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Abstract The nematode Radopholus similis is a major pest in
banana plantations worldwide. This nematode is actually con-
trolled using synthetic, toxic nematicides. Alternative control
methods are therefore needed. For instance the liquid by-
product of fiber extraction from sisal (Agave sisalana) may
be used as a nematicide. Here we tested the nematicidal
activity of the sisal residue, fresh or fermented, on R. similis
in banana plants. We measured immobility and mortality
effects by nematode immersion in an aqueous solution of sisal
residue for 24 and 48 h. Nematode control was also evaluated
in the Grand Naine banana plants under greenhouse condi-
tions using soil amendments of residues. We measured plant
growth, pseudostem diameter, the number of leaves, and the
dry weight of the aerial parts, corm and roots, as well as factors
related to nematode control such as the level of damage, the
population of R. similis in roots and soil, and nematode
reproduction factors. Our results show that the sisal residue
efficiently controlled R. similis in vitro, displaying mortality
rates of 99.2 % for the fresh residue. The damage caused by
R. similis on plants was similar for the treatment with the sisal
residue at a concentration of 25 % and with the nematicide.
This is the first report on the nematicidal effect of the sisal
liquid residue on the banana burrowing nematode. This by-

product presents the potential for the development of new
alternatives for nematode control, with a low-cost and low-
environmental risk plant nematicide.

Keywords Musa spp. . Agricultural wastes . Nematicidal
activity .Agave sisalana . Radopholus similis

1 Introduction

Several nematode species attack banana plantations;
Radopholus similis (Cobb, 1893) Thorne, 1949, is known as
the burrowing nematode and is the main banana pest species
worldwide, causing severe damage and economic loss
(Quénéhervé 2009). This migratory endoparasitic nematode
causes root and corm tissue cavities that evolve to form
necrotic lesions (Fig. 1a) that affect the ability of the plant to
uptake water and nutrients, resulting in the reduced develop-
ment of banana bunches and reduced fruit yield (Aravind et al.
2010).

Plant-parasitic nematode control has been based on chem-
ical soil fumigants and nematicides (Candido et al. 2008).
However, several problems have been associated with the
use of these pesticides, including the contamination of soil,
plants, and groundwater and health risks to animals, farmers,
and consumers (López-Lima et al. 2013).

As a result, the demand for organic residues or agricultural
by-products that provide nematode control in agricultural
systems as an alternative to synthetic nematicides has in-
creased worldwide (Wezel et al. 2014). Several compounds
of plant origin exhibit nematicidal activity, are cost effective
and environmentally safe (Aoudia et al. 2012), and can be
used in organic farming systems (Oka et al. 2000). The devel-
opment of agricultural practices that integrate biofertilizers
and natural products has been reported to be a method of
increasing sustainable food production (Wezel et al. 2014).
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Long-term soil amendment of effective microorganism com-
post as an alternative to mineral fertilizers benefits free-living
nematode community structure in soil as well as wheat bio-
mass and grain yield (Hu and Qi 2013). Other strategies, such
as biocontrol with Paecilomyces sp., leguminous crop rota-
tion, and a combination of both, have been reported as effi-
cient in controlling populations of the potato cyst nematode
Globodera rostochiensis (López-Lima et al. 2013).

Brazil is the main sisal fiber producer in the world, and the
state of Bahia is responsible for 95.5 % of sisal production in
this country. Sisal (Agave sisalana Perrine ex Engelm) origi-
nated fromMexico and is well adapted to the semiarid areas of
northeastern Brazil. Sisal has become one of the most impor-
tant crops for the economy of the semiarid region of Bahia
State and the main source of income for several hundred rural
families in this region. Sisal fiber is the main product from this
crop, but it only represents approximately 4 % of the leaf fresh
weight; the solid and liquid residues constitute the other 96 %
of the plant, including 81 % liquid residue (Suinaga et al.
2006). This agricultural by-product has been used by farmers
for goat and cattle feeding in small quantities, but the majority
of the residue is left abandoned in rural properties without any
treatment.

Plants belonging to the genera Agave have reportedly
shown biocidal activity against nematodes from goats and
lambs (Botura et al. 2011; Domingues et al. 2010; Silveira
et al. 2012). Sisal liquid residue is composed of secondary
metabolites such as alkaloids, phenolic compounds, glycosid-
ic saponins, flavonoids, and tannins (Chen et al. 2011). These
substances are related to plant defense mechanisms and have
also been associated with biocidal activities, including nema-
ticidal activity. Therefore, in the present work, we aimed to
study the sisal liquid residue for controlling R. similis under
in vitro conditions and in the banana plant cv. ‘Grand Naine.’
The present work also explored a new research line that may
add value to sisal by-products and develop bioactive products
for agricultural use.

2 Materials and methods

2.1 R. similis inoculum preparation

The R. similis population was obtained from soil and root
samples of infected banana plants from a commercial
plantation in the municipality of Bom Jesus da Lapa, Bahia
State, Brazil. Nematode extraction was performed according
to the methods described by Jenkins (1964) for soil samples
and by Hussey and Barker (1973) for root samples. The
identification of R. similis was based on its morphological
characteristics (Mai and Mullin 1996).

The inoculum multiplication was performed in ‘Prata Anã’
banana plants obtained from in vitro micropropagation and
acclimatization at the Campo Plant Biotechnology Company,
Cruz das Almas, Bahia. The plants were transplanted to pots
containing 3 kg of a sterile mixture of soil and sand (propor-
tion 2:1 v/v). For inoculation, three 2-cm-depth holes were
perforated into the soil close to the plant roots, and 800
juveniles of R. similis were inoculated per plant. The inocu-
lated plants were grown for 4 months with daily irrigation in a
greenhouse located at the Federal University of Recôncavo da
Bahia (UFRB), Cruz das Almas campus. After this period, the
R. similis juveniles were extracted from the banana roots
according to the method described by Coolen and D’Herde
(1972) and Jenkins (1964). The aqueous suspension of
R. similis juveniles was counted in a Peters chamber under a
microscope, and the suspension was adjusted to 150 juveniles
per mL by dilution with sterile distilled water.

2.2 Liquid fresh and fermented residues of sisal

Sisal liquid residue was obtained from a sisal production area
in the city of Valente, Bahia State. The leaves were subjected
to a decortication process in which they were crushed and
beaten by a rotating wheel equipped with blunt knives until
only fibers remained. From this process, the leaf decortication

a b

Fig. 1 Roots of banana plants with different levels of damage caused by
Radopholus similis (a). Fermented (b, left side) and fresh (b, right side)
sisal (Agave sisalana) liquid residues (b). The liquid residue is obtained
after squeezing and filtering the sisal solid residue, a by-product obtained

from the decortication process for fiber extraction, in which leaves are
crushed and beaten by a rotating wheel equipped with blunt knives until
only fibers remained
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residue (mixed solid and liquid material) was obtained. This
mixture was squeezed and filtered with cheesecloth, and the
liquid portion was transferred to plastic bags and kept on ice in
Styrofoam boxes for transportation to the laboratory at UFRB.
In the laboratory, a portion of this residue was kept in a freezer
at 4 °C, and another portion was maintained in plastic bottles
for 4 days at room temperature (28±2 °C) until fermentation
and was then placed in a freezer.

2.3 In vitro tests with liquid fresh and fermented residues
of sisal

The in vitro tests were conducted in a completely randomized
experimental design using a 5×2+2 factorial scheme that
included the residue diluted to five concentrations (5, 10, 15,
20, and 25 %), two residues (fresh and fermented), and two
control treatments with five replications. The negative control
was water, and the positive control was a synthetic nematicide
(Carbofuran-Furadan 350 SC, FMC Corporation, NY, USA;
350 g active ingredient per L). The bioassays were conducted
in microcentrifuge tubes with 100 μL of an aqueous suspen-
sion containing 150 juveniles of R. similis and 1000 μL of
residue. This residue (fresh or fermented) was diluted in sterile
distilled water for the concentrations described above. The
bioassays were incubated at 28 °C in a growth chamber. After
24 h of nematode exposure, the residue was removed with the
use of a sieve, and the nematodes were washed with sterile
distilled water and transferred to a Peters chamber. The im-
mobile individuals were immediately counted under a micro-
scope. These nematodes were again incubated in water for
24 h at 28 °C and then counted. The individuals who were
immobile after 24 h of exposure to water were considered
dead.

2.4 In vivo control of R. similis in banana plants

This experiment was conducted in a greenhouse from 15
December 2013 to 22 February 2014, in the city of Cruz das
Almas, UFRB campus. An experiment was conducted with
the fresh and fermented sisal liquid residue and the banana
plant cv. ‘Grand Naine.’Micropropagated banana plants were
obtained from the Campo Plant Biotechnology Company after
they had been acclimatized in a greenhouse for 30 days. The
plants were transplanted to plastic pots with a mixture of soil
and sand (proportion 2:1 v/v) that had been sterilized in an
autoclave at 120 °C for 1.5 h twice on separate days. Twenty
days after transplantation, the plants were inoculated with 800
juveniles of R. similis per plant. The experimental design was
entirely randomized in a 5×2+2 factorial scheme that includ-
ed five concentrations of the residue (5, 10, 15, 20, and 25 %),
two residues (fresh and fermented), two control treatments,
ten replications, and one plant per pot as the experimental unit.
The negative control consisted of soil with water, and the

positive control consisted of soil with a synthetic nematicide
(Carbofuran-Furadan 350 SC; 350 g active ingredient per L).
Each pot with the mixture of soil and sand was amended with
100 mL of liquid residue and diluted in water to the experi-
mental concentrations as described above. The plants were
grown in the greenhouse with daily irrigation and harvested
45 days after inoculation. The plant height, stem diameter,
number of leaves, and dry weight of leaves, corm, and roots
were recorded. The percentage of root necrosis was evaluated
using the scale of Bridge and Gowen (1993). The nematodes
were extracted from the roots according to the method of
Hussey and Barker (1973) and from the soil according to the
method of Jenkins (1964) and were then counted. The nema-
tode population was estimated for the total amount of soil and
roots per pot, which represented an experimental unit. The
reproduction factor (RF) (Seinhorst 1967) was estimated for
each replication (RF=Final population/Initial population),
with the final population corresponding to the total number
of nematodes found in the soil and roots.

2.5 Statistical analysis

An analysis of variance and linear regression were used for the
data analysis to evaluate the effect of different concentrations
of sisal residue on nematode control. A comparison between
the residues and control treatment was performed through
orthogonal contrast. The statistical software Statistical Analy-
sis System (SAS) version 9.2 was used.

3 Results and discussion

3.1 In vitro tests with fresh and fermented sisal liquid residue

Both fresh and fermented residues caused significant (P≤
0.01) mortality among the juveniles of R. similis under
in vitro conditions. The application of the residue, both fresh
and fermented, caused a linear increase in the immobility and
mortality of R. similis with increasing concentrations of the
residues up to the maximum tested concentration of 25 %
(Table 1). Higher concentrations were not evaluated because
preliminary studies showed that the banana plant cv. ‘Grand
Naine’ grown in soil amended with the sisal residue at con-
centrations above 25 % developed symptoms of toxicity.

The minimum concentration (5 %) of the fresh residue
caused the immobility of 84.9 % and mortality of 90.1 % of
the juveniles, and an increase of approximately 0.7 % immo-
bility and 0.5 % mortality was observed for each 1 % increase
in residue concentration. A 5 % concentration of the
fermented residue caused the immobility of 70.6 % and the
mortality of 87.6 % of the juveniles, and an increase of 0.11 %
of immobility and 0.5 % mortality was observed for each 1 %
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increase in residue concentration. For the highest concen-
tration (25 %), the R. similis immobility rates were 99.2 %
(fresh residue) and 72.8 % (fermented residue) and the
mortality rates were 97 % (fresh residue) and 100 %
(fermented residues). These results are clearly higher than
those observed in the negative control (water). After 24 and
48 h in water, the immobility rates for nematodes were 3.9
and 3.6 %, respectively. From these results, it is clear that
both of the sisal residues exerted a toxic effect on R. similis
juveniles.

Significant differences were found for the concentrations of
each residue tested at 48 h (P=0.001 for fresh residue;
P<0.001 for fermented residue). In both residues, concentra-
tions of 20 and 25 % caused significantly higher mortality
compared with concentrations of 5 % for each residue and
10 % for the fermented residue. In the fresh residue, the effect
of the 20 % concentration was not significantly different from
that of the 10 % concentration (P>0.05).

The nematicidal effect of sisal residue was observed for all
of the tested concentrations, and nematodes that were trans-
ferred to water after exposure to this residue (fresh and
fermented) did not recover and ultimately died.

A comparison of both residues in vitro showed that the
fresh residue was more efficient in causing nematode immo-
bility and mortality; however, both residues can be considered
effective in causing the mortality of R. similis juveniles. Sig-
nificantly higher mortality was observed with the application
of the fresh residue compared with the fermented residue at
20 % (P=0.001) and 25 % (P=0.002). A comparison of both
residues at concentrations lower than 20 % did not show
significant differences: P=0.194 for 5 %, P=0.379 for 10 %,
and P=0.002 for 15 %.

These results demonstrate the potential of the sisal liquid
residue in the control of R. similis and indicate that the
fermentation process does not inactivate this residue or the
components responsible for the nematicidal effect. Neverthe-
less, the fresh residue is a better option for the control of
R. similis in vitro because significantly higher mortality rates
were observed with concentrations of 20 and 25 %.

A comparison of the effect of a sisal residue and a com-
mercial nematicide for controlling R. similis showed no sig-
nificant differences (P>0.05) in nematode immobility and

mortality when the sisal residue was used at the highest
concentrations (25 %), which indicates the nematicidal effect
of the sisal liquid residue (Table 2). Therefore, the toxic effects
of synthetic nematicide and sisal residues on R. similis juve-
niles are similar.

Several studies on ruminants have demonstrated the effect
of plant extracts on the development and mortality of nema-
tode juveniles (Alonso-Diaz et al. 2008) and adults
(Hounzangbe-Adote et al. 2005). Silveira et al. (2012) tested
a sisal liquid residue for in vitro egg hatching and juvenile
development of goat gastrointestinal nematodes and
demonstrated the antiparasitic effect of this residue.
Domingues et al. (2010) conducted in vitro tests and observed
a reduction of greater than 95 % in the number of juveniles of
the gastrointestinal nematode Haemonchus spp. treated with
sisal extracts.

3.2 In vivo control of R. similis with fresh and fermented sisal
residue in banana plants

Fresh and fermented sisal liquid residue produced significant
(P≤0.01) effects on plant growth (plant height, pseudostem
diameter, number of leaves, and dry weight of aerial parts,
corms, and roots) (Fig. 2). The application of the fresh and
fermented sisal residue at the estimated concentrations of 8.3
and 14.8 %, respectively, promoted increases of 6 and 17 %
in the plant height for plants inoculated with R. similis
compared with the treatment without residue. The
pseudostem diameter also increased with residue concentra-
tions of up to 6 % (fermented residue) and 20.5 % (fresh
residue) (Fig. 2b).

There was a reduction in the number of banana leaves with
the application of both residues (P≤0.01). For the dry weight
of the roots, corms, and aerial parts, a quadratic response was
observed. Residue at low concentrations promoted an increase
in the dry weight of the roots (Fig. 2e), corms, and aerial parts
compared with the control treatment without the residue. Nasu
et al. (2010) observed an increase in plant dry weight in
tomato plants infected with Meloidogyne incognita when the
by-product of Manihot esculenta Crantz was used in concen-
trations of 25 and 50 %.

Table 1 Equations with respective coefficients of determination and significance for all of the evaluated factors in the assays with fresh and fermented
sisal liquid residue for the control of Radopholus similis in the banana plant cv. ‘Grand Naine’

Mortality (h) Fresh residue Fermented residue

Equation R2 P Equation R2 P

24 ŷ=81.302+0.715x 0.936 ≤0.01a ŷ=70.013+0.110x 0.855 ≤0.01a

48 ŷ=87.570+0.502x 0.859 ≤0.01a ŷ=85.285+0.468x 0.933 ≤0.01a

a Significant at 1 %
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For plants treated with the fermented residue, there was a
linear decrease in the plant growth parameters with increased
residue concentrations. The fermented residue presented toxic
effects to the banana plants (Fig. 2) in concentrations above
25 %, which were not observed in the fresh residue, suggest-
ing the development of toxic components during the fermen-
tation process. A phytochemical screening of sisal residue
may detect the fractions that cause phytotoxic effects and
those that are the most effective for nematode control.

With regard to plant growth, no significant difference was
observed between the effect of the sisal residue and nemati-
cide on the plant height, number of leaves, and dry weight of
the aerial parts for residue concentrations of up to 20, 15, and
5 %, respectively. However, the treatment with the nematicide
was superior to all of the treatments with the residue for
pseudostem diameter and dry weight of the roots and rhizome
(Table 2).

Populations of R. similis in the soil and in roots were
reduced with the use of both the fresh and fermented sisal
residues (P≤0.01). The application of fresh and fermented
residues at a concentration of 25 % was more efficient and
caused a reduction in the number of juvenile individuals of 66
and 80% in the soil and 84 and 77% in the roots, respectively,
compared with plants treated with water (Fig. 3c, d).

Fresh and fermented sisal residue at an estimated concen-
tration of approximately 17 % promoted a reduction in root
damage caused by R. similis of 80 and 90 %, respectively,
compared with the treatment with water (0 %) (Fig. 3a). The
level of damage represents the severity of necrosis caused by
R. similis on the banana root cortex. These results demonstrate
the efficient inhibition of nematode parasitic action on banana
roots. These root lesions are formed as a result of cavities and
tunnels created by the nematode feeding habits in the root
cytoplasm and cortical cells, causing cell wall collapse and

affecting the plant’s water and nutrient uptake and possibly
leading to the toppling of flowering plants (Kosma et al.
2011).

The final population of R. similis and reproduction factor
showed a linear decline with increases in the concentrations of
fresh and fermented sisal residue. The 25% concentration was
the most efficient and showed a reduction of 78 % in the total
population and reproduction factor of R. similis in plants
treated with a sisal residue compared with plants that did not
receive the residue (0 %). A comparison of the highest (25 %)
and lowest (5 %) applied concentrations demonstrates that the
highest concentration promoted a mortality rate of 74 % for
both the fresh and fermented residues (Fig. 3b, e).

A comparison of plants treated with the residue and nem-
aticide showed no significant difference when the residue was
applied at the highest concentration (25 %) for all of the
evaluated parameters (level of damage, nematode population
in the soil and roots, total population, and reproduction factor).
However, the nematicide was superior to the residue at con-
centrations of 20 % or lower (Table 2).

Nasu et al. (2010) demonstrated that the nematicide
carbofuran was efficient in controlling M. incognita under
greenhouse conditions, and its effects were not significantly
different from those of the sub-product of cassava processing
in concentrations of 10 and 25 %.

The nematicidal effect of the sisal liquid residue may be
associated with secondary metabolites present in this residue,
such as alkaloids, saponins, terpenes, flavonoids, and glyco-
sides, which have shown antiparasitic activity against gastro-
intestinal nematodes (Botura et al. 2013) as well as other
biological activities (Francis et al. 2002). Among the bioactive
substances present in sisal residue, saponins have been asso-
ciated with the nematicidal effect of sisal residue against
nematode juveniles (Francis et al. 2002). The presence of

Table 2 Estimates of contrasts vs. nematicide doses of the sisal residues and significance for all of the evaluated factors in the control of Radopholus
similis in vitro (mortality at 24 and 48 h) and in vivo in the banana plant cv. ‘Grand Naine’

Contrasts Mortality HE PMD NF RW RMW SW LD PNR PNS TPN FR

24 h 48 h

5 % vs. nematicide −20.934a −11.730a 0.125b −0.395a −0.900b −15.155a −1.625a −1.046b 0.760a 1120.25a 204a 1274.25a 1.593a

10 % vs. nematicide −14.206a −7.637a 0.175b −0.365a −1.000b −16.328a −1.006a −2.061a 0.295a 743.75a 148a 841.75a 1.052a

15 % vs. nematicide −13.186a −4.914a 0.225b −0.465a −1.200c −16.011a −1.702a −2.147a 0.225a 529.50a 80a 559.5a 0.699a

20 % vs. nematicide −9.632a −3.243a −1.400b −0.595a −2.400a −19.245a −1.917a −2.956a 0.205a 347.5a 58a 355.5a 0.443a

25 % vs. nematicide −7.079b −1.795b −3.275a −0.650a −2.700a −21.726a −2.101a −2.956a 0.111b 92.25b 20b 62.25b 0.077b

HE height, PMD pseudostem diameter, NF number of leaves, RW root weight, RMW rhizome weight, SW shoot weight, LD level of damage, PNR
population of nematodes in roots, PNS population of nematodes in soil, TPN total population of nematodes, FR factor of reproduction
a Significant at 1 % (P≤0.01)
b Not significant at 5 % (P>0.05)
c Significant at 5 % (P≤0.05)
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homoisoflavonoids and saponins was also attributed to the
nematicidal effect of sisal residue for the different stages of
nematode development (Botura et al. 2013).

The biological activities of saponins are related to their
capacity to form complexes with steroids, proteins, and phos-
pholipids of cell membranes, which causes disruptions to the
structure of these compounds and increases the cell perme-
ability (Schenkel et al. 2010). Saponins that occur in sisal
liquid residue have nematicidal effects because they interact
with and disrupt the proteins of the nematode cuticle
(Argentieri et al. 2008). Botura et al. (2013) observed that
fractions of saponins obtained from a sisal residue presented
an antihelminthic activity against gastrointestinal nematodes
of goats. Olabiyi et al. (2008) showed that substances present

in the roots of Hyptis suaveolens and Ocimum gratissimum
and in the leaves of Tagetes erecta have saponins and
flavonoids that reduce M. incognita populations in tomato
plants. Kosma et al. (2011) also showed that neem
(Azadirachta indica) seed extracts have nematicidal effects
against R. similis and reported the presence of saponins.

These results indicate the efficient control of R. similiswith
either fresh or fermented sisal residue, which can be used as an
alternative for nematode control in sustainable agricultural
production systems that require natural products that are less
detrimental to the environment. Fresh sisal residue revealed a
higher potential in the control of R. similis in planta compared
with the fermented residue, which was consistent with the
results obtained in vitro. In addition, the use of fresh residue
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is advantageous because farmers can apply sisal by-product
immediately without the need for additional fermentation
processes. However, we have also shown that the fermented
sisal residue can be used as a nematicide. We believe that this
agricultural residue may be an effective natural alternative to
synthetic nematicides for controlling R. similis in banana
plantations. In addition to providing excellent levels of nem-
atode mortality, the influence of sisal residue on the plant
growth parameters was reduced. From an economic perspec-
tive, synthetic nematicides are high-cost agricultural inputs,
whereas a sisal residue is a highly abundant raw material that
is cheap, easily obtained, available all year, and derived from
natural sources. In addition, new alternatives for using this

residue have been reported in this work, and they can greatly
benefit small family-based sisal farmers. Many sisal farmers
plant sisal as a subsistence crop with fiber extraction as the
only source of income; however, they retain huge amounts of
this residue in the field without any treatment or proper use or
disposal. Adding value to this residue can represent a new
source of income for sisal farmers. There is an increasing
worldwide demand for the development of agricultural prac-
tices that can increase food production in an environmentally
friendly, socially responsible, and economically beneficial
manner (Wezel et al. 2014). Our work presents the develop-
ment of one such practice. From the consumer’s perspective, a
reduction in the application of synthetic nematicides will
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reduce the probability of incorporating residues in fruits and
vegetables (Tixier et al. 2007), eliminate the risk of possible
long-term health problems because of prolonged exposure to
these pesticides, and foster trust and confidence. The replace-
ment of nematicides with natural sources, such as sisal resi-
due, will also reduce pollution and improve ecological infra-
structures (Castillo et al. 2000). Sisal liquid residue is a leaf
decortication by-product with the potential to generate income
for sisal farmers in the semiarid regions of Brazil; thus, its use
as an agricultural input should be further investigated for the
development of nematicides.

4 Conclusions

Sisal liquid residue, either fresh or fermented, was efficient in
the control of R. similis both in vitro and in banana plants.
However, the fermented residue presented phytotoxicity to-
ward banana plants when used in concentrations above 25 %.
Therefore, this phytotoxic effect should be further investigated
for the utilization of fermented sisal residue in crop production
and protection. The fresh residue appeared to bemore efficient
for nematode control and presented lower toxicity to the
banana plants. This residue is a by-product from sisal leaf
decortication that is left in the environment without any fur-
ther treatment or used in limited amounts for animal feeding
and crop fertilization. The effective nematicidal activity of this
agricultural residue has been demonstrated in the present
work. Its potential for the development of bioactive products
represents potential to generate income for the poor rural
family farmers in the semiarid regions of Bahia State, Brazil,
through the production of sisal for fiber extraction. Further-
more, the development of low-cost plant nematicides with a
reduced environmental impact provides the opportunity to add
value to sisal residues for use in sustainable agricultural
systems.
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