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Abstract

Sisal (Agave sisalana) is one of the main sources of hard natural fibre and raw
materials for the industry, medicine and handicrafts. Sisal yields a coarse and
strong fibre that is increasingly being used in composite materials for automobiles,
furniture, construction and plastic and paper products. Extracts of sisal contain
substances with anti-inflammatory, antimicrobial and anthelmintic activities. Sisal
is adapted to warm environments with low rainfall and is an excellent option for
cultivation in semiarid conditions, where other crops cannot be grown. The world’s
largest sisal producers are Brazil, Tanzania, China, Kenya and Madagascar. Sisal is
a labour-intensive crop with great socio-economical importance as it is cultivated
in poor areas employing familiar labour. Sisal bole rot is the main disease of sisal,
responsible for substantial losses in producing countries. The disease is caused by
certain species of the genus Aspergillus, especially the ones belonging in the section
Nigri. The main symptoms are yellowing of the aerial parts and the red-coloured
rot of the bole, which causes the plant to die. In this review we are going to address
the taxonomy of the causal agents, disease diagnosis and epidemiology and disease
management, with emphasis on biological control.

Keywords: Aspergillus welwitschiae, Agave sisalana, biological control, disease
management, semiarid regions

1. Introduction

Agave sisalana Perr. ex. Engelm is a monocotyledonous, xerophytic, succulent
plant that belongs in the Asparagaceae family. The genus Agave has more than 200
species, and Mexico is their centre of origin and dispersion, where they have high
economic importance and several industrial applications [1, 2]. This genus is able
to grow in different conditions, as well as to show excellent adaptation to environ-
ments with warm climate, high luminosity and prolonged droughts [3, 4]. Tolerance
to abiotic stresses is a striking feature of A. sisalana, which confers good perfor-
mances to this species under conditions that limit the development of most plants
[4]. This tolerance is related to morphological and physiological characteristics,
such as the CAM metabolism (crassulacean acid). This type of metabolism allows
for greater efficiency in water use, higher carbon uptake during the night and low
nutritional demand when compared to C3 and C4 plants [1, 5-7].
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Sisal is a monocarpic plant, and the emission of an inflorescence characterises
the end of its vegetative cycle, which can occur between 8 and 30 years. The plant
multiplies vegetatively through bulbils produced on the inflorescence pole or by
stolons that emerge from the rhizome (subterraneous stem) of adult plants. The use
of bulbils is the most common form of propagation, but stolons can also be used.
The production of seeds is rare, and induction techniques are necessary when this is
the objective [8-10]. Most species of Agave are highly endemic and have high levels
of genetic variation within populations and low differentiation between popula-
tions [11]. This limited diversity hinders the establishment of germplasm banks and
the search for genes that confer desirable characteristics to these plants.

Agave sisalana is a good producer of hard natural fibres [1]. The fibre extracted
from this plant occupies the sixth position of importance and represents 2% of the
world production of plant fibres [12]. This product is extracted from the leaves of the
plant and is traditionally used in the manufacture of cords and ropes [9]. In addition,
it is widely used in various industrial sectors. Amongst several applications, sisal fibre
has been increasingly used in the reinforcement of building materials, furniture, panels
and automobile upholstery [1, 12, 13]. In addition to the various applications and
industrial uses, sisal fibre has advantages over synthetic fibres for having lower density
(lighter) and lower production cost and is biodegradable and recyclable. Therefore, the
use of sisal fibre fits in the growing world tendency that favours the use of sustainable
natural resources with less environmental impact [14, 15].

There has been a growing interest in the use of waste or by-products from Agave
species in biotechnological processes [16, 17]. After fibre extraction the residue is
usually discarded [18]. This residue accounts for 98% of the total biomass of the
plant and has potential to be used as raw material for biofuels, especially because it
is not directly used as food [6, 12, 19]. In order to exploit the economic value of this
material, a joint initiative between the Common Fund for Commodities, the United
Nations Industrial Development Organization (UNIDO) and the Tanzanian sisal
industry financed the first commercial plant for the production of biogas [12]. In
addition to some medicinal properties reported [20, 21], A. sisalana also produces
compounds that have different biological properties [18] of great interest in the
pharmaceutical industry such as hecogenin [12, 21-23]. All of the above features
place sisal as a strategic species to be exploited in tropical semiarid regions and in
temperate latitudes with drought resulting from global climate change [16, 19, 24].

The main world producers of sisal fibre are Brazil, Tanzania, China, Kenya and
Madagascar [25]. Other countries, such as Mexico, South Africa, Mozambique,
Angola, Indonesia, Thailand, Haiti and Cuba, also produce but in smaller quanti-
ties. According to FAO reports, in 2011 Brazil alone produced more than 111
thousand tons of sisal fibre [12].

In Brazil, the semiarid region of Bahia province (northeastern Brazil) is respon-
sible for more than 95% of the country’s sisal production [26]. Other provinces that
produce smaller amounts of sisal in Brazil are Paraiba, Rio Grande do Norte and
Ceara [27]. It is estimated that more than 150,000 families are directly linked to the
producing chain of this crop, totalling more than 700,000 small farmers, and more
than half a million direct and indirect jobs are involved in activities related to the
maintenance, harvesting, extraction and processing of fibre [28-30]. In this sense,
sisal has an important economic and social role of the semiarid region of Brazil.

Sisal management is simple because this plant exhibits tolerance to various
abiotic stresses. Even under minimal management conditions, the plant presents
good development and consequently good fibre production, with low nutritional
requirements [12]. However, although it presents all these adaptive advantages to
stress conditions, the main problem is of phytosanitary origin. Sisal bole rot, the
main disease of sisal, has caused considerable damage to the crop [31]. This disease
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causes the death of infected plants, and despite the economic and social importance
of sisal, there are few government efforts to control the disease.

In this chapter we introduce the sisal bole rot disease, a neglected disease that
represents the main challenge for sisal production in Brazil and other countries of
the world. In addition, we discuss some aspects involved in its symptomatology;,
aetiology, epidemiology and management. The majority of the results that will be
shown were obtained in Brazil, where most of the research on sisal bole rot was done.

2. Bole rot disease: symptoms and epidemiology

The disease was first reported in production areas of Tanzania and Brazil
[31, 32]. In Brazil, since the 1990s, the commercial production of sisal has been

Figure 1.

Adult sisal plants under field conditions. (A) Healthy adult plant (white arrow) after leaf harvest for fibre
extraction next to an adult plant showing the external symptoms of sisal bole rot (ved arrow). The diseased
plant has wilted and yellowish leaves that cannot be used for fibre extraction and thevefore was not harvested.
(B) and (C) Plants killed by the pathogen.
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declining due to economical crises and the occurrence of this disease [33]. Diseased
plants produce leaves that are not suitable for fibre extraction as they lose their tur-
gescence, and although these diseased plants survive for some time, they die with
the progress of the disease (Figure 1) [35]. Plants at advanced stages of the disease
are easily identified by the symptoms, which include wilting and yellowing of the
aerial part (Figure 1A). The main internal symptom of the disease is rotting of the
stem with reddening of the tissues, a response of the plant to fungal colonisation. It
is thought that there is no relationship between the phenological stage of the plant
and the establishment of the disease, since the fungus is capable of infecting both
plantlets (Figure 2E) and adult plants (Figures1and 2).

It was reported that the pathogen depends on mechanical injuries and natural
openings, mainly on physiologically stressed plants, to start the infection process
[32]. In this sense, it is possible that wounds made by insects or by tools used in
crop management, such as harvest of the leaves and cultural practices, are ways of
pathogen penetration [32, 35, 36]. The histopathology of diseased plants showed
that the pathogen penetrates the tissues of the host from the outside, that is, from
the epidermis to the parenchyma and later to the central cylinder of the plant [37].

Abreu [36] studied the spatiotemporal distribution of sisal bole rot in produc-
ing areas of Bahia Province, Brazil, and found that the disease was present in all

Figure 2.

Sisal plantlets with symptoms of sisal bole rot under greenhouse conditions. (A) Healthy sisal plantlets and
(B) diseased plantlet with symptoms of sisal bole rot. (C) Stem of healthy plant. (D, F and G) Intermediate
symptoms of sisal bole rot, characterised by rotting of the stem. (E and H) Dead plants. The white arrow
indicates the production of conidia after colonisation of plant tissues.
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the studied farms (prevalence of 100%) and, on average, 35% of the plants were
infected by the pathogen. This study also showed that the distribution of the disease
occurs randomly in the cultivated areas [36]. In the case of sisal bole rot, incidence
evaluations are more important than severity, as there are no measures that slow
down the progress of the disease.

The lack of more studies on epidemiological aspects of sisal bole rot in different
areas where the disease occurs directly impacts the establishment of phytosanitary
management practices. More information on these aspects could contribute to the
development of strategies to reduce the incidence of the disease. For the moment,
what is known is that preventive measures should be employed to avoid the estab-
lishment of the pathogen in the area.

3. Causal agents

The disease was first observed in areas of sisal production in Tanzania in the
1930s but was only reported in the 1950s [32]. The causal agent was isolated from
diseased plant parts and identified as Aspergillus niger. In this study, the authors
reported fruiting bodies of A. niger in exposed plant tissues and also pointed out
that the occurrence of the disease was linked to environmental conditions and
the nutritional status of the plant [32]. The first report of this disease in Brazil
also occurred in the 1950s, when Machado [38] described a rot of the base of sisal
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Figure 3.

Phylogenetic tree of the 27 valid species belonging in the Nigri section of Aspergillus. The ved circles indicate
species shown to cause sisal bole vot in the A. niger complex. The tree was constructed with sequences of the
calmodulin gene, with 456 nucleotides aligned using the maximum likelihood (ML) method and the K2 + G + I
substitution model. The bootstrap analysis was performed with 1000 resamplings. The scale represents the
number of substitutions per site.
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stem in the province of Paraiba, Brazil [39]. In Bahia, the largest sisal-producing
province in Brazil, the disease was first noticed in a commercial plantation by
researchers from the Agency for Agricultural Development of Bahia (EBDA) and
Embrapa Semidrido (Brazilian Agricultural Research Institute) in the municipality
of Santaluz [33].

In Tanzania and in Brazil, the disease was initially associated with the species
A. niger. The aetiology of the disease was determined by Koch’s postulates from
tissue fragments of diseased sisal plants [40]. Species of the genus Aspergillus are
filamentous fungi belonging in the phylum Ascomycota [41]. Aspergillus niger and
other closely related species form a cluster of morphologically similar species,
collectively known as the section Nigri (Figure 3). The Nigri section is comprised
of 27 valid species that contain the A. niger complex (Figure 3). All these species
have as main characteristic the formation of black-coloured conidia, uniseriate or
biseriate conidiophores and dark colonies (Figure 4) [42]. The taxonomy of the
section Nigri is very complex because many species of this group are difficult to
distinguish morphologically [41]. The morphological criteria were the only ones
used to identify these species for a long time, and for this reason, many species were
misidentified [43, 44].

Figure 4.

Macro- and micromorphology of Aspergillus welwitschiae isolated from diseased sisal plants. (A) Obverse and
reverse of a plate containing mycelial growth of colony on Blakeslee’s malt extract (MEADL), growing at 25°C
for 7 days. (B) Conidiophores of A. welwitschiae and (C) conidia. Scale bars =10 pm.
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The polyphasic taxonomy integrates molecular, physiological, metabolite
production and morphological data for the identification and description of
new species of the section Nigri [45-48]. The regions recommended for the
identification and description of species in the genus Aspergillus are fragments
of the ITS region of the ribosomal DNA, calmodulin (caM), beta-tubulin
(benA) and the beta subunit of the RNA polymerase (rpb2). However, caM
sequences were proposed as the most informative markers for the section Nigri
[49]. The gene benA is very informative for the uniseriate/aculeatus clade;
however, care must be taken not to use the wrong set of primers (Bt2a/Bt2b)
that can also amplify tubC, a paralog of benA, resulting in misidentification.
The alternative primer pair ben2f/Bt2b should be used instead [50]. The other
methods used in the polyphasic approach include growth on different media
and temperatures, production of secondary metabolites and measurement of all
fungal structures [44, 45].

The initial studies implicated only A. niger as the cause of bole rot disease
because the authors only took the morphological features of the pathogen into
account [32, 40]. Further studies including sequences of the ITS region of the
ribosomal DNA and a fragment of the transcription and elongation factor of the
RNA polymerase (tefl-alpha) also identified A. brasiliensis and A. tubingensis in
addition to A. niger as agents of the disease [31]. Recently, Duarte et al. [37] identi-
fied molecular phylogeny strains of Aspergillus sp. of the section Nigri obtained
from diseased plants using a fragment of the calmodulin gene and proposed that A.
welwitschiae and not A. niger is the causal agent of sisal bole rot disease. However,
these authors did not include A. niger in their study, and therefore, further investi-
gations are still needed to evaluate the ability of other species in the section Nigri to
cause the disease, including A. niger.

4. Disease management

There are no effective control methods available for bole rot disease [51].
Mechanical lesions are used by the pathogen as penetration sites, and this has direct
implications for crop management since leaf harvest causes wounds in the plant [32,
36]. Additionally, the pathogen may be spread through the use of tools contami-
nated in diseased plants.

Most farmers use plantlets from stolons to establish new plantations, and
infected plant material contributes to the spread of the disease to new areas.
Therefore, the establishment of new areas using healthy plant material is thought
to be one of the most effective ways to prevent the introduction of the pathogen.
Removal and destruction of diseased plants from the plantations, balanced fertilisa-
tion to prevent stresses and disinfestation of the tools used in diseased plants are
other measures recommended to decrease the incidence and avoid the spread of the
disease to new areas [52].

Another method investigated to manage the disease is the use of antagonistic
microorganisms [53, 34]. Chemical control was never investigated probably because
the causal agents are soilborne fungi and farmers have little financial resources.
Biological control is an environmentally friendly and viable method to control
plant pathogens [54, 45]. Antagonistic bacteria were shown to have potential to
control the bole rot disease [53, 34]. Several strains of an undescribed species of
Burkholderia and strains of Bacillus decreased the incidence and severity of the
disease under field conditions (Figures 5 and 6) [53, 34]. Therefore, it is possible to
establish programmes aimed at the development of biological products to manage
the disease in the field.
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Figures.

Management of sisal bole rot disease with antagonistic bacteria. (A) and (B) Plantlets treated with
Burkholderia sp. and inoculated with the pathogen A. welwitschiae in the field. (C) and (D) Sisal plants
inoculated with A. welwitschiae only under field conditions (positive control).
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Figure 6.

Incidence of sisal bole vot disease by the application of Burkholderia and Bacillus strains under field conditions.
The means represent 25 veplicates per treatment. The negative control was treated with water only (CT-) and
positive control with A. welwitschiae (CT+). Ervor bars represent the standard ervor of the means.

5. Outlook

Little is known about the mechanisms used by the pathogen to infect the plant,
although Aspergillus shows a typical necrotrophic behaviour [37]. More information
on the pathogenicity mechanisms could be obtained by the use of omics tools, such
as RNAseq, to identify genes expressed by the pathogen during infection. Other
microorganisms can influence the establishment and progress of the disease, and
in this sense it will be interesting to study the comparative microbiome of diseased
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and healthy plants. This information may be used to engineer the microbiome to
keep the plants healthy, as it has been attempted for other agricultural crops [55].

Sisal bole rot cannot be controlled by any single method, and therefore, the
integration of control measures must be adopted. Resistant cultivars are not avail-
able for this crop, and unfortunately there are no breeding programmes focusing on
sisal bole rot [9]. Breeding programmes are limited by the low genetic diversity of
natural populations out of Mexico.

Preventive measures are thought to be the most effective ways to control bole
rot, and these include (i) the use of healthy planting material, (ii) balanced fertilisa-
tion to avoid nutritional stresses and (iii) maintaining adequate soil humidity levels
to avoid physiological imbalances [52]. When these measures are not able to contain
the pathogen, removal of diseased plants is recommended to decrease the source
of inoculum of the pathogen [52]. One challenge in this regard is the development
strategies to identify diseased plants before the dispersal of pathogen propagules.

Sisal residues are commonly used to fertilise plants in the field [52], but only the
fermented residue is suitable for this purpose as fresh residues stimulate the spread
of the pathogen [56]. Information such as these could be disseminated to farmers
to contribute to the management of the disease. Sisal farmers in many parts of the
world do not have access to information on the technical aspects of sisal, depend on
familiar labour and have little financial resources to invest in the crop. The informa-
tion generated so far on the management of the disease through the use of antagonis-
tic bacteria are promising, but it is still necessary to develop it into products that can
be used by the farmers. New studies aiming at formulating and distributing biologi-
cal products should be encouraged to contribute to the sustainability of this crop
in the long run. The general lack of research on bole rot classifies it as a neglected
disease that deserves more attention from research institutes and the government.
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