
Frontiers in Agronomy | www.frontiersin.or

Edited by:
David Ian Guest,

The University of Sydney, Australia

Reviewed by:
John M. Maingi,

Kenyatta University, Kenya
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The vascular disease Verticillium wilt of cacao (Theobroma cacao), caused by the
soilborne fungus Verticillium dahliae, is often qualified as a “minor” disease. However, it
can cause severe losses locally, for example, in western Uganda and northeast of the
Democratic Republic of Congo. This disease is difficult to control, notably due to an
extended host range and prolonged survival in the soil. Therefore, Verticillium wilt must be
addressed through an integrated disease management strategy as employed for other
tree crops such as olive. Few studies, nonetheless, have focused on how to confront this
disease in cacao. This paper aims to provide an overview of our knowledge on Verticillium
wilt on cacao and the integrated disease management strategies for preventing and
controlling it. Promising avenues based on findings in other crops that could be adapted
to cacao are also explored. Good agricultural practices, genetic resistance, biological
control, induced resistance, and the use of organic amendments with or without
biocontrol agents are discussed. Moreover, the potential benefits of some of these
solutions toward the resistance to other cacao diseases, abiotic stress, and nutrition
improvement are presented.

Keywords: integrated management, Verticillium wilt, cacao, organic amendment, biocontrol agents, induced
resistance, genetic resistance, sustainability
VERTICILLIUM WILT OF CACAO

The cacao tree (Theobroma cacao L., Malvaceae) is an understory tree that occupies, in its natural
habitat, the lower strata of the humid forests of tropical South America. It produces fruits (pods)
with seeds (beans) used in the confectionery industry, notably for the production of chocolate.
Cacao farming has increased from around 4.4 million hectares in the 1960s to over 11.8 million
hectares in 2018 (FAO, 2022), producing today around 5 million tons of cocoa beans (ICCO, 2022).
Cocoa production is essential for approximately 5.5 million smallholder cacao farmers and around
14 million rural workers (Fountain and Hütz-Adams, 2015). The West African cacao belt (from
Ivory Coast to Cameroon) accounts for over 70% of the world’s cocoa production (ICCO, 2022),
while the remainder comes from the Americas and Asia.

Diseases are the main reasons for production losses (Ploetz, 2016). The five most damaging
diseases of cacao are black pod, witches’ broom, frosty pod, vascular streak dieback, and cacao
swollen shoot virus, which, collectively, are responsible for annual losses of approximately 1.3
million tons of cacao beans, representing some 20% of total hypothetical yield (Ploetz, 2016). Other
Abbreviations: DR Congo, Democratic Republic of Congo; BCA, Biocontrol agent; CPH, Cacao Pod Husk.
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diseases can significantly impact cacao but on a local scale, such
as Verticillium wilt (VW) in western Uganda and northeast of
the Democratic Republic of Congo.

VW on cacao is caused by the soilborne fungus, Verticillium
dahliae Kleb. Verticillium is a genus of Ascomycete fungi whose
main morphological characteristic is the formation of verticillate
conidiophores producing asexual conidia (Inderbitzin et al., 2011).

Host Range and Geographical Distribution
Besides cacao, V. dahliae causes disease on over 400 hosts
worldwide, mainly dicotyledonous species, including many
economically important crops (Malcolm et al., 2013). Weeds
can be asymptomatic hosts and act as V. dahliae reservoirs
(Resende, 1994; Malcolm et al., 2013). Verticillium dahliae can
remain dormant in the soil for years through small and
melanized resting structures that are extremely durable and
will only germinate in the proximity of a suitable host
(Inderbitzin et al., 2011).

Verticillium dahliae was recognized as a cacao pathogen for
the first time in Uganda, causing a disease previously referred to
as “sudden death disease” reported in this country since 1915
(Leakey, 1965). Verticillium wilt was indicated as the main
disease affecting cacao in Uganda, with tree losses of up to
30% on some farms (Matovu, 1973) and considered to be a
significant limitation to cacao production (Leakey, 1965). In
Uganda, VW has also been reported on cotton (Gossypium
hirsutum L.) (Emechebe et al., 1972; CFC and 21FT, 2003).
Following this first report, Verticillium wilt on cacao was
reported in Brazil, where it was identified as a severe problem
in the States of Bahia and Espıŕito Santo (Oliveira, 1983;
Resende, 1994). In certain areas, it was estimated to cause
annual plant mortality of up to 10% (de Almeida et al., 1989).
Verticillium dahliae has also been reported on cacao in other
countries in South America (Table 1), notably Colombia
(Granada, 1989; Resende et al., 1995) and Peru (Leon-Ttacca
et al., 2019a; Leon-Ttacca et al., 2019b; Bouchon, 2020). In
Ecuador, a pathogen causing wilt of cacao was also identified
as being in the genus Verticillium but was not identified to
species level (Zavala et al., 2010).

Recent studies showed that VW was found in five districts in
Uganda, albeit with variable incidence, and in neighboring
regions of the Democratic Republic of Congo: Ituri and North
Kivu (Bouchon, 2020). Since cocoa production in Uganda and
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DR Congo is expanding, production in Uganda increased from
8.982 in 2008 to 30.752 metric tonnes in 2018 (UEPB, 2021) and
in DR Congo from 5.431 in 2010 to 18.475 metric tonnes in 2018
(BCC, 2019) it means there is a risk that these new areas could be
impacted by V. dahliae.

Although VW is generally considered a minor cacao disease
globally, it can be a serious constraint to cocoa production
locally. Given its status as a minor cacao disease, it is not
surprising that relatively little is known about VW on cacao.
Only a few studies were conducted on VW, mainly in Uganda
during the 1960-1970s and in Brazil during the 1990-2000s.
Limited knowledge has been generated on the biology of the
disease; its epidemiology was studied mainly through
observations under field conditions (Trocmé, 1972; Matovu,
1973). Only a few publications have addressed its control in
cacao. Most of the current knowledge regarding Verticillium wilt
control comes from cotton and olive (Olea europaea L. subsp.
europaea var. europaea) (e.g., Montes-Osuna and Mercado-
Blanco, 2020).

Symptoms and Diversity
Verticilliumwilt symptoms (Figure 1) can vary between hosts, and
there are no unique symptoms that belong to all plants infected.
Disease symptoms may comprise chlorosis, vein clearing, wilting,
stunting and necrosis. Brown vascular discoloration may be
observed in stem tissue sections (Fradin and Thomma, 2006)
(Figures 1A, B). Through infection of the roots, V. dahliae causes
a vascular disease that results in severe yield and quality losses
(Inderbitzin et al., 2011). In cacao,whenV.dahliae enters the xylem,
the tree forms defensive barriers that inhibit transpiration, leading
to discoloration, and generally sudden wilting of leaves and
subsequent necrosis of leaves and fine branches, stunting or death
of the plant (Emechebe et al., 1971; Resende et al., 1996b; Leon-
Ttacca et al., 2019a; Leon-Ttacca et al., 2019b) (Figure 1C). In
general, symptoms of V. dahliae infection appear when the cacao
tree starts tobear pods (Matovu, 1973), although the pathogenmost
likely infected the tree beforehand. Severe attacks, following
especially dry conditions or waterlogging, can cause the death of a
cacao tree one week after a situation of apparent health and vigor
(Leakey, 1965). In certain cases, natural recovery of an infected tree
can occur; this has been reported for trees such as cacao (Emechebe
et al., 1974), peach (Prunus persica (L.) Batsch) (Ciccarese et al.,
1990), almond (P. dulcis (Mill.) Webb) (Ciccarese et al., 1990),
TABLE 1 | Summary of the worldwide distribution of Verticillium wilt of cacao.

Countries Method of identification of the pathogen References

Uganda Morphological & molecular Emechebe et al., 1971; Matovu, 1973;
Bouchon, 2020

Democratic Republic
of Congo

Morphological & molecular Bouchon, 2020

Brazil Morphological & molecular Resende et al., 1995, Agrianual 2009
Colombia Morphological & molecular Granada, 1989; Resende et al., 1995
Ecuador Morphological identification of the genus Verticillium from symptomatic trees but no molecular diagnostic

and no pathogenicity test were conducted.
Zavala et al., 2010

Peru Morphological & molecular Leon-Ttacca et al., 2019a, Bouchon,
2020
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apricot (P. armeniaca L.) (Taylor and Flentje, 1968; Vigouroux and
Castelain, 1969), avocado (Persea americana Mill.) (Latorre and
Allende, 1983), olive (Blanco-López et al., 1990), pistachio (Pistacia
vera L.) (Hiemstra, 1998) and ash tree (Fraxinus excelsior L.)
(Keykhasaber et al., 2018). For a given species, recovery may
depend on the genotype. In cacao, recovery is rarely observed
(Matovu, 1973) and only in more resistant varieties (Resende,
1994). For olive, it has been observed that the recovery of
resistant and moderately resistant genotypes was three times
more likely to occur than the recovery of susceptible plants
(López-Escudero and Blanco-López, 2005). More details on the
biology of Verticillium wilt in cacao are presented in Flood
et al. (2016).

Two main pathotypes of V. dahliae have been reported on
several crops, such as cotton and olive: defoliating and non-
defoliating, based on their ability to induce either complete
defoliation of the host or partial/no defoliation (Schnathorst and
Mathre, 1966; Bejarano-Alcázar et al., 1996). However, a
continuum of symptoms, rather than the occurrence of distinct
pathotypes, was suggested by other authors (Ashworth Jr, 1983;
Dervis et al., 2010).Cottonplants infected bydefoliatingpathotypes
develop symptoms sooner andmore rapidly than when infected by
non-defoliating pathotypes (Bejarano-Alcázar et al., 1995;
Bejarano-Alcázar et al., 1997). Only one isolate was characterized
as defoliating in cacao; its origin was Colombia (Resende, 1994). It
overcame the resistance of a tree considered to be resistant to non-
defoliating isolates. Infection with defoliating isolates from cotton
triggered increased symptoms in cacao, less pronounced water
stress, and enhanced ethylene production compared with non-
defoliating isolates (Resende et al., 1996).
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To assess genetic variation in V. dahliae, vegetative
compatibility, i.e., the ability to form a stable heterokaryon by
fusion between separate isolates, has been used (Daayf et al., 1995;
Jiménez-Dıáz et al., 2006). In VW isolates from cacao in Uganda,
three distinct genetic groups (i.e., vegetative compatibility groups,
VCG) were found among 24 isolates. The only VCG found in the
Democratic Republic of Congo (DR Congo, 5 isolates) is similar
to one of the VCG found in Uganda. Verticillium dahliae from
Peru (4 isolates studied) form a distinct genetic group (Bouchon,
2020). To improve understanding of Verticillium wilt etiology, it
will be necessary to study V. dahliae genetic variation and its
implications by assessing VCG groups from different geographic
regions. Resistance of cacao to V. dahliaemay vary depending on
the VCG of the infecting isolate as it is in several other crops (e.g.,
Dervis et al., 2010; Göre et al., 2014; Jiménez-Dıáz et al., 2017; Fan
et al., 2018). Nonetheless, there is insufficient information on the
symptoms’ severity triggered by different V. dahliae isolates
towards cacao.

Verticillium dahliae Detection
Verticillium dahliae can be isolated from the xylem of roots,
stems, branches, twigs, leaves, and even seeds of many
commercial crops. Diagnosis is often carried out following
isolation of the fungus from excised vascular tissue on an NP-
10 semi-selective medium (Kabir et al., 2004). Although
serological tests have been developed to certify planting
materials, efforts to detect and identify Verticillium species
mainly use molecular diagnostic techniques that enable
consistent and early in-planta detection, e.g., in olive (Mercado-
Blanco et al., 2003; Mousavi et al., 2020).
A B C

FIGURE 1 | Symptoms of Verticillium wilt on cacao trees. (A) cross- and (B) longitudinal sections of cacao stems infected with V. dahliae, showing staining in xylem;
(C): cacao tree showing wilt symptoms following infection with V. dahliae.
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Thesemolecular diagnostic techniques are especially useful since
they allow for detection even at (very) low inoculum densities. This
is necessary since V. dahliae can damage crops at very low inoculum
densities, e.g., starting at 2 CFU/g of soil for strawberry (Fragaria x
ananassa Duch.) and cotton (Harris and Yang, 1996; Bejarano-
Alcázar et al., 1996). Moreover, they can help determine the
presence of V. dahliae in the soil of land potentially dedicated to
cacao cultivation, thereby preventing problems later. These
molecular techniques, notably real-time quantitative PCR, nested
PCR, loop-mediated isothermal amplification (LAMP), or
recombinase polymerase amplification combined with lateral-flow
dipstick technology, are preferable to any plating technique (Pérez-
Artés et al., 2005; Moradi et al., 2014; Borza et al., 2018; Ju et al.,
2020) but might present problems in countries where resources are
limited, and the correct research infrastructure is absent, as in
numerous cocoa-producing countries. In these cases, plating
techniques remain of interest.

Current Control of VW in Cacao
Generally speaking, controlling Verticillium wilt in cacao is
difficult and costly. Moreover, no curative solutions exist for
VW. Although applying systemic fungicides for Verticillium wilt
control, e.g., from the benzimidazoles’ family, has shown
favorable results with annual crops such as strawberry, they are
inefficient in controlling Verticillium wilt in tree crops such as
cacao (Oliveira, 1983; Lawrence et al., 1991) and olive (Jiménez-
Diaz et al., 2012). Fungicide treatments with benomyl and
azoxystrobin showed some efficiency in reducing VW in
avocado fields, but they were significantly less effective than a
combination of cultural practices (Ramıŕez-Gil and Morales-
Osorio, 2021). Also, economic and environmental costs were not
considered – nor was the fact that the use of benomyl is not
authorized in certain countries.

Verticillium wilt control in cacao has not received the
attention it merits. It is clear that to reduce the losses due to
VW and prevent its spread to new planting areas, integrated
management strategies, including combinations of biological,
chemical, physical, and cultural control measures, are needed
(e.g., Mercado-Blanco and López-Escudero, 2012; Ramıŕez-Gil
and Morales-Osorio, 2021). For example, in field conditions, an
integrated approach for managing Verticillium wilt in avocado
was the most efficient. The combination of pruning, solarization,
drainage, application of Trichoderma sp. and mycorrhiza
(Rhizoglomus fasciculatum Thaxt.), sucrose, organic matter,
and mineral amendment led to a disease reduction of 80.3% at
the end of a two-year field trial. In contrast, fungicide treatment
led to a disease reduction of 62.3% and solarization to a 35.7%
disease reduction (Ramıŕez-Gil and Morales-Osorio, 2021).

In light of the above, it is clear that there is a need to address
the challenges posed by VW in cacao. Thus, this review aims to
present an overview of current knowledge regarding VW in
cacao and propose promising solutions for its control. The
review considers the available literature on VW in cacao and
looks at control strategies for VW in other crops to provide
recommendations for future research.
Frontiers in Agronomy | www.frontiersin.org 4
MANAGEMENT OF VERTICILLIUM WILT
IN CACAO

Cultural Control of Verticillium Wilt
Any successful cacao pest and disease management strategy
starts with implementing good agricultural (control) practices.
This is also valid for VW, and practices that aim to reduce the
incidence, severity, and spread of V. dahliae are thus required.

As a first step, when planting new cacao, planting materials—
cacao seedlings and potting soil — should come from disease-
free regions and be pathogen-free (Pereira et al., 2008).

Planting in areas that could be contaminated should be
avoided (Flood et al., 2016). Thus, replanting in areas
previously affected by VW should be avoided unless the site has
lain fallow for an extended period. However, since V. dahliae can
survive up to 14 years in the field under non-host cropping (Mol
et al., 1996), this is generally not a viable option. Detection of V.
dahliae in soils before plantation is advised. Soil solarization
could be ameans to reduce fungal soilborne inocula in established
orchards. However, this technique requires consideration of two
factors. First, infections can occur deeper than the depth at which
solarization is found efficient. Second, in shaded areas, the soil
temperature is always lower, limiting the possibilities for
pathogen eradication (Ten Hoopen and Krauss, 2006).

Sanitation practices are required: any dead trees should be
uprooted and eliminated by burning (Oliveira and Luz, 2005) as
they can provide a source of inoculum. Also, tools in contact with
symptomatic trees and contaminated soils should be disinfected.
When planting, care should be taken to avoid damage to cacao
seedlings’ roots, as wounds can provide access to Verticillium.
Similarly, damaging cacao trees should be avoided during plot
maintenance practices such as weeding (Emechebe, 1975).
However, weed management is crucial in cacao growing areas
since certain weeds can act as a reservoir of V. dahliae (Resende,
1994; Malcolm et al., 2013). For example, among 12 common
Brazilian weeds, 8 are hosts to V. dahliae (Resende et al., 1994).

Optimal shading is essential for cacao cultivation as it notably
helps reduce excessive loss of water through evapotranspiration
and contributes to mitigating stressful environmental conditions
(Lahive et al., 2018). Also, once the disease is installed, adequate
shading could improve VW management and extend the life of
the plants (Trocmé, 1972; Oliveira and Luz, 2005; Pereira et al.,
2008). Lack of shade and drought impact VW incidence and
severity. Disease prevalence was found to be slightly higher in a
relatively dry year (1235 mm of annual rainfall) in a natural
infestation of cacao trees growing in fields surrounding Uganda’s
National Institute of Cacao Research in Kituza compared to the
two previous, more humid years (1617 and 1589 mm of annual
rainfall, respectively) (Trocmé, 1972). In Brazil, increased
incidence of Verticillium wilt was noted in dry areas in
combination with a lack of shade (de Almeida et al., 1989),
and shading has also been shown to reduce the incidence and
severity of Verticillium wilt of cacao in Uganda (Trocmé, 1972;
Matovu, 1973). Indeed, Trocmé noted in 1972 that 75% of
symptomatic trees (out of 212 trees from various cacao fields)
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were under reduced or no shade; this percentage was 63%
symptomatic trees out of 443 trees in the Kituza region,
presumably due to a more humid microclimate. Matovu made
similar observations in 1973 when he noticed from a study on
373 cacao farms that 74% of the cacao farms installed on
previously forested fields had a VW incidence of less than 1%.
In contrast, for cacao fields installed on lands previously
occupied by banana plantations, the percentage was 62%
(Matovu, 1973). The author hypothesized this difference to be
due to shade and soil fertility. Emechebe (1975) also observed a
significant reduction in the incidence of infection (21 days after
inoculation of cacao seedlings with V. dahliae) in conditions of
(artificial) high relative humidity, 57% compared to 77% under
normal atmospheric humidity, and highlighted the role of
transpiration in the systemic distribution of V. dahliae conidia.
Taking into account Verticillium wilt into the agroforestry
research efforts would help understand the ecology of this
disease better and help design mitigation solutions.

An additional way to reduce VW incidence would be to fulfill
cacao’s nutritional needs adequately. Indeed, Verticillium wilt is
more severe in nutritionally stressed plants (Davis and Allen,
1984; Romanyà et al., 2019). Since soil fertility is low in some
Ugandan soils (Van Asten et al., 2012), this could contribute to
the disease’s prevalence in Uganda. Pegg and Brady (2002)
reviewed several studies on different crops that showed that
adding copper, cobalt, zinc, molybdenum, and manganese may
help reduce V. dahliae incidence. In addition, sulfur may play an
essential role in Verticillium wilt resistance. Indeed, resistant
plants showed an accumulation of elemental sulfur in attacked
xylem in cacao (Resende et al., 1996a) and tomato (Solanum
lycopersicum L.) (Klug et al., 2015). Besides, enhanced
fertilization with sulfur alleviated the incidence of Verticillium
wilt in tomato (Bollig et al., 2013; Klug et al., 2015) and olive
(Romanyà et al., 2019). Since cacao needs numerous nutritional
elements to ensure high productivity, a well-reasoned
fertilization regime could thus simultaneously increase
production and reduce VW losses.

Genetic Resistance/Tolerance of Cacao to
Verticillium Wilt
Selection for increased disease resistance in breeding programs is
considered the most suitable way to deliver a long-term solution
to the problem of Verticillium wilt of cacao (Resende, 1994;
Oliveira and Luz, 2005; Pereira et al., 2008). Genetic resistance/
tolerance to Verticillium wilt has been found in numerous crops
(Fradin and Thomma, 2006).

Major genes for VW resistance are known in tomato (Ve1)
(Fradin et al., 2009), potato (Jansky et al., 2004), lettuce (Lactuca
sativaL.) (Sandoya et al., 2017), and sea-island cotton (G. barbadense
L.) (Zhang et al., 2014). Resistance toV.dahliae is also associatedwith
a major dominant gene in Arabidopsis thaliana (L.) Heynh.
(Veronese et al., 2003). In cacao, the segregation ratio of resistance
in seedlings from 5 crosses suggested monogenic heritability, with
susceptibility being dominant (Braga and Silva, 1989). In contrast,
polygenic control of resistance was identified in hop (Humulus
lupulus L.) (Jakse et al., 2013) and olive (Trapero et al., 2015).
Frontiers in Agronomy | www.frontiersin.org 5
However, resistance/tolerance is often limited to a few
genotypes such as, e.g., olive (Trapero et al., 2015), strawberry
(Shaw et al., 2010), lettuce (Sandoya et al., 2017), tomato (Carrer
Filho et al., 2016), sunflower (Helianthus annuus L.) (Creus et al.,
2007) and cotton (Zhou et al., 2014; Abdelraheem et al., 2020).
Resistance also depends on the virulence of Verticillium isolates
(Resende, 1994). For example, most commercial olive cultivars
are not resistant enough to a defoliating pathotype of V. dahliae
(Carrero-Carrón et al., 2018), despite the significant amount of
work done on genetic resistance/tolerance on olive for VW
during the last 15 years (reviewed in Montes-Osuna and
Mercado-Blanco, 2020).

The resistance of a limited number of cacao genotypes has
been assessed with V. dahliae isolates from different origins (in
vivo and in vitro: 6 and solely in vivo: 11 genotypes have been
tested). Clones Pound 7, SIC 2, SIC 328, and PA 30 have been
identified as resistant, clones PA 121, IMC 67, and SIC 802 as
intermediate resistant, and clones BE 5, ICS 1, ICS 6, and ICS 8 as
susceptible with non-defoliating isolates (Braga and Silva, 1989;
Resende, 1994). Nonetheless, a defoliating Colombian isolate
overcame the resistance of Pound 7 (Resende, 1994). In Uganda,
the Amazonian and Amelonado types of cacao were less
susceptible than the Trinatario ones in inoculation experiments
(Emechebe, 1975). It is important to note that low genetic
variability has been observed in farmed cacao in Uganda.
Indeed, most cacao trees have an admixed status with mainly
Marañon ancestry with significant contributions from
Amelonado and Iquitos lineages (Gopaulchan et al., 2019).
This low level of genetic variability presents a risk since there
is little to no genetic basis for developing resistance to VW.

Breeding for VW resistance/tolerance in cacao would require
more cacao genotypes to be assessed. In vivo inoculation of
seedlings, followed by symptom observation, has been proven to
be effective in identifying genotypes resistant to Verticillium wilt
in trees such as Pistacia atlantica Desf., and Pistacia integerrima
Stewart (Morgan et al., 1992), Acer platanoides L. (Chambers and
Harris, 1997), A. rubrum L. (Townsend and Hock, 1973), O.
europaea (Trapero et al., 2013) as well as T. cacao (Braga and
Silva, 1989; Resende, 1994). On 15-day-old cacao seedlings, stem
puncture inoculations have been shown to discriminate between
resistant, moderate resistant, or susceptible cacao varieties to V.
dahliae (Resende, 1994). Despite the young age at which it is
possible to distinguish between resistance levels, this technique is
demanding in cacao material and space. Moreover, such a set-up
poses questions about how to contain the disease in the nursery,
eliminate infected plants, disinfect soil, and presents difficulty in
obtaining sufficient clonal material. In vitro evaluation of
Verticillium wilt resistance using leaves is less demanding in
space and plant material: it is a non-destructive method that
allows promising seedlings to remain healthy, contrary to the in
vivo method. Also, these leaf bioassays are relatively easy to
perform and demand much less time than the in vivo tests using
seedlings. Moreover, in hop and tomato, in vitro tests led to
comparable outcomes to in vivo tests (Pegg and Street, 1984;
Gold and Robb, 1995; Gold et al., 1996). In vitro cacao leaf
bioassays have been used for screening cacao disease resistance
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or evaluating the variation in virulence for several cacao
pathogens, e.g., Phytophthora megakarya (Brasier and Griffin)
(Efombagn et al., 2011), Phytophthora palmivora (Butl.) (Tahi
et al., 2000; Nyadanu et al., 2009), V. dahliae (Bouchon, 2020),
Colletotrichum gloeosporioides (Penz. & Sacc.) (Maximova et al.,
2006), Ceratocystis cacaofunesta (Engelbr. & Harr.) (Magalhães
et al., 2016) and Lasiodiplodia theobromae (Pat.) Griff., and
Maubl (Ali et al., 2020).

In vitro tests were designed to assess Verticillium wilt
tolerance/resistance of cacao trees using leaves (blades and
petioles) by Bouchon (2020). Two tests were developed: 1)
electrolyte leakage on leaves and 2) fungal re-isolation
following inoculation of leaves through petioles. Both tests are
needed to decide between tolerance, resistance, or susceptibility.
The results obtained were in agreement with those obtained from
in vivo evaluation. However, further leaf sampling optimization
needs to be carried out to enhance the test’s robustness and to be
able to compare results between differently aged trees. Indeed,
petiole sizes and leaf positions on trees need to be standardized
(Bouchon, 2020).

In addition, efforts to identify VW resistance/tolerance could
also benefit from a participatory breeding approach, especially
since farmers can identify trees naturally recovered from
Verticillium wilt, potentially providing a source of resistance
(Resende, 1994). A relatively quick assessment of interesting
trees could be realized by selecting leaves from resistant mother
trees and assessing in vitro their VW resistance. Pollination could
be used to create crosses between promising trees, and seedlings
could be evaluated. Since Verticillium is a soilborne disease, once
resistant rootstock has been identified, grafting could be
proposed to manage Verticillium wilt as proposed for olive
(Carrero-Carrón et al., 2018), avocado (Haberman et al., 2020)
or, e.g., Ceratocystis wilt in cacao (Magalhães et al., 2016; dos
Santos Fernandes et al., 2018).

The search for VW resistance in cacao is unfortunately still in
its infancy. For example, genomic associations between SNP
markers and Verticillium wilt resistance have only been
addressed by Bouchon (2020). The marker that discriminates
the most between Verticillium wilt resistance and susceptibility
groups (TcSNP1111) is located at a putative resistance gene
(nucleotide-binding site gene).
Biological Control of Verticillium
Wilt of Cacao
The use of antagonistic organisms (Biological Control agents,
BCA) to reduce/suppress the activity of pathogens is an approach
with many benefits in plant disease management. Indeed, it is
compatible with organic certification, sustainable and durable
(Ferreira and Musumeci, 2021), although nontarget effects
should be controlled for.

Desirable BCAs for V. dahliae control can be selected from
microorganisms in non-symptomatic plants present in infested
fields or from suppressive soils or composts. The screening for
biocontrol activity of potential BCA needs to be done in field
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conditions to increase their chances of success (Deketelaere et al.,
2017). Microsclerotia are a major V. dahliae inoculum source
and are the primary long-term survival structures and thus play
an important role in the disease cycle (Fradin and Thomma,
2006). Therefore, desirable BCAs against V. dahliae need to have
the “ability to affect the survival or germination of microsclerotia.
Since the disease affects the xylem of the host plant, BCA should
also be able to colonize the xylem and/or cortex and compete with
the pathogen for nutrients and/or space”. Additional desirable
characteristics of BCA include the capacity to “induce a
resistance response in the plant and/or to promote plant
growth.” The BCAs have to colonize the host quickly and “to
adapt and endure the harsh (a)biotic conditions that they likely
have to face after being released” (Ruano-Rosa et al., 2016;
Deketelaere et al., 2017).

Several reviews have looked at the potential of biocontrol
agents for Verticillium wilt management. Pseudomonas spp. and
Bacillus spp. are the most common bacterial BCA reported for
VW control (Deketelaere et al., 2017; Acharya et al., 2020). A few
studies have looked at the potential of arbuscular mycorrhizal
fungi to control Verticillium wilt (e.g., Mulero-Aparicio et al.,
2020; Poveda and Baptista, 2021). Among the fungal BCA
against VW, Trichoderma and non-pathogenic xylem-
colonizing isolates of Fusarium and Verticillium have received
the most attention (Deketelaere et al., 2017; Acharya et al., 2020).

The ubiquitous genus Trichoderma comprises over 375 fungal
species (Cai and Druzhinina, 2021). They are found worldwide
in a wide range of ecosystems. They are constitutive of the soil
microflora. Also, they are common endophytes of annual and
perennial plants (Pandey et al., 2021), including cacao. Several
species of Trichoderma have been isolated as endophytes from
cacao (Mejıá et al., 2008; Bailey et al., 2008; Hanada et al., 2010;
Almeida et al., 2018; Leon-Ttacca et al., 2019a; Leon-Ttacca
et al., 2019b).

The potential of Trichoderma to alleviate biotic stress has been
shown in several studies (Khana et al., 2020; Ferreira and
Musumeci, 2021). Their antifungal activity relies on several
mechanisms: mycoparasitism (suppression, parasitization, or
killing of other fungi) (Druzhinina et al., 2011), antibiosis
(production of toxins that are detrimental to other fungi), and
competition (Khana et al., 2020). Trichoderma can induce
resistance in plants (Hoitink et al., 2006; Nawrocka and
Małolepsza, 2013) and enhance tolerance against abiotic stresses
such as drought and extreme temperatures, salinity, and heavy
metal accumulation (Khana et al., 2020). In addition, Trichoderma
can act as plant growth promoters by, for example, improving
nutrient availability and nitrogen use efficiency in plants (Carrero-
Carrón et al., 2016; Khana et al., 2020; Meher et al., 2020).

Trichoderma spp. are the most studied BCA (Meher et al.,
2020) and the most widely commercialized: 60% of fungal-based
biocontrol agents (Singh et al., 2009). Thanks to a wide range of
benefits, Trichoderma spp. are marketed worldwide as
biofertilizers, biopesticides, stimulants of natural resistance,
and growth promoters (Meher et al., 2020). In India, about 250
formulations comprising Trichoderma are destined for farmers’
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application (Swain and Mukherjee, 2020), and over 50
Trichoderma-based biofungicides against many soilborne and
foliar diseases are identified (Lorito et al., 2010; Woo et al., 2014).
In the case of cacao diseases, Trichoderma is indeed the most
studied BCA.

Numerous studies have shown the potential of Trichoderma
to reduce Verticillium wilt in different annual crops such as
strawberry (Mirmajlessi et al., 2016), cotton (Hanson, 2000;
Naraghi et al., 2012), eggplant (Solanum melongena L.)
(Mokhtari et al., 2018), and tomato (Jabnoun-Khiareddine
et al., 2009) as well as in woody hosts such as olive, pistachio,
and avocado (Supplementary Table 1). However, only one study
has been conducted on the use of Trichoderma for VW control in
cacao (Leon-Ttacca et al., 2019a; Leon-Ttacca et al., 2019b). Ten
Trichoderma isolates from six species, all endophytes of cacao
trees isolated in Peru, were assessed in vitro. Among them,
isolates of T. asperellum (Samuels, Lieckf. & Nirenberg) and T.
atroviride (Karst.) were the ones with the most antibiosis &
mycoparasitism capacities (Leon-Ttacca et al., 2019a; Leon-
Ttacca et al., 2019b). However, as Deketelaere et al. (2017)
mentioned, for many BCAs, these traits are often not
correlated with activity in vivo, and there are doubts that they
play a role in planta. This means that field experiments using
these Trichoderma isolates will be necessary to evaluate their
potential for VW control in cacao.

Trichoderma has potential benefit in control strategies for
other cacao diseases such as cacao black pod disease (Deberdt
et al., 2008; Mpika et al., 2009; Hanada et al., 2010; Mbarga et al.,
2014; Sriwati et al., 2019; Harni et al., 2020; Mbarga et al., 2020),
frosty pod rot (Bailey et al., 2008; Mejıá et al., 2008; Leiva et al.,
2020); and witches’ broom (De Marco and Felix, 2002; De Souza
et al., 2008; Loguercio et al., 2009).

Thanks to these potential benefits, using organic amendments
fortified with Trichoderma would thus be an exciting avenue to
explore. Using Trichoderma sp. in addition to compost has been
shown to control disease (e.g., Rosmana et al., 2019) and increase
cacao yield (Rafiuddin et al., 2020) (see also paragraph 2.5).
Notwithstanding the potential benefits, BCA applications can
have adverse or non-intended effects. Certain Trichoderma spp.
can cause disease in humans, mainly immunocompromised
humans, due to respiratory tract complications, and they can
also cause allergic reactions. Also, some BCAs can negatively
impact other fungi, causing losses in mushroom production (for
more information, see, e.g., Kredics et al., 2021). Research efforts
on developing biocontrol options for VW control should take
these potential risks into account.
Induced Resistance for the Management
of VW in Cacao
Several studies have looked at priming cacao plants against VW
by inducing resistance (Resende et al., 2002; Ribeiro et al., 2006;
Cavalcanti et al., 2008). Ribeiro et al. (2006) studied the use of
potassium phosphite to induce resistance to V. dahliae in cacao
seedlings. Unfortunately, although potassium phosphite
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presented antifungal effects, inhibiting the germination of V.
dahliae conidia, no significant impacts were found in treated
cacao seedlings. In the case of potatoes, the application of
phosphites limited the growth of Verticillium spp. In vitro and
in vivo, yet a high concentration is required (Borza et al., 2019).

Resende et al. (2002) studied the use of an S-methyl esther of
the benzo-(1,2,3)-thiadiazole-7 carbotioic acid (acibenzolar-S-
methyl, ASM), a compound in the benzothiadiazole group and
an analog of salicylic acid, known to be involved in the
acquisition of systemic resistance by plants (Görlach et al.,
1996; Lawton et al., 1996), for the induction of resistance
against V. dahliae and Moniliophthora perniciosa ((Stahel)
Aime & Phillips-Mora) (previously Crinipellis perniciosa
(Stahel) Singer), the causal agent of witches’ broom disease in
cacao. Their findings showed that, independently of the dose
used, spraying of ASM 15 days before inoculation with V. dahliae
promoted the greatest reduction of disease severity (55.4%)
compared to the inoculated control treatment. Similarly, for
witches’ broom disease, ASM induced a reduction in the
percentage of diseased seedlings ranging from 33.5 to 84.5%.
Interestingly, Cavalcanti et al. (2008) tested the use of an M.
perniciosa-based suspension for induction of resistance to V.
dahliae in cacao and compared it with ASM. Although ASM
conferred the best protection of cacao plants against V. dahliae,
reaching 30.2% protection compared with water-pre-treated
controls, the plants pre-treated with a heterogeneous fraction
of chitosan from M. perniciosa mycelium yielded 24.3%
protection (80% of the ASM performance). More on the
preventive effect of ASM on plant pathogens is provided by
Sandroni et al. (2020). However, it is important to note that ASM
is not compatible with organic certifications.

Thus, although a certain level of resistance was obtained,
none of the substances tested was found to protect cacao against
V. dahliae fully. Nonetheless, these results indicate that inducing
resistance to V. dahliae is a promising avenue for managing VW
in cacao.

Organic Amendments for the Management
of Verticillium Wilt of Cacao
Organic amendments such as compost can significantly suppress
the activity of pathogenic fungi, including V. dahliae (Bonanomi
et al., 2007). In a review of 250 articles on the suppressive
capacity of organic compost on soilborne diseases, it was found
that V. dahliae was among the most responsive fungi to
suppressive composts. Among the 17 articles on Verticillium
disease, representing 84 experiments, in 72% of the cases, the
amendments were suppressive, 21% had a non-significant effect,
and only in 7% of the cases, organic amendments were found to
increase disease incidence (Bonanomi et al., 2007). Composts
were found to be suppressive against V. dahliae in several annual
crops: tomato (Antoniou et al., 2017; Reddy, 2017; Kadoglidou
et al., 2020), eggplant (Ikeda et al., 2015; Markakis et al., 2016;
Kanaan et al., 2018; De Corato et al., 2018; De Corato et al.,
2019), pepper (Capsicum annum L.) (Abada et al., 2018; Ojinaga
et al., 2020; Tubeileh and Stephenson, 2020), cotton (Castaño
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and Avilés, 2013; Avilés and Borrero, 2017) and strawberry (Li
et al., 2019).

For perennial crops, grape marc composts were efficient in
reducing quite significantly the inoculum density of V. dahliae
measured up to 30 cm depth in olive orchards (Mulero-Aparicio
et al., 2020) and significantly reducing disease incidence in 1-year
and 30-year-old trees in orchard (Mulero-Aparicio et al., 2020)
as well as on five-month-old rooted olive cuttings from a highly
susceptible cultivar (Varo‐Suárez et al., 2018). For avocado, in
field conditions, application of organic matter (bovine manure
and plant and mushroom residues) and a mineral amendment to
7-years-avocado reduced disease severity by 50%, and the V.
dahliae inoculum levels in soils and leaves by 53% (Ramıŕez-Gil
and Morales-Osorio, 2021).

Although the use of organic amendments for VW control has
not (yet) been explored in cacao, the beforementioned shows the
potential of organic amendments. Moreover, the development of
such amendments for V. dahliae control could add value to
agricultural waste products and diversify income sources. One
requirement would be to use non-contaminated materials (plants
and manure) to make compost (López-Escudero and Blanco-
López, 1999) or to assure the elimination of any potential
pathogens during the composting process.

Composts can also be used for the management of other cacao
diseases. Studies on the use of compost for disease control in
cacao are listed in Supplementary Table 2. These findings open
interesting possibilities for multi-disease control in areas where
cacao is affected by several diseases/pathogens (including VW).

The ability of composts to suppress plant diseases has been
attributed to the chemical composition of composts and the
presence of antagonistic soil microflora (Lazarovits et al., 2000;
Pérez-Piqueres et al., 2006). However, one major problem with
their use is the variability in their suppressive activity linked to
difficulties replicating and standardizing compost quality over
time (De Corato, 2020). One way to increase their effectiveness is
to mix compost with different substances or biological control
agents (BCA). Ruano-Rosa and Mercado-Blanco (2015)
reviewed numerous studies in which BCAs were added to
organic amendments against a diverse array of soilborne
diseases. In the specific case of Verticillium wilt, the addition
of BCA to compost might increase the disease reduction
capacity, as observed in other crops. For example, adding
Bacillus subtilis (Ehrenberg) Cohn or Pseudomonas fluorescens
Migula to compost led to a 66% pepper yield increase compared
to compost alone and up to a 450% yield increase compared to
the control (no compost and no BCA) (Abada et al., 2018). Also,
adding a non-pathogenic strain of Fusarium oxysporum to olive
waste compost reduced by 1.6 times the inoculum density of the
pathogen, about 50% compared to 30% (Mulero-Aparicio, 2019).

In a specific cropping system, compost efficiency and the
suppressive response delay are also determined by the frequency
and the application rate of compost amendment (DeCorato, 2020).
In addition, some essential oils, plant extracts, and algae have also
proven to inhibit V. dahliae mycelial growth and reduce disease
incidence; however, field use has not been reported (Acharya et al.,
2020; Montes-Osuna and Mercado-Blanco, 2020). Therefore,
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studying the possibility of using enriched compost, either with
BCA, essential oils, plant extracts, and/or algae, for V. dahliae
control on cacao would be interesting.

Unfortunately, in many countries and especially in Africa, the
availability of BCA is limited, complicating the use of enriched
composts. Nonetheless, the use of plant extracts could be
envisioned, especially since farmers themselves have developed
the use of plant extracts for cacao pest control (e.g., Coulibaly
et al., 2002).

Considering the ubiquitous availability of cacao pod husks
(CPH) in cacao farming (they account for 70–75% of whole fruit
weight), their use in compost is of particular interest.
Composting diseased pods and pod husks, in general, is a
sanitation practice. Indeed, it is an efficient way to reduce
pathogen inoculum, as proposed, for example, for P.
megakarya (Doungous et al., 2018). Furthermore, composting
pods attacked by cacao pod borers (Conopomorpha cramerella
Snellen) is an excellent way to eliminate these harmful insects
(Fidelis and Rao, 2017).

Adding BCAs, such as Trichoderma spp., can also aid in
getting rid of cacao pathogens and has been shown to effectively
eliminate P. palmivora (Angraeni and Sriwati, 2020). It would be
interesting to test for the suppressive capacity of composts made
with cacao pod husks toward V. dahliae, as such composts have
shown suppressive effects on other cacao pathogens.

Moreover, cacao pod husks can improve soil proprieties as
well as soil fertility. CPHs are rich in minerals such as K, Ca, and
P (Lu et al., 2018). CPH fertilizers demonstrated yield benefits for
maize and tomato. In Nigeria, cacao farmers using CPH fertilizer
achieved almost three times more profit than farmers that did
not use CPH fertilizers (Agbeniyi et al., 2011). In addition, CPHs
are rich in organic macromolecules such as cellulose,
hemicellulose, and lignin; returning this matter to the soil
without being burnt could help deal with soil organic matter
depletion frequently encountered in cacao fields and associated
with cacao yield decline (Lu et al., 2018). Apart from compost,
other types of soil amendments can be made from CPH: biochar
(Munongo et al., 2017) and ashes fertilizer (Ayeni et al., 2008;
Kone et al., 2020). It could be interesting to study these, especially
with regard to farmers’ acceptance. Indeed, some farmers
reported barriers to compost utilization. For example, in
Cameroon, lack of time and experience with compost were the
major difficulties reported (48% and 22% respectively of the 120
farmers surveyed) (Essougong et al., 2020). In Nigeria, lack of
knowledge was also identified as an important barrier. Out of 204
surveyed farmers, 63% had no knowledge regarding the usage of
CPHs in amendments (Adeogun et al., 2013). The lack of time
could be addressed through the participative development of
protocols to do accelerated composts. Indeed, different biological
organisms, fungi such as Trichoderma spp., degrade CPHs,
accelerate composting, and improve compost quality (e.g.,
Rahim et al., 2018; Thaha et al., 2020).

CPH in decomposition can serve as a breeding site for cacao
pollinators; placing fresh cacao fruit husks in different places of
fields has proven to significantly increase the number of fruits per
tree and consequently increase yield (Forbes and Northfield, 2017).
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Yet no study has regarded the impact of CPH compost or a
combination of both composted and fresh CPHs on pollinators.
CONCLUSION AND PROSPECTS

Verticillium wilt in cacao has not received the attention it merits.
This disease can substantially impact yield and, consequently, the
livelihoods of cacao farmers, notably in Uganda, DR Congo,
Brazil, and Peru. This disease, like many soilborne diseases, is
difficult to control. Unfortunately, relatively little research has
been done on how to manage it on cacao.

Planting in contaminated areas should be avoided; testing for V.
dahliae presence in soils before planting is advised.Other prevention
measures such as using disease-free materials and avoiding
wounding the trees are recommended. In addition, correct
implementation of good agricultural practices such as shading,
weed management, and satisfying nutritional cacao needs are
required to prevent or reduce the incidence and severity of V.
dahliae. In case of V. dahliae attacks, sanitation measures are to be
adopted to avoid further spreading, such as removing and burning
dead trees and disinfection of tools used in maintenance.

No curative measures exist yet. Using resistant cacao varieties
would be the best way to cultivate cacao even in (low to medium)
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contaminated soils. Indeed, genetic resistance would provide
long-lasting effects, but it will be long and costly to achieve,
despite the possibility of using in vitro tests. Also, in Uganda, it
would be limited by the critical local genetic bottleneck. Thus, the
use of organic amendments possibly enriched with BCA or
natural extracts capable of inducing resistance to VW in the
cacao trees or directly interacting with the pathogen seems the
best avenue to explore as it could bring low-cost solutions to
farmers with moderate research efforts. The more so since it will
also permit the delivery of necessary nutrition to the cacao tree,
which helps boost productivity. To successfully develop this
solution, it is needed to isolate and identify potential BCAs
amongst local endophytes, epiphytes, soils, and available organic
amendments. Organic amendments need to be evaluated for
their suppressive capacity, resistance induction, and growth
promotion. Promising farmer innovations for VW also need to
be looked at. Measures to be included in integrated strategies for
controlling Verticillium wilt in cacao trees are summarized
in Figure 2.

Given the current cacao dynamics in Uganda and, more
generally speaking, Central Africa, with increasing areas under
cacao cultivation, the risk of further spread of VW is present.
Therefore, more attention to its control is urgently needed to
prevent this pathogen from impacting cacao cultivation further.
FIGURE 2 | Measures to inlude a management strategy for cacao and research gaps (adapted from Keykhasaber et al., 2018). Image credits: Havryliuk-
Kharzhevska/Shutterstock.com.
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M., Monte, E., et al. (2018). Interactions Between Trichoderma Harzianum and
Defoliating Verticillium Dahliae in Resistant and Susceptible Wild Olive
Clones. Plant Pathol. 67 (8), 1758–1767. doi: 10.1111/ppa.12879

Carrero-Carrón, I., Trapero-Casas, J. L., Olivares-Garcıá, C., Monte, E., Hermosa,
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Micobiota Patogénica Del Cacao “Arriba” (Theobroma Cacao) Presente En La
Costa Ecuatoriana. Rev. Tecnol. ESPOL 23 (1), 21–26.

Zhang, J., Fang, H., Zhou, H., Sanogo, S., and Ma, Z. (2014). Genetics, Breeding,
and Marker-Assisted Selection for VerticilliumWilt Resistance in Cotton. Crop
Sci. 54 (4), 1289–1303. doi: 10.2135/cropsci2013.08.0550

Zhou, H., Fang, H., Sanogo, S., Hughs, S. E., Jones, D. C., and Zhang, J. (2014).
Evaluation of Verticillium Wilt Resistance in Commercial Cultivars and
Advanced Breeding Lines of Cotton. Euphytica 196 (3), 437–448.
doi: 10.1007/s10681-013-1045-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bouchon and Hoopen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
July 2022 | Volume 4 | Article 911969

https://doi.org/10.1023/A:1008747800191
https://doi.org/10.1080/0028825X.1968.10428580
https://doi.org/10.1080/21501203.2017.1300199
https://doi.org/10.1080/21501203.2017.1300199
https://doi.org/10.1016/j.cropro.2005.03.009
https://doi.org/10.3934/agrfood.2020.4.825
https://doi.org/10.1094/Phyto-63-673
https://doi.org/10.1016/j.scienta.2013.08.036
https://doi.org/10.1111/ppa.12330
https://doi.org/10.1016/j.cpb.2020.100148
https://ugandaexports.go.ug/uploads/stats/Formal_and_Informal_Exports_by_Commodity_and_Quantity,_Calender_Year_hbc608mb.xls
https://ugandaexports.go.ug/uploads/stats/Formal_and_Informal_Exports_by_Commodity_and_Quantity,_Calender_Year_hbc608mb.xls
https://ugandaexports.go.ug/uploads/stats/Formal_and_Informal_Exports_by_Commodity_and_Quantity,_Calender_Year_hbc608mb.xls
https://pdf.usaid.gov/pdf_docs/PA00HT7Z.pdf
https://doi.org/10.1111/ppa.12798
https://doi.org/10.1046/j.1365-313X.2003.01830.x
https://doi.org/10.1007/s13762-012-0145-4
https://doi.org/10.2174/1874437001408010071
https://doi.org/10.2135/cropsci2013.08.0550
https://doi.org/10.1007/s10681-013-1045-5
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/agronomy
http://www.frontiersin.org/
https://www.frontiersin.org/journals/agronomy#articles

	Integrated Management of Verticillium Wilt of Cacao
	Verticillium Wilt of Cacao
	Host Range and Geographical Distribution
	Symptoms and Diversity
	Verticillium dahliae Detection
	Current Control of VW in Cacao

	Management of Verticillium Wilt in Cacao
	Cultural Control of Verticillium Wilt
	Genetic Resistance/Tolerance of Cacao to Verticillium Wilt
	Biological Control of Verticillium Wilt of Cacao
	Induced Resistance for the Management of VW in Cacao
	Organic Amendments for the Management of Verticillium Wilt of Cacao

	Conclusion and Prospects
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


