. This may potentially lead to the
production of low-cost bionematicides. The factors that will determine the applicability
of the nematicide are their cost-effectiveness and availability (Chitwood, 2002; Coyne et
al., 2009).

There are several benefits of biochemical pesticides over synthetic pesticides, some
of which have already been already mentioned. The former are more efficient in lower
concentrations, which makes them less toxic than synthetic pesticides; they decompose
relatively faster and contain new compounds that RKNs are not yet able to inactivate.
Furthermore, they are also derived from renewable sources (Chitwood, 2002; Coyne et
al., 2009).

Various higher plants (Chitwood, 1992, 1993, 2002; Oka et al., 2000b; Dawar et al.,
2007; Abbas et al., 2009), and algae (Chitwood, 2002; Rizvi & Shameel, 2006; Khan et
al., 2015), have been found/reported with nematicidal activity. These bionematicides are

being screened and evaluated before being commercialized (Haydock et al., 2006).

Plants

Higher plants synthesize and produce secondary metabolites, which are not essential
to plant survival but facilitate the primary metabolism in plants, helping in their
development and growth (Kutchan & Dixon, 2005). Secondary metabolites normally
have an important role in plant defense against pathogens (Stamp, 2003). These chemicals
are extremely diverse and thousands of them are included in the major classes, such as

flavonoids, monoterpenoids, diterpenoids, alkaloids, and polyphenols (Feeny, 1976).
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Naturally occurring compounds in higher plants, such as, polythienyls,
isothiocyanates, glucosinolates, cyanogenic glycosides, polyacetylenes, alkaloids, fatty
acids and derivatives, terpenoids, sesquiterpenoids, diterpenoids, quassinoids, steroids,
triterpenoids, phenolics and miscellaneous have been found to have nematicidal activity
(Chitwood, 2002; Echeverrigaray et al., 2010; Abdel-Rahman et al., 2013; Khalil, 2014;
Khan et al., 2015).

Nowadays, more than one thousand seventy-five species of higher plants
demonstrated to possess pesticidal activity against birds, insects, mites, molluscs and
nematodes with agricultural importance (Prakash et al., 2014). Some of these plants were
Acacia auriculiformis, Adhatoda vasica, Tagetes patula, Tagetes lucida, Mentha spicata,
Eucalyptus melliodora and Carum carvi (Prakash et al., 2014). Overall, in the present
political and economic environment, there seems to be an excellent opportunity for the

development of phytochemical-based biopesticides.

Seaweeds

Macroalgae have long been studied as potential pharmaceutical and biocidal agents
(Ara et al., 1999, 2002, 2005; Craigie, 2011). Marine algae are known to stimulate and
help fruit, vegetable and other crops’ growth, because they contain all the major and
minor plant nutrients, presenting biocontrol properties as well (Crouch & Van Staden,
1993; Wu et al., 1997; Khan et al., 2005). Furthermore, they possess many organic
compounds, growth hormones or related to them, like gibberellins, precursor of ethylene,
betaine and auxins, which affect also other plant growth (Crouch & Van Staden, 1993;
Craigie, 2011).

These organisms contain also a wide range of compounds such as phenolic
compounds, alkaloids, alginic acids and bromine-containing acetogenins, some of these
compounds revealed to have nematicidal activity (Zhao, 1999; Ara et al., 2005).
Macroalgae compared to common pesticides exhibited more or similar suppressive
effects in the infection by nematodes, decreasing the number of galls and penetration of
nematodes in the tomato and sunflower roots. The extract of Ascophyllum nodosum
(Phaeophyceae) curbed the infection of Meloidogyne javanica and Meloidogyne
incognita, that can be due to y-aminobutyric acid betaine, glycine betaine and 6-
aminovaleric acid betaine (Jenkins et al., 1997; Wu et al., 1997). Hence, marine algae can
be a great help to prevent the infection caused by RKNs (Chitwood, 2002; Thirumaran et
al., 2009).
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1.5. Biopesticides and Sustainable Development

On January 2016, the resolution of the United Nations to transform our world,
progressing towards a Sustainable Development came into force. For this purpose, they
established 17 main goals, composed of 167 subgoals, which were approved unanimously

by 193 member states of United Nations, including several world leaders (UN, 2016a).

Goal number 2 aims to end hunger, improve nutrition, achieve food security and also
promote a sustainable agriculture (UN, 2016b). As mentioned before, the biopesticides
make an important contribution to sustainable agriculture and to achieve global food
security (Kumar & Singh, 2015; Kamble et al., 2016; US EPA, 2016).

The Goal number 15, which aims to stop biodiversity loss, stop and reverse land
degradation, combat desertification, and protect, restore and promote the conservation
and the sustainable use of terrestrial and other ecosystems (UN, 2016b), will be taken into

consideration in this project.

Invasive species are one of the major threats to natural ecosystems and the cause of
loss of biodiversity in many parts of the world (Marchante et al., 2015, 2017) . These
species are responsible for decreasing the abundance of native species, sometimes even
for eradicating them (Bais et al., 2003; Callaway et al., 2005). They are also responsible
for many negative impacts on public health, economy and water resources (Pysek et al.,
2012; Simberloff et al., 2013). Plant invasions are normally very expensive and difficult
to resolve, sometimes even impossible (Marchante et al., 2017).

This problem has increased the concern of scientists, researchers, land managers,
politicians and leaders of countries all over the world (Marchante et al., 2017). In
Portugal, national legislation acknowledged the severity of this problem and took
measures to minimize the introduction of new plants that can become invasive (Decreto-
Lei n° 565/99, of 21 December). Working with invasive species, by finding them a
purpose, will contribute to control their growth and avoid their proliferation in natural

ecosystems.

Acacia dealbata Link, a native and woody plant of Australia, was introduced in the
Southern Europe in the nineteenth century as an ornamental species. After its introduction
it became an invasive species between Portugal and Italy, specially due to the
Mediterranean and Atlantic climates (Lorenzo et al., 2010). In fact, nowadays, A.
dealbata is considered a serious environmental problem, because it has invaded
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watercourse, abandoned arable land and native woodland, reducing the autochthonous
flora in Europe (Carballeira & Reigosa, 1999; Lorenzo et al., 2008). The main reason for
this invasive success is the release of allelopathic compounds during flowering period,
corresponding to the germination period of native species (Carballeira & Reigosa, 1999;
Lorenzo et al., 2008). It was demonstrated that aqueous extracts of A. dealbata during
this period inhibit the germination and growth of meadow species and Lactuca sativa
(Carballeira & Reigosa, 1999). The phenolic compounds present in various Acacia
species can be responsible for these effects since these compounds probably interfere with
several biological processes of understory species (Casal et al., 1985; Gonzalez et al.,
1995). It was also demonstrated that allelopathic compounds released by A. dealbata had

an effect on soil microorganisms (Lorenzo et al., 2013).

Acacia longifolia, another woody Acacia species, also native from Australia, is one
of the worst invasive species of plants in Portugal. It was introduced in the Southern
Europe in the end of the nineteenth and early twentieth century to reduce sand erosion.
However, they are spreading widely mainly due to fire events. Today, it is responsible for
invading extensive areas of coastal ecosystems dominated by small shrubs and herbs and
transforming this area in a monoculture of A. longifolia. This species invasion is
responsible for decreasing the plant richness and diversity, altering several plant traits and
also changing the soil chemistry and functionality. Therefore they affect the plant
communities and their medium-term dynamics (Marchante et al., 2008a, 2008b;
Marchante et al., 2015). These impacts can persist over time, making it more difficult and
complex to restore the invaded areas (Marchante et al., 2009; Marchante et al., 2011; Le
Maitre et al., 2011). Another environmental impact caused by A. longifolia invasion is
the reduction of forest productivity, mainly in pine plantation in the littoral, which
increases the risk of occurring fires. Consequently this provokes a negative impact in
Portugal’s economy. Unfortunately, chemical and mechanical control methods used in
Portugal are very expensive and usually not successful, due to the persistent and
extensive, long-lived seed-bank accumulated in the soil, which promotes a quick re-
invasion of the areas after the interventions (Marchante et al., 2010). It was also
demonstrated that A. longifolia has significant effects on the catabolic diversity of soil
microbiota, which may have wider consequences on nutrient cycling (Marchante et al.,
20084a).
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Sargassum muticum (Yendo) Fensholt is a brown macroalgae, native of Japan,
which has spread widely along the European coast, being considered an invasive species
in Europe, including Portugal (Guiry & Guiry, 2017c¢). Its large quantity of biomass can
represent a viable biotechnological asset in the European resources development
programs. Furthermore, S. muticum can produce interesting phenolic compounds with
low molecular weight (Lann et al., 2012), which have demonstrated anti-microfouling
and antioxidant activities (Lann et al., 2008; Plouguerne et al., 2008). This seaweed also
contains sterols, which reduce the plasma-cholesterine level in animal experiments
(Ruqgia et al., 2015).

The Sargassum muticum is used as a potassium and nitrate source for soil fertilization
(Milledge et al., 2016). It is also used in heavy metal ion bioremediation to treat
wastewaters, due to its biosorption of heavy metals such as nickel, chlophenolic
compounds and cadmium (Davis et al., 2003; Lodeiro et al., 2006a, 2006b; BermUdez et
al., 2011).

El-Deen & lIssa (2016) demonstrated that Sargassum muticum also has activity

against Meloidogyne incognita.

The appreciation of endogenous resources will develop a local economy and
promote sustainable development by conserving and improving the biodiversity.
Therefore, this process involves expanding the region’s capacity to add value to
production. This will allow to absorb and retain the economic excesses locally generated

and to attract excesses generated in other regions (Natério et al., 2016).

Gracilaria gracilis is a red algae, Rhodophyta, with over 150 currently recognised
species (Guiry & Guiry, 2017a). The seaweeds of this genus are very important for
biotechnological and industrial uses and are considered economically valuable resources
because of their capacity to reach high yields of commercially valuable biomass and the
presence of phycocolloids, the main source of agar, which is a gelatinous non-toxic
colloidal carbohydrate present in the cell wall and intercellular spaces of the seaweed.
The agar can be used in the preparation of ice creams, soups, cosmetics, bacteriological
samples, jellies and food (Capo et al., 1999; Ghosh et al., 2011). Compounds with
antibiotic, antioxidant, antifungal, and antiviral activities have been detected in genus
Gracilaria (Mazumder et al., 2002; Souza et al., 2012; Kumar et al., 2013).
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Gracilaria gracilis can be found in significant quantities in the coast of Portugal.
Nowadays, in this country, it is used as a source of agar and used directly as food in
animal aquaculture (Guiry & Guiry, 2017a). Extracts of G. gracilis showed antimicrobial
activity (Tuney et al., 2006). Rizvi & Shameel (2006) demonstrated that methanol extract
of G. gracilis has some activity against Meloidogyne javanica. Thus, G. gracilis will also
be studied in this work, as it is a potential nematicide and exists in great quantity in
Portugal, as mentioned before, which could be a way of improving the country’s

economy.

Ulva rigida has a worldwide distribution in temperate and warm seas, and it is present
in large quantities in the coast of Portugal (Guiry & Guiry, 2017b). This macroalgae is
rich in carbohydrates, fibre, protein, minerals and vitamins and has low lipid content. It
is often utilized as a fresh sea vegetable by many island cultures and it is used in animal
feeding because it is an excellent source of nutrients, promoting a balanced diet (Taboada
etal., 2010).

There are several important reported activities for this species: antigenotoxicity
(Celikler et al., 2008, 2009), antihyperglycemic (Celikler et al., 2008), antileishmanial
(Sabina et al., 2005), immunomodulating (Leiro et al., 2007), antibacterial (Febles et al.,
1995; Ali et al., 2009; Trigui et al., 2013), and antioxidant (Yildiz et al., 2012; Trigui et
al.,, 2013). Moreover, Khan et al. (2015) verified a moderate effect on
Meloidogyne javanica. For the same reason referred before, U. rigida will also be studied

because it exists in great quantity in Portugal and has potential as a nematicide.

Circular Economy is also an issue that is intimately related with sustainability. Over
the last years the concept and development of circular economy model has been changing,
improving the dominant economic development model “take, make and dispose” (Ness,
2008; European Commission, 2014). The latter one is responsible for the negative effects
on the natural ecosystems integrity and on the economy stability, which are essential for
humanity’s survival. The European Commission defines circular economy as a way to
preserve the value added in products for as long as possible, with the aim of eliminating
wastes. It allows to maintain the resources in the economy when the product has reached
the end of its life, in order to keep it in productive use and create further value (European

Commission, 2014).
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Circular economy can become a new business model that leads to a more sustainable
development (Mathews & Tan, 2011; Naustdalslid, 2014). Sustainable development
involves simultaneous consideration of technology, economy, environment and social
aspects, as well as the interaction between these aspects (FAO, 2017b). All this

contributes to the circular economy (Birat, 2015).

The circular economy can help society reach wellbeing and increased sustainability
at low or no energy, material and environmental costs. Therefore, the circular economy
has the potential to understand and implement a new method/pattern to improve the

society (European Commission, 2014).

Faba bean (Vicia faba L.) is one of the most important cultivated legume crops in
the world. Their seeds contain vitamins, fibers, nutrients and many other compounds
capable of fighting cholesterol and probably mitigate Parkinson’s disease or even cancer.
It has the ability to fix nitrogen and control diseases and weeds in agriculture (Hou et al.,
2015). The amino acid called L-dopa is also present in faba bean and is responsible for
the stimulation and excitation of the brain. Recent studies indicate L-dopa as a beneficial

drug to combat brain diseases (Topal & Bozoglu, 2016).

Portugal is one of the most important producers of bean in Europe, mainly in Beira
Alta, Beira Litoral, Beira Baixa and Tras-os-Montes and Alto Douro, regions with a
production of 3037 tons in 2016 (INE, 2017). The faba bean is cultivated mainly for seed
consumption. Therefore, the pod is a common waste resulting from the faba bean

processing to obtain its seeds, representing 60% of the complete fruit (Cordeiro, 2016).

The antioxidant agents present in plant are responsible for the stabilization of fatty
acids through a reaction with free radicals, preventing radicals to react with oxygen atoms.
Over time, these antioxidant agents begin to lose their capacity to react with free radicals
and start to react with oxygen, turning the pod darker in color, a process designated by

oxidation (Degaspari & Waszczynskyj, 2004).

Besides the properties referred above, Vicia faba’s seed also showed very interesting
antifungal activity due to the protein chitinase (Wang et al., 2012); and antihypertensive,
antimicrobial, antioxidant and anticancer activities due to vicilin and legumin, two
storage proteins (Ferreira, 2013). Given all those properties, it may also have nematicidal

activity against RKNs.
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1.6. Objectives

Taking into account all the above mentioned, the main general goal of this study was
to find natural chemicals (biochemical pesticides) that could be effective alternatives to
synthetical chemicals in Meloidogyne sp. control. Moreover, this work aims to contribute:
a) to a better knowledge and increase value of some terrestrial plants and Portuguese
native species of marine macroalgae; b) to Circular Economy, converting agroindustrial

wastes as raw material; and c) to control an invasive Portuguese species.
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2. Material and methods

2.1. Preparation of plant extracts

Table 1 summarizes all the plant extracts used in this work to study their potential

as nematicides/nematostatic against Meloidogyne sp.

Table 1 Plant extracts and their respective concentrations tested for nematicidal/nematostatic

activity on Meloidogyne sp.

Plant species

Used plant part

Extract concentration

(9/mL)

Acacia dealbata Seeds 0.2
Acacia longifolia Seeds 0.2
Sargassum muticum Thallus 0.1
Gracilaria gracilis Thallus 0.1
Ulva rigida Thallus 0.1 and 0.05
Vicia faba Fresh and Oxidized pod 0.1

2.1.1. Extracts of Acacia dealbata and Acacia longifolia

Acacia longifolia and Acacia dealbata seeds were gently provided by Hélia
Marchante (Professor at ESAC-IPC and researcher at CFE) and Elisabete Marchante

(Researcher at CFE).

Both Acacia longifolia and Acacia dealbata extracts were obtained through a

solid-liquid extraction method using distilled water as solvent. Firstly, using a mortar with

pestle, 30 g of seeds were macerated in 150 mL of distilled water, to obtain a

concentration of 0.2 gmL™ (Figs. 3A and 3B). The macerate was transferred to an

Erlenmeyer and it was stirred for 48 hours. To remove bigger particles, the extract was
sieved to a laboratory bottle. Then, it was centrifuged (ROTANTA 460 R- Hettich

Zentrifugen) at 11500 rpm, for 25 minutes. This step was repeated until the extract was
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duly clear and then filtered through a filter paper Whatman N°1, using a vacuum pump
system, in order to obtain a clear solution to facilitate nematode observation during the in
vitro assays (Fig. 3C). The extracts were stored in a refrigerator at 4°C, until they were

used.

Figure 3 (A) Seeds of Acacia longifolia; (B) Seeds of Acacia dealbata; (C) Extract of A.
dealbata (left) and A. longifolia (right) filtered, at a concentration of 0.2 g/mL.

2.1.2. Extracts of algae

Sargassum muticum (Fig. 4A), Gracilaria gracilis (Fig. 4B) and Ulva rigida (Fig.
4B) were collected in “Baia de Buarcos” in Figueira da Foz (Fig. 4C). This area is
essentially dominated by a rocky substrate with marine pools, totally exposed to the sea
undulation and has a reduced slope. The seaweeds were handpicked and washed with
seawater to remove sand particles, debris and epiphytes. They were kept in plastic bags
in an ice box to maintain temperature, avoiding algae degradation, until transportation to
the laboratory.
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Figure 4 (A) Sargassum muticum in Baia de Buarcos of Figueira da Foz; (B) Ulva rigida (green) and Gracilaria
gracilis (red) in Baia de Buarcos of Figueira; (C) Baia de Buarcos of Figueira da Foz.

In the laboratory, algae were washed with tap water, to get rid of the salts from the
surface. The water was drained off to remove the excess from the algal material with a
blotting paper. Then, they were dried in an oven at 55°C for 24 hours. After this
procedure, using a mortar with pestle, 30 g of each seaweed were macerated in 300 mL
of distilled water to obtain a concentration of 0.1 g mL™. Then, the procedure followed

was similar to that described above (2.1) (Fig. 5).
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Ulva rigida extract was tested firstly at 0.1 g mL™. After this procedure, 30 mL of the
extract of U. rigida (0.1 g mL™) were diluted with 30 mL of distilled water, to obtain the
concentration of 0.05 g mL™, and centrifuged at 11500 rpm during 25 minutes to
homogenize the solution (Fig. 5D). This second concentration extract was prepared based
on the results obtained with the higher concentration of this extract. The extracts were

stored in the fridge at 4°C, until they were used.

Figure 5 Extract of Gracilaria gracilis (A),
Sargassum muticum (B) filtered at a concentration of
0.1 g/mL and Ulva rigida filtered at a concentration
of 0.1 g/mL (C) and 0.05 g/mL (D).

2.1.3. Extracts of Vicia faba

Fresh and oxidized pod of Vicia faba extracts were prepared using lyophilized
material gently provided by Inés Seabra (Professor at ESAC-IPC) (Figs. 6A and 6B).
Unfortunately, it was not possible to obtain a concentration of 0.2 g mL™, due to the lack
of sufficient of lyophilized material. A solid-liquid extraction method using distilled
water as solvent was also used, in this case. Firstly, 3 g of lyophilized material of fresh
pod and 1.5 g of lyophilized material of oxidized pod, were added to 30 and 15 mL of
distilled water, respectively, to obtain a concentration of 0.1 g mL™. The plant material
was stirred until dissolved, for 30 minutes. Then, the subsequent procedure was similar
to that above described (2.1).

Figure 6 (A) Extract of fresh pod of Vicia faba lyophilized; (B) Extract
of oxidized pod of V. faba lyophilized.
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2.2. RKN population maintenance

Meloidogyne sp. isolate was obtained from infected greenhouse tomato plants (Fig.
7A-C). Egg masses were picked with fine-tipped forceps and the isolate was maintained

in “Tiny Tim” tomato plants (Fig. 7D).

Figure 7 Root-knot nematode population maintenance: (A) Tomato roots infected with Meloidogyne sp.;
(B) Tomato root with Meloidogyne sp. egg masses on the surface of a gall. a: egg masses; (C) Some life
cycle stages of Meloidogyne sp. a: egg masses; b: egg; c: female; (D) Population of “Tiny Tim” tomato

used to maintain Meloidogyne sp. population.

Tomato seeds were uniformly distributed on filter paper, moistened with distillated
water covering the surface base of a Petri dish that was placed in a chamber at 25°C. After
germination, seeds were transferred, individually, to plastic cups with 5.5 cm of diameter
and a capacity of 75 cm?, containing a mixture of sterilized soil and sand in a proportion
of 1:1. The plastic cups were placed in a growth chamber with a temperature around 23°C,
relative humidity around 60% and a photoperiod of 12 hours. Plants were daily watered
and fertilized weekly with a nutrient solution (Nutrea®) in a concentration of 200 mL/hL.
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When tomato seedlings had two pairs of “true leafs”, they were transferred, individually,
to plastic pots with 9.5 cm of diameter, a capacity of 450 cm® containing a mixture of
sterilized soil and sand in a proportion of 1:1. Then, each pot was inoculated with ten egg
masses which were obtained from the infected tomato roots mentioned above and
maintained in the growth chamber at the same conditions. Sixty days after inoculation,
the egg masses were removed and the procedure was repeated.

2.3. Nematode inoculum

Meloidogyne sp. J2, the infective juveniles, were obtained from egg masses removed
from infected tomato roots. Egg masses were put in a small sieve, prepared with a square
of nylon, about 30 um of mesh, tied with an elastic to a rigid plastic ring, with 2.5 cm
diameter and 0.9 cm of height. The sieve was placed in a sterilized Petri dish, with 5 cm
diameter, containing tap water. Between the sieve and the bottom of the Petri dish was
placed a small square of plastic net. Thereby, it was formed a space between the Petri dish
and the sieve, to allow the J2 get out of the egg to the water in the Petri dish. After this,
the Petri dish with egg masses were put in a chamber at 25°C. Second-stage juveniles
hatched in the first 24 hours were discarded, to be sure that only 24 hours-old J2 were
used in the study (Fig. 8).

Figure 8 Petri dish to obtain
Meloidogyne sp. J2 from egg
masses.
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2.4. Nematicidal and Nematostatic activity bioassays

Bioassays were performed in excavated glass blocks previously disinfected with 96%
ethyl alcohol. In each block, it was added 0.5 mL of each of the different treatments. An
eyelash stuck to a Pasteur pipette was used to transfer 20 J2 Meloidogyne sp. to each

block. The eyelash was disinfected prior to use in each treatment.

To avoid potential extract evaporation, all blocks were placed in a humid chamber
prepared by placing a net on the bottom of a plastic box and adding water nearly to the
emersion of the net. Glass blocks were put on the net and the box, after being covered,
was placed in the dark (Fig. 9). Number of immobile and dead nematodes were monitored
at 24, 48, 96 and 168 hours, after J2 exposure to the treatment, using a stereoscopic
microscope (Leica Zoom 2000 Stereozoom Microscope, 7x to 30x Magnification). In
each observation time, four replicates of each
treatment and of each control were analysed for
immobile and dead nematodes and were
subsequently discarded. Nematodes were considered
dead when they were motionless and remained
immobile after being touched several times in
different parts of the body with an eyelash and still
kept immobile during one hour after being
transferred to distilled water. Nematodes were
considered immobile when they moved after being

touched with an eyelash or regained mobility after

one hour of being in distilled water.

d Figure 9 Humid chamber with the

Distilled water was used as negative control and | .
bioassay glass blocks.

a commercial nematicide, Nemacur (0.6% V/v),

whose active substance is fenamiphos was used as positive control. It was made four
replicates for each treatment and observation time, to have independency among
observation times. Thus, sixteen replicates were made for each treatment.

The percentage of J2 mortality observed in the glass blocks after 24, 48, 96 and 168
hours was corrected by eliminating the natural death in the negative control (water

control) according to the Schneider-Orelli formula (Puntener, 1981):
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0 % Mortality in Treament — % Mortality in Control
% of Corrected Mortality = 100 — % Mortality in Control %X 100

The lethal and immobilization activity were classified as follows: strong,
mortality/immobility  >80%; moderate, mortality/immobility = 80-61%; low,
mortality/immobility 60-41%; very low, mortality/immobility 40-10%; no activity,
mortality/immobility <10% based on the scale adopted by Kong et al. (2006).

Data were also subjected to a one-way and two-way analysis of variance (ANOVA),

followed by Tukey test, using a significant level of p = 0.05 (Zar, 1996).
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3. Results

As dead can be considered the highest nematicidal activity of a treatment, firstly,
only the dead nematodes, and hence the nematicidal activity, will be taken into
consideration. Nevertheless, the nematostatic activity is also important in nematode
control, since immobile nematodes cannot infect the roots. Nematostatic activity will be

analysed later in this section

After 24 hours exposure, none of the extracts demonstrated lethal activity against
Meloidogyne sp. J2 (Fig. 10), only the commercial nematicide was effective, with 100%
mortality, as expected. However, after 48 hours of exposure (Fig. 11), it was observed a
strong mortality effect, above 98%, for the Ulva rigida extract (0.1 g mL™), followed by
the oxidized pod of Vicia faba (23.8%) and the fresh pod of V. faba (7.5%). All the other
extracts did not cause significant J2 mortality. Therefore, the extract of U. rigida (0.1 g
mL™) was the most effective against Meloidogyne sp. J2, having comparable mortality to

that of the commercial nematicide, after 48 hours of exposure.

24 hours of exposure
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Figure 10 Percentage of cumulative mortality of Meloidogyne sp. second-stage juveniles (J2) after 24 hours
exposure to different extracts. Results are means of four replicates. Columns with the same letter do not
differ significantly according to Tukey test (P< 0.05). W: Water; Al: Acacia longifolia (0.2 g/mL); Ad:
Acacia dealbata (0.2 g/mL); FVf: Fresh pod of Vicia faba (0.1 g/mL); OVf: Oxidized pod of Vicia faba
(0.1 g/mL); Sm: Sargassum muticum (0.1 g/mL); Gg: Gracilaria gracilis (0.1 g/mL); Ur(0.1): Ulva rigida
(0.1 g/mL); Ur(0.05): Ulva rigida (0.05 g/mL); N: Nemacur (0.6% v/v).
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48 hours of exposure
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Figure 11 Percentage of cumulative mortality of Meloidogyne sp. second-stage juveniles (J2) after 48 hours
exposure to different extracts. Results are means of four replicates. Columns with the same letter do not
differ significantly according to Tukey test (P< 0.05). W: Water; Al: Acacia longifolia (0.2 g/mL); Ad:
Acacia dealbata (0.2 g/mL); FVf: Fresh pod of Vicia faba (0.1 g/mL); OVf: Oxidized pod of Vicia faba
(0.1 g/mL); Sm: Sargassum muticum (0.1 g/mL); Gg: Gracilaria gracilis (0.1 g/mL); Ur(0.1): Ulva rigida
(0.1 g/mL); Ur(0.05): Ulva rigida (0.05 g/mL); N: Nemacur (0.6% v/v).

At 96 hours exposure (Fig. 12), Ulva rigida extract (0.1 g mL™) caused 100%
mortality. Another extract that also had a strong activity was the oxidized pod of Vicia
faba (93.8%), which had an increase of 70% of mortality, from 48 to 96 hours. Thus, both
U. rigida (0.1 g mL™) and oxidized pod of V. faba extracts had a comparable behavior to
the commercial nematicide. Therefore, based on these results, both extracts should be
better studied to confirm their potential as natural nematicides for RKN. The fresh pod of
V. faba extract demonstrated a moderate nematicidal activity (67.5%), which might also
be considered as a potential nematicide. On a lower level of nematicidal activity, there
was U. rigida (0.05 g mL™) and Acacia dealbata extracts, the later one having less
nematicidal activity than the former. The extracts of Acacia longifolia, Sargassum
muticum and Gracilaria gracilis did not have relevant activity against Meloidogyne sp.
J2.
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Figure 12 Percentage of cumulative mortality of Meloidogyne sp. second-stage juveniles (J2) after 96 hours
exposure to different extracts. Results are means of four replicates. Columns with the same letter do not
differ significantly according to Tukey test (P< 0.05). W: Water; Al: Acacia longifolia (0.2 g/mL); Ad:
Acacia dealbata (0.2 g/mL); FVf: Fresh pod of Vicia faba (0.1 g/mL); OVf: Oxidized pod of Vicia faba
(0.1 g/mL); Sm: Sargassum muticum (0.1 g/mL); Gg: Gracilaria gracilis (0.1 g/mL); Ur(0.1): Ulva rigida
(0.1 g/mL); Ur(0.05): Ulva rigida (0.05 g/mL); N: Nemacur (0.6% v/v).

At 168 hours of exposure (Fig. 13), the effect of the Ulva rigida extract (0.1 g mL™)
was equivalent to that observed at 96 hours and the effect of oxidized pod of Vicia faba
had a very small increase (from 93.8% to 96.3%). The fresh pod of V. faba extract (80%),
which had an increase of 12.5% when compared to 96 hours of exposure, demonstrated
again a moderate to strong activity. The effect of U. rigida (0.05 g mL™) extract was
almost equivalent to that observed at 96 hours, with an increase of only 1%. The Acacia
dealbata extract showed lower level of nematicidal activity once more, despite increasing
from 11.3% to 22.5%. Another extract with lower nematicidal activity was Sargassum
muticum extract (11.3%). In the others two extracts, namely Acacia longifolia and
Gracilaria gracilis, the mortality was residual, comparable to that occurred in the

negative control, water.
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Figure 13 Percentage of cumulative mortality of Meloidogyne sp. second-stage juveniles (J2) after 168
hours exposure to different extracts. Results are means of four replicates. Columns with the same letter do
not differ significantly according to Tukey test (P< 0.05). W: Water; Al: Acacia longifolia (0.2 g/mL); Ad:
Acacia dealbata (0.2 g/mL); FVT: Fresh pod of Vicia faba (0.1 g/mL); OVf: Oxidized pod of Vicia faba
(0.1 g/mL); Sm: Sargassum muticum (0.1 g/mL); Gg: Gracilaria gracilis (0.1 g/mL); Ur(0.1): Ulva rigida
(0.1 g/mL); Ur(0.05): Ulva rigida (0.05 g/mL); N: Nemacur (0.6% v/v).

To sum up, it can be said that, in terms of mortality, the Ulva rigida extract
(0.1 gmL"Y) had an effect on this Meloidogyne species similar to that caused by the
commercial nematicide, except for the first observation time, 24 hours. Regarding the
mortality caused by oxidized pod of Vicia faba extract it was similar to those two
treatments at 96 and 168 hours exposure, which may potentially lead to a good nematicide
against RKN species.

To better understand the simultaneous effect of both factors, extracts and time, on
Meloidogyne sp. J2, the results of the two-way ANOVA analysis are presented in table 2.
In this analysis, it is possible to take into account that observation in each time is

independent.
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Table 2 Two-way ANOVA analysis results of plant extracts over time on Meloidogyne sp. J2
cumulative mortality.

Extract
Treatment concentration Time (hours) Mean + SD *
g/mL

168

0.3 +0.432"
168 0.3+0.432b
0£0°
168 45+15°
Fresh pod of 1.5+1.12°
Vicia faba ’
168 16 +0.71°¢
475+043°

Acacia longifolia

168 19.3+0.83
Sargassum 0+0°

muticum

0+0°
168
168 20+0°

Ulva rigida

Nemacur
(0.6% Vv/v).

* - Results are the means and standard deviation of four replicates with 20 nematodes each. Results with

the same letter do not differ significantly according to Tukey test (P< 0.05).
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It can be noticed that this analysis corroborated the results presented above.

In order to better understand the influence of each extract on this Meloidogyne

species, the nematostatic effect, that is J2 immobility, is now also analyzed linked with
mortality data.

Effects of Acacia longifolia extract

The Acacia longifolia (0.2 g mL™) extract had a moderate J2 immobilization effect
after 24 hours of exposure (61.3% - 76.3%) and almost no lethal activity was observed
during the experiment. Between the 96 and 168 hours of exposure the percentage of
immobilized J2 decreased without the increase in mortality, which may be due to an
adjustment of the J2 to the extract of A. longifolia (Fig. 14).
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Figure 14 Effect of Acacia longifolia extract (0.2 g/mL) on Meloidogyne sp. J2 after 24, 48,
96 and 168 hours’ exposure.
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Effects of Acacia dealbata extract

The effects of the Acacia dealbata extract on J2 at a concentration of 0.2 g mL? is
represented in Figure 15. Forty eight hours after exposure, a very low percentage of
immobility effect (16.3 %) was observed. At 96 hours of exposure, the immobility
decreased probably because immobile nematodes died. In fact, mortality started to be
noticeable at this period of time (11.3%) and increased up to 22.5% at the end of the
experiment (168 hours), when the immobility was 63.8%. Considering the nematostatic
and the nematicidal activities, as well as, the total of immobile and dead nematodes at

168 hours, the A. longifolia extract had a strong activity against this J2 species (86.3%)

(Fig. 15).
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Figure 15 Effect of Acacia dealbata extract (0.2 g/mL) on Meloidogyne sp. J2 after 24, 48,
96 and 168 hours’ exposure.

Effects of fresh and oxidized pod of Vicia faba extracts

Regarding the fresh pod of Vicia faba extract (Fig. 16), after 24 hours of exposure,
a moderate effect was observed: 72.5% of J2 were immobile. This percentage increased
to 88.8%, at 48 hours, which can be considered a strong nematostatic effect. Furthermore,
mortality started to increase to 7.5% and after 96 hours it increased to 67.5%, considered
a moderate mortality effect. It is also important to highlight that, after 48 hours of
exposure, less than 4% of nematodes were alive, meaning with normal mobility. In fact,
at 48 hours exposure, most of the J2 were immobile or dead. Until the end of the
experiment, it was observed a gradual decrease of immobility, corresponding to an
increase of mortality. The nematicidal effect increased with increasing time of J2

exposure to the extract (Fig. 16).
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Figure 16 Effect of fresh pod of Vicia faba extract (0.1 g/mL) on Meloidogyne sp. J2 after
24,48, 96 and 168 hours’ exposure.

A strong nematostatic effect was observed after 24 hours of exposure to oxidized
pod of Vicia faba extract (0.1 g mL™) (Fig. 17). This percentage decreased over time
while the number of dead J2 increased. After 96 hours of exposure almost 94% of the J2

were already dead. Therefore, the strong nematostatic effect was converted in a strong
nematicidal activity (Figs. 17 and 18).
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Figure 17 Effect of oxidized pod of Vicia faba extract (0.1 g/mL) on Meloidogyne sp. J2
after 24, 48, 96 and 168 hours’ exposure.
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Figure 18 Dead Meloidogyne sp. J2 one hour
after being transferred to distilled water. These
J2 were exposed for 96 hours to oxidized pod of
Vicia faba extract.

Effects of Sargassum muticum extract

The Sargassum muticum extract, at a concentration of 0.1 g mL™, had a considerable
quick effect on this Meloidogyne species J2, after 24 hours of exposure, with 95% of
immobility (Figs. 19 and 20A). However, this effect was considerably reduced to 16.3%
at 48 hours (Fig. 20B), slightly increasing to 18.8% at 168 hours. Very low mortality
(11.3%) and immobilization of J2 (18.8%) was obtained at 168 hours (Fig. 19).
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Figure 19 Effect of Sargassum muticum extract (0.1 g/mL) on Meloidogyne sp. J2 after 24,
48,96 and 168 hours’ exposure.
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Figure 20 Effect of Sargassum muticum: (A) J2 of Meloidogyne sp. after 24 hours of exposure to S.
muticum; (B) J2 of Meloidogyne sp. after 48 hours of exposure to S. muticum.

Effects of Gracilaria gracilis extract

The Gracilaria gracilis extract, at a concentration of 0.1 g mL™?, on J2 represented in
Figure 21, showed a low nematostatic effect (15%) at 24 and 48 hours, although it
increased at 96 hours to 36.3%. At this time, mortality was also observed (6.3%). At 168
hours, the percentage of immobile J2 increased again to 50%. However, it was considered
a weak effect, in accordance to the established scale. Mortality values did not increase.
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Figure 21 Effect of Gracilaria gracilis extract (0.1 g/mL) on Meloidogyne sp. J2 after 24,
48,96 and 168 hours’ exposure.
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Effects of Ulva rigida extract

The effect of Ulva rigida extract on J2 at 0.1 (A) and 0.05 g mL™* (B) concentrations
are represented in Figure 22. A strong nematostatic effect was observed after 24 hours of
exposure from the higher concentration extract of U. rigida (0.1 g mL™) and a strong
lethal activity, 98.8%, was obtained at 48 hours, reaching 100% at 96 hours. Therefore,
U. rigida (0.1 g mL™) extract had the same effect as the commercial nematicide, after 48
hours of exposure as mentioned before (Figs 11, 12 and 13). Figure 23A shows all the
dead J2, with a straight form. Besides that, they did not recover mobility even after one
hour in distilled water (Fig. 23B) and probied with a needle. Figure 23C shows all the

nematodes alive, moving and with a typical sinusoidal form (“S”-shaped).

Regarding Ulva rigida extract, at 0.05 g mL™?, in a general way, it was observed a
significant lower nematostatic and nematicidal effect. At 24 hours, 10% of J2 were
immobile and this nematostatic effect gradually increased until the end of the experiment
(41.3%). However, a significant increase on mortality occurred from 48 hours (1.3%) to
96 hours (35%). At 168 hours, if immobility and mortality were considered together, this

concentration extract was very near to be considered as having a strong effect (Fig. 22).
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Figure 22 Effect of Ulva rigida extract at different concentrations (0.1 and 0.05 g/mL) on
Meloidogyne sp. J2 after 24, 48, 96 and 168 hours’ exposure, A = U. rigida with a concentration of
0.1 g/mL; B = U. rigida with a concentration of 0.05 g/mL.
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Figure 23 (A) Meloidogyne sp. J2 after 48 hours of exposure to Ulva rigida (0.1 g/mL); (B)
Meloidogyne sp. J2, exposed 48 hours to U. rigida (0.1 g/mL) one hour after being transferred to
distilled water; (C) Meloidogyne sp. J2 after 168 hours of exposure to water (negative control).
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4.Discussion

After the results presentation and their direct discussion, a deeper analysis will be

done subsequently.

As indicated by many other researchers (Oka et al., 2000b; Chitwood, 2002; Kong et
al., 2006; Abbas et al., 2009; Ntalli et al., 2010; Abdel-Rahman et al., 2013; Khan et al.,
2015), the results obtained in this work demonstrated that, in fact, higher plants and algae
extracts could be a source of naturally occurring nematicides for Meloidogyne spp.
control. This fact was more evident for the extracts that had the strongest in vitro
nematicidal activity: Ulva rigida (0.1 g mL™), oxidized and fresh pod of Vicia faba. The
Acacia dealbata (seeds) and U. rigida (0.05 g mL™) extracts also demonstrated a great

result regarding nematicidal and nematostatic effect.

It can also be observed that, in a general way, J2 mortality increases with the increase
of exposure time, that is, nematicidal effect is directly affected by duration of exposure.
This finding is in accordance with other authors observations (Rizvi & Shameel, 2006;
Ntalli et al., 2010; Martins et al., 2015).

Another issue that should be considered relevant in this study is the use of water as a
solvent instead of using organic solvents. Water is an ecofriendly, sustainable, and low-
cost solvent. Furthermore, it facilitates the recovery and recycling of the inorganic matters

contained in biomass for eventual use as fertilizers (Caboni et al., 2013).

Elbadri et al. (2008) reported that the extracts obtained from seeds probably cause
higher mortality on RKN J2 than bark and leaf extracts from various higher plant species.
Leocadio (2016) also found that Acacia dealbata seed extracts had stronger activity than
leaves extract on Bursaphelenchus xilophylus. In the present study, a weak action was
observed for A. longifolia’s seeds. After 168 hours of exposure, A. dealbata showed a
stronger result than A. longifolia, as almost 64% were immobile and 22.5% were dead
after 168 hours of exposure. Therefore, the majority of nematodes were affected by the
extract. The observed differences on the effects of both species of Acacia may be a
consequence of the secondary compounds present in the seeds of A. dealbata (Lorenzo et
al., 2010, 2013). Further studies are needed on the chemical composition of A. dealbata
and A. longifolia seeds, in order to better understand the difference between the secondary
metabolites of these seeds and to learn which of them are interfering with the
physiological processes of J2 of RKN. This would be a way of helping controlling
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invasive species, while simultaneously taking into account the global project to change
the world.

Positive results were also obtained with oxidized and fresh pod of Vicia faba extracts,
revealing this type of plant material to be very promising for the control of this harmful
biotic agent. In both extracts almost 100% of J2 were dead or immobile, and thus unable
to eat or reproduce, after 48 hours of exposure. The oxidized pod of V. faba after 96 and
168 hours had the same effect as the positive control (Figs. 12 and 13). Nonetheless, the
oxidized plant material had a higher potential in controlling the nematodes than the fresh
pod of V. faba. As the fresh pod has more phenolic compounds than the oxidized pod
(Lee, 1992), the effect on J2 could be due to other kind of compounds or the fact that
compounds present in the fresh pod extract may interact in an antagonistic way,
cancelling out the potential effect of each of the isolated compounds. It should be
evaluated the effect of this extract in the field since it can probably have a positive result
due to its in vitro nematicidal effect shown before. This could improve Portugal’s
economy, one of the most important producers of bean in Europe. On the other hand,
converting agroindustrial wastes (pods) to raw materials, as a nematicidal source, adding
value to those wastes, will promote sustainable development and circular economy
(Naustdalslid, 2014; European Commission, 2014; FAQO, 2017b).

Sargassum muticum did not show a strong activity to control Meloidogyne sp. J2,
which is in agreement with the research of EI-Deen & Issa (2016). Besides, the extract
used in this work was even less effective. This could be due to the utilization of different
species of Meloidogyne in each research, as highlighted by Galhano (2005) and Al-Banna
et al., (2003), or to the variations in chemical composition triggered by seasonal changes
(Gorham & Lewey, 1984).

Although Sargassum muticum extract did not have an evident negative effect on this
J2 RKN species, its potential effects should be taken into consideration. At 24 hours, near
100% of the nematodes were immobilized (Figs. 19 and 20A), which reveals a strong
nematostatic effect in the control of Meloidogyne sp. Still, at 48 hours, 83.8% of the
nematodes were alive (Figs. 19 and 20B). This recovery in mobility by J2 may be due to
a short period of action of S. muticum extract, or to the ability of Meloidogyne sp. to adjust
to the extract. It might be interesting to combine this with other extracts, such as those
from Acacia longifolia or from Vicia faba pod, in order to obtain better results in
nematode control. This way, by first applying the S. muticum extract, the majority of
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nematodes would become immobile and possibly more susceptible to the effects of the
mentioned above extracts, which might lead to a higher mortality as a result of the
synergetic effect of the different extracts. Therefore, it may be used as a potential

biopesticide in the future and, consequently, it may be a way of controlling its invasion.

Gracilaria gracilis did not show a strong activity on this RKN J2 species. Rizvi &
Shameel (2006) also obtained a weak J2 mortality on Meloidogyne javanica with
methanol extract of G. gracilis at a concentration of 0.1 g mL™. However, their results
showed stronger activity than the observed in the present work. This could be explained
by the use of different solvents, with different polarities, for the extract preparation. Khan
et al., (2015) studied the nematicidal activity of water and methanol extracts of 32
seaweeds against M. javanica J2. For each species, the methanol extract was, most of the
times, more effective than the water extract, which supports the difference mentioned
above. Another reason for this difference could be chemical composition differences due
to different geographic locations (Spoehr & Milner, 1949).

The success of Ulva rigida as a potential nematicide might be due to the presence of
terpenoids in its composition (Mezghani et al., 2016), which are known to have
nematicidal activity (Chitwood, 2002; Abdel-Rahman et al., 2013; Khalil, 2014). There
were significant differences in mortality between U. rigida at 0.1 g mL™ and U. rigida at
0.05 g mL?, the later being less effective than the former, which infers a dose-response
relationship that is also demonstrated by other authors (Pandey et al., 2000; Martins et
al., 2015). Martins et al. (2015) observed that the higher concentration of carvone caused
higher mortality on Meloidogyne javanica. Pandey et al., (2000) also observed higher
mortality of Meloidogyne incognita J2 by increasing concentration of several essential
oils, such as those present in Eucalyptus citriodora, Eucalyptus hybrida, Mentha arvensis,
Mentha piperita, Mentha spicata, Ocimum basilicum, Pelargonium graveolens and

Cymbopogon martini.

Khan et al. (2015) tested Ulva rigida on Meloidogyne javanica, after 72 hours of
exposure at a concentration of 0.1 g mL™ achieving a 73% of J2 mortality. The present
study supports this finding the macroalgal species to be used as a potential biocide, since
it was found 100% mortality of for the same period. The reason for the difference in the
mortality values between the two studies may be explained by the different species of
Meloidogyne causing the disease. It is known that different species of Meloidogyne react
differently to the same extract (Al-Banna et al., 2003; Galhano, 2005). It was not possible

41



to identify the species used in the present work, but, to effectively compare results and
assess the nematicidal effect of these extracts, this is a mandatory step. However, the

effect in the genus was clearly observed.

Therefore, the Ulva rigida at 0.1 g mL™* extract could be a safer and more target-
specific alternative than conventional, broad-spectrum pesticides to control this disease
(Kumar & Singh, 2015; Kamble et al., 2016; US EPA, 2016). It showed a positive effect
very quickly because it inhibits the ability of almost all J2 to infect plants after 24 hours
of exposure and at 48 hours had the same effect of the commercial nematicide, as
mentioned before. Since U. rigida at 0.1 g mL™* extract had a very positive result in
controlling RKN J2, the possibility of producing a biopesticide is higher. Therefore, this
project can contribute to increasing Portugal’s economy since U. rigida exists in great

quantity in the country.

There is some important future research that should be carried on: to identify the
Meloidogyne species; to confirm in field the nematicidal effect of those with more
promising results; to determine the mode of action of each extract; to isolate and identify
active compounds and study their toxicity on several organisms commonly used in
ecotoxicological pesticide effects, as well as evaluate the safety of these extracts on
human health; to test the nematicidal activity extracts on other nematode species; and to

ensure the development of costly competitive formulations.
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5. Conclusion

Considering the emerging problems resulting from the use of synthetic chemical
pesticides, it is essential to find ecofriendly alternatives for a more sustainable agriculture.
The effects of Ulva rigida, oxidized and fresh pod of Vicia faba on Meloidogyne sp.
observed in this work bring new insights for the development of a promising natural,
cheap and environmentally-friendly alternative nematicides, to control the problematic
RKN, which are causing significant economic losses in Portugal and all over the world.
As raw material used in those extracts came from Portuguese native species of marine
macroalgae and from an agroindustrial waste, this solution will certainly value Portuguese
endogenous resources and boost Circular Economy, progressing towards a Sustainable
Development by taking into consideration the goals number 2 and 15 established by the
United Nations.
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