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Chapter 1

Biology and ecology of Ceratocystis species with

an emphasis on their insect associations
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1.1. INTRODUCTION

The genus Ceratocystis Ell. & Halst. includes many pathogens of mostly woody and
some herbaceous plant species, globally. These fungi result in a variety of disease
symptoms, including branch and stem cankers, vascular staining, wilting and root
disease, often leading to mortality of infected plants (Kile 1993). Some of the well
known tree pathogens include C. fagacearum (Bretz) Hunt, the causal agent of oak
wilt (Bretz 1952, Sinclair et al. 1987), C. fimbriata sensu stricto (s.s.) Ell. & Halst.
that causes black rot of sweet potato (Halstead 1890, Engelbrecht & Harrington
2005), C. albifundus M. J. Wingf., De Beer & M. J. Morris the cause of Ceratocystis
wilt of Australian wattle trees (Morris et al. 1993, Wingfield et al. 1996), C.
laricicola Redfern & Minter infecting larch (Redfern et al., 1987), C. polonica (Siem)
Moreau that results in blue stain of Norway spruce (Solheim 1986) and C. platani
(Walter) Engelbrecht & Harrington which is the cause of an important canker stain
disease of plane trees (Mook 1940, Walter 1946, Ferrari & Pichenot 1975, Tsopelas &
Angelopoulos 2004, Engelbrecht & Harington 2005).

Ceratocystis spp. pose and increasing threat to plantation forestry based on hardwood
species in the tropics and Southern Hemisphere. Whereas before the 1980’s there
were no reports of hardwood tree species being affected by Ceratocystis spp., a
number of reports of such diseases have emerged in the last 20 years particularly form
Africa (Wingfield 1990, Morris et al. 1993, Roux et al. 2000, Roux et al. 2001a,b,
Roux et al. 2004b, Roux et al. 2005) and South America (Ribeiro et al. 1985, Barnes
et al. 2003a, Rodas er al. 2008). These reports have included the description of
previously unknown Ceratocystis spp., thus also illustrating the limited information

currently available regarding the species diversity of this genus.

Information pertaining to Ceratocystis spp. in Africa is limited. Apart from the few
records from plantations there are reports of these fungi from agricultural crops and
indigenous plants (Kihurani er al. 2000, Crous et al. 2000). Studies in the last five
years have resulted in a number of reports of Ceratocystis spp. from native trees in
southern and eastern Africa, including the description of previously unknown species

(Roux et al. 2005, 2007, Kamgan et al. 2008). This highlights the lack of information
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regarding these fungi on the continent and emphasising the fact that many important

pathogens still await description and study.

The taxonomic history of the genus Ceratocystis is complex and has been debated
extensively in the past (De Hoog & Scheffer 1984, Upadyay 1993, Samuels 1993,
Wingfield 1993). Numerous species concepts have been applied since the
establishment of the genus and only with the use of the phylogenetic species concept
have the most crucial issues been resolved. However, problems still persist for
emerging groups now recognised to reside in the genus, as neither the morphological,
nor the phylogenetic species concepts are sufficiently robust to delineate species with
certainty (Engelbrecht & Harrington 2005, Wingfield et al. 2006). Currently, a
combination of the morphological, biological and phylogenetic species concepts is
necessary to delineate species (Engelbrecht & Harrington 2005, Wingfield et al.
2006).

Ceratocystis spp. have evolved several characteristics to ensure successful dispersal
and infection of plants. These specifically include characteristics making them
suitable for insect dispersal (Leach et al. 1934, Ingold 1961, Griffin 1968, Lanza &
Palmer 1977). The insects either create wounds, or visit fresh wounds on plants, thus
disseminating Ceratocystis spp. Species in the genus can have casual vectors such as
nitidulid beetles (Coleoptera: Nitidulidae) (Jewell 1956, Moller & DeVay 1968,
Harrington 1987) and flies (Griswold 1953, Moller & DeVay 1968, Hinds 1972) or
mutualistic vectors such as bark beetles (Coleoptera: Scolytidae) (Kirschner 2001).
Both the fungal and insect associates have a number of chemical and physical
adaptations to facilitate the association between them (Leach et al. 1934, Ingold 1961,
Lanza & Palmer 1977).

The aim of this review is to briefly summarise the taxonomic history of the genus
Ceratocystis, to provide a review of knowledge pertaining to the biology of these
fungi and most importantly to consider their symbiotic relationships with insects.
Other important issues, such as the economic importance of these fungi and their
requirement for wounds as infection sites are also highlighted using key examples.
The intention here is to provide a foundation for the studies presented in the thesis

that follows the review. The latter product focuses specifically on expanding the
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knowledge base regarding species of Ceratocystis on non-native plantation tree

species in Africa.
1.2. TAXONOMIC HISTORY OF THE GENUS CERATOCYSTIS

The taxonomic history of the genus Ceratocystis is complex and has encompassed
many changes during the course of the past 120 years (Figure 1). The genus was first
established by Ellis & Halsted in 1890 for the species Ceratocystis fimbriata, after it
was found associated with black rot of sweet potato in the United States of America
(USA) (Halsted 1890). During subsequent years, C. fimbriata was treated in many
different genera, including Ophiostoma Sydow & Sydow, Sphaeronema Sacc.,
Endoconidiophora Miinch, Rostrella Zimm. and Ceratocystiopsis H.P. Upadhyay &
W.B. Kendr. (Upadhyay 1981).

Much of the confusion surrounding the taxonomy of Ceratocystis and similar genera
was due to the similarity of morphological structures of these fungi. Fungi in the
above mentioned genera typically all have long, beaked ascomata with spores
produced at their apices in sticky masses. Ascospores are generally produced in
evanescent asci (Elliot 1923). It is thus not surprising that today, morphology is not
used as the only technique for species identification and new descriptions in these

genera.

Numerous techniques and criteria have been applied to clarify the taxonomy of the
genus Ceratocystis. One of the first techniques to be used was the separation of
genera based on their associated anamorphs (Melin & Nannfeldt 1934, Bakshi 1951,
Kendrick 1971, Nag Raj & Kendrick 1975, Upadhyay 1981). Another technique
commonly applied was to distinguish between genera based on ascospore morphology
(Bakshi 1951, Olchowecki & Reid 1974, Upadhyay & Kendrick 1975). Biochemical
characteristics, such as the composition of the cell walls and sensitivity and tolerance
to antibiotics, were also distinguishing factors for genera (Fergus 1956, Smith et al.
1967, Jewell 1974, Weijman & De Hoog 1975, Harrington 1981). Ultrastructural
differences, for example, the development of teleomorph structures, types of cells
present and the construction of the cell walls were also used to distinguish between

genera in Ceratocystis sensu lato (Benny & Kimbrough 1980, Van Wyk et al. 1991,
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Van Wyk et al. 1993). More recently, DNA sequence data have been utilized to
distinguish between genera and species (Hausner et al. 1992, 1993a, b, ¢, Spatafora &
Blackwell 1993, 1994, Wingfield et al. 1994, 1996, Witthuhn er al. 1998, 1999,
Barnes et al. 2003a, Johnson et al. 2005, Van Wyk et al. 2004a, b, 2006). The latter
approach that has applied the phylogenetic species complex has contributed

substantially to resolving confusion regarding the taxonomic position of Ceratocystis.

The difficulty with the morphological description of Ceratocystis and the species
accommodated in the genus is well illustrated from the first description of
Ceratocystis. Halsted & Fairchild (1891), incorrectly identified the ascocarps of C.
fimbriata as pycnidia and the ascospores as conidia. This was perhaps understandable
given the fact that the asci delequese very early in the development of the ascomata.
Saccardo (1892), unaware of the oversight of Ellis & Halsted, transferred C. fimbriata
to Sphaeronema as S. fimbriatum. 1In 1918, S. fimbriatum was transferred to
Linostoma (Fr.) Hohn., a genus split from Ceratostomella Sacc., based on its dark
coloured perithecia with long necks and ovoid asci containing spores arranged in
several rows (Von Hohnel 1918). However, the name Linostoma had previously been
assigned to a genus of flowering plants in the Thymeleacaeae Juss., forcing Sydow
and Sydow (1919) to establish the genus Ophiostoma. They relegated all the species
previously in Linostoma to this newly established genus, separate from

Ceratostomella.

Approximately three decades after Ceratocystis was first described, Elliott (1923), not
accepting the changes made by Von Honel (1918), found that the incorrectly
identified pycnidia of C. fimbriata were in fact perithecia with ascospores emerging
from deliquescent asci. He transferred O. fimbriatum to Ceratostomella (Elliot 1923).
Later, Melin & Nannfeldt (1934), reduced the genus Endoconidiophora, which was
established for species that formed conidia endogenously, to synonymy with
Ceratostomella. They also transferred Ceratostomella fimbriata, Ce. paradoxa
(Dade) Moreau and Ce. adiposa Butl. back to Ophiostoma, due to the fact that they
had Chalara (Corda) Rabenh. conidial states (Melin & Nannfeldt 1934). Melin &
Nannfeldt (1934), stated that the oldest genus name, Endoconidiophora, should be
used, but this name would be confusing and thus they suggested the genus name

Ophiostoma, until a more suitable name could be found.

11
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Bakshi (1951), not accepting the taxonomic placement of Ceratocystis and other
genera at that time, reduced Ceratostomella, Linostoma, Ophiostoma ,Grosmannia,
Rostrella Zimmermann, Ceratocystis and Endoconidiophora to three, namely
Ceratostomella (including only Ceratostomella), Ophiostoma (including Linostoma,
Ophiostoma and Grosmannia) and Ceratocystis (including of Rostrella, Ceratocystis
and Endoconidiophora). The type species, O. fimbriatum, was also transferred to
Ceratocystis as C. fimbriata (Bakshi 1951). This caused considerable debate amongst
mycologists working with these fungi with some authors not accepting this
classification (Moreau 1952, Von Arx 1952, Von Arx & Miller 1954). Upadhyay
(1981), chose to synonymise all the above genera and treated them as one genus,
namely Ceratocystis. However, together with this genus he established
Ceratocystiopsis based on the differences in the morphology between these fungi and

Ceratocystis (Upadhyay & Kendrick 1975).

Species of Ceratocystis have been noted to have distinct differences based on
morphology, physiology and molecular data when compared to Ceratocystiopsis and
Ophiostoma (Smith et al. 1967, Weijman & De Hoog 1975, Harrington 1981, De
Hoog & Scheffer 1984, Hausner et al. 1993a), while common characteristics are often
shared between Ceratocystiopsis and Ophiostoma (De Hoog & Scheffer 1984,
Hausner et al. 1993a, Wingfield 1993). Wingfield (1993), therefore synonymised the
genus Ophiostoma with Ceratocystiopsis. The taxonomic debate was muted when
Hausner et al. (1993a, b, c¢) utilized DNA sequence data for distinction between

Ceratocystis and Ophiostoma.

The emergence of DNA-based techniques has had a significant impact on the
taxonomic status of Ceratocystis and other fungi. These techniques, and particularly
DNA sequence-based phylogenies, have shown clearly that Ceratocystis represents a
very distinct genus and resides in a different order (Microascales) from the
morphologically similar genera with which it had been confused in the past (Hausner
et al. 1993a, b, c, Spatafora & Blackwell 1994). Several studies using DNA sequence
data of the large sub-unit (LSU), ribosomal RNA (rRNA) (Hausner et al., 1993a,b,
Wingfield et al. 1994) and the small sub-unit (SS) rRNA (SSrRNA) (Hausner et al.

12
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1992, 1993a, b) have confirmed the uniqueness of the genus Ceratocystis. Recently,

this was supported by Blackwell and co-authors (2006).

An important result of using DNA sequence data to elucidate the taxonomy of the
genus Ceratocystis was the discovery by Witthuhn et al. (1998) that two distinct
phylogenetic groups could be recognised within the genus. These two groups were
referred to as the Fimbriata group and the Coerulescens group (Witthuhn ef al. 1998).
However, due to the similarity of some of the species at a single gene, multiple gene
geneologies have become a necessity in studying Ceratocystis spp. (Van Wyk et al.
2004a, b, Engelbrecht & Harrington 2005, Johnson et al. 2005, Van Wyk et al. 2006,
2007a, b, Kamgan et al. 2008). Commonly used genes in multi gene phylogenies
include, the Transcription Elongation Factor 1-a (EF1-a), the Internal Transcribed
Spacer Region including the 5.8S rRNA operon (ITS), the Beta-tubulin gene regions
and Mating type genes (Barnes et al. 2003a, Marin et al. 2003, Johnson et al. 2005,
Van Wyk et al. 2004a, b, 2006, 2007a, b). Using multi gene phylogenies, it has been
found that Ceratocystis in fact represent at least three distinct genera (Wingfield et al.
2006). However, this distinction has not yet been formalised and currently,
Ceratocystis is best thought of as including three phylogenetic groups, namely the

Fimbriata, Coerulescens and Moniliformis groups (Wingfield et al. 2006).

Within some of the groups in the genus Ceratocystis, the phylogenetic species
concept is not sufficient to delineate between species. Due to this insufficiency,
Engelbrecht & Harrington (2005), applied a combination of the morphological and
biological species concepts to separate species within the C. fimbriata s.l. species
complex. In the study, the authors separated C. fimbriata s.s. from other taxa in what
has now become known as the C. fimbriata s. . species complex. The complexity of
the C. fimbriata s.l. group, however, requires considerable additional work and new
species are being described within this complex annually. In future studies, a
combination of the morphological, biological and phylogenetic species concepts will
prove necessary to clarify the taxonomic status of species complexes in the genus

Ceratocystis.

1.3. IMPORTANCE OF CERATOCYSTIS SPP.

13
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The genus Ceratocystis includes both saprophytes and important primary plant
pathogens of angiosperms and gymnosperms. The saprophytic fungi are usually
known for their sap staining ability (Von Shrenck 1903, Kile 1993). Although these
fungi do not have a detrimental effect on their hosts, they decrease the value of the
timber products produced from them (Davidson 1935). The pathogenic species
include fungi causing diseases of agronomic crops, fruit trees and timber trees
including conifers and hardwood species (Kile 1993, Roux & Wingfield 2007).
Ceratocystis spp. infect roots, stems and fruit, causing a range of symptoms from rot
and canker to stains, wilt and death of their hosts. Species in the genus includes some
of the best known tree pathogens including C. fagacearum, the cause of oak wilt in
the USA (Bretz 1952, Sinclair et al. 1987), C. cacaofunesta Engelbrecht & Harrington
the cause of canker disease of Theobroma cacao L. (cacao) (Desrosiers 1958,
Malaguti 1952, Idrobo 1958, Goberdhan 1959, Havord 1962, Schieber 1969, Bezerra
1997, Delgado & Suarez 2003) and C. platani, the cause of canker of plane trees
(Mook 1940, Walter 1946, Walter et al. 1952, McCracken & Burkhardt 1977,
Panconesi 1981, Matasci & Gessler 1997, Panconesi 1999, Tsopelas & Angelopoulos
2004).

In the following section a number of the most important examples of Ceratocystis
spp- causing diseases of agricultural crops and trees are highlighted. As the focus of
this review is on Ceratocystis spp. and their role in forest species, we only present a
short overview of some of the most important Ceratocystis spp. on agricultural plants
and forestry species, with emphasis on examples of Ceratocystis spp. causing diseases
of forest trees, to present some background for the rest of the chapters presented in
this dissertation. For more information on diseases of agricultural crops reference can
be made to publications by Harrington (2004). An extensive list of Ceratocystis spp.
that are proven tree pathogens (Table 2) and those which are considered saprophytes
and staining agents or for which no clear role as pathogens have been established

(Table 3) in forests and plantations are presented at the end of this review.

1.3.1. Ceratocystis spp. infecting agricultural crops
Ceratocystis cacaofunesta

Ceratocystis cacaofunesta, previously part of the C. fimbriata s.l species complex,

14
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was first reported infecting cacao (Theobroma cacao), as C. fimbriata, in 1918 from
South America (Desrosiers 1958, Delgado & Suarez 2003) and has since then been
recorded killing trees in numerous countries (Malaguti 1952, Idrobo 1958, Goberdhan
1959, Havord 1962, Schieber 1969, Bezerra 1997). Although C. cacaofunesta has
had an impact on cacao production, the disease currently has little effect as it is

managed by the use of resistant planting stock (Simmonds 1994).

Ceratocystis fimbriata s.s.

Ceratocystis fimbriata s.s. was the first Ceratocystis sp. reported to infect an
agricultural crop. It was first reported causing black rot of sweet potatoes (Ipomoea
batatas L.) in the USA in 1890 (Halsted 1890). One year after its first discovery,
almost all sweet potato growers in the main sweet potato production area in the USA
were affected by black rot (Halsted & Fairchild 1891). Although black rot of sweet
potato had a destructive impact on the production of the crop, it is today relatively
uncommon as a result of the implementation of integrated disease control (Kihurani et

al. 2000).

Ceratocystis paradoxa

Ceratocystis paradoxa was first reported from pine-apple (Ananas comosus (L.)
Merr.) in France in 1886 (De Seynes 1886). Since then, the fungus has been reported
from coconut palm (Cocos nucifera L.) (Dade 1928), oil palm (Elaeis guineensis ),
date palm (Arecu cathecu L.) (Kile 1993) and sugar cane (Saccharum officinarum L.)
(Lewton-Brain 1907, McMartin 1937, Chang & Jensen 1974). The disease occurs in
the tropics (Ploetz et al. 2003) and has been reported from approximately 40 countries

(Wismer 1961).

A number of modes of transmission have been reported for C. paradoxa. Numerous
authors feel the most common mode of transmission is by means of insects. These
include Carpophilus hemipterus L., Urophorus humeralis F., Haptoncus ocularis
Fairmaire (Chang & Jensen 1974) and flies (Chi 1949). It has also been reported that

the fungus can be dispersed by means of infected soil and cuttings, and via air
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dispersal (Wismer 1961). Similar to a number of Ceratocystis spp., C. paradoxa
requires wounds for infection. These wounds could be created by insects, rats and
mechanical damage (Fawcett 1931, Wismer 1961, Chan & Jensen 1974) or

silvicultural practices such as the preparation of cuttings (Wismer 1961).

Symptoms associated with pineapple disease include butt rot and leaf spot of
pineapples and rot of pineapple fruits (De Seynes 1886, Ploetz et al. 2003),
germination failure sugar cane seeds, rot of sugar cane cuttings and stems and death
of pineapple stalks and wilting of leaves (Wismer 1961). The disease affects all sugar
cane growing areas (Wismer 1961) and has been reported to lead to serious crop

failure (McMartin 1944, Chi 1949, Antoine 1956).

Crop losses of between 20 and 80% have been reported (Dickson et al. 1931). To
date, a number of control strategies have been developed for pineapple disease which
include cultural techniques such as selection of cutting size and planting stock and
seed treatment (Wismer 1961), selecting the correct planting time as well as the use of

fungicides (Wakker & Went 1898, Ploetz ef al. 2003).

1.3.2. Ceratocystis spp. infecting fruit-tree crops
Ceratocystis fimbriata s.1.

Numerous fungi that resembles C. fimbriata s.s. in morphology have been lumped
together as C. fimbriata s.l. These fungi have been reported from a multitude of hosts
and from most continents. Their impact on agricultural crops is significant, causing
diseases such as canker of stone fruit (Prunus spp. L.) (DeVay et al. 1963), canker
wilt and death of coffee (Coffea L.) (Obregon 1936, Pontis 1951, Szkolnik 1951,
Echandi & Segall 1956) and citrus (Citrus L.) (Contreras & Marmelioz 1984, Instituto
Colombiano Agropecuario 1993). The fungus has been reported to be the most
serious pathogen of coffee and has affected approximately 800 000 hectares of coffee
cultivating areas in South America (Castro 1998). Ceratocystis fimbriata s.1. infection
of citrus has had a significant affect on the citrus industry. Since its report in 1981 to

1994, the disease had lead to the death of 10% of lemon trees in Colombia
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(Mourichon 1994).

Ceratocystis manginecans

Ceratocystis manginecans M. van Wyk, A. Al Adawi & M. J. Wingf. was first
reported as C. fimbriata in 2005, infecting mango trees in Oman (Van Wyk et al.
2005, Al Adawi et al. 2006). In 2007, the fungus infecting mango was re-described
as a distinct species namely C. manginecans (Van Wyk et al. 2007a). This pathogen
leads to gummosis as well as vascular discolouration, cankers and wilting of leaves
(Van Wyk et al. 2005, Al Adawi et al. 2006). Tree mortality was observed to occur

six months after the appearance of symptoms (Al Adawi et al. 2006).

1.3.3. Ceratocystis spp. as pathogens of forest and plantation trees

Ceratocystis albifundus

Ceratocystis albifundus, the causal agent of Ceratocystis wilt of Australian A.
mearnsii in Africa, is considered one of the most important pathogens of non-native
A. mearnsii trees on the continent (Morris et al. 1993, Roux & Wingfield 1997, Roux
et al. 1999, Roux et al. 2005). Infection by C. albifundus leads to wilting and finally
mortality of trees (Roux et al. 1999). This pathogen affects trees of all ages and is
able to kill trees ao all ages under field conditions. The fungus has also been shown
to lead to wilting and mortality of mature trees within six weeks after artificial
inoculation (Roux et al. 1999). The fungus has also been reported on eight native
host genera from the African continent (Roux et al. 2007). Although C. albifundus
produces lesions after artificial inoculation on native tree species, mortality has not

been observed in the native vegetation (Roux et al. 2007).

Ceratocystis fagacearum

Ceratocystis fagacearum causes oak wilt (Bretz 1952, Sinclair et al. 1987) of Quercus
spp- L. in the USA. Other known hosts of this fungus are Castanea mollissima
Blume, C. sativa Mill., Lithocarpus densiflorus (Hook. & Arn.) Rehd., Castanopsis
sempervirens (Kellogg) Hjelmqvist and most genera in the Fagaceae (Bretz 1952). In
1944, a survey of oak trees in Wisconsin revealed that more than half the trees in a

localised area of 40.4 ha had been killed by C. fagacearum (Rexrode & Brown 1983).
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A second study investigating eight counties in Wisconsin reported that approximately
11% of the annual growth increase of oak forests was offset by mortality of the trees

caused by oak wilt (Rexrode & Brown 1983).

Ceratocystis fagacearum seems to have a loose association with a number of insect
species that are not known to be primary pests and are not able to create wounds on
the host trees (Gibbs 1980, Juzwik & French 1983). These insects include
Carpophilus dimidiatus, Ca. sayi, Euporaea labilis and E. peltoides. Transmission of
C. fagacearum by nitidulid beetles is significant in overland spread of the fungus and
the establishment of new infection centres (Cease & Juzwik 2001). The beetles are
attracted to sporulating mats on recently killed oak trees, and after feeding on these
mats, they are covered in fungal propagules which they subsequently spread to other
trees (Juzwik & French 1983). These insects only disseminate the fungus to fresh

wounds and do not seem to benefit from the association.

Ceratocystis fimbriata s.1.

Species in the C. fimbriata s.l. species complex have been reported to cause death of
several plantation grown tree species. Hosts include rubber trees (Hevea brasiliense
Muell.) (Olson & Martin 1949), Eucalyptus spp. (Roux et al. 2000) and Acacia spp.
(Ribeiro et al. 1985). This fungus was first reported to cause disease and mortality of
non-native hardwood tree species in the late 1980’s when it was reported from A.
decurrens Willd. in South America (Ribeiro er al. 1985). It was later reported from
Eucalyptus spp. growing in the Republic of Congo (Roux et al. 2000), where infection
leads to rapid wilting, discoloration of the xylem and mortality of trees ranging from
six months to four years (Roux et al. 2000). Shortly thereafter, the fungus was also
reported as the cause of disease of Eucalyptus spp. in Uganda and Uruguay (Roux et

al. 2001a, Barnes et al. 2003b).

In 2004, C. fimbriata s.I. was reported to infect wounds of Eucalyptus spp. in South
Africa (Roux et al. 2004b). It is, however, interesting to note that to date, C.
fimbriata s.1. has not been reported to be associated with disease of Eucalyptus spp. in
South Africa. This could be due to the influence of climate as the areas where C.
fimbriata s.l. has been reported to cause disease of Eucalyptus spp., is more tropical

than the areas where C. fimbriata s.l. has not been reported to cause disease. Another
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explanation for the difference in the pathology of the fungus on these hosts in the
different areas could be due to the presence of resistant plant material in the areas

where the fungus does not lead to severe disease problems.

Ceratocystis fujiensis

Ceratocystis fujiensis M. J. Wingf., Yamaoka & Marin is a pathogen of Larix
kaempferi (Lamb.) Carriere that has recently been described from Japan (Marin et al.
2005). This species was reported during a study of two closely related species, C.
polonica and C. laricicola in Europe and Japan (Marin et al. 2005). Ceratocystis
fujiensis is morphologically indistinguishable from C. laricicola but has been shown
to be a distinct species based on DNA sequence comparison and ecological aspects.
The ecological aspects include the insect associates of these two species, as C.
laricicola is associated with Ips cembrae Heer, and C. fujiensis is associated with 1.
subelongatus Motsch. (Marin et al. 2005). Ceratocystis fujiensis is currently
restricted to Asia and in association with its insect vector, is able to kill Larix spp.,
thus posing a substantial quarantine threat to forestry in the Northern Hemisphere
(Marin et al. 2005) as neither C. fujiensis nor its associated insects occur in these

regions.

Ceratocystis laricicola

Ceratocystis laricicola was first reported to infect European larch (Larix decidua
Miller) in 1972 and is vectored by the larch bark beetle I. cembrae (Redfern et al.
1987). It is generally accepted that beetle attacks alone could in some cases lead to
tree mortality, however, inoculation trials have shown that C. laricicola is an
aggressive pathogen of larch and most probably an important component of tree death
(Redfern et al. 1987). To date, the fungus has been reported from numerous countries
including Europe (Pfeffer 1995), Scotland, Denmark (Crooke & Bevan 1957, Redfern
et al. 1987, Stauffer et al. 2001) and Germany ( Crooke & Bevan 1957, Redfern et al.
1987).

Ceratocystis pirilliformis
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Ceratocystis pirilliformis was first reported colonising wounds on Eucalyptus spp. in
Australia (Barnes et al. 2003a). Shortly after the report of this fungus from Australia,
a study was performed to investigate Ceratocystis spp. infecting wounds of
Eucalyptus spp. in South Africa. Similar to the study in Australia, C. pirilliformis
was frequently isolated from wounds (Roux et al. 2004b, Kamgan et al. 2009).
Although C. pirilliformis has not been associated with disease of Eucalyptus spp.
under natural conditions, it was shown to be able to produce lesions after being
inoculated onto Eucalyptus seedlings under greenhouse conditions and ~10cm
diameter trees under field conditions (Roux et al. 2004b). In that study, it was also
found that C. pirilliformis displayed the same levels of pathogenicity as C. fimbriata

on Eucalyptus spp. (Roux et al. 2004b).

Ceratocystis polonica

Ceratocystis polonica, first reported from Poland in the 1930’s, is an important insect-
associated pathogen of Picea Dietrich spp. (Siemaszko 1939). It has been reported to
cause severe damage to these trees in Norway (Christiansen & Bakke 1988) and
destructive outbreaks during which millions of Picea trees were killed have been
documented from North and Central Europe (Postner 1974, Christiansen & Bakke
1988). From 1985 to 1994, C. polonica and its insect associate, Ips typographus L.,
have been responsible for the loss of approximately 14.1 million cubic meters of
Picea wood in Austria, Switzerland and Germany (Fithrer 1996). The most recent
outbreak of 1. typographus in central and Western Europe started around 1992 and has
been reported to be triggered by adverse climatic conditions (Fithrer 1996, Kirisits

2001a).

It has been suggested that I. typographus is the primary cause of mortality of P. abies
trees (Christiansen & Bakke 1988) and that after attack by the beetles, C. polonica
establishes in the galleries of these insects. In order to overcome the biochemical and
structural defence mechanisms of the trees, these beetles will mass attack the living
trees, thereby causing mortality (Raffa & Klepzig 1992). Evidence has been provided
to suggest that I. typographus is in fact not the primary cause of P. abies mortality,
but that mortality is caused by C. polonica. Mass inoculation trials with C. polonica

simulating attacks by I. typographus resulted in tree death (Horntveldt er al. 1983,
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Christiansen 1985, Christiansen et al. 1987, Solheim 1988, Croise et al. 1998, Kirisits
1998, Krokene & Solheim 1998, Yamaoka et al. 2000, Kirisits & Offenthaler 2002).

1.3.4. Staining and/or saprophytic Ceratocystis spp. on forest trees

Saprophytic and sap stain fungi do not lead to tree mortality or negatively effect the
wood structure, but does lead to the decrease in timber value. In the past, the term
staining fungi was in some cases used to refer to fungi that are also pathogenic in
nature and could lead to tree mortality (Gibbs 1993). Staining fungi has also been
described as generalists (Seifert 1993) with more that one species occurring on a
single piece of timber (Davidson 1935, Campbell 1960, Olchowecki & Reid 1974,
Seifert 1993).

The discoloration caused by Ceratocystis spp. varies from blue, grey to black (Seifert
1993) and is due to the darkly pigmented hyphae that colonise the wood (Hartig 1878,
Hedgcock 1906, Munch 1907, Croan & Highley 1995). Hyphae that cause the
discolouration are concentrated in the parenchyma and resin ducts of colonised wood
and often occur in the tracheids, but are in general unable to enter wood cell walls
(Seifert 1993, Croan & Highley 1995). These Ceratocystis spp. do not lead to
mortality or to structural damage of the timber (Boyce 1961, Chow 1983, Blanchette
et al. 1992, Seifert 1993). Some of the effects staining fungi in the genus Ceratocystis
have on wood include minor dry weight loss (Eslyn & Davidson 1976), minor
strength loss (Seifert 1993) and toughness loss (Findlay & Pettifor 1937, Chapman &
Scheffer 1940). The wood production quality damage caused by staining fungi have
in the past been controlled by chemical treatment and the use of antagonistic fungi
exhibiting antagonism targeted metabolites (Benko & Henningson 1986, Croan &

Highley 1991, 1994, Hiratsuka et al. 1994).

Staining fungi in the genus of Ceratocystis are dispersed by numerous means. They
are generally associated with insects and rely on them for dispersal (Leach et al. 1934,
Leach 1940, Mathiesen 1950, Mathiesen-Kiirik 1953). These associations have been
noted to be either a close or a loose association (Gibbs 1993). Mathiesen-Kiirik
(1953), also stated that air dispersal is possible in species such as C. coerulescens.
Dowding (1969) showed that air dispersal is possible as long as the air conditions

were not to dry.
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Ceratocystis coerulescens is common on Pinus spp. and Piceae spp. in Europe
(Munch 1907, Bakshi 1950, Griffen 1968, Olchowecki & Reid 1974, Upadhyay
1981). It has been reported to be associated with a number of insects including Ips
schmutzenhofferi, Orthotomicus proximus and Pityogenus chacographus (Mathiesen
1950, Mathiesen-Kiirik 1953). Ceratocystis coerulescens commonly infects recently
cut logs and broken roots (Seifert 1993) and has been referred to as a saprophyte or
wound coloniser (Wingfield ez al. 1997) and has not been reported to be a pathogen of
Pinus or Picea spp. Interestingly, C. coerulescens has however been reported as a

severe pathogen on a single host genus namely Acer spp. (Kile 1993).

1.4. WOUNDS AS INFECTION SITES FOR CERATOCYSTIS SPP.

It is documented that Ceratocystis spp. require wounds for infection (DeVay et al.
1963, Kile 1993). These wounds can originate from various sources including wind
and hail damage, growth cracks, insect feeding, animals and human activities such as
grafting, pruning and harvesting practices. Fresh wounds attract sap-feeding insects
that may carry Ceratocystis spp. to these substrates and disperse ascospores from
diseased to healthy hosts (Moller & DeVay 1968). Spores can also be spread to
wounds in wind-borne frass (Iton 1960, Kile 1993).

A species in the Ceratocystis fimbriata s.l. species complex commonly infects peach
trees wounded during harvesting of the fruit as the fruit is broken from the stem
(DeVay et al. 1963). A species in this complex has also been reported to infect coffee
plants in Colombia through stem wounds made by workers who support themselves
against the stems of the plants to prevent slipping on the steep hills on which the
coffee plants are grown (Marin et al. 2003). Pruning wounds are also common entry
points for members of the C. fimbriata s.l species complex, and the fungus can be

carried on machetes or other pruning tools (Walter 1946, Teviotdale & Harper 1991).

It has been reported that C. platani can infect trees via underground root grafts in
perennial plants (Walter 1946, Kile 1993). This occurrence is common in areas where

trees of the same species grow in close proximity and where root systems graft in

22



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

native ecosystems (Walter 1946, Kile 1993). This form of dispersal has also been
reported for C. fagacearum in natural and urban forests (Accordi 1986, Kile 1993).

Natural forces commonly cause wounds that can be infected by Ceratocystis spp.
Strong winds and hail are common sources of wounds. Ceratocystis albifundus, for
example, has been shown to infect several native tree species after strong winds
damaged stems and branches (Roux et al. 2007). Similarly, C. albifundus has also
been isolated from hail and insect damage on A. mearnsii in South Africa (Roux &

Wingfield 1997).

Insects such as bark beetles (Coleoptera: Scolytinae) make wounds that facilitate the
infection of host trees by Ceratocystis spp. Beetles bore through the bark to excavate
egg galleries in the underlying phloem. During this process, the wound is directly
inoculated with fungi (Bramble & Holst 1940, Leach 1940). Examples of fungi that
are specifically vectored by bark beetles include C. laricicola associated with 1.
cembrae (Redfern et al. 1987), C. polonica associated with the bark beetle I
typographus (Horntvedt 1988, Solheim 1986, Krokene & Solheim 1996), C. fujiensis
associated with 1. subelongatus (Yamaoka et al. 1998), C. fagacearum associated with
Pseudopityophthorus minutissimus Zim. (Ambourn et al., 2005) and C. rufipennis

associated with Dendroctonus rufipennis Kirby (Harrington & Wingfield 1998).

Recently C. atrox M. van Wyk & M.J. Wingf. was reported from tunnels of the wood-
boring insect Phoracantha acanthocera Macleay (Cerambicydae: Coleoptera)
(Macleay) (Van Wyk et al. 2007b). These, insects, although not necessarily
associated with specific Ceratocystis spp., greatly assist these fungi in infection of
suitable hosts through the wounds that they create. Another example of this is C.
polychroma associated with Hexamitodora semivelutina Hell. (Coleoptera:

Cerambycidae) on Syzygium aromaticum L. Merr. & Perry (Van Wyk et al. 2004a).

It has been well documented that Ceratocystis spp. infect artificially made wounds on
trees. In this regard, two species, C. eucalypti and C. pirilliformis were first
discovered in trials where FEucalyptus spp. in Australia had been intentionally
wounded (Kile 1996, Barnes et al. 2003). Similarly, C. fimbriata s.I. and C.

moniliformis are well-known from wounds on Eucalyptus spp. in South Africa (Roux
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et al. 2004b). The use of artificial wounds has in recent years been used widely to
collect Ceratocystis spp. from trees on which they do not necessarily cause disease.
Two studies investigating Ceratocystis spp. infecting medicinal bark harvesting
wounds on native tree species in Africa, isolated C. albifundus (Roux et al., 2004a),
and two previously undescribed species, C. savannae Kamgan & Jol. Roux and C.
tsitsikammensis Kamgan & Jol. Roux (Kamgan et al. 2008). Likewise, a study in
Colombia yielded a previously undescribed species, C. neglecta M. van Wyk, Jol.
Roux & C. Rodas from artificially made wounds on Eucalyptus spp. (Rodas et al.
2008). A number of other wounding studies are underway in various parts of the
world and these will most likely yield numerous other undescribed species from hosts

and countries not previously surveyed.

Successful infection of wounds by Ceratocystis spp. is dependant on a number of
physical and environmental factors. Species in the C. fimbriata s.l. species complex,
for example, are able to infect their hosts when viable fungal propagules are deposited
onto relatively superficial bark wounds (DeVay et al. 1968). In contrast, C.
fagacearum can only infect the host tree if viable fungal propagules come into contact

with freshly exposed wood (xylem) of the host (Kuntz & Drake 1957).

Temporal factors have been shown to affect the success of infection by Ceratocystis
spp- (Bostock & Middleton 1987, Biggs 1989, Teviotdale & Harper 1991). Numerous
studies have shown that C. fagacearum could not cause infection when wounds were
older than 24 hours (Morris et al. 1955, Kuntz & Drake 1957, Gibbs 1980). It has
been reported that this loss of susceptibility of wounds over time could be attributed
to the loss of the thin film of moisture present on fresh wounds, along with the
formation of a periderm after wounding. Biggs (1989), attributed the increase in
resistance of wounds to infection over time to the accumulation of suberin. Wound
infection by other microorganisms has been shown to influence infection success of
pathogens. It has been reported that the colonization of wounds by the saprophytic
fungus, Ophiostoma piceae (Munch) H. Sydow & Sydow, prior to the artificial
inoculation of the wound with C. fagacearum, prevented colonization and infection
by the pathogen (Gibbs 1980). A similar influence has been observed for bacteria
with the inhibition of Botrytis cinerea (De Bary) Whetzel by a bacterial species in the

genus Pseudomonas Migula (Barka et al. 2002).
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Climatic factors such as temperature and relative humidity also influence the
germination of spores and infection of Ceratocystis spp. (Cole & Fergus 1956). In
this study, the authors reported that fungi could survive at extremely low temperatures
for a period of time under laboratory conditions, as spores withstood freezing at -10°C
after 83 days (Cole & Fergus 1956). The authors also observed differences in the
response of conidia compared to that of ascospores. The thermal death point of the
ascospores (42°C - 44°C ) were higher than that of the conidia (40°C - 42°C). They
also found that relative humidity and temperature had a significant influence on the

germination and survival of fungi.

In forestry operations, wounding of trees is common. In operations such as pruning, a
fresh, open wound is created when the branches are cut or sawn off, or where double
stems are reduced. Accidental wounds are also often created when timber is removed
in thinning operations. Furthermore, timber is often infected by Ceratocystis spp.
after harvesting, resulting in blue stain of the harvested product. This is especially
common where timber is not debarked immediately, allowing insects and fungi to
survive under the bark. Management operations that reduce the occurrence of wounds
and that involve the speedy removal of bark could, therefore, reduce infection of

timber by Ceratocystis spp.
1.5. INSECT ASSOCIATIONS WITH CERATOCYSTIS SPP.

It is a well established fact that Ceratocystis spp. are dispersed by arthropods (Sinclair
et al. 1987). Hartig (1878), first recognised the interrelationship between insect
damage, discolouration of wood and fungi during his study of blue-stain in the
sapwood of conifers. Miinch (1907, 1908), also observed that blue-stain in living
trees and lumber is associated with attack by bark beetles. Since these reports, a
number of studies have been compiled regarding various aspects of the association of
fungi with bark beetles and numerous reports of such associations have been made for

Ceratocystis spp. (Table 1).

Ceratocystis spp. have associations with three broad categories of insects. These

categories are (1) Bark beetles (phloeophagous insects), (2) nitidulid beetles and (3)
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more general insects (Harrington 1987, Kirisits 2004). These associations can be very
specific, such as those with bark beetles, or general. In the following section, the
various groups of insects associated with Cerarocystis spp. will be discussed and the
different types of associations between Ceratocystis spp. and insects as well as the
various adaptations by Ceratocystis spp. to facilitate these relationships will be

considered.

1.5.1. Interdependence of insects and their associated Ceratocystis spp.

There is considerable debate regarding the interdependence of Ceratocystis spp. and
their associated insects. A point of much debate is whether the fungus or the insect is
the primary cause of tree death, or whether it is a combination of the two. Examples
where the interdependence has been studied include C. fagacearum, C. polonica
(Christiansen 1985, Solheim 1988, Kirisits 1998, Krokene & Solheim 1998, Yamaoka
et al. 2000, Kirisits & Offenthaler 2002) and C. laricicola (Crooke & Bevan 1957,
Redfern et al. 1987, Yamaoka et al. 1998, Stauffer ez al. 2001, Kirisits 2001a, b).

The symbiosis involving Ips typographus and C. polonica aptly illustrates the
differing opinions regarding the nature of the interaction between bark beetles and
their fungal associates. It has been suggested that 1. typographus is the primary cause
of mortality of P. abies trees (Christiansen & Bakke 1988) and that after attack by the
beetles, C. polonica establishes in the galleries of these insects. In order to overcome
the biochemical and structural defence mechanisms of the trees, these beetles will
mass attack the living trees, thereby causing mortality (Raffa & Klepzig 1992). On
the other hand, evidence has been provided to suggest that I. typographus insects are
in fact not the primary cause of P. abies mortality, but that mortality is caused by C.
polonica. Experiments in which trees have been mass inoculated with C. polonica, to
simulate the situation when trees are attacked by I typographus, has resulted in
considerable blue stain and also tree death (Horntveldt ef al. 1983, Christiansen 1985,
Christiansen et al. 1987, Solheim 1988, Croise et al. 1998, Kirisits 1998, Krokene &
Solheim 1998, Yamaoka et al. 2000, Kirisits & Offenthaler 2002). It is thus
hypothesised that C. polonica increases the effect of I typographus infestation and
makes the host more suitable for attack and reproduction of its insect vector (Whitney

1982, Harrington 1993, Paine et al. 1997).
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Tree infesting insects and Ceratocystis spp. may exist in symbiotic relationships.
Ceratocystis spp. are dependent on insects for dissemination, while the insects in
some cases rely on these Cerarocystis spp. to lower the defences of the trees (Raffa &
Klepzig 1992, Krokene 1996, Paine et al. 1997). An important pathogen, C.
laricicola seems to have such an association with its insect symbiont, I. cembrae
(Redfern er al. 1987, Yamaoka et al. 1998, Stauffer et al. 2001, Kirisits 2001b). Ips
cembrae is regarded as a secondary pest of larch, and has played a significant role in
the establishment of C. laricicola in Scotland, after it was introduced in the 1950’s
(Crooke & Bevan 1957, Redfern et al. 1987). The insect involved in the symbiosis
benefits from the association in the sense that the fungus lowers the defence
mechanisms of the host tree, thus allowing the beetles to colonise the trees (Redfern et

al. 1987).

Insects have been reported to assist their associated fungi with “transport” as in the
case of C. fagacearum, the causal agent of oak wilt (Bretz 1952, Sinclair ef al. 1987).
Ceratocystis fagacearum seems to have a loose association with a number of insect
species (Carpophilus dimidiatus, Ca. sayi, Euporaea spp.) that are not known to be
primary pests and are not able to create wounds on the host trees (Juzwik & French
1983). Therefore, the insects only transport/disseminate the fungus to fresh wounds,
that act as suitable sites for infection by the fungus, and they do not seem to benefit

from the association.

1.5.2. Adaptations of Ceratocystis spp. for the purpose of insect dispersal

Insect associated Ceratocystis spp. possess a number of adaptations to ensure the
success of the symbiosis. One of these adaptations is the production of fruity odours
that attract insects (Lanza & Palmer 1977). Not all Ceratocystis spp., however,
produce fruity aromas. Species of Ceratocystis spp. that produce fruity odors include
species in the C. fimbriata s.1 species complex, C. pirilliformis, C. fagacearum and C.
moniliformis Hedgcock (Mathiesen-Kriidkik 1953, Kirschner 2001, Barnes et al.,
2003a). Numerous studies have identified a number of monoterpenes to play a role in
the production of these fruity odors. These are citronellol, geraniol, nerol, linalool,

alphaterpiniol and neral (Lanza et al. 1976, Lanza & Palmer 1977).
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The ascospores of Ceratocystis spp. are presented in slimy (mucilaginous) masses at
the apices of long ascomatal necks (Ingold 1961). These long necks lift the spores of
Ceratocystis spp. above competing fungi (Leach et al. 1934, Griffin 1968, Malloch &
Blackwell 1993). Some species, however, do not produce long necks and have
adapted by producing their spore masses in thread-like tendrils (Wingfield 1993).
The slimy spore masses produced at the apices of long ascomatal necks increases the
possibility for the spores to adhere to the bodies of insects due to an adhesive layer
around the spores (Leach er al. 1934, Griffin 1968, Malloch & Blackwell 1993).
Ascospore shape has also been reported to have an influence on the adhesion of these
spores to the insects (Malloch & Blackwell 1993). It has been hypothesised that the
concave shape of the spores produced by Ceratocystis spp., facilitates the spores
coming into contact with the insects at more than one point, and that the numerous
expanded contact areas could assist in the spores not being dislodged from the insect
body during transmission (Malloch & Blackwell 1993). Spores also poses protective
sheaths than enable them to be ingested by insects and pass unharmed through their

intestinal tracts (Leach 1940, Moller & DeVay 1968).

1.5.3 Categories of insects associated with Ceratocystis spp.

1.5.3.1 Bark Beetles

Bark beetles (Coleoptera: Scolytidae) create wounds that facilitate infection by
Ceratocystis spp. and assist in the dissemination of these fungi from one host to
another. Beetles bore through the bark to excavate egg galleries in the underlying
phloem. During this process, the wounds are directly inoculated with fungi carried on
the exoskeleton of the beetles, as well as through spores in the digestive tracts of some

beetles (Bramble & Holst 1940, Leach 1940).

Tree infecting Ceratocystis spp. associated with bark beetles include C. laricicola, C.
polonica, C. fujiensis and C. rufipenni M. J. Wingf., T. C. Harr. & H. Solheim.
Ceratocystis laricicola is specifically associated with I. cembrae in Europe (Redfern
et al. 1987). Research has shown that C. laricicola is highly pathogenic to larch trees,
lowering the defence mechanisms of the host tree and thus allowing the beetle to
colonise the trees (Redfern et al. 1987). This fungus/beetle association has been well

studied and is known from Europe (Pfeffer 1995), Scotland, Denmark (Crooke &
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Bevan 1957, Redfern et al. 1987, Stauffer et al. 2001) and Germany (Crooke & Bevan
1957, Redfern et al. 1987).

Ceratocystis polonica is known to infect Picea abies (Bruegger) P. Schmidt and is
associated with the bark beetle I typographus (Horntvedt 1988, Solheim 1986,
Krokene & Solheim 1996). Since the 1970’s, it has lead to significant damage in
Europe (Christiansen & Bakke 1988, Flihrer 1996). Furniss et al. (1990), reported
that the spores of C. polonica are disseminated on the exoskeleton, or in the guts of
the insects. The fungus will infect the phloem of the tree after the beetles attack
healthy trees (Krokene & Solheim 2001). Mass attack by the beetles and subsequent
infection by the fungus ultimately leads to mortality of the host trees (Christiansen &
Bakke 1988). However, the pathogenicity of C. polonica without the interaction of
the beetles has been established during mass inoculation tests, where the fungus alone
was inoculated into small wounds on the tree and proved to be pathogenic (Horntvedt

et al. 1983, Krokene & Solheim 1998, Harrington et al. 2002).

Ceratocystis fujiensis is associated with I subelongatus in Japan (Yamaoka et al.
1998, Stauffer et al. 2001). The beetle infests larch trees (Larix kaempferi) (Koizumi
1990, Yamaoka et al. 1998), inoculating C. fujiensis into the trees and resulting in tree
death (Yamaoka er al. 1998, Stauffer et al. 2001). Ceratocystis fujiensis has been
proven to be highly pathogenic, resulting in tree mortality within 100 days after mass

inoculation of 30 year-old Japanese larch (Yamaoka ef al. 1998).

Ceratocystis rufipenni is associated with Dendroctonus rufipennis Kirby (Harrington
& Wingfield 1998). This beetle has been described as a weak to moderately
aggressive pest of Picea spp. in Canada and the U.S.A. (Harrington & Wingfield
1998, Six & Klepzig 2004). A number of species associated with D. rufipennis has
been reported to cause symptoms on Picea spp. during inoculation trials, however, C.
rufipenni seems to be the most aggressive (Horntvedt er al. 1983, Solheim 1988,
Solheim & Safranyik 1997). Once the fungus has infected its host, it colonises the
sapwood and phloem (Solheim 1995). The fungus colonises new hosts rapidly and is
often found at the leading edge of fungal growth spreading towards the sapwood of D.

rufipennis infested trees (Solheim 1995).
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1.5.3.2. Nitidulid beetles

Nitidulid beetles, or sap-feeding beetles (Coleoptera: Nitidulidae), have been reported
as vectors of a number of Ceratocystis spp., including C. fagacearum, C.
moniliformis, C. fimbriata (Collins & Kalnins 1965, Moller & DeVay 1968, Juzwik et
al. 1998) and C. paradoxa (Dade) Moreau (Chan & Jensen 1974). Some authors view
Nitidulids as the most important insect vector group of Ceratocystis spp. in the nort
and central states of the USA (Juzwik 2001). Nitidulid beetles do not make wounds
but visit wounds made by other factors such as insect or animal feeding as well as,
natural forces or mechanical damage (Connell 1956, Juzwik et al. 1999). The adults
of these beetles are attracted to, and live in fermenting plant sap, decaying fruit, or
fungi (Downie & Arnett 1996). These beetles and their larvae actually feed off the
sap of the host trees as well as on the fungal mats (Moller & DeVay 1968, Cease &
Juzwik 2001). As these beetles feed on the fungal mats, viable pathogen propagules
attach to their bodies and are spread with them (Juzwik & French 1983, Apple et al.
1990). In this manner, they assist in the establishment of new oak wilt infection
centres, either within the same stands or in adjacent or more distant stands (Juzwik

2001).

1.5.3.3. Generalist organisms

A number of generalist organisms, including insects other than bark beetles and
Nitidulid beetles, transmit Ceratocystis spp. These include phoretic mites (Himelick
& Curl 1958, Moller & DeVay 1968, Moser et al. 1985, 1997), nematodes (Vovlas et
al. 1994) and flies (Diptera) (Himelick & Curl 1958, Moller & DeVay 1968, Bridges
& Moser 1983, Moser 1997). As early as the late 1950’s the mite, Garmania
bulbicola Oudemans was identified to be able to transmit C. fagacearum to artificial
wounds (Hemlick & Curl 1958). Similarly, a species of the mite Tarsonemus has
been reported in studies of a member of the C. fimbriata s.l. species complex (Moller

& DeVay 1968) and more recently C. fujiensis (Moser et al. 1997).

Flies (Diptera) have been reported to be associated with Ceratocystis spp. (Collins &
Kalnins 1965, Moller & DeVay 1968). Already in the mid 1960’s Drosophila spp.
were reported to be an important associate of the well known C. fagacearum (Collins
& Kalnins 1965). Similarly, in a study by Moller & DeVay (1968), the authors also

reported two fly species to be associated with C. fimbriata including, Drosophila
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melanogaster Meigen and Chymomyza procnemoides Wheeler.  The authors,

however, felt the association of these two species with C. fimbriata was a casual one.

A limited number of studies have identified more general organisms as associates of
Ceratocystis spp. In a study of banana diseases and pests, C. paradoxa was reported
to be associated with nematodes (Vovlas et al. 1994). In this study, C. paradoxa was
found to be transmitted by the nematode Helicotylenchus multicinctus Cobb
associated with root systems of declining bananas. There are also single reports of
Ceratocystis species associated with organisms such as ants (Greiff & Currah 2007)

and mice (Goto et al. 1954).

1.5.4. Association levels between insects and Ceratocystis spp.

There are two distinct categories of associations between Ceratocystis spp. and
insects. Some species, such as those in the C. fimbriata s.I complex and C.
moniliformis clades, have a casual relationship with insects. These are the species
that tend to produce fruity odours which attract many species of flies (Diptera) and
sap beetles (Nitidulidae) (Himelick & Curl 1958). Another group of Ceratocystis
spp., mostly those in the C. coerulescens group tend not to produce fruity odours.
These species rely on very close relationships with specific insects, particularly bark

beetles, for their dispersal (Harrington & Wingfield 1998).

Some Ceratocystis spp. have been associated with a number of different insect
species, forming no specific relationships with particular insect species. These
Ceratocystis spp. are all characterized by the production of fruity volatiles that attract
generalist insects (Moller & DeVay 1968, Kirisits 2004). Species of Ceratocystis that
have this loose form of relationship with insects include C. fimbriata s.l., C.
fagacearum and C. moniliformis (Mathiesen-Kraarik 1953, Kirschner 2001).
Ceratocystis fagacearum, for example, has been reported from nitidulid beetles (Bretz
1952, Collins & Kalnins 1965, Juzwik et al. 1998) and flies (Hemelick & Curl 1958).
Similarly, a species in the C. fimbriata s.l species complex has been reported from

nitidulid beetles, flies and mites (Moller & DeVay 1968).

A number of Ceratocystis spp. have associations with specific insect species. In these

cases, one insect species is associated with only one fungus. If these relationships did
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not exist or failed, the fungi involved would not be able to disseminate effectively.
These Ceratocystis spp. do not produce the same fruity volatiles as those produced by
Ceratocystis spp. with loose associations with insects. Examples here are C.
laricicola, associated with the bark beetle I. cembrae (Redfern et al. 1987), C.
fujiensis associated with I subelongatus (Yamaoka et al. 1998), C. rufipenni
associated with D. rufipennis (Solheim & Safranyik 1997, Wingfield et al. 1997) and
C. polonica which is associated with 1. typographus (Solheim 1986, Christiansen &
Solheim 1990, Krokene & Solheim 1996, Harrington & Wingfield 1998, Kirisits et al.
2000).

Ceratocystis laricicola is specifically associated with I. cembrae in Europe (Redfern
et al. 1987). This fungus/beetle association has been well studied and is known from
various countries (Crooke & Bevan 1957, Redfern et al. 1987, Pfeffer 1995, Stauffer
et al. 2001). Ceratocystis laricicola has not been reported being associated with any

other insects and is involved in a symbiotic relationship with 1. cembrae.

The close association between C. polonica and the bark beetle I typographus
(Horntvedt 1988, Solheim 1986, Krokene & Solheim 1996) has led to significant
losses of P. abies trees in Europe (Christiansen & Bakke 1988, Fithrer 1996). In this
association, spores of C. polonica are disseminated on the exoskeleton, or in the
intestinal tract, of the beetle (Furniss et al. 1990) and infects the Picea trees after mass

attack by the beetles, ultimately leading to trees death (Christiansen & Bakke 1988).

Ceratocystis fujiensis, associated with 1. subelongatus, is inoculated into its host tree
when the beetle infests larch trees (Koizumi 1990, Yamaoka et al. 1998). Similar to
C. polonica, C. fujiensis has been proven to be highly pathogenic to its host, but is not
able to infect the host tree without the assistance of its insect associate (Yamaoka et

al. 1998, Stauffer et al. 2001).

Ceratocystis rufipenni, associated with D. rufipennis, is an example of a close
association of a fungus with an insect, but not the reciprocal situation (Harrington &
Wingfield 1998, Six & Klepzig 2004). Ceratocystis rufipenni has only been found
associated with D. rufipennis (Six & Klepzig 2004). Ceratocystis rufipenni has been

shown to be the most aggressive fungus associated with D. rufipennis (Horntvedt et
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al. 1983, Solheim 1988, Solheim & Safranyik 1997) and is usually found at the
leading edge of fungal growth (Solheim 1995). This indicates that C. rufipenni is
directly dependent on D. rufipennis for dissemination and could suggest that C.

rufipenni assists D. rufipennis to overcome the tree’s defence mechanisms.

Not all associations between insects and Ceratocystis spp. are easily defined. An
example of this is the association between C. rufipenni and D. rufipennis. Although a
close relationship between C. rufipenni and D. rufipennis was reported by Wingfield
et al. (1997), the fungus was not isolated from these beetles in later studies (Six &
Bentz 2003, Six & Klepzig 2004). These contradictions in results could be due to
difficulties in isolating the fungus or the incubation temperature (Solheim 1995). It
could also be due to fungal succession. Ceratocystis rufipenni is usually only isolated
from the leading edge of the lesions on freshly infected wood (Solheim 1995, Six &
Bentz 2003). It could be that when the insects emerge from the wood (1-2 years after
attack), saprophytic fungi had colonised the wood where the beetles developed and
that C. rufipenni was not present at the time of emergence (Solheim 1995). It could
also be that the main mode of dissemination of C. rufipenni by D. rufipennis is in the
intestinal tract of the insect (Harrington et al. 1996), thereby also explaining the
limited success in isolating the fungus from the insect. Although the biology of C.
rufipenni is very similar to that of C. polonica (Christiansen 1985, Solheim &
Safranyik 1997), their association with their respective insects differs significantly.
Both these fungi are highly pathogenic on their respective hosts and are commonly
isolated from the leading edges of the infections. Ceratocystis polonica is, however,
frequently isolated from its associated beetle I. typographus, whereas C. rufipenni is

not frequently isolated from D. rufipennis.

The fact that bark beetles are important forest pests, and that many of their fungal
associates cause destructive tree diseases, emphasizes the need for further and detailed
investigation into these associations. Although a vast number of studies have been
reported on the relationships between insects and Ceratocystis spp., the limited
knowledge of these in Africa creates a void in research in this field. Understanding
the interactions between these organisms will inevitably help combat these forest
pests and pathogens. For example, the wilt pathogen C. albifundus, one of the most

threatening pathogens of plantations of non-native A. mearnsii, is hypothesised to be
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native to the African continent (Roux et al. 2001c, Barnes et al. 2005) and has not
been studied regarding its possible insect vectors. Knowledge pertaining to the
biology and ecology of the insect vectors of these pathogens could assist in the control

of the insect as well as the pathogens.
1.6. CONCLUSIONS

Ceratocystis spp. include many economically important plant pathogens including a
group that cause diseases of trees and sap-stain of timber worldwide. Losses incurred
by these pathogens include tree mortality, growth reduction and the decrease in value
of timber. Wounds and the insects that form part of a symbiotic relationship with
these fungi are important factors for the dispersal and infection of these pathogens.
However, very little information is available on these fungi in Africa. As the forestry
industry in a number of African countries have entered a dramatic growth and
development stage, the recent reports of a number of wilt pathogens in the genus
Ceratocystis in some African countries emphasize the need for further studies on this

group of fungi on the continent.

Effective management of tree diseases and pests rely on a number of factors. These
include comprehensive information of the threatening organism’s biology, ecology
and origin. Once the origin of a pathogen is known, risk assessment could be
improved and centres can be identified for possible research into control measures
(Linde et al. 2002). At a deeper level, knowledge of pathogenic fungi’s genetic
structure is also important role. With globalisation and the increasing movement
around the world of people and commodities, the possibility of new introductions of
plant diseases and pests increase. Although a pathogen or pest is present in a country,
the introduction of new genotypes could pose a greater threat than the one that
currently exists. Therefore, to reduce the threat of pests and pathogens, it is necessary

to have a comprehensive understanding about their genetic diversity and movement.

Answering the many questions pertaining to the origin and dispersal of Ceratocystis
spp- between countries and continents could assist in the restriction of further spread
of these pathogens and the threat they pose to the forestry industry and natural

ecosystems. In similar fashion, knowledge pertaining to their symbiotic relationships
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with insects could also assist in the formulation of management strategies. Studies in
the thesis that follow this review, focus on Ceratocystis spp. infecting wounds on non-
native plantation hardwood tree species in southern and eastern Africa. These studies
will focus mainly on the morphology, phylogeny and pathogenicity of these fungi.
Furthermore, the insect vectors associated with these fungi and the role they play in
the dissemination and biology of the fungi isolated are considered. Use is made of
population diversity studies with polymorphic DNA markers to obtain knowledge
pertaining to the possible origin of the most important fungi obtained during the
studies. This knowledge should be valuable in the development of management and

quarantine strategies against these pathogens.

35



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

REFERENCES

Accordi, S. M. (1986). Spread of Ceratocystis fimbriata f. platani through root
anastomoses. Informatore Fitopatologico 36: 53-58.

Al-Adawi, A. O., Deadman, M. L., Al-Rawahi, A. K., Al-Magbali, Y. M., Al-
Jahwari., A. A., Al-Saadi, B. A., Al-Amri, 1. S. & Wingfield, M. J. (2006).
Aetiology and causal agents of mango sudden decline disease in the Sultanate
of Oman. European Journal of Plant Pathology 116: 247-254.

Antoine, R. (1956). Cane disease. Pineapple disease. Annual report. Mauritius Sugar
Industry Research Institute 59.

Appel, D. N., Kurdyla, T. & Lewis, R. (1990). Nitidulids as vectors of the oak wilt
fungus and other Ceratocystis species in Texas. European Journal of Forest
Pathology 20: 412-417.

Bakshi, B. K. (1950). Fungi associated with ambrosia beetles in Great Britain.
Transactions British Mycological Society 33: 111-120.

Bakshi, B. K. (1951). Studies on four species of Ceratocystis, with a discussion of
fungi causing sap-stain in Britain. Mycological Papers 35: 1-16.

Barka, E. A., Gognies, S., Nowak, J. Audran, J. & Belarbi A. (2002). Inhibitory effect
of endophyte bacteria on Botrytis cinerea and its influence to promote the
grapevine growth. Biological Control 24: 135-142.

Barnes, 1., Roux, J., Wingfield, B. D., Dudzinski, M. J., Old, K. M. & Wingfield, M.
J. (2003a). Ceratocystis pirilliformis, a new species from Eucalyptus nitens in
Australia. Mycologia 95: 865-871.

Barnes, 1., Nakabonge, G., Roux, J., Wingfield, B. D. & Wingfield, M. J. (2005).
Comparison of populations of the wilt pathogen Ceratocystis albifundus in
South Africa and Uganda. Plant Pathology 54: 189-195.

Barnes, 1., Roux, J., Wingfield, B. D., O’ Neill, M. & Wingfield, M. J. (2003b).
Ceratocystis fimbriata infecting Eucalyptus grandis in Uruguay. Australasian
Plant Pathology 32, 361-366.

Benko, R. & Henningsson, B. (1986). Mycoparasitism by some white-rot fungi on
sapstain fungi in culture. International Research Group on Wood Preservation
1304.

Benny, G. L. & Kimbrough, J. W. (1980). A synopsis of the orders and families of

Plectomycetes with keys to genera. Mycotaxon 12 :1-91.

36



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Bezerra, J. L. (1997). Ceratocystis fimbriata causing death of budded cocoa seedlings
in Bahia, Brazil. In: Incoped Newsletter Vol 1, p6.

Biggs, A. R. (1989). Temporal Changes in the infection court after wounding of peach
bark and their association with cultivars in infection by Leucostoma persoonii.
Phytopathology 79: 627-630.

Blackwell, M., Hibbett, D. S., Taylor, J. W. & Spatafora. J. W. (2006). Research
coordination networks: a phylogeny for kingdom Fungi (Deep Hypha).
Mycologia 98: 829-837.

Blanchette, R. A., Farrelli, R. L. & Burnes, T. A. (1992). Biological control of pitch
in pulp and paper production by Ophiostoma piliferum. Tappi Journal 75:
102-106.

Bostock, R. M. & Middelton, G. E. (1987). Relation of wound periderm formation to
resistance to Ceratocystis fimbriata in almond bark. Phytopathology T7: 1174-
1180.

Boyce, J. S. (1961). Forest Pathology. pp. 493-512. 3" Edition. McGraw-Hill, New
York. USA.

Bramble, W. C. & Holst, E. C. (1940). Fungi associated with Dendroctonus frontalis
in killing shortleaf pines and their effect on conduction. Phytopathology 30:
881-899.

Bretz, T.W. (1952). The ascigerous stage of the oak wilt fungus. Phytopathology 42:
435-437.

Bridges, J. R. & Moser, J. C. (1983). Role of two mites in transmission of blue-stain
fungus, Ceratocystis minor. Ecological Entomology 8: 9-12.

Campbell, R. N. (1960). Some sap-stain fungi found in Minnesota. Plant Disease
Reporter 44: 625-628.

Castro, B. (1991). Nuevas recomendaciones para el control de llaga macana del
cafeto. Avances Tecnicos Cenicafe 16: 1-4.

Cease, K. R. & Juzwik, J. (2001). Predominant Nitidulid species (Coleoptera:
Nitidulidae) associated with spring oak wilt mats in Minnesota. Canadian
Journal of Forest Research 31: 635-643.

Chang, V. C. S. & Jensen, L. (1974). Transmission of the pineapple disease organism
of sugar cane by nitidulid beetles in Hawaii. Journal of Economic Entomology

67: 190-192.

37



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Chapman, A. D. & Scheffer, T.C. (1940). Effect of blue stain on specific gravity and
strength of southern pine. Journal of Agricultural Research 61: 125-133.

Chi, C. (1949). A preliminary report on the study of pineapple disease of sugarcane in
Taiwan . Journal of Sugarcane Research 3: 71-102.

Chow, S. (1983). Method of treating wood to prevent stain and decay. United States
Pattent 4,413,023

Christiansen, E. (1985). Ceratocystis polonica inoculated in Norway spruce: Blue-
staining in relation to inoculum density, resinosis and tree growth. European
Journal of Forest Pathology 15: 160-167.

Christiansen, E. & Bakke, A. (1988). The Spruce bark beetle of Eurasia, In:
Dynamics of Forest Insect Populations: Pattern, Causes, Implications.
(Barryman, A. A. ed.). New York. London, Plenum Press.

Christiansen, E. & Solheim, H. (1990). The bark beetle-associated blue-stain fungus
Ophiostoma polonicum can kill various spruces and Douglas-fir. European
Journal of Forest Pathology 20: 436-446.

Christiansen, E., Waring, R. H. & Barryman, A. A. (1987). Resistance of conifers to
bark beetle attack: searching for general relationships. Forest Ecology and
Management 22: 89-106.

Cole, H. J. & Fergus, C. L. (1956). Factors associated with germination of oak wilt
fungus spores in wounds. Phytopathology 46: 159-163.

Collins, R. P. & Kalnins, K. (1965). Carbonyl compounds produced by Ceratocystis
fagacearum. American Journal of Botany 52: 751-754

Connell, W. A. (1956). “Nitidulidae of Delaware.” Delaware Agriculture Experiment
Station, Technical Bulletin 318.

Contreras, J. & Marmelioz, L. (1984). Ceratocystis fimbriata Ellis & Halst., a new
lemon tree pathogen. p. 432-435. In: V International Cirus Congress. (5:
1984: Sao Paulo, Brazil). Proceedings. Sao Paulo: International Society of
Citriculture.

Croan, S. C. & Highley, T. L. (1991). Control of sapwood-inhabiting fungi by
fractioned extracellular metabolites from Coniophora puteana. International
Group on Wood Preservation 1494.

Croan, S. C. & Highley, T. L. (1994). Control of sapwood-inhabiting fungi by
fractioned extracellular metabolites from  Streptomyces  rimosus.

Biodeterioration Research 4: 246-256.

38



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Croan, S. C. & Highley, T. L. (1995). Fungal removal of wood sapstain caused by
Ceratocystis coerulescencs. Forest Product Laboratory, Madison 45-55.

Croise, L., Lieutier, F. & Dreyer, E. (1998). Scots pine responses to number and
density of inoculation points with Leptographium wingfieldii Morelet. a bark
beetle-associated fungus. Annales des Sciences Forestieres 55: 497-506.

Crooke, M. & Bevan, D. (1957). Note of the first British occurrence of Ips cembrae
Heer (Col. Scolytidae). Forestry 30: 21-28.

Crous, P. W., Phillips, A. J. L. & Baxter, A. P. (2000). Phytopathogenic fungi from
South Africa. Department of Plant Pathology press, University of
Stellenbosch, South Africa.

Dade, H. (1928). Ceratostomella paradoxa, the perfect stage of Thelaviopsis paradoxa
(De Seynes) van Honnel. British Mycological Society Transcripts 13: 184-
194.

Davidson, R. W. (1935). Fungi causing stain in logs and lumber in the Southern
states, including five new species. Journal of Agricultural Research 50: 789-
807.

Davidson R. W. (1944). Two American hardwood species of Endoconidiophora
described as new. Mycologia 36: 300-306.

De Hoog, G.S. & Scheffer, R. J. (1984). Ceratocystis versus Ophiostoma: A
Reappraisal. Mycologia 76: 292-299.

Delgado, R. & Sudrez, C. (2003). Diferencias em agressividad entre aislamientos de
Ceratocystis fimbriata de Ecuador y Brasil em cacao. In: XII Semindrio
Nacional de Sanidad Vegetal, Noviembre 19-21, 2003. Latacunga, Ecuador.
8p.

De Seynes, J. (1886). Recherches Veg. Infer. III: 28-34. In: Wismer, C. A. (1961).
Pineapple disease. Sugercane disease of the world. Volume 1 (eds: J. P.

Martin, E. V. Abbett, C. G. Huges).

Desrosiers, R. (1958). El problema de la Cerastomella en el Ecuador. In: Conferencia
Interamericana de cacao. Palmira, Colombia: Ministerio de Agricultura,

Divisién de Investigaciones Agropecuarias.

DeVay, J. E., Lukezic, F. L., English, W. H. & Trujillo, E. E. (1963). Ceratocystis
canker of stone fruit trees. Phytopathology 53: 873.

39



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

DeVay, J. E., English, W. H., Lukezic, F. L., Moller, W. I. & Trujillo, E. E. (1968).
Ceratocystis canker of deciduous fruit trees. Phytopathology 58: 949-956.

Dickson, B. T., Ancell, H. R. & Simmonds, J. H. (1931). The control of soft rot
(water blister) of pineapples caused by Thielaviopsis paradoxa. Australian
Council for Scientific & Industrial Research Journal 4: 152-161.

Dowding, P. (1969). The dispersal and survival of spores of fungi causing blue stain
in pine. Transcripts of the British Mycological Society 52: 125-137.

Downie, N. M., and R. H. Arnett, Jr. (1996). The beetles of north-eastern North
America, Vols I & II. The Sandhill Crane Press, Gainseville.

Echandi, E. & Segall, R. H. (1956). Trunk, branch and stem canker of coffee trees.
Plant Disease 40: 916-918.

Engelbrecht, C. J. B. & Harrington, T. C. (2005). Intersterility, morphology and
taxonomy of Ceratocystis fimbriata on sweet potato, cacao and sycamore.

Mycologia 97: 57-69.

Elliot, J. A. (1923). The ascigerous stage of the sweet potato black rot fungus.
Phytopathology 13: 56 (abstract).

Eslyn, W. E. & Davidson, R. W. (1976). Some wood-staining fungi from pulpwood
chips. Memoirs of the New York Botanical Gardens 28: 50-57.

Fawcett, G. L. (1931). La putrefaccion negra de la Cana de Azucar. Revista Industrial
y Agrico (Tucuman) 21: 55-59.

Fergus, C. L. (1956). The influence of actidione on wood staining fungi. Mycologia
48: 468-472.

Ferrari, J. P. & Pichenot, M. (1976). The canker stain disease of plane tree in
Marseilles and in the south of France. European Journal of Forest Pathology
6: 18-25

Findlay, W. P. K. & Pettifor, C. B. (1937). Effect of sapstain on the properties of
timber.. I. Effect of sapstsin on the strength properties of Scots Pine wood.
Forestry 11: 40-52

Fiihrer, E. (1996). Entomologische aspekte der Umwandlung montaner fichtenforste.
Entomologia Generalis 21: 1-15.

Furniss, M. M., Solheim, H. & Christiansen, E. (1990). Transmission of blue stain
fungi by Ips typographus (Coleoptera: Scolytidae) in Norway Spruce. Annuals
of the Entomological Society of America 83: 712-716.

40



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Gibbs, J. N. (1980). Role of Ceratocystis piceae in preventing infection by
Ceratocystis fagacearum in Minnesota. Transactions of the British
Mycological Society 74: 171-174.

Gibbs, J. N. (1993). The biology of Ophiostomatoid fungi causing sapstain in trees
and freshly cut logs. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology,
and Pathogenicity. (Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp
21-25. APS Press, St. Paul, Minnesota.

Goberdhan, L. (1959). The present situation of Ceratostomella disease of cacao in
Trinidad. Caribbean Commonwealth Publication Exchange Service, Cocoa
89: 4.

Gotot, K., Suzuki, N., Kondo, S. & Miyazima, M. (1954). On the soil infection of
black rot of sweet potato and its transmission by fieldmice. Bulletin of the
Division of Plant Breeding Culture., Tokai-Kinki, Natural Agriculture
Experimental Station. No.1

Greif, M. D. & Currah, R. S. (2007). Patterns in the occurrence of saprophytic fungi
carried by arthropods caught in traps baited with rotted wood and dung.
Mycologia 99: 7-19.

Gremmen, J. & De Kam, M. (1977). Ceratocystis fimbriata, a fungus associated with
poplar canker in Poland. European Journal of Forest Pathology T: 44-47

Griffin, H. D. (1968). The genus Ceratocystis in Ontario. Canadian Journal of Botany
46: 689-718.

Griswold, C. C. (1953). Transmission of the oak wilt fungus by the pomace fly.
Journal of Economical Entomology 46: 1099-1100.

Grubelnik, R. (1998). Untersuchunger uber die Zusammensetzung der Mycoflora von
Ips typographus auf ausgewahlten Wald-Standorten in Osterreich unter
besonderer Berucksichtigung der pathogenen Art Ceratocystis polonica.
Diplomarbeit, Universitat fur Bodenkultur Wien, Vienna, Austria.

Halsted, B. D. (1890). Some fungous disease of the sweet potato. Agricultural
College Experiment Station Bulletin 76: 1-32.

Halsted, B. D. & Fairchild, D. G. (1891). Sweet-potato black rot. Journal of Mycology
7: 1-11.

Harding, S. (1985). Plantepatologiske aspekter ved barkbilleangerp pa naletrac —
medsaerlig henblik pa Ips typographus/rodgran. Hovedopgave, Den Kongelige

Veterinaer-og Landbohoeskole, Koebenhavn.

41



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Harding, S. (1989). The influence of mutualistic blue stain fungi on bark beetles
population dynamics. PhD thesis, Royal Veterinary and Agricultural
University, Copenhagen.

Harding, S. (1995). Fungal associates of Ips typographus L. in Denmark — occurrence,
frequency and pathogenicity. In: Bark beetles, blue stain fungi, and conifer
defence systems. (Christiansen, E. ed). Proceedings from a Symposium held at
the Norweighen Forest Research Institute. 21 July — 2 August 1995. As,
Norway. Aktuelt fra Skogforsk 6: 36.

Harrington, T. C. (1981). Cycloheximide sensitivity as a taxonomic character in
Ceratocystis. Mycologia 73: 1123-1129.

Harrington, T. C. (1987). New combinations in Ophiostoma and Ceratocystis species
with Leptographium anamorphs. Mycotaxon 28: 39-43.

Harrington, T. C. (1993). Biology and taxonomy of fungi associated with bark
beetles. In: Beetle-pathogen interactions in conifer forests (Schowalter, T. D.
& Filip, G. M. eds.) San Diego, USA: Academic Press.

Harrington, T. C. (2004). CABI crop protection compendium. CABI publishing.
http://www.public.iastate.edu/~tcharrin/cabinfo.html.

Harrington, T. C., Steimel, J. P., Wingfield, M. J. & Kile, G. A. (1996). Isosyme
variation and species delimitation in the Ceratocystis coerulescens complex.
Mycologia 88: 104-113.

Harrington, T. C., Pashenova, N. V., McNew, D. L., Steimel, J. & Konstantinov, M.
Y. (2002). Species delimitation and host specialization of Ceratocystis
laricicola and C. polonica to larch and spruce. Plant Disease 86: 418-422.

Harrington, T. C. & Wingfield, M. J. (1998). The Ceratocystis species on conifers.
Canadian Journal of Botany 76: 1446-1457.

Hartig, R. (1878). Die Zesetzungserscheinungen des Holzes der Nadelbaume und der
Eiche in forstlicher, botanischer und chemischer Richtung. Berlin: Julius
Springer.

Hausner, G., Reid, J. & Klassen, G. R. (1992). Do galeate-ascospore members of the
Cephaloascaceae, Endomycetaceae and Ophiostomataceae share a common
phylogeny? Mycologia 84: 870-881.

Hausner, G., Reid, J. & Klassen, G. R. (1993a). On the subdivision of Ceratocystis
s.1., based on partial ribosomal DNA sequences. Canadian Journal of Botany

71: 52-63.

42



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Hausner, G., Reid, J. & Klassen, G. R. (1993b). Ceratocystis: a reappraisal based on
molecular criteria. Mycological Research 97: 625-633.

Hausner, G., Reid, J. & Klassen, G. R. (1993c). Grouping of isolates and species of
Ceratocystis sensu lato on the basis of molecular and morphological
characters. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology, and
Pathogenicity. (Wingfield, M. J., Seifert, K. A. & Webber, J. F., eds.). pp 93-
104. APS Press, St. Paul, Minnesota.

Havord, G. (1962). Problemas esenciales en las investigaciones en cultivos prennes.
Seminario sodre Disenos Estadisticos y Tecnicas Experimentales con Cultivos
Perennes.

Hedgecock, G. G.(1906). Studies upon some chromogenic fungi which discolour
wood. Missouri Botanical Garden 17: 59-124

Henry, B. W. (1944). Chalara quercina n. sp., the cause of oak wilt. Phytopathology
34: 631-635.

Himelick, E. B. & Curl, E. A. (1958). Transmission of Ceratocystis fagacearum by
insects and mites. Plant Disease Reporter 42: 538-545.

Hinds, T. E. (1972). Ceratocystis canker of aspen. Phytopathology 62: 213-220.

Hiratsuka, Y., Chakravarty, P., Miao, S. & Ayer, W. A. (1994). Potential for
biological protection against blue stain in Populus tremuloides with a
hyphomycetout fungus, Stachybotrys cylindrospora. Canadian Journal of
Forest Research 24: 174-179.

Horntvedt, R. (1988). Resistance of Picea abies to Ips typographus: tree response to
monthly inoculations with Ophiostoma polonicum, a beetle transmitted blue-
stain fungus. Scandinavian Journal of Forest Research 3: 107-114.

Horntvedt, R., Christiansen, E., Solheim, H. & Wang, S. (1983). Artificial inoculation
with Ips typographus — associated blue-stain fungi can kill healthy Norway
spruce trees. Meddelelser fra Norsk institutt for skogforskning 38: 1-20.

Hunt, J. (1956). Taxonomy of the genus Ceratocystis. Lloydia 19: 1-58.

Idrobo, M. S. (1958). El complejo Xyleborus-Ceratostomella en Colombia. In:
Conferencia Interamericana de cacao. Palmira, Colombia: Ministerio de
Agricultura, Divisién de Investigaciones Agropecuarias, Palmira, Colombia.

Ingold, T. C. (1961). The stalked spore-drop. New Phytology 60: 181-183.

Instituto Colombiano Agropecuario (1993). La enfermedad pudricion basal de los

citricos. pp. 1-5. In: Programa de Frutales ICA. Acta de reunion sobre la

43



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

enfermedad conocida como pudricidn basal de los citricos. Palmira, Colombia:
ICA

Iton, E. F. (1960). Studies on a wilt disease of cacao at River Estate. II. Some aspects
of wind transmission. In: Annual Report on Cacao Research 1959-1960 : 47-
58. St. Augustine, Trinidad: Imperial College of Tropical Agriculture,
University of the West Indies.

Jankowiak, R. (2005). Fungi associated with Ips typographus on Picea abies in
Poland. I. Fungi associated with Ips typographus in relation to a different
health condition of trees. Forest Pathology 35: 37-56.

Jewell, F. F. (1956). Insect transmission of oak wilt. Phytopathology 46: 244-257.

Jewell, T. R. (1974). A qualitative study of cellulose distribution in Ceratocystis and
Europhium. Mycologia 66: 139-146.

Johnson, J. A., Harrington, T. C., & Engelbrecht, C. J. B. (2005). Phylogeny and
taxonomy of the North American clade of the Ceratocystis fimbriata complex.
Mycologia 97: 1067-1092.

Juzwik, J. (2001). Overland transmission of Ceratocystis fagacearum: extending our
understanding. In: Shade Tree Wilt Diseases: Proceedings from Wilt Diseases
of Shade Trees: A National Conference. (Ash, Cynthia, L., ed.). APS Press: pp
83-92. St. Paul, Minnesota.

Juzwik, J., Cease, K. R. & Meyer, J. M. (1998). Acquisition of Ophiostoma quercus
and Ceratocystis fagacearum by nitidulids from O. quercus colonised Oak
wilt mats. Plant Disease 82: 239-243.

Juzwik, J. & French, D. W. (1983). Ceratocystis fagacearum and C. piceae on the
surface of free-flying and fungus-mat-inhabiting nitidulids. Phytopathology
73: 1164-1168.

Juzwik, J., Skalbeck, T. C. & Neuman, M. F. (1999). Nitidulid species associated with
fresh wounds on red oaks during spring in Minnesota. Phytopathology 89:
S38.

Kamgan Nkuekam, G, Jacobs, K., De Beer, Z. W., Wingfield, M. J. & Roux, J.
(2008).  Ceratocystis and Ophiostoma species, including three new taxa,
associated with wounds on native South African trees. Fungal Diversity 29:

37-59.

44



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Kamgan Nkuekam, G., Barnes, I. Wingfield, M. J. & Roux, J. (2009). Distribution
and population diversity of Ceratocystis pirilliformis in South Africa.
Mycologia (in press).

Kendrick, W. B. (ed) (1971). Taxonomy of fungi imperfecti. University of Toronto
Press, Toronto.

Kihurani, A. W., Carey, E. E. & Narla, R. D. (2000). First report of black rot disease
of sweet potato in Kenya. African Potato Association Conference Proceedings
S: 415-419.

Kile, G. A. (1993). Plant diseases caused by species of Ceratocystis sensu stricto and
Chalara. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology, and
Pathogenicity. (Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp 173-
183. APS Press, St. Paul, Minnesota.

Kile, G. A., Harrington, T. C., Yuan, Z. Q., Dudzinskf & Old, K. M. (1996).
Ceratocystis eucalypti sp. nov., a vascular stain fungus from eucalypts in
Australia. Mycological Research. 100: 571-579.

Kirschner, R. (1998). Diversitat mit Borkenkafern assoziierter filamentoser
Mikropilze. Dissertation, Ebenhard-Karls-Unoversitat Tubingen, Germany.

Kirschner, R. (2001). Diversity of filamentous fungi in bark beetles in central Europe.
In: Trichomycetes and other fungal groups. Roberts, W. Lichtwardt
Commemoration Volume. (Misra, J. K., Horn, B. W. eds.). Enfield, Plymouth,
Science Publishers, Inc.

Kirisits, T. (1996). Untersuchungen iiber die Vergesellschaftung von Blduepilzen
(Ceratocystis/Ophiostoma spp.) mit den rindenbriitenden Fichtenborkenkéfern
Ips typographus, Pityogenes chalcographus und Hylurgops glabratus in
Osterreich. Diplomarbeit, Universitit fiir Bodenkultur Wien, Vienna, Austria.

Kirisits, T. (1998). Pathogenicity of three blue-stain fungi associated with the bark
beetle Ips typographus to Norway spruce in Austria. Osterreichische
Zeitschrift fiir Pilzkunde 7: 191-201.

Kirisits, T. (2001a). Pathogenicity of three blue-staining fungi associated with the
bark beetle Ips typographus to Norway spruce in Austria. Osterreichische
Zeitschrift fiir Pilzkunde 7: 1910201

Kirisits, T. (2001b). Studies on the association of ophiostomatoid fungi with bark
beetles in Austria with special emphasis on Ips typographus and Ips cembrae

and their associated fungi Ceratocystis polonica and Ceratocystis laricicola.

45



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Rerum Naturalium Technicarum Doctor Thesis. Universitit fiir Bodenkultur
Wien (BOKU), Vienna, Austria.

Kirisits, T. (2004). Taxonomy and systematics of bark and ambrosia beetles. In: Bark
and woodboring insects in living trees in Europe, a synthesis. (Lieutier, F.,
Day, K. R., Batisttisti, A., Grégoire, J-C, & Evans, H. F. Eds.). Kluwer
Academic Publishers. The Netherlands.

Kirisits, T., Fiihrer, E. & Wingfield, M. J. (2000). Pathogenicity of the bark beetle
transmitted blue-stain fungi Ceratocystis polonica and Ceratocystis laricicola
to Norway spruce (Picea abies [L.] Karst.) and to European larch (Larix
decidua Mill.) in central Europe. In: Proceedings of the International
Conference 'Forest Ecosystem Restoration — Ecological and Economical
Processes in Secondary Coniferous Forests', 10-12 April 2000. Vienna,
Austria: Institute of Forest Growth Research, University of Agricultural
Sciences (Hasenauer, H. ed.). pp 344-345.

Kirisits, T. & Offenthaler, I. (2002). Xylem sap flow of Norway spruce after
inoculation with the blue-stain fungus Ceratocystis polonica. Plant Pathology
51: 359-364.

Kitajima, K. (1936). Research on the discoloration of logs of Fagus crenata Blume
caused by Endoconidiophora bunae, n. sp. and on its preventive method.
Bulletin of the Imperial Forestry Experimental Station, Tokyo 35: 1-134.

Koizumi, C. (1990). Ips cembrae. Ringyo-to-Yakuzai 111: 1-10.

Krokene, P. (1996). The role of blue-stain fungi in tree-killing by bark beetles. PhD
thesis, University of Oslo, Norway.

Krokene, P. & Solheim, H. (1996). Fungal associates of five bark beetle species
colonizing Norway spruce. Canadian Journal of Forest Research 26: 2115-
2122.

Krokene, P. & Solheim, H. (1998). Phytopathogenicity of four blue-stain fungi
associated with aggressive and non-aggressive bark beetles. Plant pathology
88: 39-44.

Kuntz, J. E. & Drake, C. R. (1957). Tree wounds and long distance spread of oak wilt.
Phytopathology 47: 22.

Lagerberg, T., Lundberg, G. & Melin, E. (1927). Biological and practical researchers
into blueing in pine and spruce. Svenska Skogsvardsforeningens Tidskrift 25:

145-272

46



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Lanza, E., Ko, K. H. & Palmer J. K. (1976). Aroma production by cultures of
Ceratocystis moniliformis. Journal of Agriculture and Food Chemistry 24:
1247-1250.

Lanza, E. & Palmer, J. K. (1977). Biosynthesis of monoterpenes by Ceratocystis
moniliformis. Phytochemistry 16: 1555-1560.

Leach, J. G. (1940). Insect transmission of plant diseases. 1* edition, 4t impression.
McGraw-Hill Book Company, Inc. pp 217-401. New York & London.

Leach, S. G., Orr, N. & Christensen, C. M. (1934). The interrelationships of bark
beetles and blue-staining fungi in felled Norway pine timber. Journal of
Agricultural Research 49: 315-341.

Lewton-Brain, L. (1907). Rind disease of the sugar cane. In: Wismer, C. A. (1961).
Pineapple disease. Sugercane disease of the world. Volume 1 (eds: J. P.
Martin, E. V. Abbett, C. G. Huges).

Laia, M. L., Alfenas, A. C. & Harrington, T. C. (1999) Isolation, detection in soil, and
inocultion of Ceratocystis fimbriata, causal agent of wilting, dieback and
canker in Eucalyptus. In: Proceedings of the 12™ Biennial Conference of the
Australasian Plant Pathology Society, Canberra, Australia, 27-30 September.
77. (Morin, L. ed.).

Lieutier, F., Vouland, G., Pettunetti, M., Garcia, J., Romary, P. & Yart, A. (1992).
Defence reactions of Norway spruce (Picea abies Karst.) to artificial insertion
of Dendroctonus micans Kug. (Col., Scolytidae). Zeutschrift fiir Angewandte
Entomologie 114: 174-186.

Linde, C. C., Zhan, J. & McDonald, B. A. (2002). Population structure of
Mycosphaerella graminicola: From lesions to continens. Phytopathology 92:
946-955.

Luc, (1952). Ophiostoma moniliforme and its various forms. Reviews in Mycology
17: 10-16.

Malaguti, G. (1952). Ceratostomella fimbriata en el cacao de Venezuela. Acta
Cientifica Venezolana 3: 94-97.

Malloch, D, & Blackwell, M. (1993). Dispersal biology of ophiostomatoid fungi. In:
Ceratocystis and Ophiostoma: Taxonomy, Ecology and Pathogenicity
(Wingfield, M.J., Seifert, K.A. & Webber, J.A. eds.) p. 195-206. St. Paul,
Minnesota: APS Press.

47



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Marin, M., Castro, B., Gaitan, A., Preisig, O., Wingfield, B. D. & Wingfield, M. J.
(2003). Relationship of Ceratocystis fimbriata isolates from Colombian
coffee-growing regions based on molecular data and pathogenicity.

Phytopathology 151: 395-405.

Marin, M., Preisig, O., Wingfield, B. D., Kirisits, T., Yamaoka, Y. & Wingfield, M. J.
(2005). Phenotypic and DNA sequence data comparisons reveal three discrete

species in the Ceratocystis polonica species complex. Mycological Research

109: 1137-1148.

Mathiesen, A. (1950). Uber einige mit Borkenkafern assoziierte Blauepilze in

Schweden. Oikos 2: 275-308.

Mathiesen, A. (1951). Einige neue Ophiostoma-Arten in Schweden. Sv Bot Tidskr 45:
203-232.

Mathiesen-Kraakik, A. (1953). Eine Ubersicht uber die gewonlichsten mit
Brokenkafern assoziierten Blauepilze in Schweden und enige fur Schweden
neue Blauepilze. Meddelanden fran Stratens Skogforskningsinstitutut 43: 1-74.

McMartin, A. (1937). Pathological conditions affecting growth of sugar cane plant
cuttings from Natal. South African Sugar Journal 21: 353-359.

McMartin, A. (1944). Fungicidal treatment of sugarcane cuttings. South African
Sugar Journal 28: 509.

Melin, E. & Nannfeldt, J. A. (1934). Researches into the blueing of ground wood-
pulp. SV. Skogsvardsf. Tidskr. 32: 397-616.

Moller, W. J. & DeVay, J. E. (1968). Insect transmission of Ceratocystis fimbriata in
deciduous fruit orchards. Phytopathology 58: 1499-1507.

Mook, P. V. (1940). Three new locations for the sycamore (plane-tree) disease. Plant
Disease Reporter 24: 205-206.

Moreau, C. (1952). Coexistence des formes Thielaviopsis et Graphium chez une
souche de Ceratocystis major (van Beyma) nov. comb. Revue de Mycologie.
(Paris) Supplement Colonial 17: 17-22.

Morris, C. L., Thompson, H. E., Hadley, B.L. & Davis, J. M. (1955). Use of
radioactive tracer for investigation of the activity pattern of suspected insect

vectors of the oak wilt fungus. Plant Disease Reporter 39: 61-63.

48



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Morris, M. J., Wingfield, M. J. & De Beer, C. (1993). Gummosis and wilt of Acacia
mearnsii in South Africa caused by Ceratocystis fimbriata. Plant Pathology
42: 814-817.

Moser, J. C. (1985). Use of sporothecae by Tarsonemus mites to transport ascospores
of coniferous bluestain fungi. Transactions of the British Mycological Society
84 : 750-753.

Moser, J. C. (1997). Phoretic mites and their hyperphoretic fungi associated with
flying Ips typographus japonicus Niijima (Col., Scolytidae) in Japan. Journal
of Applied Entomology 121: 425-428.

Mourichon, X. (1994). Serious citrus dieback in Colombia caused by Ceratocystis
fimbriata. Fruits. 49: 415-416.

Miinch, E. (1907). Die Blaufaule des Nadelholzes. I-II. Naturwissenschaftliche
Zeitschrift fur Land —und Forstwirtschaft 5: 531-573.

Miinch, E. (1908). Die Blaufaule des Nadelholzes. I-II. Naturwissenschaftliche
Zeitschrift fur Land —und Forstwirtschaft 6: 297-323.

Nag Raj, T. R. & Kendrick, W. B. (1975). A monograph of Chalara and allied
genera. Wilfrid Laurier University Press.

Nannfeldt, J. A. (1932). Studien iiber die Morphologie und Systematik der
nichtlichenisierten inoperculaten Discomyceten. Nova Acta Regiae Societatis
Scientiarun Upsaliensis Seriei Quarta 8: 1-388.

Obregon, R. (1936). Un amarillamiento del cafeto. Boletin Agricola de la Sociedad
Antiquena de Agricultura 9: 725-732.

Olchowecki, A. & Reid, J. (1974). Taxonomy of the genus Ceratocystis in Manitoba.
Canadian Journal of Botany 52: 1675-1711.

Olson, E. O. & Martin, W. J. (1949). Relationship of Ceratostomella fimbriata from
the Hevea rubber tree and sweet potato. Phytopathology 39:17.

Pain, T. D., Raffa, K. F. & Harrington, T. C. (1997). Interactions among scolytid bark
beetles, their associated fungi, and live host conifers. Annual Review of
Entomology 42: 179-206.

Panconesi, A. (1981). Ceratocystis fimbriata of plane trees in Italy: biological aspects
and possibility of control. Proceedings of the Fifth Congress of the
Mediterranean Phytopathological Union, Patras, Greece, 21-27 September
1980. pp. 184-185.

49



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Panconesi, A. (1999). Canker stain of plane trees: a serious danger to urban plantings
in Europe. Journal of Plant Pathology 81: 3-15.

Paulin-Mahady, A. E., Harrington, T. C. & McNew, D. L. (2002). Phylogenetic and
taxonomic evaluation of Chalara, Chalaropsis, and Thielaviopsis anamorphs
associated with Cerarocystis. Mycologia 94: 62-72.

Pfeffer, A. (1995). Zentral- und Westpaldarktische Borken- und Kernkifer. Basel:
Naturhistorishes Museum Basel p 310.

Ploetz, R. C., Lim, T. K., Menge, J. A., Rohrbach, K.G. & Michailides (2003).
Common pathogens of tropical fruit. pp 1-20. In: Diseases of tropical fruit
crops. (ed: R. C. Ploetz).CABI Publishing, Wallingford, United Kingdom.

Pontis, R. E. (1951). A canker disease of the coffee tree in Colombia and Venezuela.
Phytopathology 41: 179-184.

Postner, M. (1974). Scolytidae (Ipidae), Borkenkifer. In: Die Forstschddlinge
Europas. Vol. 2. (W. Schwencke. ed.). Hamburg, Berlin, Germany: Paul Parey
Verlag. p 334-482.

Przybyl, K. (1984). Disease of poplar caused by Ceratocystis fimbriata Ell. E Hast. L.
Isolation of C. fimbriata, Symptoms of the disease and evaluation of resistance
of poplar clones resulting from artificial infection. Arbor Korn 29: 89-103.

Raffa, K. F. & Klepzig, K. D. (1992). Tree defence mechanisms against fungi
associated with insects. In: Defence mechanisms of woody plants against
fungi. (Blanchette, R. A. & Biggs, A. R. eds.). New York, Berlin, Heidelberg,
Springer.

Redfern, D. B., Stoakley, J. T., Steele, H. & Minter, D. W. (1987). Dieback and death
of larch caused by Ceratocystis laricicola sp. nov. following attack by Ips
cembrae. Plant Pathology 36: 467-480.

Rexrode, C. O. & Brown, D. (1983). Oak wilt. Forest Insect and Disease leaflet 29.
US Department of Agriculture Forest Service.

Ribeiro, I. J. A, Ito, M. F., Filho, P. & De Castro, J. L. (1985). Gummosis of Acacia
decurrens Willd. caused by Ceratocystis fimbriata Ell. & Halst. Summa
Phytopathological 11: 7.

Rodas, C. A., Roux, J., van Wyk, M., Wingfield, B. D. & Wingfield, M. J. (2008).
Ceratocystis neglecta sp. nov., infecting Eucalyptus trees in Colombia. Fungal

Diversity 28: 73-84.

50



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Roldan, E. F. (1962). Species of Ceratocystis (Ceratostomella) causing stain in
Rattan. Forest Product Research Institute, University of the Philippine 8: 415-
423.

Roll-Hansen, F. & Roll-Hansen, H. (1980). Microorganisms which invade Piceae
abies in seasonal stem wounds. II Ascomycetes fungi imperfecti and Bacteria.
General discussion, Hymenomycetes included. European Journal of Forest
Pathology 10: 396-410.

Roux, J., Coutinho, T. A., Mujuni, B. D. & Wingfield, M. J. (2001a). Diseases of
plantation Eucalyptus in Uganda. South African Journal of Science 97: 16-18.

Roux, J., Dunlop, R. & Wingfield, M. J. (1999). Susceptibility of elite Acacia
mearnsii families to Ceratocystis wilt in South Africa. Journal of Forestry
Research 4: 187-190.

Roux, J., Harrington, T. A., Steimel, J. P. & Wingfield, M. J. (2001c). Genetic
variation in the wattle wilt pathogen Ceratocystis albofundus. Mycoscience 42:
327-332.

Roux, J., Heath, R. N., Labuschagne, L., Kamgan Nkuekam, G. & Wingfield, M. J.
(2007). Occurrence of the wattle wilt pathogen, Ceratocystis albifundus on
native South African trees. Forest Pathology 37: 292-302.

Roux J., Heath R. N., Meke G., Nguvulu C., Mlambo F., Geldenhuys C. J. &
Wingfield M. J. (2004a). Fungi associated with bark wounds on indigenous
African trees. Proceedings of the American Phytopathological Society
Meeting, 31 July - 4 August, Anaheim, California. Phytopathology 94: S89

Roux, J., Meke, G., Kanyi, B., Mwangi, L., Mbaga, A., Hunter, G. C., Nakabonge, G.,
Heath, R. N. & Wingfield, M. J. (2005). Diseases of plantation forestry trees
species in Eastern and Southern Africa. South African Journal of Science 101:
409-413.

Roux, J., Van Wyk, M., Hatting, H. & Wingfield, M. J. (2004b). Ceratocystis species
infecting stem wounds on FEucalyptus grandis in South Africa. Plant
Pathology 53: 414-421.

Roux, J. & Wingfield, M. J. (1997). Survey and virulence of fungi occurring on
diseased Acacia mearnsii in South Africa. Forest Ecology and Management
99: 327-336.

Roux, J. & Wingfield, M. J. (2007) Ceratocystis species: Emerging pathogens of non-

native plantation FEucalyptus and Acacia species. IUFRO Conference,

51



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Improvement and culture of Eucalypts. 22-26 October 2007, Durban South
Affica.

Roux, J., Wingfield, M. J. & Byabashaija D. M. (2001b). First report of Ceratocystis
wilt of Acacia mearnsii in Uganda. Plant Disease 85: 1029.

Roux, J., Wingfield, M. J., Wingfield, B. D., Bouillett, J. P. & Alfenas, A. C. (2000).
A serious new disease of Eucalyptus caused by Ceratocystis fimbriata in
Central Africa. Forest Pathology 30: 175-184.

Saccardo, P. A. (1878). Fungi Veneti novi vel critici. Series IX. Michelia. 1:361-445.

Saccardo, P. A. (1892). Sylloge Fungorum omnium hucusque cognitorum.
Supplementum universale 10: 213-216.

Salle, A., Yart, A., Garcia, J., Romary, P. & Lieutier, F. (2003). Fungi associated with
Ips typographus (L.) in France: virulence and diversity in relation to bark
beetle population levels. In: Books of Abstracts of a meeting of IUFRO
Working Party S7.03.05 (Integrated Control of Scolytid Bark Beetles),
September 29-October 2, 2003. Georgetown, CA: Blodgett Forest Research
Station.

Samuels, G. J. (1993). The case for distinguishing Ceratocystis & Ophiostoma. In:
Ceratocystis and Ophiostoma: Taxonomy, Ecology, and Pathogenicity.
(Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp 235-242. APS
press, St. Paul, Minnesota.

Schieber, E. (1969). Enfermedad del cacao ,,mal de macheti“ provocada por
Ceratocystis fimbriata en la Republica Dominicana. Turrialba 19: 340-344.

Seifert, K. A. (1993). Sapstain of commercial lumber by species of Ophiostoma and
Ceratocystis. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology, and
Pathogenicity. (Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp 21-
25. APS Press, St. Paul, Minnesota.

Siemaszko, W. (1939). Zespoly grzybow towarzyszacych kornikom polskim. Planta
Polonica 7: 1-54.

Simmonds, N. W. (1994). Horizontal resistance to cocoa diseases. Cocoa Growers’

Bulletin 47: 42-52.

Sinclair, W. A., Lyon, H., Johnson, W. T. (1987). Diseases of trees and shrubs. pp
574. Ithaca, New York, USA, Cornell University Press.

52



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e
&

“ UNIVERSITEIT VAN PRETORIA

et

Six, D. L. & Bentz, B. J. (2003). Fungi associated with the North American spruce
beetle, Dendroctonus rufipennis. Canadian Journal of Forest Research 33:
1815-1820.

Six, D. L. & Klepzig, K. D. (2004). Dendroctonus bark beetles as model systems for
studies on symbiosis. Symbiosis 37: 207-232.

Smith, M. J., Patik, C. M. & Rosinski, M. A. (1967). A comparison of cellulose
production in the genus Ceratocystis. Mycologia 59: 965-969.

Solheim, H. (1986). Species of Ophiostomataceae isolated from Picea abies infested
by the bark beetle Ips typographus. Nordic Journal of Botany 6:199-207.

Solheim, H. (1988). Pathogenicity of some Ips typographus — associated blue-stain
fungi to Norway spruce. Meddelelser fra Norsk Institutt for Skogforskining 40:
1-11.

Solheim, H. (1992a). The early stages of fungal invasion in Norway spruce infested
by the bark beetle Ips typographus. Canadian Journal of Botany 70: 1-5.
Solheim, H. (1992b). Fungal succession in sapwood of Norway spruce infested by the
bark beetle Ips typographus. European Journal of Forest Pathology 22: 136-

148.

Solheim, H. (1993a). Ecological aspects of fungi associated with the spruce bark
beetles Ips typographus in Norway. In: Ceratocystis and Ophiostoma:
Taxonomy, Ecology, and Pathogenicity. (Wingfield, M. J., Seifert, K. A. &
Webber, J. F. eds.). pp 235-242. APS press, St. Paul, Minnesota.

Solheim, H. (1993b).A comparison of blue-stain fungi associated with the North
America spruce beetle Ips typographus. In: Forest Pathology Research in the
Nordic Countries. Proceedings from the SNS Meeting in Forest Pathology,
Norway, 9-12 August 1994, Skogbbrukets Krurssenter, Biri. (Amlid, D. ed.)
Norsk Institutt for Skogforskning 4/95: 61-67.

Solheim, H. (1995). Early stages of blue-stain fungus invasion of lodgepole pine
sapwood following mountain pine beetle attack. Canadian Journal of Botany
73: 70-74.

Solheim, H. & Safranyik, L. (1997). Pathogenicity to Sitka spruce of Ceratocystis
rufipenni and Leptographium abietinum, blue-stain fungi associated with the
spruce beetle. Canadian Journal of Forestry Research 27: 1336-1341.

Spatafora, J. W. & Blackwell, M. (1993). The polyphyletic origins of ophiostomatoid
fungi. Mycological Research 98: 1-9.

53



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Spatafora, J. W. & Blackwell, M. (1994). Cladistic analysis of partial SSTDNA
sequences among unitunicate perithecial ascomycetes and its implications on
the evolution of centrum development. In: Ascomycete systematics; problems
and perspectives in the nineties. (Hawksworth, D. L. ed.). pp 233-242. Plenum
press. New York.

Stauffer, C., Kirisits, T., Nussbaumer, C., Pavlin, R. & Wingfield, M. J. (2001).
Phylogenetic relationships between the European and Asian eight-spined larch
bark beetle populations (Coleoptera: Scolytidae) inferred from DNA
sequences and fungal associates. European Journal of Entomology 98: 99-105.

Sydow, H. & Sydow, P. (1919). Mycologische mitteilungen. Annual Mycology 17:
43.

Szkolnik, M. (1951). Coffee trunk and stem canker in Guatemala. Plant Disease
Reporter 35: 500-501.

Teviotdale, B. L. & Harper, D. H. (1991). Infection of pruning and small bark wounds
in almond by Ceratocystis fimbriata. Plant Disease 75: 1026-1030.

Tsopelas, P. & Angelopoulos, A. (2004). First report of canker stain of plante trees,
caused by Ceratocystis fimbriata f. sp. platani in Greece. Plant Pathology 53:
531.

Upadhyay, H. P. (1981). A monograph of Ceratocystis and Ceratocystiopsis. pp 7-26,
pp 31-32, pp 51-52. University of Georgia Press. Athens.

Upadyay, H. P. (1993). Classification of the Ophiostomatoid. In: Ceratocystis and
Ophiostoma: Taxonomy, Ecology, and Pathogenicity. (Wingfield, M. ],
Seifert, K. A. & Webber, J. F. eds.). pp 235-242. APS press, St. Paul,
Minnesota.

Upadhyay, H. P. & Kendrick, W. B. (1975). Prodromus for a revision of Ceratocystis
(Microascales, Ascomycetes) and its conidial states. Mycologia 67: 798-805.

Valkama, H. (1995). Does Ips duplicatus transport sapwood staining fungi? In:
Proceedings from a symposium held at The Norwegian Forest Research
Institute (NISK). As, Norway 31. July - 2. August 1995. pp. 44-45. Aktuelt fra
Skogforsk Nr. 6. Norsk institutt for skogforskning.

Van Wyk, M., Al-Adawi, A. O., Khan, [.LA., Deadman, M. L., Al-Jahwari, A.,
Wingfield, B. D., Ploetz, R. & Wingfield, M. J. (2007a). Ceratocystis
manginecans sp. nov., causal agent of a destructive mango wilt disease in

Oman and Pakistan. Fungal Diversity 27: 213-230.

54



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Van Wyk, M., Al-Adawi, A. O., Wingfield, B. D., Al-Subhi, A. M., Deadman, M. L.
& Wingfield, M. J. (2005). DNA based characterization of Ceratocystis
fimbriata isolates associated with mango decline in Oman. Australasian Plant
Pathology 34: 587-590.

Van Wyk, M., Pegg, G., Lawson, S. & Wingfield, M. J. (2007b). Ceratocystis atrox
sp. Nov. associated with Phoracanthta acanthocera infestations on Eucalyptus

in Australia. Australasian Plant Pathology 36: 407-414.

Van Wyk, M., Roux, J., Barnes, 1., Wingfield, B. D., Chhetri, D. B., Kirisits, T. &
Wingfield, M. J. (2004b). Ceratocystis bhutanensis sp. nov. associated with

the bark beetle Ips schmutzenhoferi on Picea spinulosa in Bhutan. Studies in

Mycology 50: 365-379.

Van Wyk, M., Roux, J., Barnes, 1., Wingfield, B. D., Liew, E. C. Y., Assa, B,
Summerell, B. A. & Wingfield, M. J. (2004a). Ceratocystis polychroma sp.
nov. a new species from Syzygium aromaticum in Sulawesi. Studies in

Mycology 50: 273-282.

Van Wyk, M., Roux, J., Barnes, 1., Wingfield, B. D. & Wingfield, M. J. (2006).
Molecular phylogeny of the Ceratocystis moniliformis complex and
description of C. tribiliformis sp. nov. Fungal diversity 21: 181-201.

Van Wyk, P. J. W., Wingfield, M. J. & Van Wyk, P. S. (1991). Ascospore
development in Ceratocystis moniliformis. Mycological Research 95: 96-103.

Van Wyk, P. W. J, Wingfield, M. J. & van Wyk, P. S. (1993). Ultrastructure of
centrum and ascospore development in selected Ceratocystis and Ophiostoma
species. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology, and
Pathogenicity. (Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp 21-
25. APS Press, St. Paul, Minnesota.

Virri, H. (1997). Fungal associates of the spruce bark beetle Ips typographus L.
(Coleoptera: Scolytidae) in relation to different trapping methods. Journal of
Applied Entomology 121: 529-533.

Virri, H. & Lieutier, F. (2004). Ophiostomatoid fungi associated with the spruce bark
beetle, Ips typographus, in post epidemic areas in France. Annuals of Forest
Science 61: 215-219.

Virri, H. & Von Weisenberg K. (1995). Ophiostoma bluestaining fungi associated
with Ips typographus in Finland. Aktuelt Fra Skogforsk 4: 58-60.

55



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Von Arx, J. A. (1952). Ueber die Ascomycetengattungen Ceratostomella Sacc.,
Ophiostoma Syd. Und Rostrella Zimmerman. Antonie van Leeuwenhoek 18 :
13-213.

Von Arx, J. A. (1974). The genera of fungi sporulating in pure culture. pp110-111,
p192. Second edition (Cramer, J. ed) Vaduz, Germany.

Von Arx, J. A. & Miiller, E. (1954). Die Gattungen der amerosporen Pyrenomyceten.
Beitrdge zur Kryptogamenflora der Schweiz 11 : 1-134.

Von Honel, F. (1918). Mycologische Fragmente. Annales Mycologici 16: 40-41.

Von Schrenk, H. (1903). The “bluing” and the “red-hot” of the western yellow pine,
with special reference to the Black Hills Forest Reserve. U.S. Department of
Agriculture. Bureau of Plant Industry Bulletin 36: 1-46.

Vovlas, N., Frisullo, S., Santos, M. S. N. De A., Abrantes, I. M. De O. & Espirito
Santo, S. N. (1994). Ceratocystis paradoxa and Helicotylenchus multicinctus
associated with root systems of declining bananas in the Republica
Democratica De So Tom e Principe. Nematology Mediterranea 22: 119-121.

Vujanovic, V., St Arnaud, M., Charlebois, D. & Fortin, E. (1999). First report of
Ceratocystis fimbriata infecting balsam poplar. Plant Disease 82: 879.

Wakker, J. H. & Went, F. A. F. C. (1898). Die ziekten van het suikerriet of Java (ed:
E. J. Brill) Leiden, The Netherlands.

Walter, J. M. (1946). Canker stain of plane trees. USDA Circular 742.

Walter, J. M., Rex, E. G. & Schreiber, R. (1952). The rate of progress and
destructiveness of canker stain of plane trees. Phytopathology 42:236-239.

Weijman, A. C. M. & de Hoog, G. S. (1975). On the subdivision of the genus
Ceratocystis. Antonie van Leeuwenhoek 41: 353-360.

Whitney, H. S. (1982). Relationship between bark beetles and symbiotic organisms.
In: Bark Beetles in North American Conifers (Mitton, J. B. & Strugeon, K. B.
eds.). Austin, University of Texas Press.

Wingfield, M. J. (1990). Current status and future prospects of forest pathology in
South Africa. South African Journal of Science 86: 60-62.

Wingfield, M. J. (1993). Problems in delineating the genus Ceratocystiopsis. In:
Ceratocystis and Ophiostoma: Taxonomy, Ecology, and Pathogenicity.
(Wingfield, M. J., Seifert, K. A. & Webber, J. F. eds.). pp 21-25. APS Press,

St. Paul, Minnesota.

56



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Wingfield, M. J., De Beer, C., Visser, C. & Wingfield, B. D. (1996). A new
Ceratocystis species defined using morphological and ribosomal DNA
sequence comparisons. Systematic and Applied Microbiology 19: 191-202.

Wingfield, B. D., Grant, W. S., Wolfardt, J. F., & Wingfield, M. J. (1994).
Ribosomal RNA sequence phylogeny is not congruent with ascospore
morphology among species in Ceratocystis sensu stricto. Molecular Biology
and Evolution 11: 376-383.

Wingfield, B. D., Van Wyk, M, Roos, H., Wingfield, M. J. (2006). Species of
Ceratocystis: Emerging evidence for discrete generic boundaries.
Ophiostomatoid fungi: Expanding frontiers workshop. Morton Bay Research
Station, North Stradbroke Island, Brisbane, Australia. 16-18 August 206. p19.

Wingfield, M. J., Harrington, T. C. & Solheim, H. (1997). Two species in the
Ceratocystis coerulescens complex from conifers in western North America.
Canadian Journal of Botany 75: 827-834.

Wingfield, M. J., Van Wyk, P. S. & Marasas, W. F. O. (1988). Ceratocystiopsis
proteae sp. nov., with a new anamorph genus. Mycologia 80: 23-30.

Wismer, C. A. (1961). Pineapple disease pp 222-244. In: Sugarcane diseases of the
world. Volume 1. (eds: J. P. Martin, E. V. Abbett and C. G. Huges).

Witthuhn, R. C., Wingfield, B. D., Wingfield, M. J. & Harrington, T. C. (1999). PCR-
based identification and phylogeny of species of Ceratocystis sensu stricto.
Mycological Research 103: 743-749.

Witthuhn, R. C., Wingfield, B. D., Wolfaart, M. & Harrington, T. C. (1998).
Monophyly of the conifer species in the Ceratocystis coerulescens complex
based on DNA sequence data. Mycologia 90: 96-101.

Yamaoka, Y., Wingfield, M. J., Ohsawa, M. & Kuroda, Y. (1998). Ophiostomatoid
fungi associated with Ips cembrae in Japan and their pathogenicity to Japanese
larch. Mycoscience 39: 367-378.

Yamaoka, Y., Takahashi, I. & Iguchi, K. (2000). Virulence of ophiostomatoid fungi
associated with the spruce bark beetle Ips typographus f. japonicus in Yezo
spruce. Journal of Forest Research 5: 87-94.

Yuan, Z. Q. & Mohammed, C. (2002). Ceratocystis moniliformopsis sp. nov., an
early coloniser of Eucalyptus obliqgua logs in Tasmania, Australia. Australian

Systematic Botany 15: 125-133.

57



.

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quu® YUNIBESITHI YA PRETORIA

Zipfel, R. D., Z. Wilhelm de Beer, Jacobs, K., Wingfield B. D. & Wingfield M. J.
(2006). Multigene phylogenies define Ceratocystiopsis and Grosmannia

distinct from Ophiostoma. Studies in Mycology 55:75-97.

58



Q@

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

TABLE 1. List of reported associations of Ceratocystis spp. and their associated insects.

Ceratocystis spp. Insect spp. Host Country Reference

C. atrox Phorocantha acanthocera Eucalyptus spp. Australia VanWyk et al. 2007b

C. bhutanensis Ips schmutzenhofferi P. spinulosa Bhutan Van Wyk et al. 2004a

C. coerulescens 1. acuminatus Pinus sp Mathiesen 1950, Mathiesen-Kadrik 1953
Orthotomicus proximus P. sylvestris Mathiesen 1950, Mathiesen-Kiarik 1953
Pityogenus chalcographus P. sylvestris Mathiesen 1950, Mathiesen-Kiarik 1953

C. fagacearum Carpophilus brachypterus Unknown Henry 1944, Bretz 1952, Juzwik & French 1983
Ca. dimidiatus Unknown Henry 1944, Bretz 1952, Juzwik & French 1983
Ca. sayi Unknown Cease & Juzwik 2001, Juzwik et al., 2004
Epuraea labilis Unknown Henry 1944, Bretz 1952, Juzwik & French 1983
E. peltoides Unknown Henry 1944, Bretz 1952, Juzwik & French 1983

C. fimbriata Ca. freemani Unknown Moller & DeVay 1968
Chymomyza procnemoides Unknown Moller & DeVay 1968
Euporea spp. Aspen Hinds 1972

C. fujiensis L. subelongatus Larix kaempferi Japan Yamaoka et al. 1998, Marin et al. 2005

C. laricicola 1. cembrae L. deciduas Europe Redfern et al. 1987, Kirisits et al. 2000, Stauffer et al. 2001

C. manginecans Hypocryphalus mangiferae ~ Mangifera indica Oman Al-Adawi et al. 2006

C. moniliformopsis ~ Eucryphia lucia Eucalyptus oblique Australia Yuan & Mohammed 2002
Nothofagus cunninghamii E. oblique Australia Yuan & Mohammed 2002

C. paradoxa Urophorus humeralis Sugar cane USA Chang & Jensen 1974
Carpophilus hemipterus Sugar cane USA Chang & Jensen 1974
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Haptoncus ocularis Sugar cane USA Chang & Jensen 1974
Ceratocystis spp. Insect spp. Host Country Reference
C. polonica I typographus P. abies Europe Siemaszko 1939, Mathiesen 1950, Mathiesen 1951, Mathiesen Kéarik
1953, Harding 1985, 1989, 1995, Solheim 1986, Furniss et al. 1990,
Solheim 1992a, b, 1993a, b, Virri & Von Weisenberg 1995, Krokene &
Solheim 1996, Viiri 1997, Grubelnik 1998, Harrington & Wingfield
1998, Kirschner 1998, Kirisits et al. 2000, Kirschenr 2001, Salle et al.
2003, Jankowiak 2005, Viiri & Lieutier 2004
1. amitinus Pi. Cembra Kirisits et al. 2000
L duplicates Valkama 1995, Krokene & Solheim 1996
H. palliates P. abies Krokene & Solheim 1996
H. palliates Pi. Sylvestri Krokene & Solheim 1996
H. palliates L. kaempveri Krokene & Solheim 1996
Pityogenus chalcographus P. abies Kirisits 1996, Krokene & Solheim 1996, Kirisits et al. 2000
Polygraphus polygraphus P. abies Krokene & Solheim 1996
C. polychroma Hexamitodera semivelutina  Syzygium aromaticum  Sulawesi Van Wyk et al. 2004
C. rufipenni D. rufipennis P. engelmannii Canada Harrington & Wingfield 1998
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TABLE 2. List of Ceratocystis spp. reported as the causal agents of forest and

plantation tree diseases under field and/or greenhouse conditions.

Ceratocystis spp.  Host Country Reference
C. albifundus Acacia mearnsii South Africa Morris et al. 1993, Roux et al. 1997, 199b
A. mearnsii Kenya Roux et al. 2005
A. mearnsii Tanzania Roux et al. 2005
A. mearnsii Uganda Roux et al. 2001
C. coerulescens Acer spp. USA Kile 1993
C. fagacearum Quercus spp. USA Henry 1943, Bretz 1952, Hunt 1956, Upadhyay
1981
C. fimbriata s.l. A. decurrens Brazil Ribeiro et al. 1985
Eucalyptus spp. Brazil Laila et al. 1999
Eucalyptus spp. Republic of Congo Roux et al. 2000
Eucalyptus spp. Uganda Roux et al. 2001b
Eucalyptus spp. Uruguay Barnes et al. 2003
Eucalyptus spp. South Africa Roux et al. 2004
C. fujiensis L. kaempferi Japan Yamaoka et al. 1998
Piceae spp. Japan Marin et al. 2005
C. laricicola L. deciduas Europe Redfern et al. 1987, Kirisits et al. 2000,
Stauffer et al. 2001
Larix spp. Scotland Harrington & Wingfield 1998
C. pirilliformis Eucalyptus spp. South Africa Roux et al. 2004
C. platani Platanus spp. USA Mook 1940, Walter 1946,
Platanus spp. France Ferrari & Pichenot 1975
Platanus spp. Southern Europe Panconesi 1999
Platanus spp. Greece Tsopelas & Angelopoulos 2004
Platanus spp. Italy Panconesi 1981
C. polonica P. abies Europe Mathiesen 1950, Mathiesen-Kidrik 1953,
Postener 1974, Harding 1985, Christiansen &
Bakke 1988, Harding 1995, Solheim 1986,
Furniss et al. 1990, Krokene & Solheim 1996,
Grubelnik 1998, Harrington & Wingfield 1998,
Salle et al. 2003, Jankowiak 2005
P. abies Austria Fiihrer 1996
P. abies Switzerland Fiihrer 1996
P. abies Germany Fiihrer 1996
Piceae spp. Poland Siemaszko 1939, Mathiesen 1951, Hunt 1956
Piceae spp. Sweden Siemaszko 1939, Mathiesen 1951, Hunt 1956
Pi. Cembra Norway Harrington & Wingfield 1998
Pi. Sylvestri Kirisits et al. 2000
C. polonica L. kaempveri Valkama 1995, Krokene & Solheim 1996
C. populicola Populus tremuloides Canada & USA Johnson et al., 2005
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Ceratocystis spp.

Host

Country

Reference

C. populicola

C. rufipenni

C. smalleyi

Populus tremuloides
Populus tremuloides
P. engelmannii

Carya cordiformis

Poland
Quebec
Canada

USA

Gremmen & De Kam 1977, Przybyl 1984,
Johnson et al. 2005

Vujanovic 1999, Johnson et al. 2005
Harrington & Wingfield 1998

Johnson et al. 2005
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TABLE 3. List of Ceratocystis spp. reported from forest and plantation tree species but

with no clear association with disease or mortality of these trees.

Ceratocystis spp. Host Country Reference

C. albifundus Acacia cafra South Africa Roux et al. 2007
Burkea africana South Africa Roux et al. 2007
Combretum molle South Africa Roux et al. 2007
Co. zeyheri South Africa Roux et al. 2007
Faurea saligna South Africa Roux et al. 2007
Ocna pulcra South Africa Roux et al. 2007
Ozoroa paniculosa South Africa Roux et al. 2007
Terminalia sericia South Africa Roux et al. 2007
Brachystegia speciformis Zambia Roux et al. 2004
Tulbergia nitidula Zambia Roux et al. 2004
Parinari curatelifolia Zambia Roux et al. 2004
Julbinardia spp. Zambia Roux et al. 2004
Brachystegia busei Malawi Roux et al. 2004

C. atrox Eucalyptus spp. Australia VanWyk et al. 2007b

C. bhutanensis P. spinulosa Bhutan Van Wyk et al. 2004b

C. caryae Carya spp. USA Johnson et al. 2005
Ulmus spp. USA Johnson et al. 2005
Ostrya virginiana USA Johnson et al. 2005

C. coerulescens Acer spp. Canada Griffin 1968
Pinus spp. Scotland Bakshi 1950
Pinus spp. Sweden Lagerberg et al. 1927
Piceae spp. USA Upadhyay 1981, Olchowechi & Reid

1974

Piceae spp. Germany Munch 1907, Hunt 1956
Pseudotsuga spp. Germany Upadhyay 1981, Davidson 1935
Quercus spp. Germany Upadhyay 1981
Fagus spp. - Upadhyay 1981

C. douglasii Pseudotsuga spp. USA Wingfield et al. 1997

C. eucalypti Eucalyptus spp. Australia Kile et al. 1996

C. moniliformis Liquidamber spp. USA Hedgcock 1906
Quercus spp. Scotland Bakshi 1951
Quercus spp. Japan
Pycnanthus komba Cameroon Luc 1952
Calamus maximus Philippines Roldan 1962
Endospermum peltatum Philippines Roldan 1962
Parkea javanica Philippines Roldan 1962
Fagus grenata Japan Kitajima 1936
Eucalyptus spp. South Africa Roux et al. 2004

C. moniliformopsis  E. oblique Australia Yuan & Mohammed 2002
E. oblique Australia
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Ceratocystis spp. Host Country Reference
C. pinicola Pinus spp. England Harrington & Wingfield 1998
C. pirilliformis Eucalyptus spp. Australia Barnes et al. 2003a
C. resinifera Piceae spp. Norway Harrington & Wingfield 1998
C. resinifera Piceae spp. Scandinavia Lagerberg et al. 1927, Roll-Hansen &
Roll-Hansen 1980, Harrington
&Wingfield 1998
C. savannae Acxacia nigrescens South Africa Kamgan et al. 2008
Combretum zeyheri South Africa Kamgan et al. 2008
Terminalia sericea South Africa Kamgan et al. 2008
Sclerocarya birrea South Africa Kamgan et al. 2008
Burkea Africana South Africa Kamgan et al. 2008
C. tsitsikammensis Rapanea melanophloeos South Africa Kamgan et al. 2008
Ocotea bulata South Africa Kamgan et al. 2008
C. tribiliformis P. merkusii Indonesia Van Wyk et al. 2006
C. variospora Quercus spp. USA Davidson 1944
Betula platyphylla Japan Johnson et al. 2005
C. virescens Liquidambar spp. USA Davidson 1944
Lirodendron spp. USA Davidson 1944
Nassa spp. USA Davidson 1944
Fagus spp. USA Davidson 1944
Magnolia spp. USA Davidson 1944
Quercus spp. USA Davidson 1944
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Appendix 1

Ceratostomella established (Saccardo) Type: C. piliferum 1878
1890 | Ceratocystis established (Ellis & Hallstead)
Type: C. fimbriata
Ceratocystis transferred to Sphaeronema (Saccardo) 1892
&' Endoconidiophora established (Miinch)
Ceratostomella split into Ceratostomella & Linostoma |91
(Von Hohnel), C. fimbriata to Linostoma
1918 | Ceratocystis transferred to Linostoma (Von Hohnel)
Ophiostoma established (Sydow & Sydow) Linostoma |1919
transferred to Ophiostoma
1923 | Ophiostoma fimbriatum transferred to Ceratostomella
(Elliot)
Ophiostomataceae established for Ophiostoma [1932
(Nannfeldt)
1934 | Endoconidiophora reduced to synonymy  with
Ceratostomella (Mellin & Nannfeldt)
Ceratostomella fimbriata and other species transferred to |1934
Ophiostoma (Mellin & Nannfeldt)
1950 | Some Endoconidiophora transferred back to Ceratocystis
(Bakshi)
Ceratocystis and Ophiostoma separated (Bakshi) 1951
1952 | Endoconidiophora and Ceratostomella synonymised with
Ceratocystis synonymised with Ophiostoma (Von Arx & [1954 Ophiostioma (Von Arx)
Muller)
1956 | Endoconidiophora and Ophiostoma synonymised with
Ceratocystis and Ophiostoma separated based on cell wall |1967 Ceratocystis (Hunt)
composition (Smith et al.)
Separate Ophiostoma and Ceratocystis based on
1974 anamorph state (Von Arx)
Ophiostoma and Ceratocystis synonymised. Ceratocystis |1974
subdivided into four groups nl. Minuta, Ips, Fimbriata and
Ceratocystiopsis established. Ceratocystis and
1975 | Ophiostoma synonymised. Tranfered Minuta group to
Ceratocystiopsis, Pilifera group to Endoconidiophora and 1980 Ceratocystis and Ophiostoma divided based on types of
Fimbriata group to Ceratocystis (Upadhyay & Kendrick) cells present in inner perithecium. (Benny & Kimbrough)
Ceratocystis and Ophiostoma divided based on sensitivity |1981
to Cyclohexamide (Harrington)
1988 | Ceratocystiopsis  and  Ophiostoma  synonymised.
(Wingfield et al)
Ceratocystis and Ophiostoma divided based on DNA |1992
sequence data. (Hausner et al) - i -
1993 | Ceratocystis placed in Microascales and Ophiostoma in
Ophiostomatales. (Hausner et al)
Chalara transferred to Thielaviopsis (Ceratocystis
anamorph). Ophiostoma anamorphs recognised as 2002
Sporothrix, Leptographium, Pesotum and 2006 | Ophiostoma separated into Ophiostoma, Grosamannia
Hyalorhinocladiella. (Paulin-Mahady et al) and Ceratocystiopsis (Zipfel et al)
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