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ABSTRACT
Ceratocystis wilt and canker disease has severely compromised the profitability of Acacia mangium
plantations in Southeast Asia. The focus of this review is on Ceratocystis wilt and canker disease in
Acacia trees. Its aim is to synthesise information about this fungal pathogen that can be used to
inform development of suitable disease-control strategies in forest plantations. The last 20 years
have seen many taxonomic changes in Ceratocystis, with some disagreement as to species bound-
aries. Therefore, an understanding of the origins and development of this disease requires reference
to other species, particularly in the context of the biology and fungal taxonomy, disease symptoms
and mechanisms of fungal dispersal. The risks and impacts of the disease on the sustainability of
Acacia wood production are examined. Observing or surveying disease symptoms in plantations,
selecting and planting tolerant or resistant Acacia trees, and the potential of endophytic bacteria as
biological control agents are also included in this review.
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Introduction

Acacia species have been exploited for wood, including fuel
wood, animal forage, human food, tannin and land rehabilita-
tion (Midgley & Turnbull 2003). In southern and eastern Africa,
they have been grown for more than 100 years for the control
of sand drift, and for timber, plywood and pulp and paper
industries (Roux et al. 2005; Griffin et al. 2011). In the Asia-
Pacific region, tropical species have been grown for over
80 years. Acacia auriculiformis A. Cunn. ex Benth. was intro-
duced from Australia to Malaysia in 1932, to Thailand in 1935
and subsequently to India and China (Midgley & Turnbull 2003).
Acacia mangium Willd. and Acacia crassicarpa A. Cunn. ex
Benth. have formed the basis of large plantation estates for
pulpwood production in Southeast Asian countries for at least
three decades (Griffin et al. 2011). Acacia mangium was first
introduced from the humid tropical forests of north-eastern
Australia to Malaysia in 1966 and subsequently to Papua New
Guinea, Indonesia, Bangladesh, China, India, the Philippines, Sri
Lanka, Thailand and Vietnam (Midgley & Turnbull 2003;
Krisnawati et al. 2011). Acacia crassicarpa was first planted in
the early 1980s in Thailand and soon after in Indonesia where it
is very well-adapted to peatlands in Sumatra (Midgley &
Turnbull 2003). Acacia hybrid (A. mangium × A. auriculiformis)
was developed over 20 years ago (Kha 2000) and is now the
most commonly planted Acacia ‘species’ in Vietnam (Griffin
et al. 2011). All species are fast growing, have good wood
quality, are able to grow up to 30 m in height and can adapt
to many types of soil and environmental conditions (Griffin
et al. 2011; Krisnawati et al. 2011).

The utilisation potential of these tropical Acacia species for
pulp and paper led to the rapid expansion of their planting and
use by large industrial companies in Southeast Asia; the total
area planted in this region had reached over 2000 000 ha by
2014 (Harwood&Nambiar 2014), though by then, some estates

reliant on A. mangium had already become non-commercial
(Mohammed et al. 2014). This was because climate change and
operational systems had combined to reinforce the threats of
pathogens to forest production (Witzell et al. 2014). In particu-
lar, intensively managed short-rotation monoculture planta-
tions based on seedlings or clonal stock of a single species
had affected forest biodiversity and led to the emergence of
‘new’ diseases, often in the form of more aggressive strains of
pathogens (Anderson et al. 2004; Martín-García et al. 2011).

In particular, wood yields and the sustainability of pro-
duction of A. mangium in Indonesia and Malaysia have been
compromised by two diseases. The first was red root-rot
disease caused by Ganoderma philippii (Bres. & Henn. ex
Sacc.) Bres. (Lee 2004; Coetzee et al. 2011; Francis et al.
2014; Mohammed et al. 2014). Acacias became infected
when planted in areas where the pathogen was already
present, and losses in wood production increased with
each rotation (Lee 2004; Francis et al. 2014). The second
was wilt and canker disease caused by a species of
Ceratocystis (Tarigan et al. 2011a; Fourie et al. 2015). The
same pathogen is also a new disease threat in Vietnam
(Thu et al. 2012). In Indonesia and Malaysia, this resulted in
even greater mortality and loss of productivity in
A. mangium than with root rot, and quickly led to the demise
of this species as a source of pulpwood in Sumatra (Tarigan
et al. 2011a).

The focus of this review is on Ceratocystis wilt and canker
disease in Acacia trees. Its aim is to synthesise information
about this fungal pathogen that can be used to inform
development of suitable disease-control strategies in forest
plantations. However, an understanding of the origins and
development of this disease requires reference to other
species, particularly in the context of the biology and fungal
taxonomy, disease symptoms and mechanisms of fungal
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dispersal. Some of the examples given below are no longer
considered species of Ceratocystis due to recent taxonomic
revisions but are still relevant in the discussion of disease
transmission and control strategies. The risks and impacts of
the disease on the sustainability of Acacia wood production
are then examined. Observing or surveying disease symp-
toms in plantations, selecting and planting tolerant or resis-
tant Acacia trees, and the potential of endophytic bacteria as
biological control agents (BCA) also form part of this review.

Biology and disease dynamics

Ceratocystis is a fungal genuswith several species that cause rot
diseases of agricultural crops and vascular wilt and canker stain
of woody plants (Van Wyk et al. 2009a; Harrington 2013),
though application of the term vascular wilt to diseases caused
by Ceratocystis and related species is controversial (Kile 1993).
A typical vascular wilt pathogen such as Fusarium or Verticillium
moves through the xylem but does not invade xylem parench-
yma or ray cells until the host metabolism is disrupted and the
tissues surrounding xylem vessels die (Talboys 1972). Bretziella
fagacearum (Bretz) Z.W. de Beer, Marinc., T.A. Duong & M.J.
Wingf. (syn. Ceratocystis fagacearum (Bretz) J. Hunt) is the only
member of Ceratocystidaceae that fits this classical definition
(Juzwik 2008). By contrast, species such as Ceratocystis platani
(J.M. Walter) Engelbrecht & Harrington and Ceratocystis
albifundus M.J. Wingf., de Beer & M.J. Morris kill parenchyma
tissue and also kill cambium and bark tissue, resulting in can-
kers (Morris et al. 1993; Lehtijärvi et al. 2018). Ceratocystis
species invade their hosts through wounds, which may be
caused by human activity, other mammals such as monkeys,
elephants and squirrels, wind or boring insects (Harrington
2007; Tarigan 2011b).

The emergence of Ceratocystis wilt and canker disease in
commercial plantings of Acacia and also Eucalyptus spp. has
been associated with a period of rapid growth of plantation
estates based on these species following their introduction
as non-native trees (Wingfield et al. 2001b; Roux & Wingfield
2009). Disease development is associated with discoloura-
tion of woody tissues, leaf yellowing, wilting and canker, and
levels of mortality that affect the commercial viability of
plantations (Barnes et al. 2003a; Roux & Wingfield 2009;
Brawner et al. 2015). In Acacias, these symptoms have
been reported for Acacia mearnsii De Wild. in South Africa
and Uganda (Wingfield et al. 2001a), and for A. mangium in
Indonesia (Tarigan et al. 2011a), Malaysia (Brawner et al.
2015) and Vietnam (Thu et al. 2012). These symptoms have
also been reported for Eucalypts in Africa (Roux et al. 2000a;
Roux et al. 2000b; Roux et al. 2001a; Roux et al., 2004b; Van
Wyk et al. 2010a) and South America (Laia et al. 2000; Barnes
et al. 2003b). The incidence of Ceratocystis disease in
Eucalypts in Indonesia is confined to a small number of
susceptible clones (Heru Indrayadi pers. comm.) and it has
not yet been determined whether the pathogen on
Eucalypts is identical to that on Acacias though this work is
in progress (Istiana Prihatini pers. comm.).

Taxonomy and plant hosts

The genus Ceratocystis and the genus Ophiostoma were
previously placed in the same order, Ophiostomatales,
based on the similarity of their conidial morphology.
Ascocarps of both genera have a similar pattern of

development and ecological niche; their necks are elongated
and able to bear masses of sticky spores that easily stick to
the legs and bodies of insects that feed on these fungi,
facilitating spore dispersal to other trees (Malloch &
Blackwell 1993). However, species in these genera can be
distinguished through an examination of the anamorph
(asexual) stage and their sensitivity to the antibiotic cyclo-
heximide. Ophiostoma species are tolerant to cycloheximide,
while Ceratocystis species are sensitive to cycloheximide
(Samuels 1993). This difference and DNA sequence analyses
have resulted in Ceratocystis being placed in the order
Microascales (Spatafora & Blackwell 1994) and family
Ceratocystidaceae (Réblová et al. 2011), distinct from
Ophiostomatales.

A taxonomic revision of the family, supported by phylo-
genetic analyses (De Beer et al. 2014), resulted in the erec-
tion of two new genera, Davidsoniella and Huntiella, as well
as emended descriptions for Ambrosiella, Ceratocystis,
Chalaropsis, Endoconidiophora and Thielaviopsis. Species of
Ambrosiella and Endoconidiophora are associates of ambrosia
and bark beetles (Coleoptera: Scolytinae), with minimal
direct impact on plant health. Most of the species patho-
genic to dicotyledonous plants were placed into two of the
emended genera, Ceratocystis and Davidsoniella, while
pathogens of monocotyledonous plants fell into a single
clade that corresponded to the emended description of
Thielaviopsis. No sexual state is known for species retained
or transferred to Chalaropsis, and the asexual state is indis-
tinguishable from those of Ceratocystis spp. These species
are found on woody substrates but are not known to have
any ecological or economic significance (De Beer et al. 2014).
Huntiella includes wound-colonising saprobes or mild patho-
gens that may be responsible for sapstain in timber. Some
species, including the oak wilt pathogen C. fagacearum, did
not fit into a well-defined clade. Subsequently, another new
genus, Bretziella, was erected to accommodate
B. fagacearum, syn. C. fagacearum (De Beer et al. 2017).

The species remaining in the redefined genus Ceratocystis
consist of those conforming to the previous species concept
of Ceratocystis fimbriata Ellis & Halst. (De Beer et al. 2014; Liu
et al. 2018). Species delineations in this group are contro-
versial and some authors maintain that many of the newly
described species are conspecific with C. fimbriata (Oliveira
et al. 2015).

The pathogenic association of a species of Ceratocystis with
a cultivated crop was first reported in 1890 in New Jersey,
USA, where it was associated with tuber black rot on Ipomoea
batatas (L.) Lam. (sweet potato) (Halsted & Fairchild 1891). The
causal fungus was described as the new species C. fimbriata.
Since then, a large number of agricultural crops and woody
trees, both gymnosperms and angiosperms, have been
reported as hosts of C. fimbriata and related species (Roux &
Wingfield 2009; Al Adawi et al. 2013). Baker et al. (2003) list 31
species of plants from 14 families as hosts of Ceratocystis spp.
As well as many tree species, this includes root crops, edible
aroids (Araceae), Coffea arabica L. and Theobroma cacao L. In
Colocasia esculenta (L.) Schott (taro), Ceratcystis fimbriata
causes a post-harvest rot, similar to that on sweet potato
(Harrington et al. 2015).

Tree hosts include conifers such as Picea abies (L.)
H. Karst. (Norway spruce), Pinus spp. and hardwoods:
Quercus spp., Ulmus spp., Platanus spp., Eucalyptus spp. and
Acacia spp.; Hevea brasiliensis Müll. Arg. and other cultivated
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trees are also affected (Kile 1993; Harrington 2007).
Economically important levels of damage can be caused,
for instance, tree death of Mangifera indica L. (mango)
caused by Ceratocystis manginecans M. van Wyk, Al Adawi
& M.J. Wingf., and wilt disease of Punica granatum
L. (pomegranate) by C. fimbriata (Huang et al. 2003).
Environmental impacts of Ceratocystis species may also be
dramatic; for example, rapid ohia death (ROD) in
Metrosideros polymorpha Gauch. (Keith et al. 2015).

Initially identified as C. fimbriata (Morris et al. 1993; Roux &
Wingfield 2009) several new Ceratocystis species have been
described as causing serious damage on Acacia spp., for exam-
ple, C. albifundus wilt and canker disease in A. mearnsii (Barnes
et al. 2005). The Ceratocystis species infecting Acacia spp. in
Indonesia was initially identified as belonging to two species,
C. manginecans, originally described from M. indica in Oman
(van Wyk et al. 2007a), and a new species, Ceratocystis acacii-
vora Tarigan & M. van Wyk (Tarigan et al. 2010), the two being
differentiated by slight differences in their rDNA internal tran-
scribed spacer (ITS) sequence. Subsequent phylogenetic ana-
lyses showed that the ITS marker was unreliable (Al Adawi et al.
2013; Naidoo et al. 2013) and phylogenetic analyses based on
four informative gene regions and single nucleotide poly-
morphism (SNP) markers, could not distinguish these two spe-
cies (Fourie et al. 2015). As a result, C. acaciivorawas considered
synonymous with C. manginecans (Fourie et al. 2015).
Ceratocystis manginecans infects Lansium parasiticum
(Osbeck) K.C. Sahni & Bennet (duku) as well as Acacia spp. in
Indonesia (Irsan et al. 2016), though has not been reported
from mango in Indonesia. In Oman and Pakistan, it infects
native legume trees (Al Adawi et al. 2013) as well as mango
(Van Wyk et al. 2007a; Table 1). Two new species, Ceratocystis
mangicola M. van Wyk & M.J. Wingf. and Ceratocystis
mangivora, M. van Wyk & M.J. Wingf. were described from
mango in Brazil (Van Wyk et al. 2011a), however, pathologists
in Brazil continue to regard the pathogens on mango,
Eucalyptus, Hevea, Tectona and many other host species as
members of a single species, C. fimbriata, (Firmino et al. 2012;
Harrington et al. 2014; Valdetaro et al. 2015; Oliveira et al. 2016;
Zhang et al. 2017). Recent population genetic studies provide
some evidence to support this view; isolates from kiwifruit
(Actinidia spp.) have been separated into three distinct groups,
with one group closely related to isolates from Eucalypts and
another closely related to isolates from mango and taro
(Ferreira et al. 2017). The majority of isolates belonged to
a third group, labelled PM, that was linked to the nursery that
supplied kiwifruit plants to the other sampled farms. The high
level of clonal replication indicated a strong likelihood of vege-
tative reproduction, either in infected scion material or by
contaminated tools. The relative pathogenic aggressiveness
of isolates from the three groups was not tested, though all
groups were isolated from multiple diseased kiwifruit vines.
Phylogenetic analysis of the mating type genes provided addi-
tional support for groupings based on microsatellite data
(Ferreira et al. 2017), with the PM population the most
divergent.

Morphology and reproduction

Ceratocystis spp. have teleomorph (sexual) and anamorph
(asexual) stages of reproduction. The teleomorph stage can
be recognised through the presence of small, dark- through
to light-coloured, sub-globose, globose or spherical fruiting

bodies known as ascocarps (or ascomata) which are typically
ostiolate or perithecial. The base of the ascocarps is enlarged
and they have long necks with ostiolar hyphae on the tip (see
fig. 2 in De Beer et al. 2014). Deliquescent asci emerge from the
centrum of the ascocarp and produce sticky, hat-shaped ascos-
pores (sexual spores; Upadhyay 1993). The ascospores are hya-
line and lack germ-pores. The ascospores exude from the
ascocarp as a sticky droplet through the ostiolar hyphae at
the top of the ascomatal necks. These spores adhere easily to
insects (Upadhyay 1993; De Beer et al. 2014).

The anamorph stage of Ceratocystis is morphologically like
that of Chalara species. All Ceratocystis species have a Chalara-
like anamorph (Paulin-Mahady et al. 2002; Harrington 2013).
Simple tubular conidiogenous cells called phialides typically
taper towards their apices, and produce either chains of rec-
tangular conidia or dark barrel-shaped secondary conidia as
asexual spores (De Beer et al. 2014). Production of chlamydos-
pores or aleuroconidia by some species of Ceratocystis facil-
itates survival in and transmission through soil. Aleurioconidia
are pigmented, thick-walled, chlamydospore-like spores that
are produced in specialised conidiophores (see fig. 3 in
Harrington 2013; De Beer et al. 2014).

Geographic distribution of Acacia and Eucalyptus
pathogens

The genus Ceratocystis has a wide geographic distribution and
can be found causing serious disease to a range of species in
tropical, subtropical and temperate climates and in all continents
(Table 1). In the previous century, many reports of damage to
woody hosts were ascribed to C. fimbriata, but these pathogens
have subsequently been described as new species, e.g. wilt
disease in A. mearnsii in South Africa was initially ascribed to
C. fimbriata (Morris et al. 1993) and later described as
C. albifundus (Wingfield et al. 1996). The same pathogen was
found in A. mearnsii in Uganda (Roux et al. 2001b), Malawi,
Zambia (Roux et al. 2004a), Kenya and Tanzania (Roux et al.
2005). It also affectsAcacia caffra (Thunb.)Willd.,Acacia decurrens
Willd., andAcacia nigraClos, syn.Calliandra chilensis Benth. (Roux
et al. 2007; Nkuekam et al. 2008; Roux & Wingfield 2009) as well
as Protea spp. and Terminalia sericea Burch. ex DC. in South Africa
(Crous et al. 2013; Pornsuriya & Sunpapao 2015). Ceratocystis
obpyriformis R.N. Heath & Jol. Roux, Ceratocystis pirilliformis
I. Barnes & M.J. Wingf. and Ceratocystis polyconidia R.N. Heath &
Jol. Roux, are also found on A. mearnsii in South Africa (Heath
et al. 2009b; Lee et al. 2016). Unfortunately, fewer publications
focuson the relative damage causedby thesedifferent species or
methods of disease control than on the fungal taxonomy.

Of these Acacia-infecting species, only C. pirilliformis has
been recorded from Australia, where it causes sap-stain in
Eucalyptus nitens (H. Deane & Maiden) Maiden (Barnes et al.
2003a), but has not been reported in association with Acacia
species. A molecular and phylogenetic study using poly-
morphic simple sequence repeat (SSR) markers on
C. pirilliformis indicated that this pathogen is more diverse
in Australia than in South Africa and therefore presumed to
be native to Australia (Nkuekam et al. 2009). In South Africa,
it causes vascular stain in Eucalyptus grandis W. Hill (Barnes
et al. 2003a; Nkuekam et al. 2009) in addition to A. mearnsii.
Two other species, Ceratocystis atrox M. van Wyk & M.J.
Wingf. and Ceratocystis corymbiicola Kamgan-Nkuek., occur
on Eucalypts in Australia, while another six have been

82 A. NASUTION ET AL.



Table 1. Ceratocystis pathogens of woody plants, their hosts and geographic locations

Ceratocystis species Host Geographic location References

C. albifundus Acacia caffra South Africa Roux et al. 2007
A. decurrens South Africa Roux & Wingfield 2009
A. mearnsii Kenya, Malawi, South Africa, Tanzania,

Uganda, Zambia
Roux & Wingfield 2009

A. nigrescens South Africa Nkuekam et al. 2008
Dalbergia nitidula Zambia Roux & Wingfield 2013

Protea spp. South Africa Crous et al. 2013
Terminalia sericea South Africa Pornsuriya & Sunpapao 2015

C. atrox Eucalyptus grandis Australia Van Wyk et al. 2007b
C. cacaofunesta Theobroma cacao Brazil, Colombia, Costa Rica, Ecuador,

Guatemala, Trinidad & Tobago, Venezuela
Engelbrecht et al. 2007a

Herrania sp. Costa Rica Engelbrecht et al. 2007b
C. caryae Carya spp. USA Johnson et al. 2005
C. cercfabiensis Eucalyptus spp. (stumps) China Liu et al. 2015
C. collisensis Cunninghamia lanceolata China Liu et al. 2015
C. colombiana Citrus spp., Coffea sp. Colombia Van Wyk et al. 2010b

Coffea arabica Colombia Van Wyk et al. 2010b
Schizolobium parahybum Colombia Van Wyk et al. 2010b

C. corymbiicola Corymbia variegata Australia Nkuekam et al. 2012
Eucalyptus spp. Australia Nkuekam et al. 2012

C. curvata Eucalyptus deglupta Colombia, Ecuador Van Wyk et al. 2011b
C. diversiconidia Terminalia ivorensis Colombia, Ecuador Van Wyk et al. 2011b
C. ecuadoriana E. deglupta Colombia, Ecuador Van Wyk et al. 2011b
C. eucalypticola Eucalyptus spp. South Africa Nkuekam et al. 2013

Eucalyptus sp. Brazil, Republic of the Congo, Uganda, Uruguay Lee et al. 2016
C. ficicola Ficus carica Japan Kajitani & Masuya 2011
C. fimbriata Ipomoea batatas* Brazil, China, Cost Rica, Haiti, Japan, Kenya,

Korea, Mexico, New Zealand, Japan, Kenya, Korea,
Papua New Guinea, Puerto Rico, Taiwan, USA,

Virgin Is., West Indies

USDA ARS

C. fimbriatomima Eucalyptus sp. Venezuela Van Wyk et al. 2009a
C. harringtonii Populus spp. Canada, USA, Poland Johnson et al. 2005
C. huliohia Metrosideros poymorpha USA (Hawaii) Barnes et al. 2018
C. larium Styrax benzoin Indonesia Van Wyk et al. 2009b
C. lukuohia M. polymorpha USA (Hawaii) Barnes et al. 2018
C. mangicola Mangifera indica Brazil Van Wyk et al. 2011a
C. manginecans A. crassicarpa Indonesia (Sumatra) Al Adawi et al. 2013

A. mangium Indonesia
Malaysia
Vietnam

D. sissoo Pakistan Al Adawi et al. 2013
Lansium parasiticum Indonesia Irsan et al. 2016

M. indica Oman, Pakistan van Wyk et al. 2007a
Mimusops elengi Thailand Pornsuriya & Sunpapao 2015
Prosopis cineraria Oman Al Adawi et al. 2013

C. mangivora Mangifera indica Brazil Van Wyk et al. 2011a
C. neglecta E. grandis Colombia Rodas et al. 2008
C. obpyriformis A. mearnsii South Africa Heath et al. 2009b
C. papillata Annona muricata Colombia Van Wyk et al. 2010b

Citrus spp. Colombia Van Wyk et al. 2010b
Coffea arabica Colombia Van Wyk et al. 2010b

Schizolobium parahybum Colombia Van Wyk et al. 2010b
Theobroma cacao Colombia Van Wyk et al. 2010b

C. pirilliformis Acacia mearnsii South Africa Lee et al. 2016
Eucalyptus spp. South Africa, Malawi Nkuekam et al. 2013
Eucalyptus spp. Australia Van Wyk et al. 2013

Rapanea sp. South Africa Lee et al. 2016
C. platani Platanus spp. Albania, France, Italy, Spain, USA Tsopelas et al. 2017

Platanus spp. Greece, Italy, Switzerland, Turkey Lehtijarvi et al. 2018
Syngonium podophyllum USA (Hawaii) Li et al. 2017

C. polychroma Syzygium aromaticum Indonesia (Sulawesi) Van Wyk et al. 2004
C. polyconidia A. mearnsii South Africa Heath et al. 2009b
C. smalleyi Carya spp. USA Johnson et al. 2005
C. tanganyicensis A. mearnsii Tanzania Heath et al. 2009b
C. thulamalensis Colophospermum mopane South Africa Mbenoun et al. 2014

Combretum zeyheri South Africa Mbenoun et al. 2014
C. tsitsikammensis A. melanoxylon South Africa Misse et al. 2017

Eucalyptus sp. South Africa Misse et al. 2017
Ocotea bullata South Africa Nkuekam et al. 2008

Rapanea melanophloeos South Africa Nkuekam et al. 2008
Terminalia sericea South Africa Nkuekam et al. 2008

C. variospora Betula platyphylla Japan Linnakoski et al. 2008
Prunus sp. USA Li et al. 2017

Quercus spp. USA Johnson et al. 2005
C. zambeziensis A. nigrescens South Africa Mbenoun et al. 2014

Combretum imberbe South Africa Mbenoun et al. 2014
Schotia brachypetala South Africa Mbenoun et al. 2014

*Ceratocystis fimbriata s.l. has been reported from nearly 100 host species, including many woody plants, so would require a complete table of its own.
Determining an accurate host range for C. fimbriata s.s. is likely to require additional work and the description of several new species.
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described from Eucalyptus spp. in South Africa and South
America (Table 1).

The most severe outbreaks of Ceratocystis wilt and canker
of Acacia species have been in Southeast Asia where
C. manginecans infects Acacia species, including
A. auriculiformis, A. crassicarpa and A. mangium (Tarigan
et al. 2010; Thu et al. 2012; Brawner et al. 2015). This species
was first described from mango trees in Oman and Pakistan
(Van Wyk et al. 2007a). Other hosts include Dalbergia sissoo
DC. in Pakistan (Al Adawi et al. 2013), L. parasiticum in
Indonesia (Irsan et al. 2016), Mimusops elengi L. in Thailand
(Pornsuriya & Sunpapao 2015) and Prosopis cineraria (L.) Druce
in Oman (Al Adawi et al. 2013). Infections of Eucalyptus spp.
also occur in Indonesia but the species identification has not
yet been confirmed (Indrayadi pers. comm.). Ceratocystis fim-
briata has recently been identified on Eucalyptus in Pakistan
(Alam et al. 2017), but this identification did not rely on DNA
sequencing.

Many of the recently described Ceratocystis species lived
in equilibrium with indigenous hosts in their native environ-
ment and attracted little scientific attention until they
moved onto a susceptible, exotic host species (Baker et al.
2003). Subsequent isolation and DNA sequencing enabled
identification as novel species (Barnes et al. 2003a), for
example, Ceratocystis fimbriotomima M. van Wyk & M.J.
Wingf. in Venezuela that infected introduced Eucalyptus
spp. as well as native species (van Wyk et al. 2009a).
Similarly, Ceratocystis colombiana M. van Wyk & M.J. Wingf.
that infects native trees in Colombia was identified as a new
pathogen infecting introduced coffee, cacao and citrus (van
Wyk et al. 2010b), and Ceratocystis ficicola Kajitani & Masuya
that infects native trees in Japan, as a new pathogen that
infects Ficus drupacea Thunb. (syn. Ficus indica L.) (Kajitani &
Masuya 2011). Morphologically these three species are very
close to C. fimbriata; support for their separation into distinct
taxa depends on comparison of carefully selected DNA
sequence data (van Wyk et al. 2010b; Kajitani & Masuya
2011).

Discrimination among many Ceratocystis species is highly
dependent on an enthusiastic application of phylogenetic
species recognition concepts where every grouping that
forms a well-supported clade is deemed to be a separate
species. There is a risk that this approach may identify
geographically or environmentally isolated sub-populations
as distinct species (Harrington et al. 2014; Fourie et al. 2015).
While these new ‘species’ are shown to be distinct, host-
adapted lineages, it is not clear whether they fit the classical
biological species concept (Oliveira et al. 2015); some may
be in the process of speciation (Baker et al. 2003). Fungi with
both sexual and asexual methods of reproduction can have
complicated population genetics that may lead to confusion
over species boundaries, e.g. C. acaciivora. The ITS region is
commonly used for phylogenetic analyses, but this region
can produce misleading results in Ceratocystis species;
a single haploid isolate has been shown to contain two
widely divergent ITS sequences (Harrington et al. 2014).

Mating studies have confirmed species boundaries among
C. fimbriata s.s., C. cacaofunesta and C. platani (Engelbrecht &
Harrington 2005), with interspecific pairings mainly infertile,
though some produced perithecia either lacking ascospore
masses or with transparent or milky ascosporemasses and the
few, if any, ascospores observed were misshapen. Few

‘interspecific’ mating tests have been conducted in
Ceratocystis, but success in mating C. manginecans with
C. fimbriata s.s. has been demonstrated (Fourie et al. 2018).
Of the 70 hybrid offspring produced, 11 were pathogenic to
sweet potato, seven were pathogenic to A. mangium and
three were pathogenic to both. The authors concluded that
host specificity was governed by a small number of genes.

Symptoms

Rot in roots or stems, vascular wilt, sapwood discolouration
and cankers are symptomatic of plants infected by
Ceratocystis species (Kile 1993). Vascular wilt, wood stain
and stem cankers are the most characteristic symptoms of
infection by Ceratocystis species in woody trees (Harrington
2013). Tuber crops such as I. batatas and Colocasia esculenta
commonly exhibit black rot symptoms (Muramoto et al.
2012; Harrington et al. 2015).

The sudden wilting of leaves is the earliest visible symp-
tom associated with ‘true’ vascular wilt. In this case, the
pathogen travels through the non-living water-conducting
vessels and tracheids, colonising the host away from the
wound. An example is B. fagacearum that attacks Quercus
species (Kile 1993). This wilting develops as the hyphae grow
through and then plug the vessels, blocking the conducting
system above the site of infection, thereby desiccating the
plant (Mace et al. 1981).

In Ceratocystis infections, sapwood discolouration is
induced after the pathogen attacks living parenchyma cells
(Harrington 2007). Staining or sap streaks can start from
where spores have invaded freshly damaged tissue; they
rapidly germinate and colonise the xylem and phloem
(Johnson et al. 2005), absorbing nutrients from the xylem
parenchyma (Mace et al. 1981). The discolouration is caused
by a combination of host response chemicals and the pig-
mentation of the spores and hyphae of the Ceratocystis
(Harrington 2013). Once present in the vascular cylinder,
the hyphae of Ceratocystis species can then move system-
atically into the cambium and inner bark; killing these tissues
causes a canker (Kile 1993; Harrington 2013).

In Acacias, Ceratocystis species cause vascular stain, can-
ker on the stem and eventually wilting. Once infected, the
symptoms are first expressed as black or red lesions on the
bark, blackened streaks within vascular tissue or sapwood
discolouration (Fig. 1). Cankers on the stem and cracked or
sunken bark above cankers emerge as further symptoms.
This is followed with yellowing of the leaves, wilting, and
death of the tree due to lack of nutrient supply (Roux et al.
2001b; Tarigan et al. 2011a; Brawner et al. 2015). The foam or
fermentation exudate of yeasts or bacteria also often
emerge from the lesions or from entrance holes made by
stem borer or fungal feeding insects near to stem cankers
(Fig. 1). In particular, this exudate attracts fungivorous niti-
dulid beetles (Coleoptera: Nitidulidae) which are associated
with fungal dispersal (Brawner et al. 2015).

Epidemiology

Disease spread depends upon inoculum production and
dispersal, the presence of susceptible hosts and suitable
environmental conditions. Ceratocystis species produce sev-
eral different kinds of spore inoculum and exploit a range of
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dispersal mechanisms which may vary according to the type
of spores produced. Like many filamentous fungi, the spores
of Ceratocystis species infect their hosts through an infection
court, often a wound, where the spores germinate after
deposition (Kile 1993; Harrington 2013); wounding is there-
fore critical for infection to occur. Root grafting may also
contribute to disease development (Harrington 2013). For
woody trees, the most common mechanism of disease
spread is through spore dispersal, vector activity and
mechanical transmission. Spore types may include endoco-
nidia, aleurioconidia, chlamydospores (formed by thickening
of the walls of endoconidia) and ascospores. The first three
are asexual spores while ascospores are the products of
sexual recombination. Sporulating mats on exposed wood
or in the bark of infected trees produce all spore types
(Friday et al. 2016) while aleurioconidia are particularly abun-
dant in the infected wood (Araujo et al. 2014a). Conidia and
ascospores have a short period of viability whereas aleurio-
conidia have thicker, more durable walls and can likely
survive for years, especially inside wood, and increase the
likelihood of the disease being soil-borne (Paulin-Mahady
et al. 2002).

Aleurioconidia are typically soil-borne, though may also
be present in insect frass which is ejected from trees and
wind-dispersed (Souza et al. 2013). Species of Ceratocystis
and Thielaviopsis produce aleurioconidia and are known soil-
borne pathogens (Harrington 2007). The thick-walled aleur-
ioconidia can survive for years in the soil (Upadhyay 1981).
Subsequent germination then has the potential to infect
new plant material brought into the area (Moutia &
Saumtally 2001; Marín Montoya & Wingfield 2006). The sta-
tus of C. manginecans as a soil-borne pathogen is unclear: it
has been isolated from soil in Vietnamese Acacia plantations
(Thu et al. 2016) and attempts to isolate from soil in
Indonesian plantations have recently been successful
(Marthin Tarigan pers. comm.), though DNA sequencing is
yet to confirm accurate identification of the soil isolates.
Ascospores produced by fruiting bodies on woody stems
or branches may be transmitted through an insect vector,
mechanical tools, wind and water (Kile 1993).

Disease spread can also occur via natural root grafts
between infected and healthy roots, a phenomenon that
occurs in Quercus rubra L. and that facilitates the transmis-
sion of B. fagacearum without first passing through the root
collar (Juzwik 2008). This same pathogen was isolated from
around one quarter of natural root grafts in Quercus ellipsoi-
dalis E.J. Hill, the rate of transmission being influenced by
host density, soil depth, soil texture and the occurrence of
other species (Juzwik et al. 2011).

Dispersal by water was reported by Vigouroux and
Stojadinovic (1990) who established that wounded roots
of Platanus orientalis L. were infected by C. platani spores
carried in irrigation water. Dispersal by wind or water
occurs more often in the asexual stage because conidia
have rounded surfaces, allowing easy removal from the
conidiophores. Conversely in the sexual stage, ascospores
are produced on perithecia and held together by a sticky,
hydrophobic matrix; their concave surfaces also promote
adherence to each other (Malloch & Blackwell 1993). The
sticky matrix facilitates dispersal by insects or other vec-
tors though reduces transmission by wind and rain, at
least when the intensity of wind and rain are low
(Harrington 2007).

Wounds created by insects, animals, or human activities
through the use of pruning implements or tapping knives,
are the most common infection courts for Ceratocystis spp.
(Kile 1993; Brawner et al. 2015). For example, monkeys strip
bark from A. mangium to feed on the sweet-tasting cam-
bium and outer wood of young trees (Hardie et al. 2017).
The wounds created act as the initial entry point for the
fungal spores into the plant tissues. Direct transmission
occurs via known associations with fungal feeding insects
(Kile 1993; Harrington 2013), particularly nitidulid beetles
and flies (Diptera) (Heath et al. 2009b), which then play an
important role as disease vectors (Harrington 2007). These
insects feed on mycelial mats in the infected plants which
contain abundant perithecia where ascospores are produced
(Harrington 2007).

The relationship between fungal feeding insects and
Ceratocystis is facilitated by the production of fruity odours
by Ceratocystis and a fermentation exudate (Kile 1993;
Harrington 2007; Brawner et al. 2015). The fruity aromas
contain fatty acids and esters that are toxic to insects
which do not rely on fungi for their nutrition. Only insects
with a high tolerance of mycotoxins, like nitidulid beetles,
are attracted to and feed on the mycelial mats of Ceratocystis
spp. (Kile 1993; Dowd 1995). When the insects feed on the
fungi, the sticky ascospores adhere to their bodies; these
spores are then transmitted to healthy trees with fresh
wounds (Heath et al. 2009a). However, even though the
relationship between these insects and mycelial mats is well-
recognised, most species of Ceratocystis do not have specific
insect vectors for their dispersal (Kile 1993).

Although disease transmission in Acacia plantations can be
caused by all or a combination of the above mechanisms, the
initial development of the disease in Indonesia was linked to
singling and removal of lower branches to facilitate silvicul-
tural operations (Anthony Francis pers. comm.). Acacia man-
gium trees were singled in plantations at age 4–8 months to
reduce the incidence of multiple stems and to increase tree
diameter. An investigation showed that these practices

Figure 1. Ceratocystis wilt and canker disease symptoms on Acacia mangium.
External discolouration (a); internal discolouration (b, c); canker on stem (d);
gummosis (e); fermented exudate with fruity odours (f); frass indicating
activity of boring insects (g); and yellowing leaves and dieback of tree (h)
(Photos: Aswardi Nasution 2017)
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increased Ceratocystis transmission and significantly increased
rates of tree death (Tarigan et al. 2010).

Biosecurity

Many Ceratocystis species represent biosecurity threats to
regions where they are not already present, including to
Australian forestry and horticulture. Ceratocystis manginecans
poses a threat to the forestry and horticulture sectors, though
the threat to Acacias and Eucalypts in natural ecosystems is
unclear as the susceptibility of plantation Acacias andmangoes
is undoubtedly enhanced by planting at close spacing in large
monocultures. The close proximity of Indonesia to Australia has
encouraged a high level of tourist traffic and carved wooden
products are popular souvenirs. Ceratocystis, though not iden-
tified to species level, has been isolated from Balinese wooden
statues carved from Acacia wood (Proborini 2016).

Similarly, Ceratocystis species infecting Eucalypts pose
a threat to Australian forestry and potentially to natural eco-
systems. The threat to horticulture is less clear as the mechan-
ism for host adaptation has not been elucidated, though recent
studies indicate that a small number of genes are involved
(Fourie at al. 2018). Species infecting Eucalypts include
C. curvata, C. diversiconidia and C. ecuadoriana, all present in
Colombia and Ecuador, C. neglecta in Colombia,
C. eucalypticola, C. pirilliformis and C. tsitsikammensis in South
Africa, C. fimbriatomima in Venezuela, and C. fimbriata s.l. in
Brazil (Table 1). The host ranges of these species have not been
delineated though C. fimbriata has an extremely broad host
range in Brazil. Biosecurity is underpinned by the knowledge of
which plant pathogenic species occur in which areas, thus
taxonomic certainty, or at least agreement, is critical to biose-
curity processes. The name of a pathogen is expected to
provide information as to which host plantsmay be threatened
should the pathogen invade a new region; thus, regulations are
generally invoked against pathogens at the species level. This is
a strong driver for taxonomic research and delineation of new
fungal species. The picture can become a little blurred when
a genetically diverse species is composed of strains adapted to
different hosts, such as occur in Austropuccinia psidii (Graça
et al. 2013), C. fimbriata s.l., (Harrington et al. 2014) and even
in C. manginecans, which causes a severe disease of mango
trees in Oman but not in Indonesia, where it is prevalent on
Acacias. It is unclear whether this disparity in host range is due
to environmental, genetic or epigenetic factors. A similar puz-
zle is posed by A. psidii in Brazil; in this case, the different host-
adapted lineages occur in the same geographic location and
can be distinguished only by microsatellite analyses (Graça
et al. 2013; Stewart et al. 2018).

Disease management and control

Strategies for managing forest diseases and their vectors par-
allel those used in agriculture: avoidance, exclusion, eradica-
tion, protection, host resistance, curative treatments and
integrated management (Edmonds 2013; Harrington 2013).
However, as plantation forests are usually grown in monocul-
ture over larger areas for several years before harvest and attain
a much greater biomass than agricultural crops, the range of
viable strategies is often more limited. For environmental and
economic reasons, control using pesticides is rarely used
(Wingfield et al. 2001a; Harrington 2013). As is the case for

Acacia in Southeast Asia, the species planted is often an exotic,
and Ceratocystis has emerged as a new disease. As a result,
disease management strategies must first be based on a clear
understanding of the biology of the host and the behaviour of
the pathogen (Wingfield et al. 2001a).

Detection, surveying and monitoring

Diseases can be detected from an on-ground examination of
individual trees (Bechtold & Patterson 2005; Carnegie et al.
2018), or at the landscape level using aerial photography
and aerial sketch mapping, satellite imagery and LiDAR
(Stone & Mohammed 2017). Landscape-level detection can
be followed up by ground-based surveying and monitoring.
For Ceratocystis wilt disease, ground monitoring is an impor-
tant first step in developing strategies for its control.
Importantly, it is also necessary for detecting the presence
of insect vectors (Juzwik 2008; Heath et al. 2009a) as there
can be a significant correlation between vector activity and
disease severity (Hayslett et al. 2008).

Remote sensing and geographic information systems
(GIS)

Remote sensing of forest diseases has been applied since
aerial photography first became available in the 1930s
(Coppin & Bauer 1996). Combined with GIS and ground-
based surveys, both spatial coverage and objective assess-
ments of forest health can be realised (Wulder et al. 2006).
Remote sensing using Colour Infra-Red (CIR) digital imagery
detected oak wilt disease caused by B. fagacearum (Everitt
et al. 1999). The imagery was first interpreted from the
radiometric reflectance measurements and then verified by
ground observations. To distinguish between healthy,
infected and dead oak trees, the data was linked to leaf
chlorophyll concentration using three spectral bands: visible
green (0.52–0.60 µm), visible red (0.63–0.69 µm) and near-
infrared (0.63–0.69); infected trees had veinal necrosis and
tip burn (Everitt et al. 1999). In a second study (Souza et al.
2015), a camera mounted in an unmanned aerial vehicle
(UAV) detected wilt disease caused by C. fimbriata on
Eucalyptus spp. The images were analysed and compared
using four distinct machine learning techniques: K-Nearest
Neighbours (K-NN), Random Forest (RF), Artificial Neural
Network (ANN) and Gaussian Processes (GP). The last,
which is a Bayesian non-parametric tool that learns the
input-output transformation function based on training
data, was best able to reliably and accurately distinguish
between healthy and infected trees, and was suitable for
detecting wilt disease in other species and other diseases
affecting large-scale plantations. A spectral signature of
Ceratocystis-infected Metrosideros polymorpha has been
detected at leaf and canopy level and provides a basis for
mapping and monitoring of disease spread in Hawaii (Asner
et al. 2018). A clear timeline of symptom development is the
first requirement for aerial assessment of Ceratocystis disease
in Acacias. A preliminary study indicates that a reduction in
leaf area index is associated with early external visible symp-
toms of Ceratocystis disease in A. mangium (Nasution
unpubl.) and this could be exploited for aerial detection.
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Silvicultural and chemical control of Ceratocystis

The most frequently suggested strategy for preventing infec-
tion by Ceratocystis is wound avoidance (Kile 1993;
Harrington 2013), and efforts to manage Ceratocystis wilt
and canker disease in Acacia plantations have focused on
better managing the causes of wounding, minimising
wound size and limiting pruning and singling activities to
periods when insect vectors are less active (Heath et al.
2009a). The role of wounds in disease epidemics is well-
established, particularly when linked to pruning (Hayslett
et al. 2008; Roux & Wingfield 2009). In Indonesia, wilt and
canker symptoms and mortality in A. mangium plantations
caused by C. manginecans occurred after trees were singled
at 6–8 months old using poor pruning practice (Tarigan et al.
2010; Tarigan et al. 2011b). Timing of singling or pruning
may also be important, with lower disease incidence if con-
ducted during dry than wet weather (Pilotti et al. 2016).
Climate is also correlated with insect-vector activity; in
South Africa beetle activity is much higher during spring
and early summer than winter (Heath et al. 2009a).
Silvicultural interventions that lead to wounds should there-
fore be avoided during periods of high insect activity
(Hayslett et al. 2008; Heath et al. 2009b). In tropical
Southeast Asia, nitidulid and ambrosia beetles are present
in Acacia plantations and considered important vectors of
C. manginecans, though their activity has not been moni-
tored (Tarigan et al. 2011a; Thu et al. 2012; Brawner et al.
2015). There is an expectation that insect activity will
occur year round (Wolda 1988) though, and because of the
dynamics of parasitism and plant investment in anti-
herbivore defences, populations may be higher during the
dry than wet season (Dyer et al. 2012).

Wound dressings provide a physical barrier to Ceratocystis
infection as well as inhibiting fungal growth (Harrington
2013) and low toxicity treatments have been developed.
Application of latex paint to pruning wounds in Quercus
spp. has been shown to be non-toxic and to reduce wilt
disease (French & Juzwik 1999; Camilli et al. 2007).

Removal of symptomatic trees and stumps as well as
neighbouring trees that may have been infected by
Ceratocystis may help to limit disease spread (Kile 1993). This
approach aims to minimise the inoculum load by reducing
the potential for fungal dispersal (Kile 1993; Harrington 2013).

Stem injecting 20 ml of 14.3% propiconazole into the root
collar of young Q. rubra two weeks before inoculation by
B. fagacearum delayed disease development and extended
the life of infected trees for at least two years (Blaedow
2009). Two years after injection, the fungicide could still be
detected in the primary root but its concentration decreased
with distance from the injection point which would have
reduced its ability to combat the infection (Blaedow 2009).
Chemical control can be a high-cost strategy, however and
as in this case, may only delay the expression of disease
symptoms; the fungicides may also be toxic to other organ-
isms. The use of fungicides in this way, as well as wound
dressings and removal of symptomatic trees and stumps are
also not suitable for large-scale plantation estates being
managed for pulpwood. Because of these limitations, the
selection of disease resistant and tolerant host materials is
currently considered the most effective and economic strat-
egy for managing Ceratocystis disease (Kile 1993).

Genetic control of Ceratocystis

The first line of defence to pest and disease invasion is
avoidance which includes physical barriers such as hairs,
thorns and resin ducts; these generally work as a defence
mechanism against animal attack (Vale et al. 2001) and may
decrease the incidence of wounding caused by animals.
Resistance and tolerance mechanisms come into play after
contact has been established and are more common for
protecting plants from infection by fungal pathogens (Vale
et al. 2001). Schafer (1971) has defined tolerance as the
ability of a cultivar to minimise loss of yield or quality, in
comparison with other cultivars, after pathogen infection,
whereas resistance is the ability of a plant to overcome the
infection process and prevent development of the patho-
gen, resulting in a disease-free plant. Resistance is consid-
ered more important for plant defence than avoidance and
tolerance (Vale et al. 2001) and the best way to deal with
plant disease problems in forest trees, including Ceratocystis
(Wingfield et al. 2001a; Harrington 2013). Such an approach
requires genetic variation within the host species that has
the potential to be exploited to increase the resistance of
trees to disease through breeding. A successful example is
Platanus acerifolia (Aiton) Willd. (London plane); trees resis-
tant to C. platani that remain free of canker and sap stain
symptoms were obtained in this way (Harrington 2013). The
adoption of mango cultivars resistant to C. fimbriata has
been the most effective strategy for disease control in man-
goes in Brazil (Araujo et al. 2014b). In Eucalypts, four out of
18 commercial clones of E. grandis × Eucalyptus urophylla S.T.
Blake hybrid expressed no discolouration symptoms on the
stem and showed an ability to overcome fungal infection
caused by C. fimbriata (Zauza et al. 2004).

Genetic resistance to disease in plants can be monogenic
and controlled by a single major gene which is race-specific
and relatively easy to identify and manipulate in a breeding
program; it can be expected to provide complete resistance
(Poland et al. 2009), but this only provides protection against
a specific strain or race of the pathogen; within a short time,
it may easily be broken down (Maramorosch & Loebenstein
2009). Genetic resistance can also be polygenic and con-
trolled by a number of genes (Brun et al. 2010). This provides
a similar level of protection against all the races of
a pathogen, although it may be difficult to identify and
manipulate the genes in a breeding program to confer this
type of resistance; if successful it is not easily broken down
by the pathogen and should give the host long-lasting
protection (Lindhout 2002).

Polygenic resistance is better suited to Acacia forestry as
breeders work with populations rather than genotypes of both
host and pathogen in order to protect a range of genotypes of
a given host species from all known races of a pathogen (Carson
& Carson 1989). As plantation growing cycles are usually several
years, polygenic resistance against disease is expected to have
a long-term utility (Sniezko 2006). The development of resistant
clonesmay be expedited bymapping of quantitative trait loci, as
has been done for Ceratocystis in Eucalypts in Brazil (Rosado et al.
2016).

To source the breeding material requires selecting a range of
phenotypes in natural forests or forest plantations and conduct-
ing pathogenicity tests either in situ or, more commonly, by
using artificial inoculation under controlled conditions (Sniezko
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2006; Tarigan et al. 2010). This enables selection of putative
genes that may confer disease resistance before the breeding
program commences. This is currently considered the most
effective method for controlling Ceratocystis vascular wilt and
canker diseases in forest plantations (Kile 1993; Wingfield et al.
2001a). The trees with the highest rates of survival and lowest
levels of disease symptoms are selected for inclusion in breeding
programs (Sniezko 2006).

Inoculation tests in situ (natural) can provide the best infor-
mation for a given location because the influence of the natural
environment on host-pathogen interactions is captured
(Brawner et al. 2015). However, there is inevitably a risk of
disease spread from the introduced pathogen. This approach
also first requires trees rather than seedlings, which slows the
screening process (Tarigan et al. 2010; Sniezko & Koch 2017).

Artificial inoculations using fungal isolates are conducted by
wounding tree stems or branches before placing a plug of
mycelium or spore suspension of the pathogen under the
bark. This is normally carried out on juvenile plant materials
under controlled conditions (Green et al. 1985; Tarigan et al.
2010). Levels of resistance to Ceratocystiswilt and canker disease
are evaluated by measuring the length of xylem discolouration
(Zauza et al. 2004). This screening method is time-consuming as
disease resistance is only expected to occur in a low percentage
of the population. As large numbers of cultivars or clones must
be used, rapid screening technologies are required (Brawner
et al. 2015). One possible option for Ceratocystis is inoculation
of detached leaves; this has been shown to give a similar result
to tree wounding in screening assays using leaves of Castanea
dentata (Marshall) Borkh., Castanea molissima Blume and
Castanea pumila (L.) Mill. against Cryphonectria parasitica
(Murrill) M.E. Barr (the chestnut blight pathogen; Newhouse
et al. 2014). This approach is currently being tested for Acacia
(Nasution et al. 2016b).

To date, no strains of A. mangium resistant to Ceratocystis
have been identified, though there is evidence of some variation
in disease tolerance (Brawner 2015). Acacia auriculiformis shows
higher levels of tolerance to C. manginecans, and this tolerance
may also be expressed in A. mangium × A. auriculiformis hybrids
(Trang et al. 2018).

Biological control

Biological control is the use of fungi, bacteria, actinomycetes
and viruses to suppress or decrease the population density
of a plant pathogen (Bale et al. 2008). These microorganisms
or BCAs may also have beneficial interactions internally or
externally with their host plants (McInroy & Kloepper 1994).
The attraction of biological control is that it can be applied
to broad or narrow targets depending on the biocontrol
organism, is less site-specific and less prone to build-up of
resistance, and is cost-effective for specialised applications; it
can also be integrated with other control strategies, and may
enhance plant growth (Whipps & Lumsden 2001).

In practice, there are few examples of successful biological
control in forest trees (Wingfield et al. 2001a; Garnas et al. 2012).
This may be related to their large biomass, complex anatomy
and longevity. The inoculum load of the pathogen also has an
opportunity to build up during each rotation. Thus, repeated
infection through a large root system by a soil borne pathogen
allows the disease to persist in soils as dormant, quiescent or
resistant propagules such as chlamydospores, aleurioconidia or
microsclerotia after tree death and after the trees are harvested

(Cazorla & Mercado-Blanco 2016). These propagules can then
infect new trees or any root tissues that are not reached by the
BCA, thereby reducing its effectiveness.

A notable success story has been use of the fungus
Phlebiopsis gigantea (Fr.) Jülich for controlling root-rot disease
in pine trees caused by Heterobasidion annosum (Fr.) Bref. This
fungal pathogen can colonise and survive in the stumps of
harvested trees which then act as an inoculum source. Spores
of P. gigantea applied to the surface of freshly cut stumps rapidly
germinate and colonise the wood, preventing subsequent
growth of H. annosum and thus reducing disease incidence in
the next rotation (Rishbeth 1979). A commercially produced BCA
based on P. gigantea is used routinely to control root-rot disease
in pine plantations (Pratt et al. 2000). While a potential
Phlebiopsis sp. has been isolated that shows a microparasitic
reaction against G. philippii, a root-rot pathogen that kills
A. mangium (Agustini et al. 2014), further refinement of applica-
tion methods is required to commercialise this fungus as a BCA.

Do BCAs have any potential application in controlling
vascular wilt diseases? Injection of 100–400 ml (108

cells ml−1) of Pseudomonas syringae Van Hall using
a specially developed ‘gouge-pistol’ into the trunk base of
Ulmus sp. suppressed the expression of Ophiostoma ulmi
(Buisman) Melin & Nannf. (Dutch elm disease) and resulted
in a high proportion of healthy trees (Scheffer 1983).
However, due to a lack of correlation between in vitro and
field tests, it was concluded that P. syringae had triggered
plant defence against Ceratocystis infection through induced
resistance rather than antagonism (Scheffer 1990; Scheffer
et al. 2008). Another potential BCA, Verticillium dahliae Kleb.
isolate WCS850 was injected into mature clonal trees of
Ulmus minor Mill., (syn. Ulmus carpinifolia Rupp. Ex Suckow)
that were either resistant or susceptible to C. ulmi resulting
in disease suppression in susceptible as well as resistant
trees (Scheffer 1990). Injecting V. dahliae isolate Vd-48 into
6–7-year-old U. minor reduced wilting symptoms associated
with Ophiostoma infection (Solla & Gil 2003). In both studies
V. dahliae could be re-isolated only from at or near the
injecting point, an indication that translocation of this fun-
gus had been minimal and any contact with C. ulmi unlikely.
Thus, it was concluded that V. dahliae acts by triggering host
defences against Ceratocystis infection.

Bacteria that live internally in plant tissue without caus-
ing any negative impact on their host are recognised as
endophytic bacteria (Schulz & Boyle 2006). Some have
mutualistic relationships with their host plants and an
ability to live as obligate or facultative endophytes at
different stages in their life cycle (Hardoim et al. 2008).
The majority of research into endophytic bacteria has
been with agricultural and horticultural crops (Kobayashi
& Palumbo 2000), nevertheless, several species of endo-
phytic bacteria have been isolated from woody species
(Kobayashi & Palumbo 2000; Bacon & Hinton 2006; Izumi
2011). The large biomass and perennial nature of trees
potentially provide a stable habitat for a diverse range of
endophytes (Izumi 2011) and raise the possibility that they
could play a role as BCAs against vascular diseases such as
Ceratocystis (Yadeta & Thomma 2013).

Bacterial endophytes suppress plant diseases through the
production of enzymes, antifungal and antibacterial com-
pounds (allellochemicals), by competition with pathogens
for nutrients or niches and stimulation of induced systemic
resistance (ISR) (Compant et al. 2005; Bacon & Hinton 2006).
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The main focus for the beneficial effects of endophytic
bacteria in woody trees has been their role in promoting
growth; it just happens that plant growth promoting rhizo-
bacteria also produce enzymes and antibiotics that can pre-
vent or reduce pathogen infection. In this way rhizobia can
play an indirect role as BCAs (Ryan et al. 2008). However,
there are few reports of endophytes acting as BCAs in forest
trees (Chanway 1998). This delay in their development and
application is in part because their performance in the field
has not matched their apparent potential when tested in
assay. Thus, a selected endophyte may be replaced by or act
differently in the presence of other endophytes already pre-
sent in the host. To be effective, assay-based selection tech-
niques are required that capture the environment where the
introduced endophyte is to be inoculated (Newcombe 2011;
Hilszczańska 2016).

Nevertheless, a potential for using endophytes in
managing vascular diseases in forest trees has been
demonstrated. As both endophytes and pathogen live in
the vascular system, endophytic bacteria can potentially
act as antagonists (Yadeta & Thomma 2013). Application
of Pseudomonas fluorescens Migula and Psuedomonas
putida (Trevisan) Migula into the roots of E. urophylla
reduced by 45% the incidence of bacterial wilt caused
by Ralstonia solanacearum (Smith) Yabuuchi et al. emend
Safni et al. (Ran et al. 2005). Endophytic bacteria have
been applied to control wilt disease caused by
B. fagacearum. A total of 889 endophytic bacterial isolates
were obtained from healthy Quercus fusiformis Small; 183
isolates of mostly Bacillus spp. and Pseudomonas spp.
showed high inhibition through chitinase activity against
B. fagacearum in an in vitro assay. Two species,
Pseudomonas denitrificans (nomen rejiciendum) isolate
1–15 and P. putida isolate 5–48 were selected and injected
into potted oak trees which were then inoculated with
a spore suspension of B. fagacearum. The experiment
showed that P. denitrificans 1–15 was able to reduce dis-
ease incidence by 50% and the proportion of crown loss
by 17% (Brooks et al. 1994).

This indicates that there may be potential for exploiting
endophytes in the control of Ceratocyctis wilt and canker
diseases in Acacia plantations. Their slow movement in plant
tissues is a potential problem as contact with the pathogen
may be limited in an organism as large as a tree (Hallmann
et al. 1997). However, the ability of endophytic bacteria to
elicit ISR in plants or to produce inhibitory secondary com-
pounds suggests this may be a complementary approach to
breeding strategies (Percival 2001; Hossain et al. 2016).
Endophytic bacteria that produce secondary metabolites
which restrict the growth of C. manginecans in vitro have
been isolated from A. mangium and methods for inoculating
seedlings or cuttings are under investigation (Nasution et al.
2016a).

Preliminary investigations into application of endophytic
bacteria and fungi as external treatments for the control of
Ceratocystis wilt and canker diseases in Acacia plantations
have also been carried out (Tran et al. 2018). In this study,
treatments were applied externally following inoculation of
one-year-old seedlings with C. manginecans. All three biolo-
gical products reduced the disease index compared to con-
trols after 40 days, though none were as effective as the
fungicides tested.

Conclusion

An integrated approach incorporating several strategies is
necessary to make A. mangium once again a viable plantation
species in Southeast Asia. The development of hybrid Acacias
that retain the growth and pulping properties of A. mangium
but incorporate the increased levels of resistance to
C. mangenicans demonstrated by A. auriculiformis is one
approach. Appropriate silvicultural techniques, augmented
by deployment of BCAs would provide an extra level of pro-
tection that may keep pathogen inoculum levels low and thus
help extend the lifespan of any resistant clones that may be
developed. Some progress towards each of these aims is being
made in Indonesia and Vietnam with the support of ACIAR.
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