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Symbiosis is the term used to describe the different forms of communal life that can exist 

between two unlike organisms. Primarily this involves interaction in one of three forms: 

mutualism where both partners benefit from their association; antagonism where one or both 

partners are harmed by their association; and commensalism where one partner derives benefit 

but the other is neither harmed nor profited from their association. Many different forms of 

symbioses have been described between insects and microbes and these include short, simple 

interactions as well as obligate associations.  

Aside from humans, sophisticated agricultural farming practices have only been found for three 

insect groups, colloquially known as fungus-farmers. These three groups – the attine ants, the 

macrotermitinae termites, and the ambrosia beetles - each independently evolved an obligate 

mutualism with fungal partners that they actively cultivate and maintain within their nests and 

utilize as a primary source of nutrition. The primary focus of this PhD thesis was that of the 

association that exists between bark and ambrosia beetles and their respective fungal partners 

and the genomic signatures of these associations. Additionally, the unexpected and interesting 

discovery of Ophiostomatoid fungi from fungus-growing macrotermitinae termites was also 

investigated.  

Very little research on ambrosia beetles and their fungal partners has been conducted in South 

Africa. However, the accidental introduction of the devastating Polyphagous Shot Hole Borer 

into the country has sparked renewed interest into this topic. The primary focus of the research 

included in this thesis has consequently been on ambrosia beetles in South Africa. This is also 

the topic of the literature review (Chapter 1) at the start of the thesis. However, given the many 

commonalities regarding their associations with fungi, we have also included a study that led 

to the discovery of Ophiostomatoid fungi associated with fungus-farming termites. The 

background literature relating to this association is provided in the introduction to that study 

and it is also a topic that has been thoroughly treated in a number of recent reviews.  

In Chapters 2-4 I explore the diversity of Ophiostomatoid fungi associated with fungus-

farming insects in South Africa. In Chapter 2, I report four species of Ophiostomatalean 

species associated with commonly found ambrosia beetles in the country. One of these species 

is reported from South Africa for the first time and two are described as novel species. In 

Chapter 3, I report for the first time the presence of the granulate ambrosia beetle and its 

Microascalean associate, Ambrosiella roeperi, in South Africa and highlight the potential threat 

that this beetle and its fungal symbiont poses to South Africa’s agricultural industry. In 
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Chapter 4, I investigate three species of Ophiostomatalean fungi discovered on the abandoned 

Termitomyces fungus combs of fungus-farming termites. Using both culture- based and 

genomics techniques, I describe these newly discovered Ophiostomatalean fungi and 

investigate their distinct lifestyle.  

In Chapter 5, I delve more deeply into the relationship shared between Sordariomycete fungi 

known to be associated with arthropods. In this chapter, I attempt to elucidate how the 

relationship with their arthropod partners has influenced their genomic evolution. Using whole 

genome sequences and comparative genomics methods I investigate the traits shared amongst 

the Ascomycete ambrosia fungi, as well as investigate how these fungi differ genetically from 

their close relatives. 

Finally, as a supplementary chapter to this thesis, I provide a comprehensive record of bark 

and ambrosia beetle species present in South Africa. This is justified by the fact that other 

studies included in this thesis involved extensive trapping of bark and ambrosia beetles, many 

of which had not previously been recorded in the country. This record increases the currently 

recorded number of these insects from South Africa from 163 to 260. Additionally, 24 species 

are reported from the county for the first time. It was decided to place this chapter as 

supplementary material and not within the main body of the thesis because it did directly 

capture the common theme of Ophiostomatoid fungi associated with fungus-farming insects. 
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Ambrosia beetle fungiculture: A South African perspective  

1. Abstract 

Symbiosis is used to define three primary forms of interactions that can exist between unlike organisms 

i.e. mutualism, antagonism, or commensalism. In nature, various symbioses exist between insects and 

microbes, the most sophisticated of which is probably insect fungiculture, also known as fungus-

farming. Only three groups of insects – the attine ants, macrotermitinae termites, and ambrosia beetles 

– are known to exhibit this sophisticated fungus cultivating behavior. Although various investigations 

focussed on each of these three interactions have been conducted, the relationship between the ambrosia 

beetles and their fungal partners remain the least well understood. Therefore, we focus our attention on 

the ambrosia symbiosis and discuss recent advances in our understanding of how the symbiosis evolved 

and how it is maintained and explore recent research that contradict some of the early hypotheses 

surrounding the symbiosis. We also consider the effects that the movement of these insects are having, 

what makes them successful invaders and provide an overview of the problem being faced in South 

Africa due to the Polyphagous Shot Hole Borer introduction.  

2. Introduction 

The term symbiosis is familiar to every biologist where it is used to describe the interactions between 

organisms based on the definition provided by Anton De Bary (De Bary 1879). Even though De Bary 

is often credited for introducing the term, it was actually introduced a year earlier by the German 

botanist Albert Frank (Frank 1877, Klepzig et al. 2009, Martin & Schwab 2012). However, both their 

reports provided vague and deceptively simple definitions for symbiosis, suggesting only it referred to 

an interaction between two unrelated species living together. 

A contemporary view of symbiosis is one encompassing significantly more than the “living together of 

two unlike organisms”. And it is for this reason that De Bary’s definition is often favoured over that of 

Frank. Unlike Frank, De Bary defined three different forms of symbioses, i.e. mutualism, 

commensalism, and parasitism (often referred to as antagonism), that applied to all organisms that exist 

in nature. In contrast, Frank’s view was based on specific reference to lichens. Yet, even today, the 
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definitions describing these interactions are widely debated and open to interpretation and can include 

a range of associations from brief encounters between different organisms to those that are obligate 

(Martin & Schwab 2012, 2013). 

From its simplest definition, a mutualism can be interpreted as an interaction where two organisms 

derive benefit from their association (Boucher et al. 1982). Among the insects, there are many different 

forms of mutualism, ranging from a simple pollinator visiting a flower to the complex agricultural 

practices of fungus-growing termites. Aside from human agricultural practices, insects are the only 

other animals known to cultivate and maintain their own crops (Mueller & Gerardo 2002, Mueller et al. 

2005). And in this regard, insect fungiculture is likely the most sophisticated mutualism thus-far 

discovered in nature. 

There are three insect groups that are regarded as the true “fungus farmers”. These include the new 

world attine ants (Mehdiabadi & Schultz 2010); the old world Macrotermitinae termites (Aanen et al. 

2002); and the wood boring ambrosia beetles (Farrell et al. 2001). The recognition of the importance of 

ant, termite and ambrosia mutualisms (Klepzig et al. 2009, Bracewell & Six 2015, Hulcr & Stelinski 

2017) and the interesting drivers behind these processes, has catalysed new and innovative research on 

them. However, the relationships between ambrosia beetles and their fungal symbionts remains the least 

understood of the three systems. This is likely due to the difficulty in studying these insects that arises 

from their complex lifestyles within wood.  

The fact that ambrosia beetles are not considered primary pests in their native environments has  implied 

a reduced interest in studying them (Hulcr et al. 2017). However, in recent years, some invasive 

ambrosia beetle species have become major economic pests in their introduced ranges (Ploetz et al. 

2013, Hulcr et al. 2017), driving a greater interest to this group. Consequently, this review is focussed 

primarily on ambrosia beetles and their closely related bark beetle relatives. A key objective is to 

highlight older and recent research on their symbioses with fungi and to consider their relevance in 

South Africa in the aftermath of the introduction of the devastating ambrosia beetle Euwallacea 

formicatus (commonly known as the Polyphagous Shot Hole Borer) into the country.  
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3. The evolution of agriculture in insects 

Overall fungiculture of ants and termites is very different, but they do share at least a couple of 

commonalities. One of these is that the symbioses with their fungal partners evolved only once in their 

histories before diversifying (Aanen et al. 2002, Mehdiabadi & Schultz 2010). In the case of ambrosia 

beetles, recent studies suggest that fungiculture could have arisen independently as many as 15 times 

(Hulcr & Stelinski 2017, Vanderpool et al. 2018), although the exact number of times this behaviour 

has evolved remains to be determined (Hulcr & Stelinski 2017). 

In all three these insect groups that live in symbiosis with fungi, the fungal symbionts are vitally 

important, serving as the primary food source of the growing colonies (Mueller & Gerardo 2002, 

Mueller et al. 2005, Nobre et al. 2010). Both the ants and the termites cultivate their fungal monocultures 

as specialized structures deep within their subterranean nests, providing plant debris on which the fungi 

feed (Aanen et al. 2002, Mueller & Gerardo 2002, Nobre et al. 2011a). However, this is mostly where 

the similarities between the ant and termite symbioses end. In contrast, the beetles inoculate their 

symbionts, which they carry along with them in specialized pouches in their exoskeletons known as 

mycangia, on the walls of their tunnels systems (also known as galleries) that they bore deep into their 

woody hosts (Farrell et al. 2001, Mueller et al. 2005). 

Aside from having the most number of symbiotic origins, fungiculture in ambrosia beetles is also the 

most diverse and oldest of the three groups, having arisen the first time in the Platypodinae an estimated 

~119-88 million years ago (Jordal & Cognato 2012, Jordal 2015, Vanderpool et al. 2018). The diversity 

of fungiculture in this group however is not surprising with around 4300 described ambrosia beetle 

species, more than 10 times that of fungus farming termites and ants. The symbioses between the ants, 

termites and their fungi are estimated to be much younger, having arisen ~55-65 million years ago in 

the ants (Bransetter et al. 2017) and only ~ 31 million years ago in the termites (Aanen et al. 2002, 

Nobre et al. 2011b).  

In the case of ambrosia beetles, fungiculture has been proposed to have evolved following the 

“transmission first” model (Mueller & Gerardo 2002, Mueller et al. 2005, Six 2012, Vanderpool et al. 

2018). For the termites, evolution of fungiculture is proposed to have evolved following a “consumption 
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first” model (Mueller et al. 2001, 2005). In the case of the transmission first model, it is proposed that 

the insects initially acted as vectors of their future symbiont, and that over time, their close association 

resulted in an obligate relationship. In the consumption first model, it is proposed that an insect began 

to naturally incorporate a new substrate into its normal diet. Thereafter, and over the course of a long 

period, the insect emerged as a specialist feeder on the substrate, evolving an obligate relationship 

(Mueller et al. 2001). However, in the case of the attine ants, it remains unclear which of the two models 

best fit the mechanism that led to their evolution of fungiculture (Mueller et al. 2001, 2005, Mueller & 

Gerardo 2002).  

4. Differences between ambrosia beetles and their bark beetle relatives 

Collectively the Scolytinae and Platypodinae include approximately 7500 described species or roughly 

10% of the known diversity of the true weevil family Curculionidae (Mueller et al. 2005, Jordal & 

Cognato 2012). Of these, almost all (approximately 1350) species of Platypodinae and approximately 

3000 species of Scolytinae are ambrosia beetles. The remaining Scolytinae are bark, seed and pith 

feeding beetles (Farrell et al. 2001, Mueller et al. 2005, Jordal & Cognato 2012, Six 2012). Because 

these beetles reside in two sub-families of the Curculionidae, the terms bark beetle or ambrosia beetle 

are not used to distinguish between their phylogenetic relationships, but rather to describe their unique 

lifestyles (Mueller et al. 2005, Six 2012, Hulcr & Stelinski 2017). Generally, bark and ambrosia beetles 

are very similar in both their morphology (Figure 1) (Cognato et al. 2011) and ecology and the major 

distinguishing factors between these two groups are in their feeding habits and utilization of plant 

substrate (Jordal & Cognato 2012, Six 2012, 2019).  

The bark beetles represent a polyphyletic assemblage of some 3700 species that are primarily phloem 

and cambium feeders, some of which supplement their diets by feeding on symbiotic fungi (Haanstad 

& Norris 1985, Klepzig & Six 2004, Harrington 2005, Massoumi-Alamouti et al. 2009, Six 2012, Hulcr 

& Stelinski 2017 Vanderpool et al. 2018). In contrast, ambrosia beetles rarely feed on wood and are 

obligately dependent on their fungal symbionts as a source of nutrition (Cassar & Blackwell 1996, 

Mueller & Gerardo 2002, Jordal & Cognato 2012, Six 2012, Vanderpool et al. 2018). This also reflects 

the fact that the word “ambrosia”, referring to “the food of Gods” (Hulcr & Stelinski 2017), was first 
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used in 1836 by Schmidberger referring to the substrate on which the beetles were feeding, rather than 

the insects themselves (Hubbard 1896, Haanstad & Norris 1985, Hulcr & Stelinski 2017). At the time 

of its first application to the beetles, it was not known that the white substrate on which the they fed 

was fungal tissue (Harrington 2005, Hulcr & Stelinski 2017). It was eight years later that this white 

substrate was recognized as a fungus purposefully cultivated by the beetles along their gallery walls 

(Hartig 1844, Hubbard 1896, Haanstad & Norris 1985). 

The differences in feeding habits of bark and ambrosia beetles are also reflected in the difference in 

utilization of host substrate by the two groups (Figure 2). Bark beetles construct their galleries directly 

under the bark in the cork cambium (Haanstad & Norris 1985, Harrington 2005, Six 2012). This allows 

them direct access to the phloem that provides the beetles with most of the nutrients they require (Farrell 

et al. 2001, Klepzig & Six 2004, Harrington 2005, Jordal & Cognato 2012, Six 2012). In contrast, 

ambrosia beetles construct their galleries deep within the sapwood of their hosts (Haanstad & Norris 

1985). This area of the wood is poor in nutrients and its major component is lignocellulose, a substrate 

difficult to digest for most insects (Haanstad & Norris 1985, Harrington 2005, Six 2019). The ambrosia 

beetles consequently rely on their symbiotic fungal associates to act as an external stomach that assists 

in the concentration of nutrients from the host into nitrogen rich substrates available to the beetles 

(Kolařík & Kirkendall 2010, Licht & Biedermann 2012, Kasson et al. 2016).  

Aside from their feeding habits, ambrosia beetles have a unique biology as well as specialized mating 

strategies. The galleries of ambrosia beetles are constructed deep within the wood, commonly by a 

single mated female to lay her eggs (Harrington 2005, Mueller et al. 2005). Once the offspring emerge, 

the entire brood lives alongside one another, feeding on the ambrosia “fungal garden” propagated by 

their mother (Mueller et al. 2005). Due to the close quarters within the gallery system, ambrosia beetles 

display high levels of inbreeding and sib-mating (Jordal et al. 2000, Peer & Taborsky 2005, Marini et 

al. 2011, Kasson et al. 2013). Consequently, many ambrosia beetles also display haplodiploidy. This 

sex determination system results in a population of haploid males and diploid females, developing from 

unfertilized and fertilized eggs respectively (Jordal et al. 2000, Cognato et al. 2011). Haplodiploidy is 

common in many close community insect groups such as the Hymenoptera (bees, wasps and ants) and 

Thysanoptera (thrips) and often results in a sex ratio skewed towards females (Peer & Taborsky 2005, 
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Kasson et al. 2013, Stouthamer et al. 2017). This skew in sex ratio often results in females being the 

dominant sex responsible for brood establishment and care and the males are commonly small, flightless 

and rarely venture outside (Jordal et al. 2000, Mueller et al. 2005, Cognato et al. 2011). However, this 

is not true for all ambrosia beetle species, as seen in species of Gnathotichus where the males are the 

dominant sex responsible for gallery establishment and brood care and the females lack mycangia and 

the ability to vector fungi (Farris 1962). 

5. Evolution of a single structure ensures a stable symbiosis 

The majority of ambrosia beetles have evolved a special structure to transport their symbionts (Batra 

1963). Pouches in the exoskeleton, known as mycangia, harbor the fungal spores of the symbiont as the 

beetles move between hosts (Batra 1963, Batra 1966). The mycangia can be present in only a single sex 

of a species or both sexes, often depending on their respective roles in brood establishment and care 

(Batra 1963). Although mycangia can present in many forms and complexities, those that adhere to the 

strict definition of being invaginations lined with secretory gland cells that produce nutrients to aid in 

the maintenance and growth of the fungal symbiont, have been divided into five classes depending on 

their location on the beetle body. These classes are prothoracic pleural; pro-mesonatal; elytral; 

prosternal-subcoxal; and oral (Beaver 1986, Hulcr & Cognato 2010, Hulcr & Stelinski 2017). Although 

the majority of ambrosia beetle species have mycangia that adhere to this strict definition, some species 

have simpler structures such as those found in bark beetles resembling pits, sacs or setal brushes that 

serve as a consistent means to transport fungi (Beaver 1986, Six 2003, Klepzig & Six 2004, Ploetz et 

al. 2013).  

Irrespective of their sophistication, in all cases mycangia of ambrosia beetles serve to maintain the 

association of these insects and their symbionts. This is similar to attine ant fungal farmers (Mehdiabadi 

& Schultz 2010) as most ambrosia beetles utilize vertical transmission from the parental galleries to 

obtain their symbiotic fungi (Ploetz et al. 2013, Carrillo et al. 2014). This means that when a new adult 

beetle prepares to leave its brood, it picks up spores of the fungal symbiont lining the gallery walls and 

transfers these to the mycangium before emergence. Once this adult beetle reaches a suitable host and 
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begins gallery construction, the spores are deposited from the mycangium to the gallery walls, utilizing 

the same fungus it was reared on to rear its own brood (Beaver 1986). 

6. “One size fits all” does not apply to all ambrosia symbioses  

Contemporary research is revealing many unexpected and previously unknown habits of ambrosia 

beetles. These include many important new discoveries, such as the mode by which some species 

acquire their symbionts (Huclr & Cognato 2010) and how mycangial shape influences symbiont 

acquisition (Mayers et al. 2018, 2020). Additionally, it challenges the one beetle-one fungus assumption 

that has been in place since the late 1800s (Kostovcik et al. 2015).  

Most ambrosia beetles acquire their symbionts by vertical transmission, filling their mycangia with the 

fungus cultivated by their mother in the natal gallery. However, some ambrosia beetle species have now 

been discovered that obtain their symbionts laterally from other beetle species (Hulcr & Cognato 2010, 

Ploetz et al. 2013, Carrillo et al. 2014, Hulcr & Stelinski 2017). The importance of the mycangium in 

vertical transmission can be observed in these species, as some species that acquire their symbionts 

laterally appear to have subsequently lost their mycangia (Hulcr & Cognato 2010, Skelton et al. 2019a). 

One of the best examples of this situation is found in the mycocleptic (crop stealing) ambrosia beetles. 

Mycocleptic ambrosia beetles construct their galleries within millimetres of a host beetle gallery, 

allowing the symbiont of that species to grow into and cultivate their own. Because these beetles no 

longer need to vector their own symbionts, they have apparently subsequently lost their mycangia. 

However, this has apparently also caused them to become completely dependent on a host ambrosia 

beetle gallery (Huclr & Cognato 2010). Exactly how such host galleries are selected remains unclear, 

but fungal volatile production has been suggested to play a role in this process (Hulcr & Cognato 2010, 

Hulcr & Stelinski 2017). 

Where mycangia serve the important role of maintaining the close association between beetles and their 

symbionts, it has been argued that obligatory insect mutualisms involve a one-on-one association 

between insect and symbiont (Hubbard 1896, Talbot 1977, Cook & Rasplus 2003). Although this might 

be true for some symbioses, it is not necessarily the case for ambrosia beetles. Until about the 1960s, 

the ambrosia symbiosis was considered a one-on-one relationship between a beetle species and its 
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fungal symbiont (Hubbard 1896). This was largely because a single dominant species of fungus could 

be isolated from both the beetle gallery and mycangium (Gebhardt et al. 2004). However, as culture 

methods improved and the symbiosis between ambrosia beetles and fungi was better understood, studies 

revealed that the fungal community within both the gallery and the mycangium was more complicated 

than initially believed (Batra 1963, Batra 1966, Gebhardt et al. 2004, Na et al. 2018, Carrillo et al. 2019, 

Six 2019).  

Fungi other than the primary symbiont found growing in ambrosia beetle galleries and on which these 

beetles also feed are referred to as secondary or auxiliary ambrosia fungi (Batra 1966, Batra 1967, 

Kolařík & Kirkendall 2010). Many of these auxiliary species reside in the same or related genera as the 

primary ambrosia symbiont, and some species that act as a primary symbiont of one beetle can be an 

auxiliary symbiont of another species (Batra 1966). It has been suggested that the acquisition of these 

auxiliary symbionts could occur through cross-contamination of galleries when a single host is infested 

with multiple species of ambrosia beetle (Gebhardt et al. 2004, Carrillo et al. 2014). 

The availability of high-throughput sequencing methods has substantially expanded our understanding 

of the fungal communities within the mycangia of ambrosia beetles. For example, a recent metagenomic 

study by Kostovcik et al. (2015) considered the mycangial communities of Xylosandrus crassiusculus, 

Xyleborus affinis and Xyleborus ferrugineus and found numerous fungal lineages present in an organ 

that was originally thought to contain only the primary symbiont. It is clear from this work that our 

understanding of the community structure associated with and maintained by these beetles remains very 

limited but also that substantial advances in our understanding of this topic can be expected in the future 

as powerful new technologies based on genetic data emerge.  

7. Fungi associated with ambrosia beetles 

Other than a single species of Basidiomycete fungi (Simmons et al. 2016a), all known fungal symbionts 

of ambrosia beetles are Ascomycetes. The best-known ambrosial fungi are species in the Microascales 

(Mayers et al. 2018, 2020) and Ophiostomatales (Massoumi-Alamouti et al. 2009, Vanderpool et al. 

2018). However, there are also various species of less well-known ambrosial associates that reside in 

two genera of Hypocreales, Geosmithia and Fusarium (Kolařík & Kirkendall 2010, Kasson et al. 2013). 
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Each of these fungal orders accommodates species that have diverse lifestyles, many of which are also 

important plant pathogens of quarantine concern (Spatafora & Blackwell 1994, Massoumi-Alamouti et 

al. 2009, Machingambi et al. 2014).  

Primary ambrosia fungi are both morphologically and physiologically adapted to their symbiotic 

lifestyles (Cassar & Blackwell 1996, Klepzig & Six 2004, Kolařík & Kirkendall 2010, Jordal & Cognato 

2012). Some of these adaptations include: (a) Spores suited to arthropod dispersal (Cassar & Blackwell 

1996); (b) an ability to convert to a yeast-like growth phase known as “ambrosial growth” allowing 

dispersal via the beetle mycangia (Batra & Michie 1963, Batra 1967); and (c) the production of sweet 

aromas that attract their beetle vectors (Hulcr et al. 2011). Although numerous species of ambrosia fungi 

have been described, it is estimated that only 5% have so far been identified (Kolařík & Hulcr 2009, 

Hulcr & Stelinski 2017). 

7.1. Ophiostomatoid associates  

The two best-known genera of ambrosia fungi are Raffaelea and Ambrosiella (Batra 1967, Cassar & 

Blackwell 1996, Harrington et al. 2010). These genera, along with various others, reside in a group of 

fungi that have collectively been referred to as the Ophiostomatoid fungi – a term originally established 

to accommodate the taxonomically confused genera Ceratocystis and Ophiostoma (Wingfield et al. 

1993, Gebhardt et al. 2004). These genera share several convergent morphological traits allowing them 

to being vectored by various arthropods. This morphological convergence has led to such strong 

resemblances between species residing in these genera that they could only be clearly resolved when 

DNA sequencing and phylogenetic inference became available (Cassar & Blackwell 1996). 

Consequently, some of the first phylogenetic analyses including species in these genera, showed not 

only that they were not closely related, but that they reside in completely different orders, the 

Ophiostomatales and Microascales (Hausner et al. 1993, Spatafora & Blackwell 1994, Cassar & 

Blackwell 1996). 

The Ophiostomatales comprises approximately 300 species residing in 12 genera (Figure 3) (De Beer 

et al. 2013b) including the soon to be resurrected Dryadomyces (Wilhelm de Beer & Miranda Procter 

pers. comm.) These species can be found in a wide variety of niches, but the majority are found in 
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woody substrates. Most species are associated with a variety of bark beetles but around 34 species 

residing in four genera, Raffaelea (Gebhardt & Oberwinkler 2005), Dryadomyces (Gebhardt et al. 

2005), Aureovirgo (Van Der Linde et al. 2016), and Afroraffaelea (Bateman et al. 2017), are considered 

primary ambrosia beetle associates (Table 1). Although generally considered more as auxiliary 

symbionts, two species of Sporothrix, five species of Leptographium and at least ten species of 

Ophiostoma have also been isolated and described as associates of ambrosia beetles (Table 1). 

The most common ambrosia beetle symbionts in the Microascales reside in the Ceratocystidaceae (De 

Beer et al. 2014, Mayers et al. 2015, 2018, 2020) (Figure 4). Currently there are 23 described species 

residing in five genera that are considered primary ambrosia symbionts. They include species of 

Ambrosiella (Brader 1964), Meredithiella (Mayers et al. 2015, 2018), Phialophoropsis (Batra 1967, 

Mayers et al. 2015), Toshionella and Wolfgangiella (Mayers et al. 2020) (Table 1). In addition, species 

of Endoconidiophora as defined by De Beer et al. (2014) are primary associates of bark beetles such as 

species of Ips and Dendroctonus (Redfern et al. 1987, Krokene & Solheim 1997, Wingfield et al. 1997, 

Harrington & Wingfield 1998, Marin et al. 2005). However, aside from the Ceratocystidaceae, there 

are also species in the Gondwanamycetaceae and Graphiaceae (Table 1) (Kolařík & Hulcr 2009, 

Kolařík et al. 2015, Lynch et al. 2016, Na et al. 2018) that are associated with ambrosia beetles and 

other arthropods, but little is known regarding these species or their relationships with their insect 

vectors. 

7.2. Hypocrealean associates  

Two genera in the Hypocreales, Fusarium and Geosmithia, are known to include primary ambrosia 

beetle symbionts (Kolařík & Kirkendall 2010, Kasson et al. 2013). Species in these genera are so 

strongly adapted to their symbiotic lifestyles that they no longer resemble their free-living relatives.  

Within the recently revised Fusarium solani complex (Geiser et al. 2020), there is a single clade known 

as the Ambrosia Fusarium Clade (AFC) that accommodates 24 species lineages associated with 

ambrosia beetles in the genus Euwallacea (Kasson et al. 2013, Na et al. 2018, Carillo et al. 2019, Lynn 

et al. 2020, 2021). Unlike other Fusarium species that have characteristic fusiform and septate 

macroconidia, species in the AFC produce clavate macroconidia, apparently an adaptation to their 
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symbiotic relationships (Freeman et al. 2013, Kasson et al. 2013). The unique morphology of the 

macroconidia in the Fusarium spp. associated with Xyleborus fornicatus (syn = Euwallaceae 

fornicatus) resulted in its initial description in the genus Monacrosporium (Gadd & Loos, 1947). Some 

forty years later, this species was reidentified to be a Fusarium and was described as the first AFC 

member and given the name Fusarium ambrosium (Brayford 1987, Nirenberg 1990). It would not be 

until 20 years later that Kasson et al. (2013) showed that several AFC species exist, all associated with 

different species of Euwallacea ambrosia beetles. Of the 24 recognized lineages in the AFC clade, only 

13 have been formally described as species (Table 1) (Nirenberg 1990, Freeman et al. 2013, Kasson et 

al. 2013, Aoki et al. 2018, 2019, Na et al. 2018, Lynn et al. 2020, 2021). The remaining 11 lineages are 

identified by their respective AF lineage numbers introduced sequentially at the time when they were 

first recognized (Figure 5).  

Species of Geosmithia are best known as associates of phloem feeding bark beetles (Kolařík & 

Kirkendall 2010, Hulcr & Stelinski 2017). Very few species display different lifestyles, however four 

species have been described as symbionts of South American ambrosia beetles (Kolařík & Kirkendall 

2010, Machingambi et al. 2014, Kolařík et al. 2015)(Table 1). Currently, ambrosia beetle diversity and 

that of their fungi are poorly known in the Southern Hemisphere, and Geosmithia spp. have only been 

identified as primary ambrosia beetle symbionts in the neotropics. Because of their prevalence in the 

galleries of these beetles, it has been hypothesized that they may serve as the dominant symbionts in 

this region (Hulcr & Stelinski 2017). 

7.3. Basidiomycete associates 

To date, only a single basidiomycete species has been described as a primary associate of ambrosia 

beetles. Flavodon ambrosius is a white-rot polypore described in 2016 as the primary symbiont of an 

exotic ambrosia beetle, Ambrosiodmus (Amb.) lecontei, introduced into the USA from Asia (Li et al. 

2015, Simmons et al. 2016). Later that same year, F. ambrosius was also found to be the associated 

with Ambrosiophilus (Amp.) atratus, a species closely related to Ambrosiodmus, also introduced into 

the USA from Asia (Kasson et al. 2016). However, F. ambrosius is not restricted to the USA and has 

now been found to be the primary symbiont of at least five ambrosia beetle species - Amb. lecontei, 
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Amb. minor, Amb. rubricollis, Amp. atratus and Amp. subneptotulus - from four different countries i.e. 

USA, China, South Korea, and Vietnam (Simmons et al. 2016, Kasson et al. 2016, Li et al. 2017). 

Unlike most Ascomycete symbionts of ambrosia beetles, F. ambrosius is capable of lignocellulose 

degradation (De Fine Licht & Biedermann 2012, Kasson et al. 2016). This ability provides its associated 

ambrosia beetle species with a significant ecological advantage. Where Ascomycete associated beetles 

need to infest freshly decaying wood to enable their fungi to acquire the nutrients they need, F. 

ambrosius can persist long after the death of a tree. This persistence in turn allows multiple beetle 

generations to brood in the same host, whereas most Ascomycete associated ambrosia beetles can only 

complete a single generation in a host before needing to disperse (Li et al. 2015, Kasson et al. 2016). In 

relatively few studies, many contrasts have already been revealed between the Ascomycete and 

Basidiomycete ambrosia symbioses, which challenges what can be considered the “classical paradigm” 

of the ambrosia symbiosis. 

7.4. Yeast associates 

It has been well documented that a wide variety of yeasts associate with ambrosia beetles (Batra 1966, 

Van Der Walt 1972, Kinuura 1995). The composition of yeast species found within the gallery systems 

is highly variable, but some commonly isolated genera are Ambrosiozyma, Candida, Ogataea, and 

Pichia (Van Der Walt 1972, Kinuura 1995, Endoh et al. 2011, Yun et al. 2015, Li et al. 2018, Saucedo-

Carabez et al. 2018). However, unlike many of the other ambrosia fungi, most yeasts are often 

considered non-specific auxiliary ambrosia symbionts (Nakashima et al. 1986, Kinuura 1995, Hulcr & 

Stelinski 2017). Although this may be true for many species, it does appear that at least some have a 

more intimate relationship with beetle partners (Saucedo-Carabez et al. 2018).  

Despite extensive study, we still know very little about the role of yeasts in the ambrosia symbiosis (Li 

et al. 2018, Saucedo-Carabez et al. 2018, Ibarra-Juarez et al. 2020). What has been noted in a few studies 

was that their composition varies during brood succession (Batra 1966, Nakashima et al. 1986, 

Kajimura & Hijii 1992, Ibarra-Juarez et al. 2020). These yeast species are likely the initial colonizers 

of the ambrosial gallery being succeeded by the primary symbiont (Cruz et al. 2019, Ibarra-Juarez et al. 

2020), likely around the time the beetle larvae reach the peak of the developmental stage and require 
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the most nutrients (Kajimura & Hijii 1992, Kinuura et al. 1995, Cruz et al. 2018). As the brood ages, 

more variation can be found in the composition of fungi growing in the galleries and it appears as though 

the adults feed more indiscriminately, supplementing their diets with a variety of auxiliary fungi, 

including these yeasts (Batra 1966, Nakashima et al. 1986, Freeman et al. 2015). 

8. Ambrosia beetles and their fungi may not be agents of wood decay  

Early literature on bark and ambrosia beetles led to a common view that these insects and their fungal 

symbionts are involved in the process of wood decay. However, even early research suggested that this 

might not actually be true (Gibbs 1993). In fact, in some instances the presence of ambrosia beetles and 

their symbionts within wood may extend its durability by outcompeting saprophytic, wood-degrading 

microorganisms (Skelton et al. 2019b, 2019c).  

Ambrosia beetles are not known to consume wood. Instead, they rely on their symbionts to concentrate 

the nutrients from within the woody tissues of their host into a usable form that they can consume. 

However, numerous studies have also shown that the Ophiostomatoid fungi associated with these 

insects are not able to degrade the complex molecules which make up the main components of wood 

(Gibbs 1993, Valiev et al. 2009, De Fine Licht & Biedermann 2012, Six 2019). Therefore, the question 

then remains as to how ambrosia fungi acquire their nutrients. 

To resolve the question as to how these fungi acquire nutrients from the host, one of the most important 

factors that must be considered is how ambrosia fungi colonize the host. Multiple studies using artificial 

inoculation of Ophiostomatoid fungi on various hosts have revealed how this happens. Overall, these 

studies show that when the ambrosia beetles begin to construct their galleries, during the early stages 

of tree death, the wood contains large amounts of easily accessible substrates such as free sugars (De 

Fine Licht & Biedermann 2012, Kasson et al. 2016, Skelton et al. 2019b). Therefore, to obtain these 

nutrients using a route of least resistance, the inoculated Ophiostomatoid fungi enter the host through 

mechanical damage, induced either by the beetles during gallery construction or during artificial 

inoculation processes (Ballard et al. 1984, Takahashi et al. 2010). Colonization of the host by the fungi 

continues either with the fungus moving from tracheid to tracheid, through medullary rays via bordered 

pits, or occasionally by mechanical force, with little to no indication of enzymatic activity facilitating 
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the process (Ballard et al. 1984, Gibbs 1993, Six 2019). Because little or no enzymatic activity is 

involved to break down the lignified tissue of the wood, fully intact remnants of the cells collapse when 

drained of their contents (Ballard et al. 1984). The large availability of accessible free nutrients found 

in these cells then enable the fungi to proliferate extensively within them (Ballard et al. 1984, Kajii et 

al. 2013). 

While most Ascomycete ambrosia fungi enter and colonize the host through wounds induced by their 

beetle associates and can therefore not be considered primary agents of wood decay, there are known 

exceptions. Two white-rot Basidiomycete species, Flavodon ambrosius (Polyporales) (Simmons et al. 

2016) and Phlebiopsis gigantea (Six 2019), respectively isolated from Ambrosiodmus and 

Ambrosiophilus ambrosia beetles and the bark beetle Dendroctonus brevicormis, are regarded as 

primary nutritional symbionts. Unlike the Ascomycetes, both these fungi have been found to produce 

the enzymes necessary for lignin degrading (Harrington 2005, Kasson et al. 2016). However, due to the 

small number of known associations between bark and ambrosia beetles and Basidiomycete fungi, these 

have so far been minimally studied. 

9. Global movement of ambrosia beetles 

The increased speed and volume of international trade has resulted in the movement of exotic pest 

species becoming very real threat to global biodiversity, food security and forestry (Colunga-Garcia et 

al. 2009, Kirkendall & Faccoli 2010, Wingfield et al. 2015, Fahrner & Aukema 2018). Curculionidae 

beetles, especially bark and ambrosia beetles, are some of the most frequently intercepted exotic pests 

at global ports of entry (Haack 2001,2006, Brockerhoff et al. 2006, Colunga-Garcia et al. 2009, 

Kirkendall & Faccoli 2010). The ease of movement of these beetles is commonly attributed to their 

small size and their association with various wood products including plants moved around for the 

living plant trade and improperly treated wood shipping materials (Haack 2001,2006, Brockerhoff et 

al. 2006, Kirkendall & Faccoli 2010, Marini et al. 2011, Muerisse et al. 2019). 

In their native range, ambrosia beetles are not considered to be of great economic importance and are 

generally treated as secondary pests. This is consistent with the fact that in more than 95% of ambrosia 

beetles together with their fungal symbionts are harmless, infesting only stressed, dying or recently dead 
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trees (Hulcr & Stelinski 2017). In many cases, even when introduced into a new range, ambrosia beetles 

remain harmless. However, there are numerous and growing examples where these insects have 

switched to infest healthy trees. This conversion to primary pest status arises from an ‘evolutionary 

mismatch’, where the beetles become both ecologically and economically damaging (Hulcr & Dunn 

2011, Hulcr et al. 2017, Hulcr & Stelinski 2017, Na et al. 2018).  

Because ambrosia beetles are relatively inconspicuous and usually found on stressed or dying trees, 

invasions have attracted limited research attention, at least as compared to their bark beetle relatives. In 

their extensive review, Ploetz et al. (2013) highlighted some of the most devastating invasions recorded 

for both bark and ambrosia beetles. Yet these authors were able to highlight only four serious ambrosia 

beetle invasions. These included Xyleborus glabratus and its symbiont Raffaelea lauricola causing 

laurel wilt on avocado and other Lauraceae species in the USA (Harrington et al. 2008); Platypus 

quercivora and its symbiont R. quercivora affecting species of Fagaceae in Japan (Kubono & Ito 2002); 

Platypus koryoensis and its symbiont R. quercus-mongolicae infesting Quercus species in Korea (Kim 

et al. 2009); and the Euwallacea fornicatus species complex and their Fusarium symbionts affecting a 

wide range of tree species in both the Western and Eastern Hemispheres (Freeman et al. 2013, Kasson 

et al. 2013).  

A long-standing goal of invasion biologists is to highlight the importance of native range studies in 

understanding and predicting the nature of invasion (Liebhold et al. 1995, Kolar & Lodge 2001, Sakai 

et al. 2001, Broennimann & Guisan 2008, Hulcr et al. 2017). This is relevant because many insect 

species only become noteworthy after they have invaded into a non-native range and become 

problematic. This is unfortunate because a substantial understanding of their potential as invasive pests 

can be revealed from studying them in their native ranges, as has been found with beetles of the E. 

fornicatus species complex (Hulcr et al. 2017). As globalization is not going to slow down any time 

soon, researchers will need to shift their attention to native range studies to ensure sustainable forestry 

and agriculture in the long run. 
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10. The Polyphagous Shot Hole Borer 

Since the publication of Ploetz et al (2013), there have been few records of new and damaging ambrosia 

beetle invasions. However, the devastation caused by E. fornicatus, colloquially known as the 

Polyphagous Shot Hole Borer, has continued to spread to new areas of the world. For example, in 2017 

both E. fornicatus and its closely related sister species E. kuroshio (commonly known as the Kuroshio 

Shot Hole Borer) had become established in the USA (Stouthamer et al. 2017, Na et al. 2018). The 

following year, E. fornicatus was reported for the first time from South Africa (Paap et al. 2018) where 

it is causing very substantial damage on both indigenous and exotic tree species (Potgieter et al. 2020, 

FABI 2021). 

Euwallacea fornicatus is a Xyleborine ambrosia beetle native to Asia (Stouthamer et al. 2017). 

Encountered outside of its native range for the first time in 2003, the species was disregarded because 

the damage observed was minimal or its infestations occurred on species of little importance (Rabgalia 

et al. 2006, Mendel et al. 2012, Umeda et al. 2016). However, these assumptions soon turned out to be 

incorrect when it became clear that the species is highly polyphagous, and has now been found to infest 

more than 200 different ecologically and economically important tree species (Eksalen et al. 2013, 

FABI 2021). 

Despite being attracted to such a large variety of hosts, it is not the beetle itself that causes most of the 

devastation attributed to it. Like most other ambrosia beetles, E. fornicatus associates with a primary 

nutritional symbiont, which in its case is a member of the AFC, Fusarium euwallaceae (Freeman et al. 

2012, 2013). Unlike many other ambrosia symbionts, F. euwallaceae is an aggressive tree pathogen, 

able to colonize and kill a host even in the absence of its beetle partner, as is often seen in non-

reproductive hosts (Eksalen et al. 2013). In cases where the fungal symbiont is highly pathogenic, the 

effects of E. fornicatus invasion, although delayed, can be severe and consequently result in large 

economic losses such as those observed in the USA and Israel avocado industries (Mendel et al. 2012, 

Eksalen et al. 2012, 2013).  
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11. Ambrosia beetles in South Africa  

The large-scale losses to global forests, timber and fruit tree industries caused by invasive bark and 

ambrosia beetles has meant that these insects are drawing increasing research interest in many parts of 

the world (Ploetz et al. 2013). Many serious tree disease outbreaks such as Dutch elm disease, Laurel 

wilt, thousand cankers disease and Oak wilt can be attributed to the movement of Scolytine bark and 

ambrosia beetles (Fraedrich et al. 2008, Harrington et al. 2008, Juzwik et al. 2008, Kolarik et al. 2011, 

Carrillo et al. 2012, Kristis 2013, Ploetz et al. 2013). As bark and ambrosia beetles are still some of the 

most frequently intercepted pests at ports of entry globally, for example representing 60% of the wood 

associated insect interceptions in the USA between 1985 and 2000 (Haack 2006), the threat they pose 

remains great. Although most interceptions recorded are for species of bark beetle, a variety of 

Xyleborine ambrosia beetles are also frequently encountered (Haack 2001, 2006, Brockerhoff et al. 

2006).  

In many Southern Hemisphere countries, such as South Africa, these insects remain largely unstudied. 

This is highlighted by the fact that only three new species of ambrosia beetle, Cyrtogenius africus (Van 

Der Linde et al. 2016), E. fornicatus (Paap et al. 2018), and Xylosandrus crassiusculus (Nel et al. 2020) 

have been formally reported from the South Africa subsequent to the passing of Karl Eduard Schedl 

(1898-1979), who, during his nearly 50 year career, published numerous checklists and described at 

least 15 new bark and ambrosia beetle species from the country (Schedl 1955, 1960, 1965, 1970, 1975, 

1982). The same is also true for the fungal symbionts of these insects, with only six beetles having 

symbionts known in the country. These include Ambrosiella roeperi, Aureovirgo volantis, Fusarium 

euwallaceae, Ophiostoma thermarum, Raffaelea albimanens, R. hennebertii, R. arxii and Sporothrix 

aemulophila (Table 2).  

The recent appearance of the aggressive Polyphagous Shot Hole Borer (Figure 6) in South Africa has 

highlighted the vulnerability of forests and tree-based industries to damage by ambrosia beetles (Paap 

et al. 2018, Smith et al. 2019). The relatively poorly regulated and problematic quarantine policies 

regarding this category of insects has also become very evident (Paap et al. 2020). This is largely due 

to (i) the limited phytosanitary measures in place at ports of entry; (ii) the lack of trained personnel to 
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assist in the detection of these insects and; (iii) a lack in available resources and appropriate funding to 

improve either these problems (Parliament of the Republic of Southern Africa 2017). Yet, a good 

starting point to improve regulation and to provide informed and effective quarantine policy for 

ambrosia beetles, is to create updated records of the species present in the country. The last complete 

record of bark and ambrosia beetle species present in South Africa was listed in the global catalogue of 

bark and ambrosia beetle species produced by Wood and Bright (1992). Working through this 

catalogue, 163 species can be found recorded from South Africa. Of these 20 species reside in the 

Platypodinae and 143 reside in the Scolytinae (Wood & Bright 1992). However, as this publication is 

nearly 30 years old, it highlights an urgent need to address current knowledge gaps on the biodiversity 

of these insects.  

The physical devastation being caused by the Polyphagous Shot Hole Borer in South Africa is of great 

concern with the epidemic continuing to develop and spread. Another important aspect of this invasion 

is how it has led to a change in the way most South Africans consider forests and forest research. 

Damage caused by the beetle is most evident in urban landscapes rather than in commercial forests, and 

this has clearly shifted the view and perception of the local public regarding forestry research to their 

own properties, gardens, streets, and communities. This is largely because most of the 100 tree species 

identified as hosts of the beetle in South Africa are ornamental trees. Presently, only commercially 

planted pecan nut trees (Carya illinoinensis) have been reported to be severely affected by this insect 

(Fell & De Beer, 2019). There are records of other tree species of agricultural and forestry importance, 

such as avocado and wattle, that are susceptible to infestation by the Polyphagous Shot Hole Borer (Van 

Den Berg et al. 2019, FABI 2021), but thus far these reports are only represented by trees planted in 

private gardens or by the roadside. A current view is that South Africa will need to find a means to 

control the Polyphagous Shot Hole Borer if streets lined with ancient London plane (Platanus x 

acerifolia) and English oak (Quercus robur), common sights in areas such as Johannesburg and Knysna, 

are to be preserved in their current beauty.  
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12. Conclusions 

Symbioses with microbes are widespread among the insects, but insect fungiculture is the most 

sophisticated mutualism known in nature. The symbiosis between ambrosia beetles and their fungal 

associates is the oldest and most diverse form of insect fungiculture known. Yet it is also the least well 

understood of the ant, termite, and beetle farmers. With increasing concern of the global movement of 

these insects and the threat they pose to sustainable forestry and agricultural practices, these tiny wood 

borers are drawing increasing commercial and research interest. However, a general lack of knowledge 

of ambrosia beetles in their native ranges, and largely inadequate policy and regulations to prevent the 

movement of these insects in many parts of the world implies that they are likely to become increasingly 

important in the future. There are many aspects in the ambrosia symbiosis that is still poorly understood 

and additional research into their biodiversity, biology, ecology, and evolution is needed for effective 

understanding and control of these insects.
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Table 1. Sordariomycete fungi with ambrosia beetle associations mentioned in their species descriptions 

Order Species name Locality Symbiont Common name of symbiont Reference 

Hypocreales Fusarium ambrosium [AF-1] 
India & 

Sri Lanka 
Euwallacea fornicatus Polyphagous Shot Hole Borer Nirenberg, 1990 

Hypocreales Fusarium akasia [AF-20] Indonesia 
Euwallacea perbrevis & 

Euwallacea similis 
Tea Shot Hole Borer/- Lynn et al. 2021 

Hypocreales Fusarium awan [AF-21] Indonesia Euwallacea similis - Lynn et al. 2021 

Hypocreales Fusarium euwallaceae [AF-2] 
Israel &  

USA 
Euwallacea fornicatus Polyphagous Shot Hole Borer Freeman et al. 2013 

Hypocreales Fusarium floridanum [AF-3] USA Euwallacea interjectus - Aoki et al. 2019 

Hypocreales Fusarium oligoseptatum [AF-4] USA Euwallacea validus - Aoki et al. 2018 

Hypocreales Fusarium kuroshium [AF-12] 
Taiwan &  

USA 
Euwallacea kuroshium Kuroshio Shot Hole Borer Na et al. 2018 

Hypocreales Fusarium mekan [AF-22] Indonesia Euwallacea similis - Lynn et al. 2021 

Hypocreales Fusarium obliquiseptatum [AF-7] Australia Euwallacea sp. - Aoki et al. 2019 

Hypocreales Fusarium rekanum [AF-19] Indonesia Euwallacea perbrevis Tea Shot Hole Borer Lynn et al. 2020 

Hypocreales Fusarium tuarense [AF-5] Malaysia Unknown - Aoki et al. 2019 

Hypocreales Fusarium variasi [AF23] Indonesia Unknown - Lynn et al. 2021 

Hypocreales Fusarium warna [AF-24] Indonesia Euwallacea perbrevis Tea Shot Hole Borer Lynn et al. 2021 

Hypocreales Geosmithia cnesini Costa Rica Cnesinus lecontei - Kolarik et al. 2015 

Hypocreales Geosmithia eupagioceri Costa Rica Eupagiocerus dentipes - Kolarik & Kirkendall 2010 

Hypocreales Geosmithia rufescens Costa Rica 
Cnesinus lecontei - 

Kolarik & Kirkendall 2010 
Eupagiocerus dentipes - 

Hypocreales Geosmithia microcorthyli Costa Rica Microcorthylus sp. - Kolarik & Kirkendall 2010 

Microascales Ambrosiella batrae USA Anisandrus sayi - Mayers et al. 2015 

Microascales Ambrosiella beaveri USA Cnestus mutilatus Camphor Shot Borer Six et al. 2009 

Microascales Ambrosiella catenulata Taiwan Anisandrus apicalis - Lin et al. 2017 

Microascales Ambrosiella cleistominuta USA Anisandrus maiche - Mayers et al. 2017 

Microascales Ambrosiella grosmanniae USA Xylosandrus germanus Black Stem Borer  Mayers et al. 2015 

Microascales Ambrosiella hartigii Germany Anisandrus dispar European Shot Hole Borer Batra 1967 

Microascales Ambrosiella nakashimae USA Xylosandrus amputatus - Mayers et al. 2015 
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Microascales Ambrosiella remansi Madagascar Remansus mutabilis - Mayers et al 2020 

Microascales Ambrosiella roeperi USA Xylosandrus crassiusculus Granulate Ambrosia Beetle Harrington et al. 2014 

Microascales Ambrosiella xylebori Ivory Coast Xyleborus compactus Black Twig Borer  Brader 1964 

Microascales Knoxdaviesia scolytodes Costa Rica Scolytodes unipuncatatus - Kolarik & Hulcr, 2009 

Microascales Meredithiella fracta USA Corthylus populans Chestnut Timber Worm  Mayers et al 2018 

Microascales Meredithiella guianensis French Guiana Corthylus sp. - Mayers et al 2018 

Microascales Meredithiella norrisii USA Corthylus punctatissimus Pitted Ambrosia Beetle Mayers et al. 2015 

Microascales Phialophoropsis ferruginea Germany Trypodendron lineatum Striped Ambrosia Beetle Mayers et al. 2015 

Microascales Phialophoropsis hubbardii USA Trypodendron retusum - Mayers et al. 2020b 

Microascales Phialophoropsis leachii USA Trypodendron betulae - Mayers et al. 2020b 

Microascales Phialophoropsis nunbergii Germany Trypodendron domesticum 
European Hardwood Ambrosia 

Beetle 
Mayers et al. 2020b 

   Trypodendron signatum -  

Microascales Phialophoropsis trypodenri USA Trypodendron scabricollis - Mayers et al. 2015 

Microascales Toshionella nipponensis Japan Scolytoplatypus shogun - Mayers et al 2020 

Microascales Toshionella taiwanensis Taiwan Scolytoplatypus sp. - Mayers et al 2020 

Microascales Toshionella transmara Japan Scolytoplatypus sp. - Mayers et al 2020 

   Xylosandrus crassiusculus Granulate Ambrosia Beetle  

Microascales Wolfgangiella franznegeri South Africa Scolytoplatypus fasciatus - Mayers et al 2020 

Microascales Wolfgangiella madagascariensis South Africa Scolytoplatypus permirus - Mayers et al 2020 

Microascales Graphium euwallaceae USA Euwallaceae fornicatus Polyphagous Shot Hole Borer Lynch et al. 2016 

Microascales Graphium kuroshium USA Euwallacea kuroshium Kuroshio Shot Hole Borer Na et al. 2018 

Microascales Graphium scolytodes Costa Rica Scolytodes unipunctatus - Kolarik et al. 2015 

Ophiostomatales Afroraffaelea ambrosiae USA Premnobius cavipennis - Bateman et al. 2017 

Ophiostomatales Aureovirgo volantis South Africa Cyrtogenius africus  - Van Der Linde et al. 2016 

Ophiostomatales Drydomyces amasae Taiwan 

Amasa concitatus - 

Gebhardt et al. 2005 Amasa aff. glaber - 

Ophiostomatales Leptographium flavum Poland Anisandrus dispar European Shot Hole Borer Jankowaik et al. 2018 

Ophiostomatales Leptographium gestamen Argentina Gnathotrupes sp. - De Errasti et al. 2016 

Ophiostomatales Leptographium tardum 

Norway, 

Poland Trypodendron domesticum 

European Hardwood Ambrosia 

Beetle Jankowaik et al. 2018 
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Trypodendron signatum - 

Ophiostomatales Leptographium trypodendroni Poland Trypodendron domesticum 

European Hardwood Ambrosia 

Beetle Jankowaik et al. 2017 

Ophiostomatales Leptographium verrucosum Germany Xyleborus dryographus - Gebhardt et al. 2002 

Ophiostomatales Ophiostoma brevicolle USA Trypodendron retusus - Davidson 1958 

Ophiostomatales Ophiostoma canum Finland Trypodendron lineatum Striped Ambrosia Beetle Linnakoski et al. 2010 

Ophiostomatales Ophiostoma carpernteri USA Trypodendron lineatum Striped Ambrosia Beetle Hausner et al. 2003 

Ophiostomatales Ophiostoma denticulata USA Gnathotrichus denticulatus - Davidson 1979 

Ophiostomatales Ophiostoma distortum USA  unknown ambrosia beetle - Davidson 1971 

Ophiostomatales Ophiostoma longicollum  Japan  Platypus quercivorus Oak Ambrosia Beetle Masuya et al. 1998 

Ophiostomatales Ophiostoma patagonicum Argentina unknown ambrosia beetle - De Errasti et al. 2016 

Ophiostomatales Ophiostoma rachisporum Finland Trypodendron lineatum Striped Ambrosia Beetle Linnakoski et al. 2010 

Ophiostomatales Ophiostoma solheimii Poland Anisandrus dispar European Shot Hole Borer Jankowaik et al. 2019 

Ophiostomatales Ophiostoma thermarum South Africa Cyrtogenius africus - Van Der Linde et al. 2016 

Ophiostomatales Ophiostoma torulosum Germany Trypodendron domesticum 

European Hardwood Ambrosia 

Beetle Butin & Zimmerman 1972 

Ophiostomatales Raffaelea aguacate USA Xyleborinus bispinatus - Saucedo-Carabez et al. 2018 

Ophiostomatales Raffaelea albimanens South Africa Crossotarsus externedentatus Exotic Pin-Hole Borer Scott & du Toit 1970 

Ophiostomatales Raffaelea arxii South Africa Xyleborus torquatus  Scott & du Toit 1970 

   Xyleborus glabratus Redbay Ambrosia Beetle  

Ophiostomatales Raffaelea brunnea Unknown Monarthrum sp.  - Harrington et al. 2010 

Ophiostomatales Raffaelea campbellii USA  Xyleborus glabratus Redbay Ambrosia Beetle Simmons et al. 2016b 

Ophiostomatales Raffaelea canadensis Canada Gnathotrichus sulcatus Western Hemlock Wood Stainer Harrington et al. 2010 

   Platypus wilsoni 

Wilson's White-Headed Ambrosia 

Beetle  

   Crossotarsus externedentatus Exotic Pin-Hole Borer  

Ophiostomatales Raffaelea crossotarsa Taiwan Crossotarsus emancipatus - Simmons et al. 2016 

Ophiostomatales Raffaelea cyclorhipidia Taiwan Cyclorhipidion ohnoi - Simmons et al. 2016 

Ophiostomatales Raffaelea ellipticospora USA Xyleborus glabratus Redbay Ambrosia Beetle Harrington et al. 2010 

Ophiostomatales Raffaelea fusca USA Xyleborus glabratus Redbay Ambrosia Beetle Harrington et al. 2010 

Ophiostomatales Raffaelea gnathotrichi USA Gnathotrichus retusus Western Pinewood Stainer Harrington et al. 2010 

Ophiostomatales Raffaelea hennebertii South Africa Crossotarsus externedentatus Exotic Pin-Hole Borer Scott & du Toit 1970 
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Ophiostomatales Raffaelea lauricola USA Xyleborus glabratus Redbay Ambrosia Beetle Harrington et al. 2008 

Ophiostomatales Raffaelea montetyi Europe Platypus cylindrus Oak Pinhole Borer Gebhardt et al. 2004 

   Xyleborus monographus Mediterranean Oak Borer  

   Xyleborus dryographus -  

Ophiostomatales Raffaelea quercivora Japan Platypus quercivorus Oak Ambrosia Beetle Kubono et al. 2002 

Ophiostomatales Raffaelea quercus-mongolicae South Korea Platypus koryoensis - Kim et al. 2009 

Ophiostomatales Raffaelea rapanea South Africa  Platypodinae sp. - Musvuugwa et al. 2015 

Ophiostomatales Raffaelea santoroi Argentina Platypus sulcatus - Guerrero 1966 

   Euplatypus camaldulensis -  

Ophiostomatales Raffaelea scolytodis Costa Rica Scolytodes unipunctatus - Kolarik & Hulcr2009 

Ophiostomatales Raffaelea seticollis USA unknown ambrosia beetle - Musvuugwa et al. 2015 

Ophiostomatales Raffaelea subalba USA Xyleborus glabratus Redbay Ambrosia Beetle Harrington et al. 2010 

Ophiostomatales Raffaelea subfusca USA Xyleborus glabratus Redbay Ambrosia Beetle Harrington et al. 2010 

Ophiostomatales Raffaelea sulcati Canada Gnathotrichus sulcatus Western Hemlock Wood Stainer Funk 1970 

Ophiostomatales Raffaelea sulphurea USA Xyleborinus saxesenii Fruit-Tree Pinhole Borer Harrington et al. 2010 

Ophiostomatales Raffaelea tritirachium USA Monarthrum mali Apple Wood Stainer Batra 1967 

Ophiostomatales Raffaelea vaginata South Africa Lanurgus sp. - Musvuugwa et al. 2015 

Ophiostomatales Raffaelea xyleborina USA  Xyleborinus andrewesii - Simmons et al. 2016b 

Ophiostomatales Raffealea ambrosiae   UK Platypus spp. - Batra 1967 

Ophiostomatales Raffealea borbonica La Reunion  unknown ambrosia beetle - Procter et al. 2020 

Ophiostomatales Sporothrix aemulophila South Africa Xyleborinus aemulus - Musvuugwa et al. 2015 

Ophiostomatales Sporothrix cabralii Argentina Gnathotrupes - De Errasti et al. 2016 
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Table 2. Ambrosia beetle species with known symbionts reported from South Africa 

Beetle species Locality Symbiont Reference 

Cyrtogenius africus Limpopo Ophiostoma thermarum 

Aureovirgo volantis 

Van Der Linde et al. 2016 

   

Euwallaceae fornicatus Natal Fusarium euwallaceae Paap et al. 2018 

Crossotarsus externedentatus Natal Raffaelea albimanens 

Raffaelea hennebertii 

Scott & Du Toit, 1970 

   

Xyleborinus aemulus Western Cape Sporothrix aemulophila Musvuugwa et al. 2015 

Xyleborus torquatus Natal Raffaelea arxii Scott & Du Toit, 1970 

Xylosandrus crasssiuculus Limpopo Ambrosiella roeperi Nel et al. 2020 
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Figure 1. Some common ambrosia and bark beetles. (A-C) Ambrosia beetles (A) Xylosandrus crassiusculus, (B) Xyleborinus saxesenii, (C) Scolytoplatypus 

fasciatus. (D-E) Bark beetles (D) Orthotomicus erosus, (E) Hylastes angustatus, (F) Hypothenemus eruditus. 

 

29 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

 

 

Figure 2. Differences in gallery construction of bark and ambrosia beetles. (A) Fallen log infested 

with bark and ambrosia beetles. (B) Ambrosia beetle gallery constructed deep into the sapwood of an 

infested pecan branch. (C) Bark beetle gallery constructed superficially in the cork cambium layer of 

an infested log. 
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Figure 3. Maximum likelihood phylogeny of the Ophiostomataceae recreated using LSU data 

from the revision of the class by De Beer et al. (2013) and including additional genera included in 

the family by Gebhardt et al. (2005), Van Der Linde et al. (2013) and Bateman et al. (2017). 

Specific genera associated with ambrosia beetles are indicated in bold and the beetle associated (if 

known) is given below the genus name. Bootstrap values above 70% are shown at nodes.  

  

31
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

  

32
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

 

 

 

 

 

 

 

Figure 4. Maximum likelihood phylogeny of the Ceratocystidaceae recreated using multigene 

data from Nel et al. (2018) and Mayers et al. (2020). Specific genera associated with bark and 

ambrosia beetles are indicated in bold and the genus name of the associated beetle (if known) is given 

below the genus name. Bootstrap values above 70% are shown at nodes.  
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Figure 5. Maximum likelihood phylogeny of the Ambrosia Fusarium Clade recreated using 

multigene data from Lynn et al. (2020). Named species lineages are indicated in bold and the species 

name of the associated beetle (if known) is given below the fungal species name. AF numbers for both 

named and unnamed species lineages are given in brackets. Bootstrap values above 70% are shown at 

nodes. [Note: As of 13 April 2021, the DNA sequence data used by Lynn et al. 2021 had not yet been 

made publicly available and were therefore not included in the phylogenetic analyses]. 
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Figure 6. Male (small) and female (large) Polyphagous Shot Hole Borer beetles. Scale = 1 mm. 
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Abstract Ambrosia beetles are small wood inhabit-

ing members of the Curculionidae that have evolved

obligate symbioses with fungi. The fungal symbionts

concentrate nutrients from within infested trees into a

usable form for their beetle partners, which then utilize

the fungi as their primary source of nutrition.

Ambrosia beetle species associate with one or more

primary symbiotic fungal species, but they also vector

auxiliary symbionts, which may provide the beetle

with developmental or ecological advantages. In this

study we isolated and identified ophiostomatalean

fungi associated with ambrosia beetles occurring in a

native forest area in South Africa. Using a modified

Bambara beetle trap, living ambrosia beetle specimens

were collected and their fungal symbionts isolated.

Four beetle species, three Scolytinae and one

Bostrichidae, were collected. Five species of ophios-

tomatalean fungi were isolated from the beetles and

were identified using both morphological characters

and DNA sequence data. One of these species,

Raffaelea sulphurea, was recorded from South Africa

for the first time and two novel species were described

as Ceratocystiopsis lunata sp. nov. and Raffaelea

promiscua sp. nov.

Keywords Bostrichidae � Ceratocystiopsis �
Ophiostomatales � Raffaelea � Xyleborini

Introduction

Ambrosia beetles are small wood boring insects that

reside in the true weevil family Curculionidae.

Approximately 3500 species have been described in

two sub-families (Platypodinae and Scolytinae), all of

which have obligate associations with filamentous

fungi (Six 2012; Jordal 2015). These fungi are

primarily Ascomycota that are cultivated along the

gallery walls and serve as the primary food source of

the beetles and their growing broods (Batra 1966;

Massoumi-Alamouti et al. 2009). While developing in

the brood galleries, the beetles collect the spores of the

fungal symbionts and store them within specially

evolved structures known as mycangia (Klepzig and

Six 2004). This not only maintains the association of

the fungal symbionts within and between different

generations of the beetles, but also provides the fungi

with a consistent means of dispersal and introduction

into a relatively competition-free environment in

which they proliferate (Six 2012). In return, the fungi
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concentrate available nutrients from the host into a

form usable for their beetle partners (De Fine Licht

and Biedermann 2012).

The symbiotic fungi of bark and ambrosia beetles

represent a polyphyletic assemblage of filamentous

fungal genera, which have evolved convergent mor-

phological traits that favour insect dispersal (Cassar

and Blackwell 1996; Zipfel et al. 2006). Most fungal

symbionts of ambrosia beetles reside in the orders

Ophiostomatales and Microascales, although some

species of Hypocreales and Basidiomycota have also

been discovered (Kolařı́k and Kirkendall 2010; Kas-

son et al. 2013, 2016; Machingambi et al. 2014; Lynn

et al. 2020). In the Ophiostomatales, there are three

genera regarded as primary ambrosia beetle sym-

bionts. These include Affroraffaelea (Bateman et al.

2017), Aureovirgo (van der Linde et al. 2016), and

Raffaelea sensu lato (Dreaden et al. 2014).Most of the

remaining genera in this order associate with bark

beetles although some species, are associates of other

arthropods such as mites or they occur in non-insect

niches such as soil (De Beer and Wingfield 2013).

Additionally, the family includes species such as

Hawksworthiomyces lignivorus, which was originally

isolated from decaying telephone poles (De Meyer

et al. 2008), as well as a small number of species in the

Sporothrix schenckii clade that are opportunistic

human and animal pathogens (López-Romero et al.

2011).

It has been argued for a relatively long time that

obligate insect-fungus mutualisms, such as the ambro-

sia symbioses, represented a one-on-one relationship

(Hubbard 1896; Talbot 1977; Cook and Rasplus

2003). This hypothesis appeared to hold true for

ambrosia beetles as they were typically found associ-

ated with a single, dominant primary symbiont.

However, Batra (1966, 1967) opposed this view and

a few recent studies have shown that ambrosia beetles

can also associate with multiple secondary (or auxil-

iary) fungal species (Kolařı́k and Kirkendall 2010;

Carrillo et al. 2019). In many cases, these auxiliary

associates reside in the same orders as the primary

symbionts, and in some cases the primary symbiont of

one beetle species may serve as an auxiliary species of

another (Batra 1966). However, unlike the primary

fungal symbionts, the roles of auxiliary species remain

unclear although various hypotheses have been pro-

posed. These include (1) serving as a nutritional source

during brood development and succession (Freeman

et al. 2016); (2) enabling a beetle to adapt to a new host

or environment (Carillo et al. 2014) and (3); increasing

beetle fitness by reducing host tree defences and

allowing colonization by the primary symbiont

(Saucedo et al. 2018).

In many Southern hemisphere countries, including

South Africa, ambrosia beetles and their associated

fungi are poorly known. This is attributed to the fact

that most of these beetles are regarded as harmless,

secondary pests infesting stressed or dying trees

(Huclr et al. 2017). However, with increasing global-

ization and the introduction of invasive pests and their

associated pathogenic fungi, interest regarding ambro-

sia beetles in their native ranges and their potential to

become economically significant has increased (Lieb-

hold et al. 1995; Ploetz et al. 2013; Hulcr et al. 2017).

This elevated interest, as well as the importance of

these insects and their fungal associates, prompted the

present study to investigate the diversity ophiostom-

atalean fungi associated with some commonly

encountered ambrosia beetles in a native forest area

of South Africa.

Materials and methods

Collection of beetles and isolation of fungi

Beetle specimens were obtained from direct field

sampling. Field collections were carried out at two

locations in Tzaneen, Limpopo Province, South Africa

(23� 420 29.49100 S 30� 50 57.63800 E and 23� 440

29.49100 S 30� 110 15.41700) using a modified Bambara

beetle trap (Hulcr and McCoy 2015). The modified

trap contained a wire mesh insert (gap size of 0.5 mm)

between the entrance and collection zone, preventing

the insects from making contact with the ethanol lure.

Traps were set out in the late afternoon with 90%

ethanol and left over-night, after which live beetles

were collected early the following morning. Beetles

were placed on the surfaces of 65 mm Petri dishes and

allowed to walk over the agar. These Petri dishes

contained malt extract agar (MEA: 2% malt extract

and 2% Difco� agar, Biolab, Midrand, South Africa)

amended with streptomycin (0.04%, Sigma-Aldrich,

Missouri, United States) to control growth of bacteria

and cycloheximide (0.03%, Sigma-Aldrich) that is

selective for species in the Ophiostomatales. The

beetles were removed from the plates after 24 h and

123

Antonie van Leeuwenhoek

53
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



transferred into individual cryotubes containing 90%

ethanol and stored at - 20 �C for species-level

identification.

Petri dishes were inspected regularly for fungal

growth and ophiostomatalean isolates were purified by

transferring hyphal tips to new MEA plates. Multiple

isolates with culture morphologies resembling those of

the ophiostomatalean fungi were obtained and used for

morphological and DNA sequence-based characteri-

sation. Pure cultures are maintained in the culture

collection (CMW) of the Forestry and Agricultural

Biotechnology Institute (FABI), University of Preto-

ria, South Africa (Table 1) and representative isolates

of novel taxa were also deposited in the culture

collection (CBS) of the Westerdijk Fungal Biodiver-

sity Institute, Utrecht, The Netherlands.

Identification of beetles

Beetle specimens were examined using an automated

Zeiss Discovery V12 dissection microscope (Zeiss,

Oberkocken, Germany). Based on overall morphol-

ogy, beetles were first sorted into groups before they

were identified to species level using the key of

Rabaglia et al. (2006). The ventral, lateral and dorsal

aspects of specimens were examined, and photo-

graphic images were captured using a Zeiss Axiocam

IcC5 (Zeiss, Oberkocken, Germany). Focus-stacked

photographs were produced for the dorsal aspects

using Helicon Focus v. 5 (HeliconSoft, Kharkiv,

Ukraine) with up to 30 different images.

One of the beetle specimens from which fungal

isolates were obtained had obscure morphological

characteristics and the specimen was subjected to PCR

amplification and sequencing of the ribosomal large

subunit (28S) gene region. DNA was extracted using

the Macherey Nagel NucleoSpin Tissue Kit

(Macherey–Nagel, Dueren, Germany) from the dis-

sected head of the beetle. DNA extraction was

performed following the manufacturer’s protocols,

except for the final elution volume that was reduced to

60 ll. PCR amplification of the partial ribosomal large

subunit (28S) was done using the primers 3665 and

4068 (Belshaw and Quicke 1997; Cognato 2013) in

25 lL reaction volumes as described by Cognato

(2013). PCR products were treated with ExoSAP-

ITTM PCR Product Clean-up Reagent (ThermoFisher

Scientific, Massachusetts, United States). Sequencing

reactions were carried out in both the forward and

reverse directions using the same primers used in PCR

using the BigDye� Terminator v3.1 cycle sequencing

kit (ThermoFisher Scientific) with an annealing tem-

perature of 55 �C. Sequencing PCR products were

precipitated using the sodium acetate/ethanol method

and submitted to the DNA sanger sequencing facility

based at the University of Pretoria for analyses on ABI

PRISM�3500 Genetic Analyzer (Applied Biosys-

tems, California, United States). The software package

Sequence Scanner v. 1.0 (https://sequence-scanner-

software.software.informer.com/) was used for quality

assessment and editing of the obtained sequencing

reads. The consensus sequence was used in a

BLASTN search against NCBI GenBank nr/nt data-

base (www.ncbi.nlm.nih.gov/Genbank) to confirm

putative morphological identification. The newly

obtained sequence has been deposited in NCBI Gen-

Bank with the accession number MT355516.

Identification of fungal isolates

The obtained fungal isolates were grouped based on

culture morphology and DNA extraction was carried

out using lyophilized mycelium of representative

isolates following the method of De Beer et al.

(2014). PCR amplification was carried out for the

partial 28S ribosomal large subunit (LSU) using the

primers LR0R and LR5 (Vilgalys and Hester 1990),

the internal transcribed spacer region (ITS) using

primers ITS1F (Gardes and Bruns 1993) and ITS4

(White et al. 1990) and the partial Beta-tubulin (b-
tubulin) gene using the primers T10 (O’Donnel and

Cigelnik 1997) and Bt2B (Glass and Donaldson 1995).

PCR reactions were carried out as described by De

Beer et al. (2014) in 25 lL reaction volumes and the

annealing temperature was set at 55 �C. PCR products

were treated with ExoSAP-ITTM PCR Product Clean-

up Reagent (ThermoFisher Scientific). Sequencing

reactions, precipitation and quality assessment was

carried out as described above. Reactions were

performed in both the forward and reverse direction

using the same primers used in PCR and an annealing

temperature of 55 �C was used for all three gene

regions. Newly obtained sequences have been depos-

ited in NCBI GenBank with the accession numbers

provided in Table 1.

Obtained consensus sequences were used in a

BLASTN search against NCBI GenBank nr/nt data-

base for putative identification to genus level. Based

123

Antonie van Leeuwenhoek

54
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

https://sequence-scanner-software.software.informer.com/
https://sequence-scanner-software.software.informer.com/
http://www.ncbi.nlm.nih.gov/Genbank


on these identifications, various datasets were pre-

pared and analysed for each genus separately. Datasets

were prepared using MEGA v. 7.0.26 (Kumar et al.

2016) and alignments were done using the online

version of MAFFT v. 7 (Katoh and Standley 2013)

with default settings. Due to high variability within the

Table 1 Isolates obtained in this study

Species Isolate number Beetle host Locality Genbank accession numbers

LSU ITS b-tubulin

Ceratocystiopsis lunata CMW 55897a Xs. crassiusculus Tzaneen, Limpopo MW028141 MW028169 MW066754

CMW 55898 Xs. crassiusculus Tzaneen, Limpopo MW028140 MW028170 MW066755

Ophiostoma palustre CMW 56170 Bostrichid beetle Tzaneen, Limpopo MW028135 MW028164

CMW 54253 Bostrichid beetle Tzaneen, Limpopo MW028137 MW028165

CMW 54254 Bostrichid beetle Tzaneen, Limpopo MW028139 MW028166

CMW 54255 Bostrichid beetle Tzaneen, Limpopo MW028138 MW028167

CMW 56171 Bostrichid beetle Tzaneen, Limpopo MW028136 MW028168

Raffaelea arxii CMW 55893 Xbo. affinis Tzaneen, Limpopo MW028147 MW028171

CMW 55894 Xbo. affinis Tzaneen, Limpopo MW028148

CMW 55895 Xbo. affinis Tzaneen, Limpopo MW028149 MW028172

CMW 55896 Xbo. affinis Tzaneen, Limpopo MW028150

WN19.12.18 Xbo. affinis Tzaneen, Limpopo MW028151

Raffaelea promiscua CMW 55899a Xbi.s saxesenii Tzaneen, Limpopo MW028144 MW028176 MW066750

CMW 55900 Xbi. saxesenii Tzaneen, Limpopo MW028145 MW028177 MW066751

CMW 55901 Xbi. saxesenii Tzaneen, Limpopo MW028142

CMW 55902 Xbi. saxesenii Tzaneen, Limpopo MW028143

CMW 56172 Xbi. saxesenii Tzaneen, Limpopo MW028146 MW028178 MW066752

Raffaelea sulphurea CMW 55779 Xbi. saxesenii Tzaneen, Limpopo MW028156

CMW 55780 Xbi. saxesenii Tzaneen, Limpopo MW028157 MW28174

CMW 55784 Xbi. saxesenii Tzaneen, Limpopo MW028158

CMW 55788 Xbi. saxesenii Tzaneen, Limpopo MW028159

CMW 55789 Xbi. saxesenii Tzaneen, Limpopo MW028160

CMW 55790 Xbi. saxesenii Tzaneen, Limpopo MW028161

CMW 55792 Xbi. saxesenii Tzaneen, Limpopo MW028152

CMW 55793 Xbi. saxesenii Tzaneen, Limpopo MW028153 MW028173

CMW 55794 Xbi. saxesenii Tzaneen, Limpopo MW028154

CMW 55795 Xbi. saxesenii Tzaneen, Limpopo MW028155

CMW 55781 Xbi. saxesenii Tzaneen, Limpopo

CMW 55782 Xbi. saxesenii Tzaneen, Limpopo

CMW 55783 Xbi. saxesenii Tzaneen, Limpopo

CMW 55785 Xbi. saxesenii Tzaneen, Limpopo

CMW 55786 Xbi. saxesenii Tzaneen, Limpopo

CMW 55787 Xbi. saxesenii Tzaneen, Limpopo

CMW 55791 Xbi. saxesenii Tzaneen, Limpopo

CMW 55903 Xbi. saxesenii Tzaneen, Limpopo

CMW 55796 Xbi. saxesenii Tzaneen, Limpopo

CMW 55,797 Xbi. saxesenii Tzaneen, Limpopo

CMW 55,798 Xbi. saxesenii Tzaneen, Limpopo

aType strains
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three ITS datasets, alignment was subjected to

Gblocks v. 0.91b (Castresana 2000) analysis with the

less stringent options to remove ambiguous aligned

positions before being used for phylogenetic analyses.

Maximum parsimony analyses were performed

using MEGA v. 7.0.26. Phylogenies were generated

using Subtree-Pruning-Regrafting algorithm starting

with 10 random initial trees. Alignment gaps and

missing data were included. Confidence levels for the

nodes were tested using 1000 bootstrap replicates.

Maximum likelihood analyses were performed

using the software raxmlGUI v. 2 (Silvestro and

Michalak 2012; Elder et al. 2019) following the

General Time Reversible ? GAMMA (GTR ? G)

nucleotide substitution model. Ten random ML

searches followed by 1000 bootstrap replicates were

performed.

Bayesian inference analyses were performed using

MrBayes v. 3.2.5 (Ronquist and Huelsenbeck 2003).

Phylogenies were generated following the Markov

Chain Monte Carlo (MCMC) method using the

GTR ? G model. Ten parallel runs, each with four

independent MCMC chains were conducted. Trees

were sampled every 1000 generations for 10 million

generations. Trees sampled in the burn-in phase (25%

of trees sampled) were discarded and posterior prob-

abilities were calculated from the remaining trees.

Multi-locus phylogenies were constructed for Cera-

tocystiopsis and Raffaelea using the same methods

described above on the combined LSU, ITS and bT
datasets.

Morphological observations

Microscopic structures—Fungal isolates were exam-

ined using a Zeiss AxioScop 2 compound microscope

with an affixed Zeiss Axiocam 105 color camera and a

Swift M3602-3DGL light microscope with a built-in

3-megapixel digital camera. Specimens of actively

growing cultures were mounted in 80% lactic acid

(ThermoFisher Scientific) and examined using bright

field and differential interference contrast microscopy.

Fifty to 100 measurements were made for all charac-

teristic morphological structures using Zen Blue v. 2.6

(Zeiss). Measurements were taken for conidia, coni-

diophores, conidiogenous cells, and some additional

characteristics when present. Values are presented as

minimum—maximum.

Colony growth and morphology—A growth study was

conducted to determine optimal growth conditions for

two putative new species. Two isolates of each lineage

were used to determine growth rate and culture

morphology. Agar plugs of 5 mm in diameter were

excised from the edge of an actively growing culture

and placed, mycelium side down, onto the centre of a

65 mm 2% MEA plate. Plates were incubated in the

dark at a temperature range from 15 to 30 �C at 5 �C
intervals. Three replicates were carried out for each

isolate at each temperature. Isolates were maintained

for 10 days after which mean colony diameter was

determined. Colony colours were determined using

the colour charts of Rayner (1970).

Results

Identification of fungi

The collected beetle specimens yielded 38 isolates

with morphologies resembling those of ophiostom-

atalean fungi. These included five distinct morpho-

logical groups and of these, 27 isolates (Table 1) were

selected for DNA extraction, PCR amplification and

sequencing of the LSU region.

BLAST searches using the LSU sequences revealed

that all sequenced isolates were members of the

Ophiostomatales. Based on the preliminary taxonomic

groupings identified using BLAST, an LSU dataset

(LSU-Ophiostomatales) was prepared and analysed to

identify generic placement of the isolates. Phyloge-

netic analyses of the LSU-Ophiostomatales dataset

(Fig. 1) including representative isolates of all genera

of the Ophiostomatales, showed that the isolates

considered in this study resided in in three different

genera, Ceratocystiopsis, Ophiostoma, and Raffaelea,

and represented five separate lineages (lineages A–E,

Fig. 1).

Based on the genus and species complex assign-

ments obtained from analyses of the LSU dataset

(Fig. 1), seven genus level datasets were prepared and

analysed (Tables 2, 3). The number of characters of

each aligned dataset, numbers of parsimony informa-

tive characters, and additional information regarding

phylogenetic analyses are presented in Table 3.

Ophiostoma—Based on the analyses of the LSU-

Ophiostomatales dataset, five isolates grouped as a
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single lineage (A) in the O. pluriannulatum complex.

Phylogenetic analyses of the ITS-Oph dataset (Fig. 2),

that included a subset of Ophiostoma species focussed

on the O. pluriannulatum complex, identified this

species as O. palustre.

Ceratocystiopsis—Two isolates resided in the genus

Ceratocystiopsis based on the analyses of the LSU-

Ophiostomatales dataset. These isolates formed a

distinct clade with high statistical support together

with sequences of three undescribed isolates available

from GenBank (lineage C). Phylogenetic analyses of

the genus level datasets (LSU, ITS, and b-tubulin)
(Fig. 3a-c) all supported this grouping. No ITS and b-
tubulin sequence data were available for these unde-

scribed isolates, but based on their grouping and

sequence conservation in the LSU analysis, they likely

belong to the same species as the isolates recovered

from the current study.

Raffaelea—Twenty isolates, representing three mor-

phological groups, grouped in three separate lineages

within Raffaelea sensu lato (Fig. 1). Ten isolates

grouped in the Raffaelea sulphurea complex (lineage

B) and were identified as R. sulphurea based on

phylogenetic analyses of LSU and ITS sequence data

(Figs. 1 and 4a and b). The remaining ten isolates

grouped as two distinct lineages (D and E) within

Raffaelea sensu stricto (Figs. 1, 4). Five isolates were

identified as R. arxii based on phylogenetic analyses of

LSU and ITS sequence data (Figs. 1, 4a and b). The

five remaining isolates (lineage D) together with an

additional isolate labelled as Raffaelea sp. PL1001

(Eskalen & McDonald 2011; Dreaden et al. 2014), for

which LSU and b-tubulin sequences are available in

GenBank, formed a distinct lineage separate from all

other species in the genus, but closely related to R.

cyclorhipidia (Fig. 4b and c). An additional isolate

labelled as Raffaelea sp. Hulcr7507 (Simmons et al.

2016), for which ITS and b-tubulin sequences are

available on GenBank, grouped peripheral to this

clade. Based on phylogenetic placement and ITS and

b-tubulin sequence conservation this isolate most

likely belongs to the same species as Raffaelea sp.

PL1001 and the five isolates recovered from the

current study.

Identification of beetles

The fungal isolates obtained in this study originated

from 16 beetle specimens. Based on their morpholog-

ical characters, these beetles were identified as four

different species (Fig. 5). Three of these species

resided in the Xyleborini (Scolytinae), namely Xyle-

borinus (Xbi.) saxesenii; Xylosandrus (Xs.) crassius-

culus; and Xyleborus (Xbo.) affinis (Fig. 5b-d). The

fourth was a species of Bostrichidae (Fig. 5a). Isolates

used in this study originated from thirteen Xbi.

saxesenii specimens, and a single specimen each of

Xs. crassiusculus, Xbo. affinis and the unknown

Bostrichid. Due to some obscured morphological

characters for the Xbo. affinis specimen, DNA

sequencing of the ribosomal large subunit was carried

out and results positively confirmed our identification.

Beetle-fungus associations

Thirty-eight isolates with ophiostomatalean-like mor-

phologies were isolated from 16 living beetle speci-

mens. After initial separation based on morphology,

27 representative isolates were selected for further

DNA sequence-based characterisation. Five of these

fungal isolates were identified as O. palustre (Figs. 1,

2—lineage A) and all five isolates originated from a

single beetle specimen in the Bostrichidae. Twenty-

one isolates recovered from Xbi. saxesenii specimens

were putatively identified as R. sulphurea based on

morphology and this was confirmed by DNA sequenc-

ing of ten representative isolates originating from

different beetles (Figs. 1,4—lineage B). Another five

isolates also obtained from Xbi. saxesenii specimens

were identified as a new species of Raffaelea (Figs. 1,

4—lineage D). Five isolates identified as R. arxii

(Figs. 1, 4—lineage E) were obtained from a single

beetle specimen identified as Xbo. affinis. Two isolates

were obtained from a single specimen of Xs. cras-

siusculus and were identified as a new species of

Ceratocystiopsis (Figs. 1, 3—lineage C).

bFig. 1 RAxML phylogram derived from analysis of LSU data

including all major groups in the Ophiostomatales. Bold

branches indicate posterior probabilities C 95%. Bootstrap

values C 75% for maximum likelihood and maximum parsi-

mony analyses are indicated at nodes as ML/MP. G = sequence

extracted from available genome. T = Ex-Type isolate
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Table 2 Isolates used in phylogenetic analyses and their sequence accession numbers

Species Collection number Genbank accession numbers

LSU ITS b-tubulin

Ceratocystiopsis brevicomis CBS 137839 MW028162 MW028175 MW066757

C. brevicomis UM1452 EU913683 EU913722 EU913761

C. collifera CBS 126.89 EU913681 EU913721 –

C. concentrica WIN(M) 71–07 AF135571 – –

C. longisporum UM48 EU913684 EU913723 –

C. manitobensis UM237 EU913674 EU913714 EU913753

C. manitobensis CBS 118838 DQ294358 – –

C. minuta CMW 4352 MW026163 MW028179 MW066756

C. minima CBS 182.86 DQ294361 – DQ296081

C. minima UM1462 EU913663 EU913704 –

C. minuta-bicolor CBS 635.66 MH870571 MH858901 EU977482

C. minuta-bicolor CBS 393.77 DQ294359 – DQ296079

C. pallidobrunnea UM51 EU913682 – –

C. ranaculosa CBS 216.88 EU913673 EU913713 EU913752

C. ranaculosa CBS 119683 DQ294357 – DQ296077

C. rollhanseniana CBS 118669 DQ294362 – DQ296082

C. rollhanseniana UM113 EU913678 EU913718 EU913757

Ceratocystiopsis sp. Hulcr16961 LC363548 – –

Ceratocystiopsis sp. Hulcr9665 LC363540 – –

Ceratocystiopsis sp. Hulcr16962 LC363547 – –

Ceratocystiopsis sp. Hulcr9526 LC363538 – –

Ophiostoma canum CMW5023 DQ294372 – –

O. carpenteri CMW13793 DQ294363 – –

O. flocossum AU55-6a AF234836 AF198231 –

O. himal-ulmi C1183 – AF198233

O. ips CMW7075a DQ294381 AY546704 –

O. karelicum CMW23099 EU443756 – –

O. longiconidiatum CMW17574a – EF408558

O. montium CMW13221 DQ294379 AY546711 –

O. multiannulatum CMW2567a DQ294366 FJ959049 –

O. novae-zelandiae CIEFAP423 – KT362249

O. novo-ulmi CMW10573 DQ294375 FJ430478 –

O. novo-ulmi s. americana C510 – AF198236

O. palustre CMW44403 – KU865593

O. piceae AU100-1 AF234837 AF081129 LC090730

O. piliferum CBS 129.32 DQ294377 – AF221628

O. pluriannulatum CMW75 DQ294365 AY934517 –

O. pulvinisporum CMW9022a DQ294380 AY546714 –

O. quercus CMW2465 DQ294376 AY466626 AY466647

O. sparsiannulatum CMW17231a – FJ906817

O. subannulatum CMW518a DQ294364 AY934522 –

O. ulmi CMW1462 DQ294374 AF198232

Raffaelea aguacate Raff. sp. 272 MT629748 MT633065 –
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Table 2 continued

Species Collection number Genbank accession numbers

LSU ITS b-tubulin

R. albimanens CBS 271.70a MT629749 MT633066 MT644111

R. amasae C2750a MF399174 – –

R. amasae CBS116694a EU984295 – EU977470

R. ambrosiae CBS 185.65a MT629751 MT633067 MT644094

R. arxii CBS 273.70 MT629754 MH859604 MW066753

R. brunnea CBS 378.68a EU984284 – EU977460

R. campbellii CMW44800a KR018414 – KX267112

R. canadensis CBS 168.66a EU984299 GQ225699 EU977473

R. crossotarsa Hulcr7182a KX267103 KX267135 KX267114

R. cyclorhipidia Hulcr7168a KX267104 KX267136 KX267115

R. ellipticospora C2395 EU177446 – KJ909298

R. fusca C2394a EU177449 – KJ909301

R. gnathotrichi C2219a EU177460 – –

R. lauricola Raff. sp. 570 MT629759 MT633071 MT644093

R. montetyi CBS 451.94a EU984301 – EU977475

R. quercivora MAFF410918 MAFF410918 GQ225697 GQ225691

R. quercus-mongolicae KACC44405 MT629763 MT633074 MT644091

R. rapaneae CMW40359a KT182935 KT192601 –

R. santoroi CBS 399.67a MH870707 MH859006 EU977476

R. scolytodis CCF 3572 AM267270 – –

R. subalba C2401a EU177443 – KJ909305

R. subfusca Hulcr4717 – KX267137 KX267122

R. sulcati CBS 806.70a MH871752 – EU977477

R. sulphurea CBS 380.68 MT629768 MT633077 MT644092

R. tritiracium CBS 762.69a MH871169 MH859401 EU977478

R. xyleborina Hulcr6099 KX267110 – –

Raffaelea sp. PL1001 KJ909293 – KJ909295

Raffaelea sp. Hulcr7507 – KX267141 KX267128

Fragosphaeria purpurea CBS 133.34 AF096191 – –

F. reniformis CBS 134.34 AB189155 – –

Grosmannia penicillata CMW470 DQ294385 – –

Leptographium gibsii CBS 128695 MH876512 – –

L. lundbergii CMW217 DQ294388 – –

L. procerum CBS 516.63 MH869960 – –

L. yamaokae CMW4726a JN135315 – –

L. wageneri var. wageneri CMW1827 DQ294397 – –

Esteya vermicola CNU 120806 EU627684 – –

Sporothrix humicola CMW7618a EF139114 – –

S. inflata CMW12527a DQ294351 – –

S. pallida CBS 131.56a EF139121 – –

S. phasma CMW20676a DQ316151 – –

S. protearum CMW1107 DQ316145 – –

S. splendens CMW872 AF221013 – –
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Taxonomy

Ceratocystiopsis lunata W.J. Nel sp. nov. Figure 6.

MycoBankMB838616 Etymology: Name reflects the

crescent shaped conidia.

Description: Conidiophores mononematous,

macronematous, arising from vegetative hyphae,

simple, upright, straight, curved or undulate,

5–97 lm long (avg. 26.1 ± 15.8 lm). Conidiogenous

cells integrated, hyaline, blastic, sometimes denticu-

late, 3–42 9 1.5–3.1 lm (avg.

13.7 ± 5.5 9 2.1 ± 0.3 lm). Conidia hyaline, asep-

tate, two types falcate to crescent shaped, no sheath

4.9–9.5 9 1.3–2.8 lm (avg.

6.6 ± 0.8 9 1.9 ± 0.3 lm) and oblong with the

upper part swollen, apex round, tapering toward base,

Table 2 continued

Species Collection number Genbank accession numbers

LSU ITS b-tubulin

S. schenckii CBS 359.36a KX590890 – –

S. stenoceras CMW3202a DQ294350 – –

Hawksworthiomyces crousii CMW37531a KX396548 – –

H. hibbettii CMW37663a KX396547 – –

H. lignivorus CMW18600a EF139119 – –

H. taylorii CMW20741a KX396546 – –

Aureovirgo volantis CMW42282 KR051133 – –

Au. volantis CMW42285 KR051134 – –

Au. volantis CMW41238a KR051131 – –

Affroraffaelea ambrosiae n/a KX620930 – –

Af. ambrosiae CBS 141678 NG057115 – –

Graphilbum fragrans CBS 279.54 MH868872 – –

Graphilbum sp.2 MR17EW1 AY672929 – –

Podospora decipiens CBS 258.69 AY780073 – –

Sordaria fimicola n/a AY545728 – –

Neurospora crassa MUCL19026 AF286411 – –

aType

Table 3 Number of characters strains and substitutional models used in phylogenetic analyses

LSU

ophiostomatales

ITS Oph LSU Cer ITS Cer bT Cer LSU Raf ITS Raf bT Raf
Dataset

Number of taxa 95 27 26 15 16 48 26 29

Number of

characters

Total 496 567 690 565 283 530 403 473

VPUC 13 34 26 63 11 29 24 56

Constant 326 338 592 281 189 382 184 222

PIC 157 195 72 221 83 119 195 195

MP Tree

length

649 408 159 633 178 341 770 1073

CI 0.404 0.782 0.711 0.727 0.708 0.540 0.508 0.467

RI 0.847 0.910 0.877 0.747 0.790 0.870 0.687 0.548

VPUC variable parsimony uninformative characters; PIC parsimony informative characters; MP maximum parsimony; CI
consistency index; RI retention index
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base truncated, 2–6 9 1.2–3.1 lm (avg.

4.5 ± 0.6 9 2.1 ± 0.4 lm), yeast-like budding

observed in fresh culture.

Specimens examined: South Africa, Limpopo, Tza-

neen, isolated from a living Xs. crassciusculus beetle,

W. J. Nel. 21 September 2019, holotype (PREM

63099, living culture ex-holotype CMW

55897 = CBS 147171).

Additional specimens: South Africa, Limpopo, Tza-

neen, isolated from a living Xs. crassciusculus beetle,

W. J. Nel. 21 September 2019, paratype (PREM

63100, living culture CMW 55898 = CBS 147172).

Cultures: Moderate growth rate on 2% MEA in dark.

Grows best at 30 �C reaching an average of 48.8 mm

(± 0.9 mm) in 10 d. Colony growth circular with

smooth margins, both abundant aerial and submerged

mycelia present, flat, whitish to creamy in colour.

Notes: Ceratocystiopsis lunata can be distinguished

from other species of Ceratocystiopsis based on its

conidial morphology. Ceratocystiopsis lunata pro-

duces both falcate and oblong conidia whereas other

species of Ceratocystiopsis typically only produce

oblong conidia (De Beer and Wingfield 2013).

Fig. 2 RAxML phylogram derived from analysis of ITS-

Ophiostoma data including taxa from the genus Ophiostoma
specifically focussing on the O. pluriannulatum complex. Bold

branches indicate posterior probabilities C 95%. Bootstrap

values C 75% for maximum likelihood and maximum parsi-

mony analyses are indicated at nodes as ML/MP. G = sequence

extracted from available genome. T = Ex-Type isolate
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Raffaelea promiscua W.J. Nel sp. nov. Figure 7.

MycoBank MB838615 Etymology: Name refers to

the promiscuous (Promiscuum L.) nature of the

species that is associated with different ambrosia

beetles.

Description: Conidiophores mononematous,

macronematous, arising from vegetative hyphae,

mostly simple, occasionally branched, upright,

straight, curved or undulate, tapering towards apex,

14–195 lm long, reduced to conidiogenous cell.

Conidiogenous cells integrated, hyaline to lightly

pigmented, cylindrical, or peg-like, tapering towards

apex, blastic, 5–56 9 1–3.9 lm (avg.

21.9 9 2.4 lm). Conidia hyaline, aseptate, majority

oblong with the upper part swollen, apex round,

tapering toward base, base truncated, 2–9 9 1–4 lm
(avg. 5.1 9 2.5 lm), yeast-like budding observed in

fresh culture.

Specimens examined: South Africa, Limpopo, Tza-

neen, isolated from a living Xbi. saxesenii beetle, W.

J. Nel. 21 September 2019, holotype (PREM 63101,

living culture CMW 55899 = CBS 147173).

Additional specimens: South Africa, Limpopo, Tza-

neen, isolated from a living Xbi. saxesenii beetle, W.

J. Nel. 21 September 2019, paratype (PREM 63102,

living culture CMW 55900 = CBS 147174). South

Africa, Limpopo, Tzaneen, isolated from a living Xbi.

saxesenii beetle, W. J. Nel. 21 September 2019 (living

culture CMW 55901 = CBS 147175). South Africa,

Limpopo, Tzaneen, isolated from a living Xbi. saxe-

senii beetle, W. J. Nel. 21 September 2019 (living

culture CMW 55902 = CBS 147176).

Cultures: Slow growing on 2% MEA in dark. Grows

best at 25 �C reaching and average of 34 mm

(± 1.9 mm) in 10 d. Colonies circular with smooth

margins, mycelia mostly submerged, aerial hyphae

present, flat, initially whitish turning brownish olive to

dark greyish brown with age starting at the centre of

the colony. Yeast-like growth often present at inocu-

lation site from initial growth of colony.

Notes: Raffaelea promiscua can be distinguished from

its sister taxon R. cyclorhipidia (Simmons et al. 2016)

by its smaller conidia and the fact that these are

predominantly oblong with enlarged apices, and are

5.1 9 2.5 lm on average, whereas those of R.

cyclorhipidia are elliptical to elongate and

7.3 9 3.5 lm on average. Raffaelea promiscua colo-

nies are smooth with aerial hyphae whereas R.

cyclorhipidia has a tough and wrinkled appearance.

Discussion

A total of 38 ophiostomatalean fungal isolates were

obtained from 16 adult beetles representing Xs.

crassiusculus, Xbi. saxesenii, Xbo. affinis, and an

unidentified species of Bostrichidae. The fungi were

identified as five distinct species in the Ophiostom-

atales, one of which was recorded from South Africa

for the first time and two represented novel species

described here as C. lunata and R. promiscua.

An unusual association ofO. palustrewith a species

of Bostrichidae emerged from this study. Although

some small species of Bostrichidae can easily be

confused with species of Scolytinae (Ivie 2002), these

beetles are not known to associate with fungi,

preferentially infesting wood with a low moisture

content (Creffield 1996; Ivie 2002). However, some

species of Ophiostoma, including many species in the

O. pluriannulatum complex such as O. palustre

(Osorio et al. 2016), are associated with wounds on

trees. It is consequently possible that the bostricid

beetle accidentally picked up spores of O. palustre

colonizing the wounded tissue induced by its gallery.

Many ophiostomatalean fungi also associate with

phoretic mites vectored between hosts by various

beetles (Hofstetter et al. 2013) and it is also possible

that the fungus originated from a mite carried by the

beetle.

Xyleborinus saxesenii is an ambrosia beetle with a

cosmopolitan distribution and is among the most

bFig. 3 RAxML phylogenies derived from analyses of various

Ceratocystiopsis datasets including all major taxa described in

the genus. a Phylogram derived from the LSU analyses;

b Phylogram derived from the ITS analyses; c Phylogram

derived from the b-tubulin analyses. Bold branches indicate

posterior probabilities C 95%. Bootstrap values C 75% for

maximum likelihood and maximum parsimony analyses are

indicated at nodes as ML/MP. G = sequence extracted from

available genome. T = Ex-Type isolate
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common ambrosia beetles found globally. This

species was originally described from Germany

(Ratzeburg 1837) and has been detected on every

continent except Antarctica (Wood and Bright 1992).

Considerable research has been conducted on the

fungal associates of Xbi. saxesenii, with its primary

fungal symbiont Raffaelea sulphurea first described

by Batra (1967). Subsequently, a second dominant

mycangial symbiont of this insect, Fusicolla acetil-

erea, was detected by Biedermann et al. (2013). Xbi.

saxesenii is also associated with a number of less

dominant fungi including species of Paecilomyces,

Cladosporium, Ramularia, and Aureobasidium (Bie-

dermann et al. 2013; Malacrinò et al. 2017).

Xyleborinus saxesenii was first reported in South

Africa by Schedl (Schedl 1975) where it was collected

in the Western Cape and Kwazulu-Natal provinces,

but its fungal associates were not considered. In the

present study, 26 fungal isolates were obtained from

specimens of Xbi. saxesenii. Of these, 21 were

identified as R. sulphurea and this represents the first

report of the fungus from South Africa. The remaining

five fungal isolates grouped together with an unde-

scribed Raffaelea sp. isolated from an unknown

ambrosia beetle recorded as PL1001 by Eskalen and

McDonald (2011). Subsequent to its first report, this

undescribed fungus has been identified in several

studies associated with various Xyleborini including

Xbo. bispinatus, Xbo. volvulus and Xbi. saxesenii

(Cruz et al. 2018, 2019; Saucedo-Carabez et al. 2018).

Based on their distinct morphology and phylogenetic

grouping separating them from their closest relative,

R. cylcorhipidia, the isolates from the present study,

including Raffaelea sp. PL1001, were described as R.

promiscua.

Xylosandrus crassiusculus is a commonly encoun-

tered, cosmopolitain ambrosia beetle. Yet relatively

little is known regarding the fungi associated with this

Fig. 5 Beetle species from which fungal isolates were obtained; a A unknown species of Bostrichidae beetle; b Xyleborinus saxesenii;
c Xylosandrus crassiusculus; d Xyleborus affinis. Scale = 1 mm

bFig. 4 RAxML phylogenies derived from analyses of various

Raffaelea datasets including all major taxa described in the

genus. a Phylogram derived from the LSU analyses; b Phylo-

gram derived from the ITS analyses; c Phylogram derived from

the b-tubulin analyses. Bold branches indicate posterior

probabilities C 95%. Bootstrap values C 75% for maximum

likelihood and maximum parsimony analyses are indicated at

nodes as ML/MP. G = sequence extracted from available

genome. T = Ex-Type isolate
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beetle. Its primary fungal symbiont, Ambrosiella

roeperi, was described relatively recently (Harrington

et al. 2014), which is surprising given that the beetle

was described as long ago as 1866. Recent pyrose-

quencing of the mycangial community of Xs. cras-

siusculus revealed that this niche is dominated by

Ambrosiella, but other species including Ceratocystis,

Fusarium, Cladosporium and various yeasts were also

shown to be present (Kostovic et al. 2015).

In this study, two isolates of Ceratocystiopsis were

obtained from a living Xs. crassiusculus specimen.

Species of Ceratocystiopsis are common symbionts of

scolytine bark beetles, which are close relatives of the

ambrosia beetles. Previous studies investigating the

fungal symbionts of ambrosia beetles in the Platypo-

dinae showed that some species of Ceratocystiopsis

have a promiscuous relationship with these insects

(Inácio et al. 2012; Li et al. 2018). Li et al. (2018)

concluded that their Ceratocystiopsis sp. 2 obtained

from Euplatypus compositus, E. parelellus and Oxo-

platypus quadridentatus, was the same species as

Ophiostoma sp. X obtained from Platypus cylindrus in

a study by Inácio et al. (2012). Phylogenetic analysis

of the LSU region of the Ceratocytiopsis isolates

obtained from Xs. crassiusculusin the present study,

grouped these isolates along with those obtained by Li

et al. (2018) and they were described here asC. lunata.

This is the first time that C. lunata has been obtained

from an ambrosia beetle in the Scolytinae. Our results,

therefore, suggest that it could be an auxiliary

symbiont of multiple species of ambrosia beetles.

Xyleborus affinis is a pan topical species of ambrosia

beetle, native to tropical America (Rabgalia et al.

2006). This species has been introduced into Europe,

Asia, Australia and Africa, where its presence was

Fig. 6 Morphological characteristics of asexual structures of

Ceratocystiopsis lunata sp. nov. a–c Conidiogenous cells giving
rise to oblong conidia; d Conidia; e–g Conidiogenous cells

giving rise to falcate conidia; g arrows Presence of denticles;

h Pure culture gown on MEA in the dark for 12 days.

Scale = 10 lm
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later recorded in South Africa in the early 1980’s

(Schedl 1982; Rabgalia et al. 2006). Although the

beetle was described more than a decade ago, its

primary fungal symbiont is unknown. However,

community pyrosequencing of the mycangia from 38

Xbo. affinis beetles showed that their fungal commu-

nities are highly diverse, including species from the

Ophiostomatales, Microascales and a large variety of

yeasts (Kostovic et al. 2015).

In this study, five isolates of Raffaelea arxii were

obtained from a living specimen of Xbo. affinis.

Raffaelea arxii was first described from South Africa

as the primary fungal symbiont of Xbo. torquatus

(= Xbo. volvulus) by Scott and Du Toit (1970). Aside

from being the primary fungal symbiont of Xbo.

torquatus, previous studies have found this species to

be vectored by numerous other Xyleborus spp.

including Xbo. affinis (Campbell et al. 2016; Sau-

cedo-Carabez et al. 2018). Our findings provide

additional support for R. arxii being the primary

symbiont of both Xbo. volvulus and Xbo. affinis, as has

previously been hypothesized (Saucedo et al. 2016).

However, because R. arxii was obtained only from the

body surfaces of the beetle specimen and not the

mycangia, its symbiotic relationship with Xbo. affinis

could not be deduced from this study.

Conclusions

Ambrosia beetles associate with various fungal sym-

bionts that act as their source of nutrition, aid in their

development and play an important part in their

adaptive success. In this study, five species of

Fig. 7 Morphological characteristics of asexual structures of

Raffaelea promiscua sp. nov. a–e Conidiogenous cells giving

rise to conidia; a and b arrows indicate conidiogenesis taking

place; f Conidia; g Pure culture gown on MEA in the dark for

12 days. Scale: a–c, f = 10 lm; d–e = 20 lm
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ophiostomatalean fungi were obtained from four

species of wood-boring beetle, three species of

scolytine ambrosia beetle and one species of bos-

trichid beetle. Based on morphological characters and

DNA sequence data, two new species of ophiostom-

atalean fungi were described and one is reported from

the country for the first time. This study, like many

others investigating the ophiostomatalean fungi in

South Africa has led to the discovery and description

of new species, suggesting that there are more novel

species to be discovered. However, with very few

studies focussed on investigating the diversity of

ophiostomatalean fungi associated with ambrosia

beetles in South Africa, this appears to be a niche

that warrants further investigation.
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Kolařı́k M, Kirkendall LR (2010) Evidence for a new lineage of

primary ambrosia fungi in Geosmithia Pitt (Ascomycota:
Hypocreales). Fungal Biol 114:676–689. https://doi.org/
10.1016/j.funbio.2010.06.005

Kostovcik M, Bateman CC, Kolarik M, Stelinski LL, Jordal BH,

Hulcr J (2015) The ambrosia symbiosis is specific in some

species and promiscuous in others: evidence from com-

munity pyrosequencing. ISME J 9:126–138. https://doi.

org/10.1038/ismej.2014.115

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular

evolutionary genetics analysis version 7.0 for bigger

datasets. Mol Biol and Evol 33:1870–1874. https://doi.org/

10.1093/molbev/msw054

Li Y, Huang Y-T, Kasson MT, Macias AM, Skelton J, Carlson

PS, Yin M, Hulcr J (2018) Specific and promiscuous

ophiostomatalean fungi associated with Platypodinae
ambrosia beetles in the southeastern United States. Fungal

Ecol 35:42–50. https://doi.org/10.1016/j.funeco.2018.06.

006

Liebhold AM, MacDonald WL, Bergdahl D, Mastro VC (1995)

Invasion by exotic forest pests: a threat to forest ecosys-

tems. Forest Sci 41:a0001-z0001. https://doi.org/10.1093/

forestscience/41.s1.a0001
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Abstract

Xylosandrus crassiusculus (Motchulsky) is a native Asian ambrosia beetle that has been accidentally introduced to many 
countries of the world, presumably through the international movement of nursery, timber, and wood products. The species 
is known in various tropical African countries but only as far south as Tanzania on the African continent. In this study, 
we report X. crassiusculus and its fungal symbiont for the first time from South Africa. The species was identified using 
both morphological characters and COI sequence data. Xylosandrus crassiusculus were obtained from three different 
provinces of South Africa and represent two distinct haplotypes. The fungal symbiont, Ambrosiella roeperi, was isolated 
and identified using DNA sequencing and morphological characterization.

Key words: Ambrosiella roeperi, Ceratocystidaceae, invasive species, Xyleborini

Introduction

International trade in plant products has become a significant threat to sustainable agriculture and forestry because it 
facilitates the movement of exotic pest species (Colunga-Garcia et al. 2009; Wingfield et al. 2015; Fahrner & Auke-
ma 2018). Bark and ambrosia beetles (Curculionidae: Scolytinae) are amongst the most frequently intercepted pest 
species at ports-of-entry, where they are found in various wood products including shipping and packaging material, 
logs and lumber (Haack 2001, 2006; Brockerhoff et al. 2006; Meurisse et al. 2019). These beetles represent some 
of the most threatening pest species affecting native and plantation trees globally and their accidental dissemination 
is of great concern. Yet little research has been conducted on bark and ambrosia beetles in South Africa, subsequent 
to the last work of Karl Schedl in 1980 (Wood & Bright 1992). 

The granulate ambrosia beetle, Xylosandrus crassiusculus (Motchulsky) is one of the most globally widespread 
scolytine species (Landi et al. 2017). It is believed to be of Asian origin and has been introduced into many parts 
of Europe and the Americas (Pennachio et al. 2003; Fletchman et al. 2016; Gallego et al. 2017; Landi et al. 2017). 
Its highly polyphagous nature implies that it is a potential threat to both natural forest ecosystems and plantation 
forestry, although it is currently not considered a major pest in its native range (Pennachio et al. 2003; Gallego et 
al. 2017; EPPO 2020). 

Xylosandrus crassiusculus, like other ambrosia beetles, lives in association with a fungal symbiont. This as-
comycete fungus, Ambrosiella roeperi, serves as a source of nutrition to larvae and developing adult beetles (Har-
rington et al. 2014). The fungus resides in the Ceratocystidaceae (de Beer et al. 2014, Harrington et al. 2014) that 
accommodates tree pathogens and common agents of sap stain, frequently transmitted by scolytine and nitidulid 
(Coleoptera: Cucujoidea) beetles (Juzwik & French 1983; Heath et al. 2009; de Beer et al. 2014; Mayers et al. 2015, 
2020; Wingfield et al. 2017). 

The recent discovery of the destructive polyphagous shot hole borer (PSHB), Euwallacea fornicatus (Eichhoff), 
in South Africa has led to a renewed interest in bark and ambrosia beetles (Paap et al. 2018). Concern regarding 
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the PSHB has resulted in many samples of scolytine-infested wood being examined, including avocado (Persea 
americana) and macadamia (Macadamia integrifolia x M. tetraphylla) logs, but much of the material was infested 
with species other than PSHB. Here we present the first record of X. crassiusculus in South Africa with information 
on its fungal symbiont. 

Materials and methods

Beetle specimens 
Insect-infested wood samples submitted by members of the public were placed in emergence chambers and the 
emerging beetles were collected. From this material, an unidentified species of Xyleborini was collected that was 
also found during field collections carried out at two locations in Tzaneen, Limpopo Province (23° 42’ 29.491” S, 
30° 5’ 57.638” E & 23° 44’ 29.491” S, 30° 11’ 15.417” E) using a Bambara beetle trap (Hulcr & McCoy 2015) dur-
ing the summer of 2018/2019. All beetle specimens were maintained in 96% ethanol in the Scolytinae collection of 
the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa until study. 

Fungal isolations
Fungal isolates were obtained from two living beetles collected from one of the sites in Tzaneen, Limpopo Province 
(23° 42’ 29.491” S, 30 5’ 57.638” E) using a modified Bambara beetle trap. The trap contained a wire mesh insert 
(gap size of 0.5 mm) between the entrance and collection zone, preventing the insects from coming into contact with 
the ethanol lure. The beetles were allowed to walk over the surface of Malt Extract Agar plates (MEA: 2% Biolab 
malt extract and 2% Difco agar) amended with streptomycin (400 mg/L, Sigma-Aldrich, Missouri, United States) in 
65 mm Petri dishes. The plates were incubated at ambient temperature and frequently inspected for fungal growth. 

Once fungal growth was observed, isolates were purified by transferring hyphal tips to new MEA plates. Three 
isolates with culture morphologies resembling an Ambrosiella sp. were obtained and used for further morphological 
and DNA sequence-based characterization. Representative pure cultures of the fungus are maintained in the culture 
collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South 
Africa (Table 1).

TAble 1. Fungal isolatesvobtained in this study and GenBank accession numbers of ITS sequences used in phylogenetic 
analysis

Species Collection number Country Accession
Ambrosiella roeperi WN2019-09-94 South Africa MT230429

CMW 55799 South Africa MT230430
CMW 55800 South Africa MT230431

B242U4 Taiwan LC175300
B241U7 Taiwan LC175299
B239U1 Taiwan LC175297

CBS135864 USA NR_154684
JH12076 USA MK118927

Ambrosiella catenulata M257 Taiwan KR611325
Ambrosiella grosmanniae CBS137359 USA NR_154702
Ambrosiella batrae CBS139735 USA NR_154700
Ambrosiella hartigii C1573 Germany KF669873
Ambrosiella xylebori CBS110.61 Cote d’Ivoire NR_144921
Ambrosiella remansi M290 Madagascar KX342068
Ambrosiella nakashimae CBS139739 USA NR_154701
Ambrosiella beaveri CBS121750 USA NR_154685
Meredithiella norrisii CBS139737 USA NR_154183
Catunica adiposa CBS138.34 Netherlands MH855471

CBS136.34 Japan MH855470
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Morphological observations
Beetle specimens were examined using an automated Zeiss Discovery V12 stereomicroscope (Zeiss, Oberkocken, 
Germany) with an affixed Zeiss Axiocam IcC 5 camera. The ventral, lateral and dorsal aspects of specimens were 
examined up to 100X magnification. Focus-stacked photographs were produced using Helicon Focus v. 5 (Helicon-
Soft, Kharkiv, Ukraine) with up to 30 different images. Specimens were identified to genus level using the taxo-
nomic key from Faccoli (2008) and to species using the key from Dole & Cognato (2010).

Fungal isolates were examined using a Nikon Eclipse Ni compound microscope with an affixed Nikon Ds-Ri2 
camera (Nikon, Tokyo, Japan). Fungal structures were removed from actively growing culture plates and mounted 
in 80% lactic acid solution and examined using bright field and differential interference contrast microscopy. Pho-
tographs and measurements were taken using the software Nikon RIS Elements.

DNA sequence-based identification of beetle specimens
Based on initial morphological examination, representative beetle specimens from different localities and hosts 
were selected for DNA sequencing and molecular characterization. DNA was extracted using the Macherey-Nagel 
NucleoSpin Tissue kit (Macherey-Nagel, Dueren, Germany) from the heads of individual beetles, which had been 
removed using a sterilized scalpel. One of the beetles from which a fungal isolate had been obtained was treated in 
a similar manner to confirm its morphological identification. Extraction of DNA was carried out following the man-
ufacturer’s suggested protocols, except for the final elution volume that was reduced to 60 µl. PCR amplification of 
the mitochondrial cytochrome oxidase 1 (COI) region was done for all specimens using the primers LCO1490 and 
HCO2198 (Folmer et al. 1994). 

Due to the limited sequence availability for bark and ambrosia beetles currently available in public repositories, 
two specimens were selected for sequencing of additional gene regions. For these specimens, PCR amplification 
of the nuclear ribosomal 28S and CAD regions was carried out using the primer pairs 3665 and 4068 (Belshaw & 
Quicke 1997; Cognato 2013) and apCADforB2 and apCADrevlmod (Danforth et al. 2006), respectively. All PCR 
reactions were carried out as described by Cognato (2013) in 25 µL reaction volumes. 

PCR products were cleaned using ExoSAP-IT PCR Product Clean-up Reagent (ThermoFisher Scientific, Mas-
sachusetts, United States). Sequencing reactions were carried out for both the forward and reverse primers using the 
BigDye Terminator 3.1 Cycle Sequencing protocol (Applied Biosystems, California, United States) at an annealing 
temperature of 55°C. Products were purified using the sodium acetate and ethanol precipitation method and submit-
ted to the DNA sanger sequencing facility based at the University of Pretoria for analyses on an ABI PRISM3500 
Genetic Analyzer (Applied Biosystems, California, United States). Sequence Scanner v 1.0 (https://sequence-scan-
ner-software.software.informer.com/) was used to assess the quality of the sequence data and for editing. Sequences 
were deposited in NCBI GenBank (www.ncbi.nlm.nih.gov/Genbank) and the accession numbers are provided in 
Table 2. 

The consensus COI sequences were used in BLASTN searches against the non-redundant nucleotide sequence 
database available in NCBI GenBank for putative identification of species. Based on these identifications and data 
availability, a dataset was prepared using reference sequences from Landi et al. (2017) (Table 3). The dataset was 
prepared using MEGA v. 6.06 (Tamura et al. 2013) and alignments were done using the online version of MAFFT 
v. 7 (Katoh & Standley 2013). Maximum likelihood analyses were performed using the software raxmlGUI v. 2 
(Silvestro & Michalak 2012; Elder et al. 2019) with the General Time Reversible + GAMMA (GTR+G) nucleotide 
substitution model and 1000 bootstrap replicates. 

TAble 2. Xylosandrus crassiusculus specimens used in phylogenetic analysis
Specimen number Country locality Host Accession

COI 28S CAD
F131 South Africa Northern Cape Avocado MT230103
F002 South Africa Limpopo Avocado MT230099
F178 South Africa Kwazulu-Natal Macadamia MT230102 MT229960 MT239349
F102 South Africa Unknown Macadamia MT230100
XC3 South Africa Limpopo Ethanol trap MT230104
WNB0060 South Africa Limpopo Ethanol trap MT230101 MT229959 MT239348
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TAble 3. Reference sequences used in phylogenetic analysis
Species Specimen number Country locality Accession
Xylosandrus 
crassiusculus

Xyocra07 USA Maryland GU808710
Xyocra08 USA North Carolina GU808711
Xyocra01 Madagascar Montagne 

d’Akirindro
GU808708

Xyocra02 Thailand Chiangmai GU808709
(SYC)2079-14 French Polynesia Tahiti SYC2079-14*

(BMNH)1043087 Panama GBMNA9640-19*
R2AC91 Malaysia Selangor MBIO132-13*

(BIOUG23741-)H07 Bangladesh Chittagong GMBCG253-15*
(BIOUG28065-)A02 Costa Rica Guanacaste GMABV258-16*

LL6 Argentina GBMIN51869-17*
(BC-PNEF-PSFOR)0863 France Cote d’Azur PSFOR1233-17*

(SC)08506 French Polynesia Tahiti KX055197
(SC)03268 French Polynesia Moorea KX055198

Sax310 Japan Okinawa MN620077
Sax180 Vietnam Dong Nai MN620073
Sax351 Vietnam Ninh Bing MN620078
Sax29 Vietnam Cao Bang MN620070
Sax245 China Hong Kong MN620075
Sax179 Vietnam Thua Thien-Hue MN620072
Sax230 Taiwan MN620074
Sax104 India Dehra Dun MN620071
Sax281 China Shanghai MN620076

(BIOUG26285-)B04 Canada Ontario MF637141
(BIOUG:10BBCOL-)0245 USA HQ983950
(BIOUG:10BBCOL-)0244 USA HQ983949
(BIOUG:10BBCOL-)0243 USA HQ983948

Cnestus ater Xyoate Borneo Danum Valley GU808705
C. improcerus Xyoimp Borneo Danum Valley GU808715
X. morigerus Xyomor01 Papua New Guinea GU808717

*Sequences were obtained from the BOLD database
()Parts of specimen names omitted from phylogenetic tree

DNA sequence-based identification of fungal isolates
DNA was extracted from freeze dried mycelium of the three fungal isolates obtained using the extraction method 
described in de Beer et al. (2014). PCR amplification was carried out for the internal transcribed spacer region (ITS) 
using the primer pair ITS1F (Gardes & Bruns 1993) and ITS4 (White et al. 1990). PCR reactions were carried out 
as described by Duong et al. (2012) in 25 µL reaction volumes and an annealing temperature of 55°C. PCR prod-
ucts were cleaned using ExoSAP-IT PCR Product Clean-up Reagent and sequencing PCR reactions, precipitation 
and quality assessment was carried out as described above for the beetle specimens. The generated sequences were 
deposited in NCBI GenBank with the accession numbers provided in Table 1. 

The ITS consensus sequences were used in BLASTN searches against the non-redundant nucleotide sequence 
database available in NCBI GenBank for putative identification of species. Based on these identifications, a dataset 
(Table 1) was prepared using reference sequences from Mayers et al. (2020). This dataset was prepared and anal-
ysed using the same method described for the beetle specimens. 
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Results

Identification of beetles
The COI sequences generated for the beetles led to their tentative identification as a species of Xylosandrus Reitter 
and were very similar to those of X. crassiusculus available in NCBI GenBank. Maximum likelihood phylogenetic 
analyses (Fig. 1A) grouped the specimens from Kwazulu-Natal and the Northern Cape of South Africa with a di-
verse group of specimens from geographically distant locations including Panama, Thailand, and Madagascar. The 
remaining specimens from Limpopo grouped with specimens from Argentina, France, and the United States.

The morphological characteristics of the beetle specimens (Fig. 1B) matched those of X. crassiusculus (Dole & 
Cognato 2010). The COI sequence generated for beetle specimen XC3 from which two of the three fungal isolates 
were obtained, matched those of the sequences for other X. crassiusculus specimens from Limpopo.

FIguRe 1. Phylogenetic and morphological identification of Xylosandrus crassiusculus. A Phylogram produced from maxi-
mum likelihood analysis using RAxML for the COI region of specimens of X. crassiusculus. Specimens sequenced in this study 
are highlighted in bold. Nodes with bootstrap support higher than 75 are indicated. b Lateral and dorsal view of a X. crassius-
culus female. Scale bars: 2 mm.

Identification of fungal isolates 
Three isolates resembling a species of Ambrosiella were obtained from two living specimens of X. crassiusculus. 
The generated ITS sequences for these isolates were identical to several isolates of A. roeperi from Taiwan and dif-
fered from the ex-holotype isolate from the USA by only one base-pair. Maximum likelihood phylogenetic analysis 
(Fig. 2A) including five isolates of A. roeperi and other representative Ambrosiella spp., as well as three outgroup 
Ceratocystidaceae species, grouped the isolates from South Africa together with other A. roeperi isolates. All iso-
lates in this study representing A. roeperi grouped closely in a distinct clade separated from other Ambrosiella spe-
cies. Morphological characteristics of the isolates (Fig. 2B) matched those known for A. roeperi (Harrington et al. 
2014).
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FIguRe 2. Phylogenetic and morphological identification of Ambrosiella roeperi. A Phylogram produced from maximum 
likelihood analysis using RAxML for the ITS region of isolates of A. roeperi. Isolates obtained and sequenced in this study are 
highlighted in bold. Nodes with bootstrap support higher than 75 are indicated. b Culture morphology of a two-week-old isolate 
grown on MEA (top left) and microscopic characters of A. roeperi. Scale bars: 50µm.

Discussion

Detection of the polyphagous shot hole borer (Paap et al. 2018) in South Africa has heightened research interest in 
bark and ambrosia beetles and resulted in many scolytine-infested wood samples being collected and submitted for 
identification. This study, employing both morphological characters and DNA sequence data led to the identification 
of X. crassiusculus, which is here recorded in South Africa for the first time. Likewise, we were able to isolate and 
identify the fungal symbiont of the collected X. crassiusculus specimens as A. roeperi. 

Maximum likelihood phylogenetic analysis of the COI region suggested that two haplotypes of X. crassiusculus 
are present in South Africa. Sequence data for the ribosomal 28S and CAD regions also supported this conclusion. 
However, the paucity in DNA sequence data (Landi et al. 2018) and high variation seen in the COI gene of xyle-
borine ambrosia beetles (Cognato et al. 2020) precluded us from determining whether these haplotypes arrived in 
South Africa due to two independent introduction events or whether they could have spread south from an unknown 
introduction location elsewhere on the African continent. 

Xylosandrus crassiusculus and its fungal symbiont could pose a threat to some tree species in its introduced 
range including South Africa. This has for example been seen for the carob tree (Ceratonia siliqua) in parts of Eu-
rope (Gallego et al. 2017). It is also relevant to recognise that, once established in a region, ambrosia beetles such 
as X. crassiusculus are difficult to control (Ranger et al. 2016). This relates not only to their ability to spread rapidly 
but also due, in some cases such as X. crassiusculus, to them being haplo-diploid, enabling a single introduced 
female to start an invasion (Jordal et al. 2000), and their polyphagous nature, allowing them to survive in a large 
variety different hosts (Kirkendall & Faccoli 2010). These facts are particularly relevant in South Africa, where X. 
crassiusculus is already widespread and has now been found infesting avocado and macadamia trees, both impor-
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tant to local agriculture. However, it must be noted that both tree species were stressed at the time of infestation due 
to environmental factors, so the effect that X. crassiusculus might have on these industries remains unclear.

Conclusions

The south Asian ambrosia beetle X. crassiusculus is a successful invasive species that has been accidentally intro-
duced into many tropical and subtropical regions of the world. These include 15 countries of sub-Saharan Africa 
stretching from Mauritania in the north to the islands of Mauritius and Madagascar in the south (Wood & Bright 
1992; Dole & Cognato 2010; EPPO 2020). Xylosandrus crassiusculus has been present on mainland Africa for 
many years but the present study represents the first record of both the insect and its fungal symbiont A. roeperi in 
South Africa. Its presence infesting important agronomic tree crops such as macadamia and avocado suggests that 
it requires further study.
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1. Abstract 

The Ophiostomatales (Ascomycota) accommodates more than 300 species characterized by similar 

morphological adaptations to arthropod dispersal. Most species in this order are wood-inhabiting fungi 

associated with bark or ambrosia beetles. However, a smaller group of species occur in other niches 

such as in soil and Protea infructescences. Recent surveys of Termitomyces fungus gardens (fungus 

combs) of fungus-growing termites led to the discovery of characteristic ophiostomatalean-like fruiting 

structures. In this study, these ophiostomatalean-like fungi were identified using morphological 

characteristics, conventional molecular markers and whole genome sequencing. In addition, the 

influence of the extracts derived from various parts of Termitomyces combs on the growth of these fungi 

in culture was considered. Based on phylogenomic analyses, two new genera (Intubia and 

Chrysosphaeria) were introduced to accommodate these Ophiostomatalean species. Phylogenetic 

analyses revealed that the isolates resided in three well-supported lineages, and these were described as 

three new species (Intubia macrotermitinarum, I. oerlemansii and Chrysosphaeria jan-nelii). Culture-

based studies showed that these species do not depend on the Termitomyces comb material for growth. 

2. Key Words 

Fungus growing termites, Insect associated fungi, Termitomyces, Ophiostomataceae, 3 new species, 2 

new genera 
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3. Introduction 

The Ophiostomatales was first described in the late 1900’s to accommodate the single family, 

Ophiostomataceae, which at the time included Ceratocystis, Ceratocystiopsis, Ophiostoma, and 

Sphaeronaemella (Benny & Kimbrough 1980). These genera share morphologically similar ascomata 

and ascospores that are adapted to arthropod dispersal (Malloch & Blackwell 1993). However, early 

DNA based phylogenetic studies showed that species of Ophiostoma and Ceratocystis are not closely 

related and reside in two different orders (Ophiostomatales and Microascales) of the Sordariomycetes 

(Hausner et al. 1993; De Beer et al. 2013a). Subsequently, numerous phylogenetic studies of the 

Ophiostomatales have been done; each including larger numbers of taxa and additional gene regions to 

address various questions surrounding the taxonomy and generic placement of many species (Spatafora 

& Blackwell 1994; Jacobs et al. 2001; Zipfel et al. 2006; Massoumi Alamouti et al. 2009; De Beer et 

al. 2016a).  

De Beer & Wingfield (2013) provided an extensive review of the Ophiostomatales based on the “one 

fungus one name” principles (Hawksworth et al. 2011). Their phylogenetic analyses, including all 

published Ophiostomatales sequences in NCBI GenBank at the time, recognized six genera. However, 

the authors concluded that sequences for a greater number of gene regions and species were needed to 

resolve the generic boundaries of some lineages. Based on various revisions, the order now 

accommodates 12 genera including Afroraffaelea, Aureovirgo, Ceratocystiopsis, Estyea, 

Fragosphaeria, Graphilbum, Grosmannia sensu latu (s.l.), Hawksworthiomyces, Leptographium s.l., 

Ophiostoma s.l., Sporothrix, and Raffaelea (De Beer et al. 2016a; De Beer et al. 2016b; Bateman et al. 

2017).  

Most of the genera in the Ophiostomatales, especially Ophiostoma s.l., Leptographium s.l., 

Ceratocystiopsis, Grosmannia and Graphilbum, include species that are commonly associated with 

Scolytine bark beetles or their galleries (Six 2012; De Beer & Wingfield 2013; Kirisits 2013). However, 

in addition to these bark beetle associates, four other ecologically distinct groups have been identified. 

Two of these are species of Raffaelea and Afroraffaelea (De Beer et al. 2013a; Bateman et al. 2017), 

which are symbionts of ambrosia beetles where they are cultivated within the beetle galleries as a food 
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source (Harrington et al. 2010; Six 2012). Another group of species reside in Sporothrix (De Beer et al. 

2016a), which are associated with mites, soil, Protea infructescences and a few species that are 

opportunistic human and animal pathogens (De Lima Barros et al. 2004; De Meyer et al; 2008; Roets 

et al. 2010; Hofstetter et al. 2013). A fourth ecologically distinct group accommodates species of 

Hawksworthiomyces, which appear to have the characteristic ability to break down the constituents that 

make up wood (De Meyer et al. 2008; De Beer et al. 2016b). 

Ascocarps resembling ophiostomatalean fungi were observed on Macrotermes natalensis Termitomyces 

fungus combs in previous studies and fungal cultures were successfully isolated from this material. The 

aims of this study were (1) to identify these ophiostomatalean-like fungi based on conventional 

molecular markers, whole genome sequencing and morphological characteristics and (2) to consider if 

extracts of Termitomyces combs have an effect on their growth and development. 

4. Materials and methods 

4.1. Fungal isolations 

Termitomyces combs were incubated in the absence of termites for up to two months, during which they 

were inspected multiple times for ophiostomatalean-like fruiting bodies. When observed, single spore 

drops were lifted from the tips of fruiting bodies using sterilized fine-tipped tweezers (Dumont®, 

Montignez, Switzerland) and transferred onto malt extract agar (MEA) plates containing streptomycin 

and cycloheximide (2 % malt extract and 2 % Difco® agar, Biolab, Midrand, South Africa, 0.04 % 

streptomycin and 0.05 % cycloheximide, Sigma-Aldrich, Kempton Park, South Africa). The plates were 

incubated for 7–10 d at ambient temperature (~20°C) until fungal colonies were visible. The colonies 

were then inspected and those with ophiostomatalean-like morphology were sub-cultured by 

transferring hyphal tips from the edge of an actively growing colony to a new MEA plate. The sub-

culturing was repeated until pure cultures were obtained. Pure cultures were maintained on MEA, and 

representatives were submitted to the culture collection (CMW) of the Forestry and Agricultural 

Biotechnology Institute (FABI), University of Pretoria, South Africa and the Westerdijk Fungal 

Biodiversity Institute (CBS-KNAW), Utrecht, The Netherlands (Table 1; Supplementary table 1).  
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4.2. DNA extraction, PCR, and sequencing 

DNA was extracted for all isolates following the protocol described by De Beer et al. (2014). The DNA 

solutions were used as template for PCR and the remainder were stored at -20°C. 

Three gene regions were chosen for amplification, sequencing, and phylogenetic analyses. The 28S 

ribosomal large subunit (LSU) region was amplified using the primers LR0R and LR5 (Vilgalys & 

Hester 1990), the ITS1-5.8S-ITS2 region (ITS) was amplified using the primers ITS1F (Gardes & Bruns 

1993) and ITS4 (White et al. 1990), and the partial beta-tubulin (β-tubulin) gene region was amplified 

using primers T10 (O'Donnell & Cigelnik 1997) and Bt2b (Glass & Donaldson 1995). PCR reactions 

were carried out as described by Duong et al. (2012) in a 25 µL reaction volume and the annealing 

temperature was 55°C.  

PCR products were treated before sequencing using the ExoSAP-IT™ PCR Product Cleanup Reagent 

(ThermoFisher Scientific, Waltham, Massachusetts) following the manufacturer’s protocols. 

Sequencing PCR reactions were performed for both forward and reverse primers as used in PCR. The 

samples were prepared for sequencing per the BIGDYE® TERMINATOR 3.1 Cycle sequencing protocol 

(ThermoFisher Scientific) using an annealing temperature of 55°C. Products were purified using 

sodium acetate and ethanol precipitation and submitted for sequencing on an ABI PRISM®3100 Genetic 

Analyzer (Applied Biosystems, Foster City, California). 

4.3. Phylogenetic analyses 

Consensus sequences were used for BLAST searches against the NCBI GenBank non-redundant 

nucleotide sequence database to identify primary taxonomic grouping of the isolates. Based on these 

groupings, a total of three datasets were prepared for phylogenetic analyses (one LSU, one ITS and one 

β-tubulin). Reference sequences for these datasets were selected based on the phylogenies of De Beer 

& Wingfield (2013), De Beer et al. (2016 a & b) and downloaded from NCBI GenBank (Treebase 

Project no: 28436). For the analyses of the β-tubulin dataset, the intron and exon regions were 

determined for the different isolates based on the β-tubulin gene map compiled by Yin et al. (2015). 
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Each dataset was analysed separately due to uneven sequence availability among the different datasets. 

Alignments were done using the online version of MAFFT 7 (Katoh & Standley 2013) using default 

settings. The datasets were treated with GBLOCKS 0.91b (Castresana 2000) using the less stringent 

options to eliminate poorly aligned positions before phylogenetic analysis. Maximum parsimony 

analyses were performed using MEGA 6.06 (Tamura et al. 2013). Phylogenies were generated using 

Subtree-Pruning-Regrafting algorithm starting with 10 random initial trees. Alignment gaps and 

missing data were included. Node confidence levels were tested using 1000 bootstrap replicates. 

Maximum likelihood analyses were performed using the software RAXMLGUI 2 (Silvestro & Michalak 

2012, Elder et al. 2019). Phylogenies were generated following the GENERAL TIME REVERSIBLE + 

GAMMA (GTR+G) nucleotide substitution model. Ten parallel runs each with 1000 thorough bootstrap 

replicates were conducted. Bayesian inference analyses were performed using MRBAYES 3.2.5 

(Ronquist & Huelsenbeck 2003). Phylogenies were generated following the MARKOV CHAIN MONTE 

CARLO (MCMC) method using the GTR+G model. Ten parallel runs, each with four independent MCMC 

chains were conducted. Trees were sampled every 100th generation for 5 million generations. Estimated 

sample size (ESS) and potential scale reduction factor (PSRF) values were used to confirm proper 

sampling and run convergence had been achieved. Trees sampled during the burn-in phase (25 % of 

trees sampled) were discarded and posterior probabilities were calculated from the remaining trees. 

4.4. Genome sequencing 

Due to incongruence between phylogenetic analyses of different gene regions and the unique ecology 

of the isolates obtained from Termitomyces combs, we explored the use of phylogenomic methods to 

clarify the placement of these species within the Ophiostomataceae. To this end, the genomes of two 

isolates (CMW 47056 and CMW 47058) each representing a newly identified major lineage (referred 

to as lineage B and A respectively in the analyses) were sequenced and assembled. Single-conidial 

isolates of cultures CMW 47056 and CMW 47058 were grown in McCartney bottles containing 10 mL 

malt yeast broth (YM: 2 % malt extract, 0.5 % yeast extract, Biolab, Midrand, South Africa). The 

mycelium was collected by centrifugation in 2 mL Eppendorf tubes and freeze dried. Genomic DNA 

was extracted from freeze-dried mycelium using the salt-based extraction method described by Duong 
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et al. (2013). A TruSeq PCR-Free paired-end library (550 bp average insert sizes) was prepared for each 

isolate and sequenced using the Illumina HiSeq2500 Platform (Macrogen Inc, Seoul, Korea) to obtain 

251 bp paired-end reads. Quality and adapter trimming of pair-end reads was carried out using 

TRIMMOMATIC 0.36 (Bolger et al. 2014). De novo assembly of the genomes were carried out using 

SPADES 3.9 (Bankevich et al. 2012), followed by scaffolding using SSPACE-STANDARD 3.0 (Boetzer et 

al. 2011). Assembly gaps were filled or extended using GAPFILLER 1.10 (Boetzer & Pirovano 2012). 

The completeness of each assembly was assessed using the BENCHMARKING UNIVERSAL SINGLE-COPY 

ORTHOLOGS (BUSCO) 4.0.5 tool against the Fungi dataset (Seppey et al. 2019).  

4.5. Taxon sampling and phylogenomic analyses 

To improve our understanding on the phylogenetic placement of the putative new species originating 

from Termitomyces combs, we performed phylogenomic analyses using both supermatrix and supertree 

approaches on protein sequence data. Along with the two newly generated genome sequences, we 

included genome data for 32 species, representing 10 currently recognized genera in the 

Ophiostomatales and four outgroup taxa. All additional genomes utilized in this study were downloaded 

from the JGI fungal genome portal MycoCosm (http://jgi.doe.gov/fungi) and NCBI GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/) (Table 2). 

All 34 genomes were assessed using BUSCO 4.0.5 tool against the Sordariomycota dataset (Seppey et 

al. 2019). Common single-copy BUSCO genes shared across all 34 genomes were identified and their 

amino acid sequences were extracted from the BUSCO run results. Individual gene datasets were 

compiled for each of the BUSCO genes and aligned with MAFFT 7.407 using the --auto option (Katoh & 

Standley 2013). After alignment, resulting datasets were trimmed using TRIMAL 1.4 using the -

automated1 option (Capella-Gutiérrez et al. 2009). Datasets shorter than 100 amino acids after trimming 

were excluded from further analysis. Permutation Tail Probability (PTP) tests were conducted to 

identify datasets with no phylogenetic signal and those that resulted in a P-value > 0.01 were excluded 

from further analyses. 

 

88
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

http://jgi.doe.gov/fungi
https://www.ncbi.nlm.nih.gov/genbank/


 

4.5.1. Supermatrix analyses 

Datasets retained after filtering were concatenated into a single supermatrix using FASCONCAT 1.04 

(Kück & Meusemann 2010). PARTITIONFINDER 2.1.1 was used to identify best partition scheme for the 

concatenated dataset (Lanfear et al. 2017). Maximum likelihood (ML) analysis was performed on the 

supermatrix using RAXML with 20 random ML searches followed by 100 rapid bootstrap replications 

under the PROTGAMMAJTT model and the partition scheme was specified according to the 

PARTITIONFINDER results (Stamatakis & Alachiotis 2010). 

4.5.2. Supertree analyses 

Since phylogenetic reconstruction using the concatenation approach can introduce bias due to genes 

with strong phylogenetic signal (Shen et al. 2017), two supermatrix approaches, namely ASTRAL 

(Mirarab et al. 2014) and STAG (Emms et al. 2018), were also used in the phylogenomic analyses. 

ASTRAL identifies quartet topologies from input gene trees and searches for the consensus tree that has 

the maximum number of quartet topologies (Mirarab et al. 2014). STAG uses a standard “greedy” 

consensus method to construct a concensus tree, using distance-based trees that were derived from the 

input gene trees (Emms et al. 2018). Individual gene trees were generated for all BUSCO datasets using 

IQ-TREE 2 (Minh et al. 2020) with 1000 ultrafast bootstraps and an optimal amino acid substitution 

model that was automatically determined (Hoang et al. 2018). The trees obtained from IQ-TREE were 

used directly as input trees for STAG analysis. For ASTRAL analysis, branches in gene trees with less 

than 30 % bootstrap support were collapsed before they were used for species tree construction. To 

compare the different phylogenomic trees obtained using the three approaches, tree certainty values 

were calculated with RAXML using the individual ML trees as input trees (Salichos & Rokas 2013). To 

estimate support for nodes in the species trees obtained using the three approaches, gene and site 

concordance factors were calculated in IQ-TREE 2 using the gene trees and the supermatrix respectively. 
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4.6. Species descriptions 

4.6.1. Morphology 

Ascomata were removed from sections of Termitomyces combs by soaking the material in 10 % KOH 

solution. The recovered ascomata were mounted on glass slides in 80 % lactic acid. To observe asexual 

structures for the various isolates, cultures were grown directly on the microscope slide using blocks of 

MEA. Cultures were maintained for up to 3 days at ambient room temperature before the agar blocks 

were removed, 80 % lactic acid was added to the structures left on the slide and then covered with a 

cover slip. Morphological observations were made using a Zeiss AxioScop2 microscope with a Zeiss 

Axiocam ICc5 camera attached (Carl Zeiss, Oberkochen, Germany). Measurements were taken for 

ascospores, conidia, conidiophores, conidiogenous cells, the ascomatal neck width (base and tip) and 

length, as well as some additional characteristics when present. Values were determined from 

measurements of 50 or more structures. 

4.6.1. Growth study 

 A growth study was conducted to determine optimal growth conditions for the different lineages. Two 

isolates from each lineage were selected for the experiment. Agar plugs of 5 mm in diameter were 

excised from the actively growing edge of a 10 d old culture and placed mycelium side down onto the 

centre of a 90 mm MEA plate. Plates were incubated in the dark at a temperature range from 5–35°C at 

5°C intervals. Colony diameter was measured daily for 10 d or until the mycelium reached the edge of 

the plates. Five replications were prepared for each of the isolates at each temperature treatment. 

4.7. Growth on Termitomyces associated media 

Selected isolates (Table 1) representing all taxa isolated from Termitomyces combs were grown on 

different media derived from the Termitomyces combs to determine whether compounds present in the 

material enhances their growth and/or sporulation. 
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4.7.1. Fungus comb enriched medium (FCE) 

Dried Termitomyces comb was ground to a fine powder using a mortar and pestle. Ten grams (g) of the 

ground powder was suspended in 250 mL autoclaved distilled water. The bottle was placed on a rotary 

shaker for 6 h before the liquid was collected in 50 mL falcon tubes and centrifuged for 10 min at 8500 

rpm. The supernatant was collected and sterilized using a 0.2 µm syringe filter. The filtration step was 

repeated once to ensure that the filtrate was free from microbial contaminants. A total of 150 mL of the 

filter-sterilized extract was added to 850 mL autoclaved MEA kept at 50°C to make up 1 L medium and 

immediately poured into Petri plates. 

4.7.2. Termitomyces extract medium (TE) 

Termitomyces sp. (LSU Accession: MT835246; ITS Accession: MT845206) cultures were grown in 

McCartney bottles containing 10 mL MY broth. Cultures were incubated for 2–3 wk after which the 

culture broth was collected by centrifugation at 8500 rpm for 10 min and sterilized using a 0.2 μm 

syringe filter. The filtration step was repeated once to ensure that the filtrate was free from microbial 

contaminants. A total of 150 mL of the broth was added to 850 mL autoclaved MEA kept at 50°C to 

make up 1 L medium and immediately poured into Petri dishes.  

4.7.3. Termitomyces mycelium medium (TM):  

The Termitomyces mycelium collected from the previous step was freeze-dried. A total of 10 g of 

freeze-dried mycelium was collected and added to 1 L MEA and macerated into the molten medium 

using a kitchen stick blender. After maceration, the mixture was autoclaved for 20 min at 121°C to 

sterilize before dispensing into Petri dishes.  

Two isolates of each of the three putative new species identified in the phylogenetic analyses (Table 1) 

were selected to be grown on the various media mentioned above, as well as MEA as a control. Agar 

plugs (5 mm diameter) were excised from the edges of actively growing cultures and transferred to the 

centres of 60 mm Petri dishes containing the different media. Three replicates plates were prepared for 

each isolate on each of the four media. The plates were incubated at 25°C and colony measurements 
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were taken every day for 10 d or until isolates covered the entire plate surface. Incubation was continued 

for an extended period (up to two months) to observe cultures for the formation of sexual structures or 

changes in growth characteristics. 

4.8. Statistical analyses 

To determine if the different media had a significant effect on the growth of the isolates, statistical 

analyses were performed on the colony growth measurements taken on day eight of the growth trial 

using R (R Core Team, 2017; https://www.R-project.org/). Initial analyses consisted of Shapiro-Wilk 

and Levene tests to determine normal distribution and homogeneity of variance of the collected data. 

As the data were not normally distributed or homogeneous, an attempt was made to adjust the data 

using various methods including square root, cube root, log and Tukey’s ladder of power 

transformations and the removal of outliers. Despite these attempts, the data could not be transformed 

and therefore the Kruskal-Wallis rank sum test (Kruskal & Wallis 1952) and ad-hoc Dunn multiple 

comparisons test (Dunn 1964) were conducted because they do not require normal distribution or 

homogeneity of the data.  

5. Results 

5.1. Fungal isolation and preliminary identification 

Isolations from ascomata on the Termitomyces combs yielded 49 isolates (Table 1). The LSU, ITS and 

β-tubulin regions were sequenced, and representatives were selected for inclusion in preliminary 

phylogenetic analyses. Single locus analysis of the LSU dataset (Supplementary Figure 1) separated 

the isolates obtained from the Termitomyces combs in two distinct clades (lineage A and B), separate 

from other species in the Ophiostomataceae. A representative isolate from each of these clades was 

selected for whole genome sequencing and inclusion in phylogenomic analyses.  

5.2. Genome sequencing 

Illumina sequencing of two isolates, one from lineage A (CMW 47058 – SAMN18275857) and one 

from lineage B2 (CMW 47056 – SAMN18275856), yielded 20 906 584 and 13 902 124 paired-end 
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reads respectively. Genome assembly using the Illumina data of isolate CMW 47056 (B) yielded an 

assembly of 874 scaffolds (500 bp in size), an N50 of 55.22 Kb and a genome size of approximately 

26.3 Mb, which is within the size range known for other species of Ophiostomataceae (19.5 Mb 

Ceratocystiopsis brevicormi (Vanderpool et al. 2018) – 43.8 Mb Hawksworthiomyces lignivorus 

(Wingfield et al. 2017)). Genome assembly using the Illumina data of isolate CMW 47058 (A) yielded 

an assembly of 398 scaffolds (≥500 bp in size), an N50 of 139.18 Kb and a genome size of 

approximately 16 Mb, which is the smallest genome sequenced thus far for any species in the 

Ophiostomataceae. BUSCO assessment using the fungi dataset showed the genome assemblies to be 

mostly complete, with the assembly of isolate CMW 47056 (B) being 98.4 % and the assembly of 

isolate CMW 47058 (A) being 90.1 % complete. 

5.3. Phylogenomic analyses 

To clarify the placement of lineages A and B within the Ophiostomataceae, phylogenomic analyses 

were performed using whole genome sequence data from 34 species, 30 of which were species in the 

Ophiostomatales and four outgroup taxa. A total of 1879 shared single copy BUSCO genes were 

identified in the genomes of all 34 investigated taxa. Ten of these were found to be shorter than 100 

amino acids after aligning and trimming and thus were removed from further analyses. The Permutation 

Tail Probability (PTP) test then identified four additional alignments that had no phylogenetic signal 

with a P-value > 0.01, and these were also removed from further analyses. Phylogenies obtained from 

supermatrix (RAXML) and supertree (ASTRAL and STAG) approaches differed in the placement of isolates 

CMW47056 (B) and CMW 47058 (A) representing two of the lineages identified from termite fungus 

combs within the larger Ophiostomataceae (Figure 1). Based on maximum likelihood scores, the 

phylogeny obtained from RAXML analysis scored as the best of the phylogenies obtained, whereas tree 

certainty measures indicated that the phylogeny obtained from STAG analysis had the highest level of 

certainty. The RAXML phylogeny grouped isolates CMW47056 (B) and CMW 47058 (A) as sister taxa 

and both formed a sister clade to Ophiostoma. The STAG phylogeny had a similar grouping of isolates 

CMW47056 (B) and CMW 47058 (A), but together they formed a sister clade to both Ophiostoma and 

Sporothrix. The ASTRAL phylogeny grouped CMW47056 (B) as a sister taxon to Ophiostoma and CMW 
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47058 (A) as sister taxon to both Ophiostoma and Sporothrix. Other than the conflicting placement of 

isolates CMW47056 (B) and CMW 47058 (A) and that of Fragosphaeria purpurea and Graphilbum 

fragrans, the placement of the remaining investigated species and genera in the Ophiostomataceae was 

consistent in all phylogenomic trees. 

5.4. Phylogenetic analyses 

Single locus phylogenetic analyses the of ITS and β-tubulin regions were used to determine species-

level taxonomic assignment of isolates. Isolates of lineage A formed a single, well-supported clade in 

both the LSU and ITS analyses (Figure 2A; Supplementary Figure 1). Despite numerous attempts 

using different temperatures and primer pairs, we were unable to amplify the β-tubulin region for 

isolates in lineage A. Isolates of lineage B formed a single clade in the LSU analyses (Supplementary 

Figure 1) but formed two well supported sub-clades (lineage B1 and lineage B2) in both the ITS and 

β-tubulin analyses (Figure 2 A & B). Using the β-tubulin gene map compiled by Yin et al. (2015) we 

determined that lineage B1 has an intron arrangement of 2/-/-/5 and lineage B2 an arrangement of 2/3/-

/5. The distinct intron arrangements for lineage B1 and B2, along with morphological differences 

between isolates residing in the two lineages discussed in the Taxonomy section, provides support for 

their separation as two distinct species. 

5.5. Taxonomy 

Based on phylogenetic and phylogenomic analyses, the isolates from Termitomyces combs separated 

into three lineages (lineages A, B1 and B2), each distinct from each other and from all other known 

species in the Ophiostomataceae. Based on their unique niche and phylogenetic placement within the 

various analyses, two new genera are introduced in the Ophiostomataceae to accommodate the three 

new species revealed by the different lineages. 

5.5.1. Lineage A 

Chrysosphaeria W.J. Nel, Z.W. De Beer, T.A. Duong gen. nov.  

MycoBank no: 837564 
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Etymology: From Latin chryso-, golden, and -sphaera, sphere or orb, referring to the light colour of the 

ascoma bases in the type species. 

Diagnosis: Distinguished from all other related genera of the Ophiostomatales due the unique 

morphology of the ascomata. Throughout their development, these structures remain golden brown in 

colour and the ascomatal necks retain their flexibility (i.e. ability to bend in different directions without 

breaking). 

Type species: Chrysosphaeria jan-nelii W.J. Nel, Z.W. De Beer & T.A. Duong sp. nov. Figure 3 

MycoBank no: 837566 

Typification: SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong, Amsterdam farm, ascomata 

embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel (holotype PREM 63088). 

Living ex-type culture CMW 47058 = CBS 141570. GenBank: LSU= MT637006; ITS = MT637038; 

β-tubulin = MT649128. 

Etymology: named for the late Professor J. J. C. Nel (1933-2019), a South African entomologist who 

worked on termites, grandfather of the first author and from whom she drew significant inspiration.  

Description: Sexual state. Ascomatal bases in culture light to golden brown, globose, (108–)129–171(–

189) µm in diameter, ornamented with short hyaline to lightly pigmented hairs. Ascomatal necks light 

brown, tapering and becoming hyaline towards apex, flexible, (309–)502–771(–989) µm long, (28–

)35–48(–56) µm wide at base, (11–)13–18(–22) µm wide at apex. Ostiolar hyphae present, slightly 

divergent, hyaline. Asci not seen. Ascospores produced in slimy droplet at apex of neck, hyaline, short 

cylindrical to bean shaped, aseptate, no sheath, (3.0–)3.5–4.5(–5.0) µm x (1.0–)1.5–2 µm. Asexual state. 

Sporothrix-like. Conidiophores hyaline, micronematous, (24–)38–85(–104) µm long. Conidiogenous 

cells denticulate, hyaline, (5–)11–39 µm. Primary conidia hyaline, aseptate, oblong, (9.0–)10.0–12.5(–

14.5) µm x (3.0–)3.5–4.0(–4.5) µm. Secondary conidia hyaline, obovoid, aseptate. Culture 

characteristics: Colonies hyaline with white aerial mycelium on MEA, mycelium mostly superficial on 

agar, slow growing, growing on average 40 mm in 10 d at 25°C, grows best at 25°C, no growth at 35°C. 

Protoperithecia sometimes visible after 1–2 mo in culture.  

Additional specimens examined: SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong, 

Amsterdam farm, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. 
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Nel (paratype PREM 63087). Living culture CMW 47057 = CBS 141566. GenBank: LSU= 

MT637008; ITS = MT637037. SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong, Amsterdam 

farm, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel 

(paratype PREM 63089). Living culture CMW 46495 = CBS 141571. GenBank: LSU= MT637007; 

ITS = MT637042. SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong, Amsterdam farm, 

ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel. Living culture 

CMW 48039. GenBank: LSU= MT637009; ITS = MT637036.  

Notes: Multiple attempts to amplify β-tubulin gene region from C jan-nelii were unsuccessful. A β-

tubulin gene was identified from the genome sequence using a tBLASTx against the reference β-tubulin 

sequence from Intubia oerlemansii. Sequence comparison revealed that the β-tubulin gene of this 

species is highly divergent from other species of Ophiostomataceae. Identification of introns based on 

β-tubulin map compiled by Yin et al. (2015) showed that C. jan-nelii also has an intron arrangement 

2/3/-/5 similar to that in isolates of I. oerlemansii. 

5.5.2 Lineage B 

Intubia W.J. Nel, Z.W. De Beer, T.A. Duong gen. nov.  

MycoBank no: 837565 

Etymology: From the Xhosa language, Intubi for termite, recognising the source where the fungus was 

found.  

Diagnosis: Distinguished from other phylogenetically related genera in the Ophiostomatales for their 

unique habitat with dark coloured, ascomata embedded in the substrate of termite abandoned 

Termitomyces combs  

Lineage B1 

Type species: Intubia macrotermitinarum W. J. Nel, Z. W. De Beer, T. A. Duong sp. nov. Figure 4 

Mycobank no: 837567 

Typification: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, Plant protection 

research institute, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. 
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Nel (holotype PREM 63090). Living ex-type culture CMW 46496 = CBS 141560. GenBank: LSU = 

MT636994; ITS = MT637025; BT = MT649132. 

Etymology: named refers to the termite sub-family Macrotermitinae to which all species of fungus-

growing termites belong. 

Description: Sexual state. Ascomatal bases dark brown, globose (117–)153–250(–302) µm in diameter. 

Ascomatal necks uniformly dark, often slightly curved, tapering towards apex, (1314–)745–2723(–

3689) µm long, (26–)40–62(–80) µm wide at base, (10–)15–21(–25) µm wide at apex. Ostiolar hyphae 

absent. Asci not seen. Ascospores produced in slimy droplet at apex of the neck, hyaline, cylindrical, 

sometimes slightly curved, aseptate, no sheath, (5–)5.5–6.5(–7.0) µm x 1.5–2.0 µm. Asexual state. 

Hyalorhinocladiella-like. Conidiophores hyaline, smooth, arising singly from hyphae, micronematous, 

19–67(–143) µm long. Conidiogenous cells smooth, (11–)18–45(–98) µm long. Conidia hyaline, 

bacilliform tapering toward one end, (6.5–)7.0–9.5(–11.0) µm x (2.0–)2.5–3.0 µm wide at thickest part, 

aseptate, arising from conidiophore or directly from hyphae. Secondary conidia present. Culture 

characteristics: Colonies hyaline to whitish on MEA, mycelium superficial on agar with little aerial 

mycelium, slow growing, growing on average 39 mm in 10 d at 25°C, grows best at 30°C growing on 

average 58.6 mm in 10 d. Ascomata not observed in culture. 

Additional specimens examined: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Hatfield, 

University of Pretoria experimental farm, ascomata embedded in Termitomyces fungal comb of M. 

natalensis, Feb 2015, W.J. Nel (paratype PREM 63091). Living culture CMW 46492 = CBS 141561. 

GenBank: ITS = MT637030; β-tubulin = MT649129. SOUTH AFRICA. GAUTENG PROVINCE: 

Limpopo, Mookgophong, Amsterdam farm, ascomata embedded in Termitomyces fungal comb of M. 

natalensis, Feb 2015, W.J. Nel. Living culture CMW 47067 = CBS 141562. GenBank: LSU = 

MT645589; ITS = MT637049; β-tubulin = MT649163. SOUTH AFRICA. GAUTENG PROVINCE: 

Pretoria, Hatfield, University of Pretoria experimental farm, ascomata embedded in Termitomyces 

fungal comb of M. natalensis, Feb 2015, W.J. Nel. Living culture CMW 46494. GenBank: ITS = 

MT637061; β-tubulin = MT649121. 

 

97
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

Lineage B2 

Intubia oerlemansii W.J. Nel, Z.W. De Beer & T.A. Duong sp. nov. Figure 5 

Mycobank no: 837568 

Typification: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, Plant protection 

research institute, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. 

Nel (holotype PREM 63094). Living ex-type culture CMW 47048 = CBS 141564. GenBank: ITS = 

MT637024, BT = MT649147. 

Etymology: name honours Mr. Arien Oerlemans, owner of the farm, Amsterdam, near Mookgophong, 

Limpopo Province, South Africa where many of the fungus combs were collected. 

Diagnosis: Intubia oerlemansii differs from the other species in the genus in that it produces two 

conidial forms. There is also a difference in the intron/exon regions of the β-tubulin gene with I. 

oerlemansii having exon three and five present and I. macrotermitinarum having only exon five present. 

Description: Sexual state. Ascomatal bases dark brown to black, globose, (109–)135–192(–233) µm 

diameter. Ascomatal necks dark brown, uniformly dark throughout, (1137–)1393–1900(–2198) µm 

long, tapering towards apex, (30–)36–49(–60) µm wide at base, (8.0–)10.0–14.5(–17.5) µm wide at 

apex. Ostiolar hyphae absent. Asci not seen. Ascospores produced in slimy droplet at apex, hyaline, 

cylindrical, occasionally slightly curved, aseptate, no sheath, (5.0–)5.5–6.5(–7.0) µm x 1.0–1.5(–2.0) 

µm. Asexual state. Sporothrix-like. Conidiophores hyaline, smooth, arising singly, micronematous, (9–

)13–74(–135) µm long. Conidiogenous cells (8–)19–34(–45) µm long, denticulate. Conidia of two 

types. Type 1: formed on hyphae, hyaline, round to obovoid, aseptate, (3.5–)4.5–5.5(–6.5) µm x (2.5–

)3.0–4.0(–5.0) µm. Type 2: formed on conidiophores, hyaline, bacilliform, aseptate, (5.0–)6.0–7.5(–

8.5) µm x (1.5–)2.0–3.0(–3.5) µm, secondary conidia present. Culture characteristics: Colonies hyaline 

to whitish on MEA, mycelium superficial on agar, little aerial mycelium present, slow growing, growing 

on average 36 mm in 10 d at 25°C, grows best at 30°C growing on average 50.4 mm in 10 d. Ascomata 

not observed in culture. 

Additional specimens examined: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, 

Plant Protection Research Institute, ascomata embedded in Termitomyces fungal comb of M. natalensis, 
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Feb 2015, W.J. Nel (paratype PREM 93095). Living culture CMW 47056 = CBS 141565. GenBank: 

LSU = MT637001; ITS = MT637034, BT = MT708983. SOUTH AFRICA. GAUTENG PROVINCE: 

Pretoria, Rietondale, Plant Protection Research Institute, ascomata embedded in Termitomyces fungal 

comb of M. natalensis, Feb 2015, W.J. Nel (paratype PREM 63098). Living culture CMW 46498 = 

CBS 141563. GenBank: LSU = MT940646; ITS = MT637040, BT = MT649134. SOUTH AFRICA. 

GAUTENG PROVINCE: Pretoria, Rietondale, Plant Protection Research Institute, ascomata embedded 

in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel. Living culture CMW 47052. 

GenBank: LSU = MT637002; ITS = MT637029, BT = MT649151. 

5.6. Growth on Termitomyces associated media 

Chrysosphaeria jan-nelii: Analyses of growth rates on various media (MEA, FCE, TE, TM) using the 

Kruskal-Wallis rank sum test showed a significant difference in the growth on the supplemented media 

compared to the MEA controls for all isolates. Isolates of C. jan-nelii grew most rapidly on both MEA 

and FCE media and isolate CMW 47058 of this species had completely covered the surface of the FCE 

plates after eight days and, when growth measurements were assessed (Figure 6). 

There was no significant difference (Dunn’s test) in the growth rate of isolate CMW 47058 on MEA 

vs. FCE, but a marked increase in average growth on FCE was observed for both C. jan-nelii isolates 

growing, on average, at least 10 mm more than any of the isolates investigated. Isolates of C. jan-nelii 

also produced more aerial mycelium on all supplemented media tested (Supplementary Figure 2). 

Fully developed perithecia were observed for both isolates after 18 d incubation on the FCE media. 

Protoperithecia was observed on MEA plates but their formation usually took between 1–2 mo and did 

not progress beyond this stage. 

Intubia: Isolates of I. macrotermitinarum and I. oerlemansii had a somewhat slower growth rates 

compared those of C. jan-nelii. A significant decrease in growth rate was noted on TM media compared 

to the MEA control for all four isolates tested. As was observed for the isolates of C. jan-nelii, an 

increase in aerial mycelium formation was noted in both species on FCE medium (Supplementary 

Figure 2). 
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6. Discussion 

In this study, the taxonomic placement of 49 ophiostomatalean isolates growing on Termitomyces 

combs collected from the nests of fungus-growing M. natalensis termites was considered. Single locus 

phylogenetic analyses of sequence data generated for the rDNA 28S and ITS regions, along with that 

of the partial β-tubulin gene, grouped the isolates in three distinct lineages, which were not closely 

related to any other species in the Ophiostomataceae. Due to uncertainty regarding the generic 

placement of the two main clades in the phylogeny based on conventional gene sequencing, the genome 

of a single isolate residing in each of these clades was sequenced to consider their generic placement in 

the Family. Phylogenomic analyses including the genomes of 28 representatives of the 

Ophiostomatales, along with two newly sequenced isolates, confirmed their placement as two distinct 

lineages in the Ophiostomataceae. Consequently, the two novel genera, Chrysosphaeria and Intubia, 

were described to accommodate them. Three novel species, Chrysosphaeria jan-nelii, Intubia 

macrotermitinarum, and I. oerlemansii, were described in the new genera to accommodate all 49 

isolates considered in this study. 

Phylogenetic analyses using DNA sequences generated for three different gene regions (LSU, ITS and 

β-tubulin) showed that the genera Chrysosphaeria and Intubia reside in the Ophiostomataceae, but their 

placement in the Family was not clear. Uncertainty regarding appropriate generic placement, such as 

that found in this study, has been observed for other Ophiostomatalean genera including 

Hawksworthiomyces (De Beer et al. 2016b) and Aureovirgo (Van der Linde et al. 2016). Although the 

LSU and ITS regions are commonly used in phylogenetic analyses due to their ease of amplification 

and availability of reference sequence data (Schoch et al. 2012), these gene regions can be problematic 

in resolving higher level taxonomic relationships (Stielow et al. 2015). The availability of whole 

genome sequence data for a number of Ophiostomatalean species residing in a variety of different 

genera allowed us to adopt a phylogenomic approach to gain insights regarding the generic placement 

of the new genera in the Family. The decline in genome sequencing cost and the development of less 

computationally demanding phylogenomic analysis approaches will, in future, improve our ability to 
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appropriately define the limits of genera and species, as has recently been shown in Fusarium (Geiser 

et al. 2020), and in the present study. 

Phylogenomic analyses using supertree and supermatrix approaches yielded conflicting results 

regarding the placement of Chrysosphaeria and Intubia in the larger Ophiostomataceae. Despite these 

incongruencies, both approaches suggested that the two genera were most closely related to, but distinct 

from Ophiostoma and Sporothrix. Both RAXML and STAG analyses indicated that Chrysosphaeria and 

Intubia are sister genera, suggesting a single origin of association with fungus-growing termites. In the 

RAXML phylogeny, both genera grouped as sister to Ophiostoma, whereas in the STAG phylogeny both 

genera were grouped as sister to both Ophiostoma and Sporothrix. In the ASTRAL analysis, Intubia 

oerlemansii (CMW47056) grouped as a sister taxon to Ophiostoma while Chrysosphaeria jan-nelii 

(CMW47058) grouped as a sister taxon basal to Intubia, Ophiostoma and Sporothrix. When considering 

the gene and site concordance factors as statistical support, the placement of Chrysosphaeria and 

Intubia in the STAG analysis was better supported than those from RAXML and ASTRAL. 

The uncertainty regarding the generic placement was also seen for Fragosphaeria purpurea and 

Graphilbum fragrans when using the different analytical approaches. This problem was also observed 

in the phylogenomic study considering the Ophiostomatales by Vanderpool et al. (2018). Other than 

the uncertain placements mentioned above, the grouping of the remaining genera was consistent using 

the three approaches, as was also true in the phylogeny of Vanderpool et al (2018). Although we were 

not able to provide absolute confidence in the taxonomic placement of Chrysosphaeria and Intubia, 

phylogenomic analyses provided deeper insights into their position in the Ophiostomatales. If the 

taxonomic placements of the two new genera had relied solely on phylogenetic analyses of the LSU 

and ITS gene regions, C. jan-nelii, I. macrotermitinarum and I. oerlemansii would have been incorrectly 

treated as species in Ophiostoma s.l.  

Because none of the new species identified in this study grouped with other species in the 

Ophiostomatales and had originated from a unique niche, growth factors relating to their termite 

association were considered. The fungi were shown to grow more actively on media supplemented with 

material from their termite associations than on control plates. Likewise, extended incubation of these 
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isolates on media supplemented with extracts from the fungal combs resulted in formation of mature 

ascomata, which did not occur on any other growth medium.  

Termites are actively involved in tending their monoculture Termitomyces combs, maintaining them 

free of invasive “weedy” microbial species (Moriya et al. 2005; Otani et al. 2019). Soon after the death 

of a colony or artificial removal of the termites from the combs, Xylaria and Pseudoxylaria spp. rapidly 

overgrow the Termitomyces combs (Visser et al. 2009, 2011). The same phenomenon was observed 

with the new taxa described in this study, which only emerged once the termites were no longer present. 

However, the origin of the inoculum of these species remains to be discovered. They could occur in the 

soil before construction of the termite mound or alternatively might be acquired in the foraged material 

brought into the mound. It is also possible that they could be associates of other fauna such as mites, 

which are known to be associated with termites (Eickwort 1990; Wang et al. 2002), and have been 

shown to have close associations with other Ophiostomatalean fungi (Hofstetter et al. 2013; Chang et 

al. 2020). In this regard, the discovery of two new genera of fungi closely associated with the biology 

of termites exposes a fascinating new area of investigation that deserves to be pursued. 

7. Conclusions 

Ophiostomatalean fungi were discovered for the first time on the Termitomyces fungus combs of 

fungus-growing termites. Phylogenetic and phylogenomic analyses showed that these fungi represent 

three species residing in two novel genera of Ophiostomataceae. The Ophiostomatalean species 

discovered in this study appear to have had a long and specific association with termites. This emerged 

from the results of the phylogenomic analyses and was also consistent with their preferential growth on 

media containing extracts of the termite-fungus combs. These fungi appear only after termites have 

abandoned their combs, which is similar to other fungi that have been discovered in this unique niche. 

The role of these fungi in the biology of the termites or their associates remains to be explored.  
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Table1. Fungal isolates obtained and used in phylogenetic analysis in this study 1 

Species Isolate number Geographical Origin Host GenBank accession numbers 

 
CMW CBS PREM 

  
ITS LSU β-tubulin 

Lineage A: 

Chrysosphaeria jan-nelii 

48039   Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637036 MT637009  

 47057 141566 63087 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637037 MT637008  

 47058a 141570 63088 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637038 MT637006 MT649128 

 46495a 141571 63089 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637042 MT637007  

Lineage B1: 

Intubia macrotermitinae 

46492a 141561 63091 University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637030  MT649129 

46494   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637061  MT649121 

46496a 141560 63090 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637025 MT636994 MT649132 

47066 
  

Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637048 MT636993 MT649162 

47067 141562 
 

Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637049 MT645589 MT649163 

47068   Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637050  MT649164 

48941   South Africa Fungus comb from termite mounds MT835247  MW002071 

Lineage B2: 

Intubia oerlemansii 

46498a 141563 63098 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637040 MT940646 MT649134 

47036   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637010  MT649135 

47048 141564 63094 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637024  MT649147 

47052 
  

PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637029 MT637002 MT649151 

47056a 141565 63096 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637034 MT637001 MT708983 

47071   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637063  MT649167 

48942   South Africa Fungus comb from termite mounds MT835248  MW002072 

aIsolates used in growth studies 2 

Bold face = ex-type isolates3 
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Table2. Isolates used in genomic analyses 4 

Species name Collection 

number 

Origin Size (Mb) Reference 

Ceratocystiopsis minuta CMW 4352 Ips cembrae 21.2 Wingfield et al. 2016a 

Diaporte ampelina DA912 Grapevine 50.0 Morales-Cruz et al. 2015 

Esteya vermicola CBS 115803 Scolytus intricatus 34 Vanderpool et al. 2018 

Fragosphaeria purpurea CBS 133.34 Fagus sylvatica 34.8 Vanderpool et al. 2018 

Grosmannia clavigera UAMH11150 Dendroctonus ponderosae 29.1 DiGuistini et al. 2011 

Graphilbum fragrans CBS 138720 Hylastes angustatus 34.3 Wingfield et al. 2015b 

Grosmannia galeiformis CBS 115711 Pinus sylvestris infested with 

Tomicus piniperda 

26.4 Wingfield et al. 2018b 

Grosmannia penicillata CBS 134055 Ips amitinus 26.3 Wingfield et al. 2016b 

Hawksworthiomyces lignivorus CMW 18600 Eucalyptus pole at soil level 43.8 Wingfield et al. 2017 

Leptographium lundbergii CMW 2190 Pinus sylvestris 26.5 Wingfield et al. 2015a 

Leptographium procerum CMW 34542 Pinus resinosa 28.5 Van der Nest et al. 2014b 

Magnaporthe grisea 70-15 Rice pathogenic strain 41.5 Dean et al. 2005 

Neurospora crassa OR74A Inbred genetically stable reference 

wild-type strain 

41 Galagan et al. 2003 

Ophiostoma bicolor ZLVG358 Picea abies  25 Lah et al. 2017 

Ophiostoma ips CMW 19371 Pinus taeda 26 Wingfield et al. 2017 

Ophiostoma novo-ulmi H327 Elm 31.8 Forgetta et al. 2013 

Ophiostoma piceae UAMH 11346 Pinus contorta 32.5 Haridas et al. 2012 

Ophiostoma ulmi - - 31.1 Khoshraftar et al. 2013 

Phaeoacremonium aleophilum UCR-PA7 Margin of grapevine (Vitis vinifera 

cv. “Thomson”) 

47.4 Blanco-Ulate et al. 2013 

Raffaelea aguacate R272 Persea americana 35.2 Vanderpool et al. 2018 

Raffaelea albimanens CBS 271.70 Platypus externedentatus in Ficus 

sycomo 

39 Vanderpool et al. 2018 

Raffaelea ambrosiae CBS 185.64 Platypus cylindrus gallery in 

Quercus 

40.5 Vanderpool et al. 2018 

Raffaelea arxii CBS 273.70 Xyleborus torquatus on Cussonia 

umbellif 

36.7 Vanderpool et al. 2018 

Raffaelea lauricola R570 Unknown 34.3 Vanderpool et al. 2018 

Raffaelea quercivora CBS 122982 Discolored sapwood of dead 

Quercus mongolica 

25.9 Masuya et al. 2016 

Raffaelea quercus-mongolicae KACC44405 Platypus koryoensis infested 

Quercus mongolica 

27 Jeon et al. 2017 

Raffaelea sulphurea CBS380.68 Xyleborus saxesenii gallery in 

Populus deltoides 

23.2 Vanderpool et al. 2018 

Sporothrix brasiliensis ATCC MYA-4823 Feline skin lesion 33.2 Teixeira et al. 2014 

Sporothrix globosa CBS 120340 Face lesion 33.5 Huang et al. 2016 

Sporothrix pallida SPA8 Soil 37.8 D'Alessandro et al. 2016 

Sporothrix phasma CBS 119721 Protea laurifolia 30.2 Liu et al. 2019 

Sporothrix schenckii ATCC MYA-4821 Patient manifesting subcutaneous 

sporotrichosis 

32.4 Teixeira et al. 2014 

Chrysosphaeria jan-nelii CMW 47058 Termitomyces fungus comb 16 This study 

Intubia macrotermitinae CMW 47056 Termitomyces fungus comb 26.3 This study 

 5 
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Figure 1. Phylogenomic trees obtained using A. supermatrix (RAxML) and B & C. supertree (ASTRAL 17 

and STAG) approaches. Trees were constructed from 1865 shared single copy BUSCO genes present 18 

in all taxa investigated. Ln: maximum likelihood score. TC: tree certainty. TC-All: tree certainty 19 

including all conflicting bipartitions. Concordance factors determined using IQ-TREE 2 are presented at 20 

nodes as gene concordance factor/site concordance factor (gCF/sCF). 21 
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Figure 2. Bayesian inference trees derived from the analysis of A. the internal transcribed spacer and 

B. β-tubulin datasets. Bold black bands indicate posterior probabilities of 1.0, maximum likelihood 

(ML) and maximum parsimony (MP) bootstrap values above 75%, are indicated as ML/MP. – indicates 

an unsupported node in an analysis T = ex-type isolates 
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Figure 3. Morphological characteristics of the sexual and asexual structures of Chrysosphaeria jan-

nelii sp. nov. (CMW 47058). A. Long-necked ascoma; B. Ascospores C. Hyaline apex with ostiolar 

hyphae; D. Ascomata on termite fungus comb with ascospores in slimy droplets; E. Mature primary 

conidia giving rise to secondary conidia; F. Primary conidia; G & H. Conidiogenous cell with conidia; 

I. pure culture on MEA. Bar: D = 200 μm; A = 100 μm; C = 20 μm; F, G, H = 10 μm; B, E = 5 μm 
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Figure 4. Morphological characteristics of sexual and asexual structures of Intubia macrotermitinarum 

sp. nov. (CMW 46496). A. Long necked ascoma; B. Ascospores; C. Apex without ostiolar hyphae; D. 

Ascoma on termite fungus comb with sticky drop of ascospores; E. Pure culture on MEA; F. Conidia 

formation on hyphae; G. Conidiophore with conidia. Bar: D = 500 μm; A = 100 μm; C = 50 μm; F, G 

= 10 μm; B = 5 μm 
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Figure 5. Morphological characteristics of sexual and asexual structures of Intubia oerlemansii sp. nov. 

(CMW 47056). A. Long-necked ascoma; B. Ascospores; C. Apex without osiolar hyphae; D. Ascomata 

on termite fungus comb with ascospores in slimy droplet; E. and G. Conidia produced on conidiophores; 

F. Conidia produced on hyphae; H. Pure culture on MEA. Bar: D = 500μm; A = 200 μm; C = 20 μm; 

E, F, G = 10 μm; B = 5 μm 
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Figure 6. Bar graphs of the average colony growth on the four different supplemented media types 

(MEA, FCE, TE, TM) after 8 days of incubation at 25 °C. The data is presented for this day because 

isolates of Chrysosphaeria jan-nelii had completely covered the surface of the FCE media plates and 

this represented the last day of measurements for the set (set refers to the entire group of five different 

types of media plates onto which the isolate was plated). P-values determined using the Kruskal-Wallis 

test, significances determined by the Dunn multiple comparisons test, and perithecial development 

observed on certain media is indicated. A. Results for isolates of C. jan-nelii. B. Results for isolates of 

I. macrotermitinarum. C. Results for isolates of I. oerlemansii.  
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Supplementary Table1. All Fungal isolates obtained and sequenced in this study 

Species Isolate number Geographical Origin Host GenBank accession numbers 

 CMW  CBS PREM   ITS LSU βT 

Lineage A:  

Chrysosphaeria jan-nelii 
48039 

  
 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637036 MT637009  

 47057 141566 63087 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637037 MT637008  

 47058a 141570 63088 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637038 MT637006 MT649128 

 46495a 141571 63089 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637042 MT637007  

Lineage B1:  

Intubia macrotermitinarum 

47040   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637014  MT649139 

47041   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637015  MT649140 

47042  63092 University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637016  MT649141 

47043   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637017  MT649142 

47044   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637019 MT63695 MT649143 

47047   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637023  MT649146 

46496a 141560 63090 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637025 MT636994 MT649132 

47049   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637026  MT649148 

47050  93093 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637027  MT649149 

47051   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637028 MT645590 MT649150 

46492a 141561 63091 University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637030  MT649129 

47053   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637031 MT645591 MT649152 

47060   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637041 MT636992 MT649156 

47063   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637045  MT649159 

47064   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637046  MT649160 

47065   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637047 MT645588 MT649161 

47066   Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637048 MT636993 MT649162 
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Species Isolate number Geographical Origin Host GenBank accession numbers 

 CMW  CBS PREM   ITS LSU βT 

47067 141562  Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637049 MT645589 MT649163 

47068   Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637050  MT649164 

47069   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT637060 MT636997 MT649165 

46494   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637061  MT649121 

47070   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637062  MT649166 

47072   University of Pretoria, Experimental farm, Pretoria, SA Fungus comb from termite mounds MT067064  MT649168 

47074   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637066 MT636991 MT649170 

48941    Fungus comb from termite mounds MT835247  PENDING 

Lineage B2:  

Intubia oerlemansii 

47036   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637010  MT649135 

47037   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637011  MT649136 

47038   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637012  MT649137 

47039   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637013 MT636999 MT649138 

47045   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637020 MT636998 MT649144 

46497   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637021  MT649133 

47046   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637022  MT649145 

47048 141564 63094 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637024  MT649147 

47052   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637029 MT637002 MT649151 

47054   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637032  MT649153 

47055  63095 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637033 MT637000 MT649154 

47056a 141565 63096 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637034 MT637001 MT708983 

46493  63097 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637035  MT649130 
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Species Isolate number Geographical Origin Host GenBank accession numbers 

 CMW  CBS PREM   ITS LSU βT 

47059   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637039  MT649155 

46498a 141563 63098 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637040 MT940646 MT649134 

47061   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637043  MT649157 

47062   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637044 MT636996 MT649158 

47071   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637063  MT649167 

47073   PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637065  MT649169 

48942    Fungus comb from termite mounds MT835248  PENDING 

aIsolates used in growth studies 

Bold face = ex-type isolates 
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Supplementary Figure 1. Bayesian inference tree derived from analysis of LSU data including all 

major groups in the Ophiostomatales. Bold light grey bands indicate posterior probabilities above 

0.95, medium grey bands indicate MP bootstrap values above 75%, and black bands indicate ML 

bootstrap values above 75%. Asteriks (*) indicates a node with full support from BI, ML, and MP 

analyses. T = ex-type isolates 
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Supplementary Figure 4. Representatives of the new species grown on MEA and different 

Termitomyces enriched media plates. 
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CHAPTER 5 

Convergent patterns of genome reduction and gene loss in 

arthropod mutualistic Sordariomycete fungi   
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Convergent patterns of genome reduction and gene loss in arthropod mutualistic Sordariomycete 

fungi  

1. Abstract  

Many animals, plants and microbes share complex beneficial relationships known as mutualisms. Of 

the approximately 30 known Sordariomycete orders, at least three (Ophiostomatales, Microascales and 

Hypocreales) include species that have evolved sophisticated mutualism with arthropod vectors, but 

very little is known regarding the molecular characteristics associated with this intriguing lifestyle. In 

this study, we determined the genomic patterns associated with arthropod mutualisms in members of 

the Sordariomycetes. By comparing various genomic characters for over 100 arthropod-mutualistic and 

non-mutualistic fungal species, the genomes of arthropod mutualistic fungi were shown to be smaller 

than those of their non-mutualistic relatives. Evidence also emerged that this genome size reduction is 

related to a common trend of lineage-specific loss of pathogenicity-related genes. Overall, the study 

suggests that long-standing mutualism with arthropod partners has led to genomic convergence of 

arthropod- mutualistic fungi. 

2. Introduction  

The term symbiosis was introduced in the late 19th century to describe the communal life of two unlike 

organisms (Frank 1877, De Bary 1879, Martin 2012). However, a contemporary application of this term 

accommodates substantially more than simply the co-existence of two organisms. Complex 

relationships including mutualism, antagonism and commensalism can all collectively be considered 

using the single term symbiosis (De Bary 1879, Martin 2012). 

One of the most sophisticated symbioses known in nature is that of insect fungiculture. Aside from the 

agricultural practices of humans, all other known forms of agriculture in animals are those involving 

insects (Mueller et al. 2005). Due to their cultivation habits and obligate association with mutualistic 

fungi, three groups in the Kingdom Insecta are considered true fungus-farmers. These are 

macrotermitinae termites, attine ants and ambrosia beetles (Farrell et al. 2001, Mueller et al. 2005).  
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Ambrosia beetles primarily associate with Ascomycete fungi residing in the Class Sordariomycota 

(Hulcr & Stelinski 2017). However, this diverse class of filamentous fungi also accommodates 

associates of other arthropods such as bark beetles and mites (Spatafora et al. 2006, Zhang et al. 2006, 

De Beer et al. 2013. Wingfield et al. 2017). More than 150 species residing in the orders 

Ophiostomatales, Microascales and Hypocreales are known mutualists of these arthropods (Kasson et 

al. 2013, Kolařik & Jankowaik 2013, De Beer et al. 2013, Wingfield et al. 2017). Unlike ambrosia 

beetles, bark beetles and mites are not obligately dependent on their fungal mutualists for survival, but 

in many cases, the fungi form an integral part of their diet (Six 2012, Hofstetter et al. 2013). To ensure 

that they never lose their fungal partners, these different arthropods have evolved specialized 

exoskeletal structures in which they maintain their fungal associate during dispersal (Hulcr & Stelinski 

2017). In turn, the fungal mutualists have also evolved morphological adaptations to ensure effective 

arthropod dispersal and survival within the insect galleries (Kolařik & Jankowaik 2013). These different 

morphological characters are sufficiently distinctive that, prior to the ready availability of DNA 

sequence-based phylogenetic inference, researchers have mistakenly treated various genera and even 

sub-classes of the Sordariomycetes as taxonomically related (Spatafora & Blackwell 1994, De Beer et 

al. 2013).  

Convergent evolutionary morphological traits can be found in all Kingdoms of life, where distantly 

related species share a common ecological lifestyle. While morphological convergence is easily 

detected by simple observational methods, genetic and genomic convergence is less well understood. 

Advances in genome sequencing and the analytical tools used to study their evolution provide new 

opportunities to gain insight into these traits (Hall 2013, Arbuckle & Speed 2016).  

In this study, we considered the genomic patterns of adaptation to an arthropod-associated lifestyle in 

Sordariomycete fungal species. This was achieved by analysing and comparing the genomic patterns of 

approximately 45 arthropod-associated species residing in the three different Sordariomycete orders 

with their related non-symbiotic species (Table 1). In doing so, we discovered that long time co-

evolution with their various arthropod partners has resulted in convergent losses across some major 

gene families involved in nutrient acquisition and host-pathogen interaction. 
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3. Materials and Methods 

3.1. Taxon sampling 

Phylogenomic and comparative genomic analyses of 110 species of Sordariomycetes were performed. 

The analyses included the genomes of 45 species of arthropod symbionts that reside in the 

Ophiostomatales, Microascales, and Hypocreales. Additionally, the genomes of 62 other representative 

Sordariomycete species representing several diverse lifestyles and three Dothidiomycete outgroup 

species were also included. 

Genomes were downloaded from the JGI fungal genome portal MycoCosm (http://jgi.doe.gov/fungi) 

and NCBI Genbank (https://www.ncbi.nlm.nih.gov/genbank/). Where necessary permission was 

obtained from corresponding principle investigators to utilize unpublished data. 

3.2. Additional genome sequencing 

Genome sequences for two species of Annulatascaceae were generated in this study. Details regarding 

the sequencing and assembly process are presented in Supplementary File 1. These genomes will be 

deposited in NCBI GenBank and the accession numbers provided in the reference column of Table 1. 

3.3. Genome annotation 

Genome annotation was carried out for species where annotation data were not available. These 

included most of the Ceratocystidaceae and Ophiostomataceae genomes, as well as the newly sequenced 

genomes of Natantiella ligneola and Xylomeasma sordida. The MAKER V2.31.8 (Cantarel et al. 2008) 

genome annotation pipeline was used for the annotation process. GENEMARK-ES V4.38 (Lomsadze et 

al. 2005) with the “fungus” option enabled (using self-training; Ter-Hovhannisyan et al. 2008) and 

AUGUSTUS V3.2.2. (using species models optimized for Neurospora crassa; Stanke et al. 2006) were 

used as gene predictors. Before the gene model prediction step, the genomes were masked against 

specific repeat libraries generated with REPET (Quesneville et al. 2005, Flurte et al. 2011). Available 

proteome datasets from closely related species, where available, and SWISS-PROT protein database 

(https://www.uniprot.org/, Access date 2018-08-17) were provided to MAKER as protein homology 
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evidence. Quality of the annotations in terms of covering organisms gene space was assessed using the 

BENCHMARKING UNIVERSAL SINGLE-COPY ORTHOLOGS (BUSCO V2.0.1) tool (Simão et al. 2015). 

3.4. Species tree analysis 

3.4.1. Supermatrix analysis  

All genomes were assessed using the BENCHMARKING UNIVERSAL SINGLE-COPY ORTHOLOGS 

(BUSCO V2.0.1) tool against the Ascomycota dataset (Simão et al. 2015). Shared single-copy 

orthologous genes were then identified and their peptide sequences were extracted using the pipeline 

available in the Supplementary File 1. The individual protein datasets for each of the 315 identified 

shared single-copy orthologous genes were aligned using PRANK. The aligned datasets were trimmed 

using GBLOCKS V0.91B (Castresana 2000) with the allowed gap parameter set to half to eliminate poorly 

aligned and highly divergent regions. Resulting alignments were subjected to permutation tail 

probability (PTP) testing (Archie 1989) using PAUP V4.0 (Swofford 1998) to evaluate their phylogenetic 

signal. Two datasets that failed the PTP test (P-value > 0.001) were removed from further analysis due 

to lack in their phylogenetic signal. The remaining datasets were concatenated into a supermatrix 

containing 114,626 positions using FASCONCAT V1.04 (Kück & Meusemann 2010). The supermatrix 

was run through PARTITIONFINDER V2.1.1 (Lanfear et al. 2016) using RCLUSTER search (Lanfear et al. 

2014) and the PF2 option set to RaxML (Stamakis 2006) to determine the best-fit partitioning scheme. 

A maximum likelihood tree was inferred for the partitioned supermatrix using RaxML PTHREADS-AVX2 

with the model specified according to the best scheme identified for the partitioned dataset by 

PARTITIONFINDER. The phylogeny was tested using 100 bootstrap repetitions. The three 

Dothidiomycete species (ABRA, PFIJ and SNOD) were specified as outgroup taxa. 

3.4.2. Supertree analysis  

Since supermatrix phylogenomic reconstruction using concatenation can introduce bias due to genes 

with strong phylogenetic signal (Shen et al. 2017), supertree analysis using STAG was also performed. 

Unlike concatenation approaches that preferably rely on single-copy orthologous genes, supertree 

reconstruction using STAG incorporates both single-copy and multi-copy orthologous gene families 
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(Emms & Kelly 2018b). To identify orthologous gene families within the genomes of all species 

considered, protein clustering was conducted using ORTHOFINDER v2.3.1 (Emms & Kelly 2018a, 2019) 

with inflation factor of 2.5. Orthologous groups shared between more than three species were then 

selected for further analysis. Protein sequences from each of the selected orthologous groups were 

extracted and aligned using PRANK (Löytynoja 2014). The aligned datasets were treated with TRIMAL 

(Capella-Gutiérrez et al. 2009) using the -automated1 option to remove ambiguous aligned positions. 

Maximum likelihood tree construction was carried out for each individual dataset using IQ-TREE 

(Nguyen et al. 2015) with best substitution model automatically selected and 1000 ultrafast bootstrap 

iterations. Finally, STAG was used to construct a supertree from all individual gene trees obtained for 

each of the orthologous groups. 

3.5. Molecular dating 

A concatenated alignment of 50 genes was used to estimate the divergence dates of taxa in the 

Sordariomycetes with BEAST V2.5 (Bouckaret et al. 2019). The most recent common ancestor of the 

Hypocreales was calibrated at 180 million years (sampling between 170–190 mya), the Diaporthe 

ampelina speciation (based on fossil evidence) at 136 million years (sampling between 126–146 mya) 

and the MRCA of the Sordariomycetes at 290 million years (sampling between 260–320 mya) (Réblová 

& Štěpánek 2009, Beimforde 2014, Pérez-Ortega et al. 2016). The dating analyses were constrained to 

the topology of the STAG tree, and run for 5,685,000 generations, with a Blosum model of evolution 

for each partition and a strict clock. Convergence of all priors was visualised in TRACER V1.7 (Rambaut 

2018) and 5,120 trees were summarised with TREEANNOTATOR, part of the BEAST V2.5 package. 

3.6. CAZyme identification 

Putative Carbohydrate Active Enzymes (CAZymes) were identified and annotated using the dbCAN 

meta server (database for automated CAZyme annotation: bcb.unl.edu/dbCAN2) and the HMMER, 

DIAMOND and Hotpep identification tools (Zhang et al. 2018). A protein was considered as a true 

CAZyme if it were predicted by at least two of the three identification tools. Identified CAZymes were 

first grouped based on their different families (GT=Glycosyl Transferases; GH=Glycoside Hydrolases; 
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PL=Polysaccharide Lyases; CE= Carbohydrate Esterases; AA=Auxiliary Activities Enzymes; 

CBM=Carbohydrate Binding Modules) and then individual family classes were investigated further 

based on their previously identified roles in wood decay (E.g. lignin degradation: AA1, AA2; 

Crystalline cellulose degradation: GH6, GH7, AA9). 

3.7. Lipase  

Putative lipases and cutinases were identified using a HMMER search (e-value = 1e-04) against the 

LIPASE ENGINEERING DATABASE (Release 3.0: http://www.led.uni-stuttgart.de/). Detailed annotation 

pipelines for peptidase identification can be found in the Supplementary File 1. 

3.8. Peptidase identification 

Putative peptidases were identified by doing a BLASTp search (e-value = 1e-04) against full length 

sequences contained within the MEROPS DATABASE (Release 12.0: https://www.ebi.ac.uk/merops/) 

(Rawlings et al. 2017). Detailed annotation pipelines for peptidase identification can be found in the 

Supplementary File 1. 

3.9. Secondary metabolite gene cluster identification 

To identify putative gene clusters involved in secondary metabolism, we used antiSMASH V4.2.0 

analysis of the whole genomes (Blin et al. 2017). Analysis was conducted using default settings and the 

taxon option set to “fungi”. Detailed annotation pipelines for secondary metabolite gene cluster analyses 

can be found in the Supplementary File 1. 

3.10. Small, secreted protein identification 

To identify and annotate putative secreted proteins, all proteins that contained a secretion signal (as 

determined using SIGNALP v4.0; Petersen et al. 2011) were first identified. All the proteins that 

contained no transmembrane domains (as determined by TMHMM; Krogh et al. 2001) were then 

identified. Finally, all proteins that form part of the secretory pathway (as determined by TARGETP v1.0, 

Emanuelsson et al. 2000) were determined. A protein was considered a true secreted protein if it was 

recognized by at least two of the annotation tools i.e. contains a secretion signal, contains no 

134
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

https://www.ebi.ac.uk/merops/


 

 

transmembrane domains, and forms part of the secretory pathway. The identified secreted proteins were 

screened for those smaller than 200 amino acids, which in this study were considered as small, secreted 

proteins. Detailed annotation pipelines used for the identification of secreted proteins can be found in 

the Supplementary File 1. 

4. Results and Discussion  

4.1. The origin of arthropod symbiotic lineages in the Sordariomycetes  

The Sordariomycetes represent one of the largest fungal Classes including a wide diversity of species 

displaying numerous different lifestyles and niche adaptations. To infer the origin of the arthropod 

mutualistic fungi in this Class, we generated a species-tree based on phylogenomic analyses of protein 

sequences for a total of 110 species, 45 of which are arthropod-associated species, using both supertree 

and supermatrix methods. Details on the different approaches and comparisons of the results are 

presented in the supplementary material. The resulting phylogenies obtained using the different 

analyses (Figure 1; Supplementary Figures 1-2) were highly congruent with each other and with those 

produced in previous studies of the Class (De Beer & Wingfield 2013, Maharachchikumbura et al. 

2016). All 45 species of arthropod mutualistic fungi investigated in this study resided in the orders 

Ophiostomatales, Microascales and Hypocreales; each of which are treated individually below.  

4.1.1. Microascales 

Twenty-one species in the Ceratocystidaceae and Gondwanamycetaceae were included in our analyses. 

The phylogeny grouped these families as sister lineages, and together they formed a monophyletic clade 

in the Microascales. These families share morphological adaptation to arthropod dispersal, which 

suggests a common origin of arthropod mutualism that predates the divergence of the more recent sub-

lineages. Our molecular clock analyses (Figure 1) suggest that these families represent the oldest 

arthropod associated lineage in the Sordariomycetes, with the most recent common ancestor estimated 

around 220 mya.  
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4.1.2. Ophiostomatales 

In our analyses, the Ophiostomatales formed a monophyletic clade that shared an evolutionary 

relationship with members of the Annulatascaceae. This phylogenetic placement has also been shown 

in previous studies (Réblová 2006, Réblová & Štěpánek 2009). Members of the Annulatascaceae are 

saprophytes of decaying wood, with sexual morphologies like those of species residing in the 

Ophiostomataceae and Ceratocystidaceae, which are commonly seen as a morphological adaptation to 

arthropod dispersal. Given the shared morphological adaptation, it is probable that members of the 

Annulatascaceae also rely on arthropods for their dispersal. This suggests that the sexual structures 

consisting of long necked perithecia producing ascospores in sticky masses is an adaptation for insect 

dispersal shared between Annulatascaceae and Ophiostomataceae around 200 mya.  

Our analyses also suggest that the first association between Ophiostomatalean fungi and bark beetles 

evolved at around 156 mya. From that point, some genera such as Graphilbum, Ophiostoma, 

Grosmannia and Leptographium retained their symbiotic relationships with bark beetles, whereas other 

genera such as Ceratocystiopsis and Raffaelea later evolved obligate associations with ambrosia beetles. 

The remaining genera including Sporothrix, Fragosphaeria, Hawksworthiomyces, and Esteya evolved 

entirely different lifestyles. These variations in lifestyle make the genomic patterns we discuss next 

somewhat more obscure for some of the Ophiostomataceae, for example among species of 

Hawksworthiomyces, but overall, for genera that maintained their arthropod symbioses, similar patterns 

can be found. The phylogenetic patterns emerging from the present analyses closely resemble those of 

Vanderpool et al. (2018) produced by MLSA. 

4.1.3. Hypocreales 

There are two genera of the Hypocreales accommodating species identified to have associations with 

bark and ambrosia beetles. One is Geosmithia, a genus that accommodates several common but 

understudied species of both bark and ambrosia beetle symbionts (Spatafora & Blackwell 1994, Kolařík 

& Kirkendall 2010). Three Geosmithia species, G. flava, G. morbida, and G. putterilli, were included 

in our analyses. The emerging phylogeny grouped these species close to Acremonium chrysogenum and 
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Stanjemonium grisellum, in the Bionectriaceae. This result is like that produced by Schuelke et al. 

(2017). Because none of the other Bionectriaceae species are known to have adaptation to arthropod 

dispersal, the symbiosis with bark and ambrosia beetles is restricted only to members of Geosmithia, 

which was estimated to have emerged around 52 mya. 

The second beetle associated group in the Hypocrealeas is found for some species of Fusarium. These 

symbiotic species form a unique clade in the F. solani complex, which is referred to as the Ambrosia 

Fusarium Clade (AFC) (Kasson et al. 2013, Lynn et al. 2020). Our analyses included the plant 

pathogenic symbiont of the ambrosia beetle Euwallaceae fornicatus, F. euwallaceae, which was the 

only species with an available genome sequence from this clade at the time of our study (Ibarra-Laclette 

et al. 2005, Freeman et al. 2013) Similar to other phylogenetic investigations, our analyses placed this 

species as a sister lineage to F. solani (Kasson et al. 2013, Freeman et al. 2013). Based on their 

placement and monophyletic grouping in the genus, the association between AFC Fusaria and ambrosia 

beetles likely arose only once during a single evolutionary event in the history of the genus. Our 

molecular clock analysis also suggests that this is the most recent Sordariomycete lineage to have 

evolved an association with a beetle vector, having last shared a common ancestor with other Fusarium 

spp. around 15 mya.  

4.2. Arthropod mutualists have a reduced genome size and gene content 

Recent investigations have reported that micro-organisms with highly specialized or symbiotic 

lifestyles often have reduced genome size and gene content (Lawrence 2005, McCuthceon & Moran 

2012). When we compared the genome sizes of arthropod symbiotic species in this study with those of 

the other Sordariomycetes, we found a similar trend, with these fungi frequently having smaller genome 

sizes than their relatives. In addition to having smaller genome sizes, they also have reduced gene 

numbers. This genome reduction can be attributed to a phenomenon known as the minimal genome 

concept (Mushegian 1999, McCuthceon & Moran 2012), which suggests that a micro-organism living 

in symbiosis with another organism will maintain only the genes essential for life with the remainder 

being lost over time.  
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Overall, the genomes of arthropod symbiotic species range from 19.5Mb to 40Mb in size and contain 

between 5296 and 10816 genes (Table 1). Although this might appear as a  substantial level of variation, 

the variability in the genomes of these symbiotic fungi can be explained by a number of factors 

including: (1) the length of time that a symbiosis between a fungal lineage and an arthropod vector has 

existed; (2) the nature of the association between the fungus and its vectors; and (3) the host range of 

the fungus-vector systems. For example, species of Ceratocystiopsis have some of the smallest genomes 

so far identified in the Sordariomycetes [around 21Mb]. These fungi are mycangial symbionts of a small 

number of Scolytine beetles that live in the outer bark-phloem interface of Pinus spp. (Moser et al. 

1995, Hsiau & Harrington 1997, Zipfel et al. 2006, Six 2019). This restriction in host range, arthropod 

vector, and unique niche locality could explain why these species have such small genomes. In contrast, 

species of Raffaelea sensu lato, have some of the largest genomes amongst arthropod symbiotic fungi. 

Although all species of this genus are mycangial symbionts of ambrosia beetles (Dreaden et al. 2014), 

phylogenomic analyses (Figure 1) split this genus into three distinct lineages, which we define as the 

R. lauricola, R.arxii and R. quercus complexes. When these different clades are compared, it is evident 

that species in the R. lauricola and R. arxii complexes have larger genomes with wider variety of genes 

(Caballero et al. 2019) than those in the R. quercus complex. However, several species in the former 

two complexes have been found to associate with multiple beetle vectors (Ploetz et al. 2013, Carillo et 

al. 2014, Saucedo-Carabez et al. 2018) and are consequently also vectored to a larger repertoire of hosts. 

These species would therefore require a larger number of genes to be able to contend with the extensive 

array of host defence molecules and available nutritional substrates.  

The only exception to our findings of genome reduction and gene loss was F. euwallacace, which has 

a genome similar in size and gene number to those of its non-symbiotic relatives. Although this species 

is known only to associate with a single ambrosia beetle species, its vector is highly polyphagous. In a 

recent study by Eskalen et al. (2013) the authors were able to recover F. euwallaceae from 

approximately 180 different tree species that showed signs of attack by E. fornicatus. Together with 

this large host range of its vector, the very recently evolved arthropod association of F. euwallacace 
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could explain the fact that little to no genomic change observed in this species compared to its closely 

related non-insect-vectored associates. 

4.3. The reduction in gene families is involved in pathogenicity 

Secondary metabolites, virulence factors and other effectors are all molecules involved in inter-species 

interactions, niche adaptation, pathogenicity, and nutrient acquisition. When investigating changes in 

genome structure between different communities, such as in this study of arthropod versus non-

arthropod symbiotic Sordariomycete species, it becomes possible to compare differences in the 

repertoires of functional enzymes produced by different species displaying different lifestyles (Ohm et 

al. 2012, Lah et al. 2017, Caballero et al. 2019). This is because expansion and contraction events in 

protein and enzyme families can provide valuable insights into the resource utilization, ecology, and 

community role of a particular group of organisms (Whinston & Taylor 2016). For this reason, we 

annotated the proteome for all the species included in the phylogenomic analyses. Results of these 

annotations showed that each of the protein and enzyme families investigated have undergone losses in 

gene number in the Sordariomycetes that have symbiotic relationships with arthropods (Figure 2; 

Supplementary Tables 1-6).  

4.3.1. Carbohydrate active enzymes (CAZymes) 

Enzymes involved in complex carbohydrate metabolism are commonly known as CAZymes. As all 

organisms require complex carbohydrates to survive, these enzymes are essential for their roles in 

synthesis, modification, and degradation of these molecules (Cantarel et al. 2008a, Riley et al. 2014, 

Druzhinina et al. 2018, Zhang et al. 2018). Annotation of the CAZyme repertoires of the various 

Sordariomycete species considered in this study revealed homologs from 172 CAZyme families with 

representatives of all six known classes (13 AA, 16 CBM, 12 CE, 86 GH, 34 GT, and 11 PL) 

(Supplementary Tables 2 & 7). Overall, we found that the arthropod mutualistic species have lower 

numbers of CAZymes (min 167 [CBRE], max 380 [RALB], average 230) than other Sordariomycete 

species included in our analyses (min 197 [TANT], max 680 [ILYO], average 415]. Although there 

were high levels of variability in all six classes of CAZymes, when we compared the arthropod 
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symbiotic and non-arthropod symbiotic Sordariomycetes, the greatest variability between species was 

observed within the GH, GT and AA classes (Table 2). These all contain families that are involved in 

the breakdown of plant cell-wall constituents.  

Because arthropod symbionts are mostly found on woody plants or substrates, we were particularly 

interested in investigating CAZyme families involved in wood degradation. To achieve this goal, 45 

CAZyme families that are known to be involved in the degradation of woody constituents were 

considered (Supplementary Table 8). By screening the CAZyme families identified by dbCAN2, 

homologs of 37, 31 and 28 of these families were found in the Ophiostomatales, Microascales and 

Geosmithia, respectively. However, these families appear to have undergone a reduction in gene 

number within the genomes of the arthropod symbiotic Sordariomycete species (Figure 2). This finding 

was not unexpected as it has been shown previously that Ophiostomatoid fungi are not involved in the 

breakdown of these compounds (Valiev et al 2009, Six 2019). This is supported by the findings of 

Skelton et al. (2019) who showed that fungal symbionts of bark and ambrosia beetles are not involved 

in wood decay, but rather slow down the decay process by out-competing wood decay fungi. Our results 

substantiate these findings and suggest that the arthropod symbiotic Sordariomycetes are not actively 

involved in wood decay. 

4.3.2. Lipases and Peptidases 

Fungi are known to produce an arsenal of hydrolytic enzymes that function in the breakdown of plant 

cell wall constituents and host signalling molecules. Lipases primarily act on the outside of the plant, 

breaking down the cuticle, aiding in invasion into a host (Souza et al. 2015, Da Silva 2017). Based on 

their a/b hydrolase folds, three classes of lipases are recognized (GX, GGGX, and Y), each containing 

several superfamilies. Annotation of these enzymes in the fungi considered in this study using the LED 

database identified candidates belonging to all three classes and 29 superfamilies (5 GGGX class, 4 Y 

class, and 20 GX) (Supplementary Table 3). Many of these superfamilies were present in low numbers 

in some species with only 11 of the 29 superfamilies having homologs in all species. Of these, 

superfamilies abH03, abH04, abH08 and abH09 were the most abundant in all species.  
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Peptidases are involved in both the intracellular and extracellularly breakdown and modification of 

proteins and their amino acid constituents (Souza et al. 2015, Da Silva 2017), disrupting signalling and 

aiding in nutrient acquisition. Based on their hydrolytic capabilities, seven peptidase types have been 

described (Aspartic [A]; Asparagine [N]; Cysteine [C]; Glutamic [G]; Metallo [M]; Serine [S]; and 

Threonine [T]). Peptidase annotation using the MEROPS DATABASE identified homologs of all catalytic 

types within the investigated Sordariomycetes (Supplementary Table 4). The most abundant 

peptidases identified were Serine peptidases, along with a consortium of Metallo, Cysteine, Aspartic 

and Threonine peptidases. Homologs to 109 different families were identified [6=A; 29=C; 1=G; 10=I; 

37=M; 2=N; 20=S; 4=T], 40 of which had at least one representative in all species included 

(Supplementary Table 9).  

The large variability in lifestyle for species in the Sordariomycetes also implies that the hydrolytic 

enzymes they produce are also highly variable. However, when we compared the arthropod symbiotic 

species with non-symbiotic Sordariomycetes, the plant pathogenic species, such as species of 

Ilyonectria and Fusarium, had much higher numbers of these enzymes in their genomes. However, the 

overall differences in gene number for both lipases and peptidases can be attributed to a reduction in a 

limited number of families. For example, peptidase families A01, S08, S09, S10 and S33 are present in 

very low numbers in the genomes of arthropod symbiotic species compared to the non-symbiotic 

species.  

In general, we found that the lipase and protease families reduced in arthropod mutualistic species were 

those that act in the extracellular space and are involved in pathogenicity. Because these fungi are rarely 

found colonizing the extracellular spaces of the host, a loss of the genes required to survive in this 

region would not be surprising. These results also explain why, in most cases, the arthropod symbiotic 

species require wounds (Heath et al 2009a, 2009b) to infect their hosts, consistent with the fact that 

these fungi have reduced efficacy in penetrating the plant cell wall. In part, the results also highlight the 

importance of the arthropod vectors in the success of their symbiotic fungi, because they not only 

produce wounds allowing entry into the host, but also aid the fungi in bypassing the first line in plant 

defences. 
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4.3.3. Secondary metabolites 

Secondary metabolites such as pigments, phytotoxins and siderophores are low-molecular weight 

molecules produced by organisms that are not involved in growth but are involved in adaptation to 

different environments, the virulence of plant pathogens, and in interspecies interaction. Genes 

encoding these metabolites are often found in clusters within the genome, hence they are called 

secondary metabolite gene clusters (SMGCs) (Keller et al. 2005, Brakhage 2012, Hoffmeister & Keller 

2007, Kjærbølling et al. 2018) When we screened the genomes of the Sordariomycetes considered in 

this study for the overall presence of SMGCs we found high variably in SMGC encoding genes in the 

species investigated (Supplementary Table 5). However, consistent with our other results, we found 

that the arthropod mutualistic species have some of the lowest numbers of SMGCs among the 

Sordariomycetes, ranging from seven to 26 [average 13], whereas the non-mutualistic species had 

between 14 and 63 SMGCs [average 29].  

Although secondary metabolites are often considered as non-essential for life, in filamentous fungi they 

play an important role in lifestyle adaptation (Brakhage 2012). In general, the abundance of SMGCs in 

the genomes of the Sordariomycete fungi were quite disparate, with higher levels of similarity was 

found in species with close phylogenetic relationships. This pattern of distribution is not uncommon 

and has been shown before for species of Dothidiomycetes (Ohm et al. 2012). However, numerous 

previous studies investigating SMGCs have shown that even closely related species can have vastly 

different assemblages of these clusters in their genomes (Kjærbølling et al. 2018, Vesth et al 2018). 

Despite recent efforts in studying SMGCs, the evolutionary drivers behind their variability remains 

unclear (Lind et al. 2017) but as these molecules are involved in processes such as defence, nutrition 

and communication many environmental factors can influence their presence within a species genome 

(Vesth et al 2018).  

Primarily the losses we observed in the investigated arthropod mutualistic fungi were from three groups 

of SMGCs: nonribosomal peptide synthetases (NRPS), type 1 polyketide synthases (T1PKS), and 

terpene synthases. As the names of these groups suggest, each are involved in the production of a 

different class of biologically active compound (nonribosomal peptides, polyketides, and terpenoids, 
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respectively) (Bills & Gloer 2106). A reduction in the genes encoding these multimodular synthesis 

enzymes in the genome of an organisms, like what we observed for the arthropod mutualistic species 

investigated, would suggest a reduction in the bioactive compounds they can produce. Based on the 

roles that these compounds play, this reduction suggests an overall reduced capability of these species 

in adapting to different or changing environments. 

4.3.4. Small secreted proteins (SSPs) 

Small secreted proteins are important molecules involved in defence and virulence in filamentous fungi. 

These small peptides (200 amino acids or less) act as avirulence factors and play a key role in supressing 

host innate immune responses (Rep 2005). Identification of SSPs encoded in the genomes of all the 

Sordariomycetes investigated revealed the same trend seen for the other annotations carried out in this 

investigation. When comparing the various Sordariomycete species we found that the arthropod 

mutualists encode some of the lowest (Supplementary Table 6) numbers of SSPs whereas non-

mutualistic plant pathogens encode the highest. This finding is similar to that of Ohm et al. (2012), who 

found that found that plant pathogenic species have higher numbers of SSPs than saprotrophic species. 

Similar to many of our other results, we found that small secreted proteins make up a smaller proportion 

of the total secreted proteins in arthropod symbiotic fungi compared to other members of the 

Sordariomycetes (Figure 2B).  

5. Conclusions 

Species of Sordariomycete fungi are highly diverse, occupy a variety of niches and utilize many 

different lifestyles. Various lineages in this class have evolved convergent symbiotic relationships with 

arthropod vectors and this lifestyle was the focus of the present investigation. Comparative genomic 

analyses of more than 100 species of Sordariomycete fungi revealed that these symbionts have reduced 

genome sizes with lowered gene content. Most of these arthropod symbiotic species are not regarded 

as biotrophic pathogens, being unable to infect a host without the presence of a wound, often induced 

by their vectors (Heath 2009a, b, Wingfield et al. 2017). This was reflected in their genomes as a 

reduction in gene content resulting from losses of many gene families. Therefore, this study provides 
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valuable insights into the genomic patterns resulting from the evolution of an arthropod mutualistic 

lifestyle and how the changes in the genome affect the pathogenicity of these fungi. 
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Table 1. Species used in the analyses 

Species name Abbrev. Origin of isolate Lifestyle 
Size 

(Mb)  

Complete* 

(%) 
Reference 

Acremonium alcalophilum AACR Pig Manure Alkaliphile/Saprophyte 54,3 97,7 JGI 

Alternaria brassicola ABRA Brassica sp. Plant pathogen 30,3 90,5 Ohm et al. (2012) 

Acremonium chrysogenum ACHR Seawater Saprophyte 28,6 99,3 Terfehr et al. (2014) 

Apiospora montagnei AMON Detritus Saprophyte 47,7 98,4 JGI 

Ambrosiella xylebori AXYL Ambrosia beetle gallery Arthropod symbiont 27,2 97,5 Vanderpool et al. (2018) 

Beauveria bassiana BBAS Insect Entomopathogen 33,6 98,7 Xiao et al. (2012) 

Bretziella fagacearum BFAG Quercus rubra Arthropod symbiont 26,6 96,6 Wingfield et al. (2016b) 

Colletotrichum acutatum CACU Pinus radiata Plant pathogen 49,1 98,2 Han et al. (2016) 

Ceratocystis adiposa CADI Saccharum officinarum Plant pathogen 28,3 97,7 Wingfield et al. (2016a) 

Ceratocystis albifundus CALB Terminalia sericea Arthropod symbiont 26,7 97,7 Van Der Nest et al. (2014b) 

Ceratocystiopsis brevicomis CBRE Western pine beetle Arthropod symbiont 19,5 91,8 Vanderpool et al. (2018) 

Ceratocystis eucalypticola CEUC Wounded Eucalyptus Arthropod symbiont 30,7 97,4 Wingfield et al. (2015b) 

Ceratocystis fimbriata CFIM Ipomoea batatas Arthropod symbiont 29,9 97,7 Wilken et al. (2013) 

Chaetomium globosum CGLO Stored cotton Saprophyte 34,3 91,3 Cuomo et al. (2015) 

Colletotrichum graminicola CGRA Maize Plant pathogen 50,9 99,0 O'Connell et al. (2012) 

Colletotrichum higginsianum CHIG Brassica campestris Plant pathogen 50,8 99,1 Zampounis et al. (2016) 

Coniochaeta ligniaria CLIG Picea abies Endophyte 43,2 95,7 Jimènes et al. (2017) 

Ceratocystis manginecans CMAN Prosopsis cineraria Arthropod symbiont 31,4 97,3 Van Der Nest et al. (2014a) 

Corollospora maritima CMAR Detritus Saprophyte/Marine 36,9 98,0 JGI 

Cordyceps militaris CMIL Caterpillar Entomopathogen 32,2 98,4 Zheng et al. (2011) 

Ceratocystiopsis minuta CMIN Ips cembrae Arthropod symbiont 21,2 94,0 Wingfield et al. (2016a) 

Cryphonectria parasitica CPAR American Chestnut Plant pathogen 43,8 98,6 JGI 

Ceratocystis platani CPLA Platanus sp. Arthropod symbiont 29,1 97,1 NCBI unpublished 

Ceratocystis smalleyi CSMA Carya cordiformis Arthropod symbiont 25,7 97,0 Wingfield et al. (2018a) 

Diaporthe ampelina DAMP Grapevine Endophyte 50 97,8 Morales-Cruz et al. (2015) 

Daldinia eschscholzii DESC Myroxylon balsamum Endophyte 37,4 98,4 Wu et al. (2017) 

Davidsoniella virescens DVIR Acer saccharum Arthropod symbiont 33,4 97,3 Wingfield et al. (2015b) 

Endoconidiophora laricicola ELAR Larix sp. Arthropod symbiont 32,7 97,4 Wingfield et al. (2016a) 

Eutypa lata ELAT Vitis vinifera cv. “Cremson” Plant pathogen 53,8 97,0 Blanco-Ulate et al. (2013a) 

Endoconidiophora polonica EPOL Picea abies Arthropod symbiont 32,4 97,5 Wingfield et al. (2016a) 
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Species name Abbrev. Origin of isolate Lifestyle 
Size 

(Mb)  

Complete* 

(%) 
Reference 

Esteya vermicola EVER Scolytus intricatus Nematophyte 34 97,5 Vanderpool et al. (2018)  

Fusarium euwallaceae FEUW Kuroshio shot hole borer Arthropod symbiont 48,2 98,9 Ibarra-Laclette et al. (2017) 

Fusarium fujikuroi FFUJ Saccharum officinarum Plant pathogen 43,8 99,0 Wiemann et al. (2013) 

Fusarium graminearum FGRA Wheat kernels Plant pathogen 36,2 98,8 Cuomo et al. (2007) 

Fusarium oxysporum FOXY Cardamine hirsute 
Plant pathogen/ 

Saprophyte 
55,7 99,3 Ma et al. (2010) 

Fragosphaeria purpurea FPUR Fagus sylvatica Saprophyte 34,8 98,3 Vanderpool et al. (2018)  

Fusarium verticillioides FVER Maize Plant pathogen 41,7 98,8 Ibarra-Laclette et al. (2017) 

Grosmannia clavigera GCLA Dendroctonus ponderosae Arthropod symbiont 29,1 97,8 DiGuistini et al. (2011) 

Grosmannia cucullata GCUC  Arthropod symbiont 23,5 98,4 Currently unpublished 

Geosmithia flava GFLA Castenea sativa Arthropod symbiont 29,5 99,0 Schuelke et al. (2017) 

Graphilbum fragrans GFRA Hylastes angustatus Arthropod symbiont 34,3 98,1 Wingfield et al. (2015b) 

Grosmannia galeiformis GGAL 
Pinus sylvestris infested with 

Tomicus piniperda 
Arthropod symbiont 26,4 94,8 Wingfield et al. (2018b) 

Geosmithia morbida GMOR Juglans californica Arthropod symbiont 26 98,9 Schuelke et al. (2017) 

Grosmannia penicillate GPEN Ips amitinus Arthropod symbiont 26,3 97,2 Wingfield et al. (2016b) 

Grosmannia piceaperda GPIC  Arthropod symbiont 28 ,8 98,3 Currently unpublished 

Geosmithia putterilli GPUT Juglans californica Arthropod symbiont 30 99,3 Schuelke et al. (2017) 

Huntiella decipiens HDEC 
Staphilinid sp. infesting 

Eucalyptus saligna 
Arthropod symbiont 26,6 96,6 Wingfield et al. (2017) 

Hawksworthiomyces lignivorus HLIG Eucalyptus pole at soil level Saprophyte 43,8 97,6 Wingfield et al. (2017) 

Huntiella moniliformis HMON Eucalyptus grandis Arthropod symbiont 25,4 96,5 Van Der Nest et al. (2014a) 

Huntiella savannae HSAV Acacia nigrescen Arthropod symbiont 28,5 96,6 Van Der Nest et al. (2015) 

Hypoxylon sp. HYPO Neea floribunda Saprophyte 47,6 97,8 Wu et al. (2017) 

Ilyonectria europaea IEUR Arabidopsis thaliana Plant pathogen 62,3 98,9 JGI 

Ilyonectria sp. ILYO Populus deltoides Plant pathogen 63,2 98,8 JGI 

Ilyonectria robusta IROB Populus trichocarpa Plant pathogen 59,7 98,9 JGI 

Knoxdaviesia capensis KCAP Protea longifolia infructescences Arthropod symbiont 35,5 97,0 Aylward et al. (2016) 

Knoxdaviesia proteae KPRO Protea repens infructescences Arthropod symbiont 35,1 94,2 Aylward et al. (2016) 

Leptographium douglasii LDOU  Arthropod symbiont 31 98,1 Currently unpublished 

Leptographium lundbergii LLUN Pinus Sylvestris Arthropod symbiont 26,5 98,1 Wingfield et al. (2015a) 

Leptographium procerum LRPO Pinus resinosa Arthropod symbiont 28,5 91,0 Van Der Nest et al. (2014b) 
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Species name Abbrev. Origin of isolate Lifestyle 
Size 

(Mb)  

Complete* 

(%) 
Reference 

Leptographium wageneri var 

pseudotsuga 
LWAP  Arthropod symbiont 38,5 97,4 Currently unpublished 

Metarhizium acridum MACR Locust Entomopathogen 38,1 98,3 Gao et al. (2011) 

Magnaporthe grisea MGRI Rice pathogenic strain Plant pathogen 41,5 98,5 Dean et al. (2005) 

Metarhizium robertsii MROB Conoderus sp. Entomopathogen 39 98,5 Gao et al. (2011) 

Myceliophthora thermophila MTHE Soil Saprophyte/Thermophile 38,7 98,9 Berka et al. (2011) 

Microascus trigonosporus MTRI Skin lesion Animal pathogen 36 97,8 JGI 

Neurospora crassa NCRA 
Inbred genetically stable reference 

wild-type strain 
Saprophyte 41 99,3 Galagan et al. (2003) 

Neurospora discreta NDIS Unknown Saprophyte 37,2 98,7 JGI 

Fusarium solani NHAE 

Third generation cross between a 

pea isolate and potato field soil 

isolate 

Plant pathogen 51,2 99,2 Coleman et al. (2009) 

Neurospora hispaniola NHIS Burned vegetation Saprophyte 40,8 99,0 JGI 

Natantiella ligneola NLIG Wood of water-soaked branch Saprophyte 35,2 96,9 This study 

Ophiostoma bicolor OBIC Picea abies  Arthropod symbiont 25 97,6 Lah et al. (2017) 

Ophiostoma ips OIPS Pinus taeda Arthropod symbiont 26 98,5 Wingfield et al. (2017) 

Ophiostoma novo-ulmi ONOV Elm Arthropod symbiont 31,8 99,1 Forgetta et al. (2013) 

Ophiostoma piceae OPIC Pinus contorta Arthropod symbiont 32,5 98,8 Haridas et al. (2012) 

Ophiostoma ulmi OULM  Arthropod symbiont 31,1 98,2 Khoshraftar et al. (2013) 

Phaeoacremonium aleophilum PALE 
Margin of grapevine (Vitis 

vinifera cv. “Thomson”) 
Plant pathogen 47,4 98,8 Blanco-Ulate et al. (2013b) 

Podospora anserina PANS Dung Saprophyte 35,5 99,1 Espagne et al. (2008) 

Pseudocercospora fijiensis PFIJ Musa sp. Plant pathogen 73,7 98,3 Arango Isaza et al. (2016) 

Raffaelea aguacate RAGU Persea americana Arthropod symbiont 35,2 98,5 Vanderpool et al. (2018)  

Raffaelea albimanens RALB 
Platypus externedentatus in Ficus 

sycomo 
Arthropod symbiont 39 98,6 Vanderpool et al. (2018)  

Raffaelea ambrosiae RAMB 
Platypus cylindrus gallery in 

Quercus 
Arthropod symbiont 40,5 98,0 Vanderpool et al. (2018) 

Raffaelea arxii RARX 
Xyleborus torquatus on Cussonia 

umbellif 
Arthropod symbiont 36,7 98,3 Vanderpool et al. (2018) 

Raffaelea lauricola RLAU Unknown Arthropod symbiont 34,3 98,3 Vanderpool et al. (2018) 
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Species name Abbrev. Origin of isolate Lifestyle 
Size 

(Mb)  

Complete* 

(%) 
Reference 

Raffaelea quercivora RQUE 
Discolored sapwood of dead 

Quercus mongolica 
Arthropod symbiont 25,9 99,6 Masuya et al. (2016) 

Raffaelea quercus-mongolicae RQMO 
Platypus koryoensis infested 

Quercus mongolica 
Arthropod symbiont 27 98,0 Jeon et al. (2017) 

Raffaelea sulphurea RSUL 
Xyleborus saxesenii gallery in 

Populus deltoides 
Arthropod symbiont 23,2 98,5 Vanderpool et al. (2018) 

Sodiomyces alkalinus SALK Alkaline soil Saprophyte/Alkaliphile 43,1 98,7 Grum-Grzhimaylo et al. (2018) 

Sporothrix brasiliensis SBRA Feline skin lesion Animal pathogen 33,2 98,7 Teixeira et al. (2014) 

Sporothrix globosa SGLO Face lesion Animal pathogen 33,5 98,6 Huang et al. (2016) 

Stanjemonium grisellum SGRI 
Soil Artemisia tridentata 

grassland 
Saprophyte/Marine 31,9 98,9 JGI 

Stagonospora nodorum SNOD Wheat Plant pathogen 37,1 97,4 Syme et al. (2013) 

Sporothrix pallida SPAL Soil Saprophyte 37,8 91,3 D'Alessandro et al. (2016) 

Sporothrix schenckii SSCH 
Patient manifesting subcutaneous 

sporotrichosis 
Animal pathogen 32,4 98,5 Teixeira et al. (2014) 

Thielavia antarctica TANT Usnea cf. aurantio-atra Saprophyte/Thermophile 39,4 98,0 JGI 

Thielavia appendiculata TAPP Dung of rabbit Saprophyte/Mesophile 32,2 99,1 JGI 

Thielavia arenaria TARE Desert soil 
Saprophyte/ 

Thermophile 
30,7 98,9 JGI 

Trichoderma asperellum TASP 
Sclerotinia minor sclerotium 

buried in soil 
Mycoparasite 37,4 99,3 Druzhinina et al. (2018) 

Trichoderma atroviridae TATR Soil Mycoparasite 36,1 99,4 
Kubicek et al. (2011) 

Thielaviopsis ethacetica TETH Sugar cane Plant pathogen 29,3 98,1 JCM-Riken BioResource Center, 2018a 

Thielaviopsis euricoi TEUR Stem of Metroxylon sagus Plant pathogen 29,6 98,0 JCM-Riken BioResource Center, 2018b 

Trichoderma harzianum THAR Soil Mycoparasite 41 99,1 Druzhinina et al. (2018) 

Thielavia hyrcaniae THYR Dung of gazelle 
Saprophyte/ 

Mesophile 
20,2 99,2 JGI 

Trichoderma longibrachiatum TLON Mud Saprophyte 31,2 89,2 Druzhinina et al. (2018) 

Thielaviopsis musarum TMUS Musa sp. Plant pathogen 28,3 96,9 Wingfield et al. (2015b) 

Thielaviopsis punctulata TPUN Phoenix dactylifers Plant pathogen 27,6 97,2 Wingfield et al. (2015a) 

Trichoderma reesei TREE Canvas shelter Mesophile/Saprophyte 33,4 99,3 Martinez et al. (2008) 

Thielavia terrestris TTER Soil Saprophyte/Thermophile 36,9 98,5 Berka et al. (2011) 

Trichoderma virens TVIR Soil cultivated with cotton Mycoparasite 39 98,9 Kubicek et al. (2011) 
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Species name Abbrev. Origin of isolate Lifestyle 
Size 

(Mb)  

Complete* 

(%) 
Reference 

Verticillium dahliae VDAH Lactuca sativa Plant pathogen 32,9 94,5 Klosterman et al. (2011) 

Xylomelasma sordida^ XSOR 
Alnus glutinosa rotten wood, alt. 

500 m. 
Saprophyte 49,3 98,3 This study 

*Determined using the Ascomycota dataset of BUSCO 

 

149 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

 

 

 

 

 

 

 

 

Figure 1. Estimated phylogeny and divergence times of the Sordariomycota and basic genome 

characteristics for the investigated species. Divergence tree generated for the Sordariomycota using 

BEAST based on 50 shared, single-copy orthologous genes and the topology of the STAG produced 

supertree. Red blocks at nodes indicate the average genome size for species included below the node. 

Nodes with species ancestors potentially adapted to arthropod or bark beetle vectors are indicated at the 

node. Dashed lines indicate the divergence times of the different arthropod vectored Sordariomycete 

lineages investigated in this study.  
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Figure 2. Characteristics for five classes of gene family investigated in this study and the 

abundance of wood-decay enzymes for the 110 species of Sordariomycota included. (A) Bar graphs 

representing the number of proteins belonging to each of the different gene families present in the 

genomes of the different species. (B) The proportion of total secreted proteins made up of small secreted 

proteins (SSPS; <200aa). The circle represents the total number of secreted proteins (SPs), the yellow 

portion of the circle indicates the SSPs and the blue indicates the remaining SPs. (C) Heat map showing 

the abundance of various CAZyme families involved in wood decay in each of the genomes of the 

investigated species. The darker the blue colour the more representatives of that family are present in 

the genome of a species. 
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Methods 

Genome sequencing 

Genome sequences of Natantiella ligneola and Xylomeasma sordida were generated in this study. 

Single spore isolates of N. ligneola and X. sordida were grown up in malt yeast broth (YM: 2% malt 

extract, 0.5% yeast extract, Biolab, Midrand, South Africa). Mycelium was collected in 2 mL Eppendorf 

tubes by centrifugation and freeze-dried. The lyophilized mycelium was ground to a fine powder and 

genomic DNA was extracted using the method described by Duong et al. (2013). A paired-end library 

was prepared (550 bp average insert sizes) for each species and sequenced using the Illumina 

HiSeq2500 (Macrogen Inc, Seoul, Korea). Quality and adapter trimming of the Illumina data was 

carried out using TRIMMOMATIC v0.36 (Bolger et al. 2014). De-novo genome assembly was done using 

SPADES V3.9 (Bankevich et al. 2012) and SSPACE-STANDARD V3.0 (Boetzer et al. 2011) was used for 

scaffolding. Assembly gaps were filled using GAPFILLER V1.10 (Boetzer & Pirovano 2012). The 

BENCHMARKING UNIVERSAL SINGLE-COPY ORTHOLOGS (BUSCO V2.0.1) tool was used to assess the 

completeness of each assembly against the Ascomycota dataset (Simão et al. 2015).  

Results and Discussion 

Supermatrix vs supertree analyses 

There are two main approaches of phylogenetic reconstruction at the forefront of phylogenomic 

analyses: supermatrix analyses and supertree analyses. In both these approaches, primary character data 

forms the basis for the method, but they utilize this data in completely different ways to perform 

phylogenetic reconstruction (Bininda-Emonds 2004). In the supermatrix method, multiple sets of 

primary character data (e.g. sequence data) is combined into one large dataset – also known as the 

supermatrix. This supermatrix is then used as the source for phylogenetic analyses utilizing the 

researchers’ tree reconstruction method of choice (De Queiroz & Gatesy 2007). In the supertree method 

each set of primary character data is analysed separately to produce multiple, small source trees. These 

source trees are then used as an input to reconstruct a larger, more robust phylogeny which summarizes 
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all the initial topologies (Bininda-Emonds 2005). Although in the past arguments were made for and 

against each method, in the genomics era both has its own benefits and drawbacks (Gatesy et al. 2002, 

Bininda-Emonds 2004, De Queiroz & Gatesy 2007). Therefore, instead of looking at these methods of 

phylogeny reconstruction as independent, they should rather be considered as complementary (Bininda-

Emonds 2005, 2010). 

In this work we utilized two different methods of phylogenetic tree reconstruction to determine the 

backbone for the Sordariomycetes: one supermatrix approaches (RaxML) and one supertree approach 

(STAG). The two phylogenies produced by the different analyses were highly congruent 

(Supplementary Figures 1 & 2), except for the Glomerellales clade. Supermatrix analyses using 

RaxML grouped this clade as a distinct sister lineage to both the Microascales and Hypocreales. 

However, in supertree analysis using STAG this clade formed a sister lineage to the Hypocreales. 

Although the grouping has high support in the supermatrix analyses, we still preferred the lower 

supported grouping of the supertree analyses. This was due to the fact that the supertree analyses 

included all orthologous genes shared for the species, whereas the RaxML analyses was based on 315 

shared single-copy orthologous genes. Therefore, we consider the STAG analyses more robust as the 

data used to perform the analysis was more complete. 

Nutrient acquisition by bark and ambrosia beetle associates 

It has been known for quite some time that Ophiostomatoid fungi are unable to digest the woody 

constituents of their host (Valiev et al. 2009, Six 2019, Skelton et al. 2019). However, this leaves the 

question, if they don’t get their nutrients from breaking down the woody tissue of the host, where do 

their nutrients come from? Studies investigating the histopathology and xylem dysfunction caused by 

blue-stain fungi have the answer to this question.  

Studies investigating the progression of blue-stain fungi in pine (Ballard et al. 1982, 1984), spruce 

(Kristis & Offenthaler 2002, Kuroda 2005), oak (Kuroda, 2001, Takahashi et al. 2010), and others (Inch 

& Ploetz 2012, Kajii 2013) have all yielded similar results. What was shown, was that the fungi colonize 

the sapwood of the host by following the path of least resistance, initially entering the xylem vessels 
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through mechanical damage caused by the boring activities of their vectors (Ballard et al. 1984). From 

there, thick hyphae colonize the vessels vertically whilst fine hyphae spread transversely often entering 

the ray parenchyma cells by means of pit cells on the cell wall (Kuroda, 2001, Takahashi et al. 2010). 

Due to the large availability of nutrients found in both these cell types, the fungi can proliferate 

extensively within them (Ballard et al. 1984, Kajii 2013). Eventually this extensive colonization drains 

the cell of its contents, leaving only the necrotic, collapsed cell walls behind (Ballard et al. 1984).  

Fungal colonization of the xylem vessels induced xylem dysfunction in the host. However, this process 

is not so much a result of the fungus but rather a symptom of the host response reaction. Fungal growth 

within the xylem and ray parenchyma induces secondary metabolite production by the host. These 

compounds (mainly tyloses) are sequestered by the host into these cells ahead of the infection in what 

is known as a reaction zone (Shain 1971, Kuroda 2005, Takahashi et al. 2010, Kajii 2013). Within this 

zone, the secondary metabolites accumulate in droplets within the cells. However, this accumulation 

leads to reduced sap-flow within the reaction zone, leaving the area dried out (Kuroda 2005). Formation 

of the reaction zone is usually enough the sequester further fungal colonization as growth of the fungus 

into the reaction zone does not typically occur unless the boring activities of the beetles carry them 

beyond it (Takahashi et al. 2010, Kajii 2013).  
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Comparative genomics annotation pipelines 

Phylogenomic analyses 

RaxML 

#Get the shared single-copy BUSCO files 

#Run BUSCO for all genomes using Ascomycota database. Allow BUSCO to select species for 

augustus. I did this using anaconda on a unix virtual box environment. 

>for f in *.fa; do fn=${f/.fa/} run_BUSCO.py -i $f -l sordariomyceta_odb9 -o $fn -m genome -c 4; done 

#Get all the shared single copy BUSCO's. For this you need faOneRecord installed. 

#In folder with all runs: 

>for f in $(ls|sed -e 's/run_//'); do sed -i 's/.fa.*//;s/:/ /' run_${f}/single_copy_busco_sequences/*;done 

>for f in $(ls|sed -e 's/run_//'); do cat run_${f}/single_copy_busco_sequences/*.faa >> all.buscos; done 

>mkdir full_table 

>mv all.buscos full_table/ 

>for f in $(ls|sed -e 's/run_//'); do cp run_${f}/full_table* ./full_table; done 

>cd full_table 

>cat full_table* | grep -v "#" | grep "Complete" | cut -f1 | sort | uniq -c | awk '{if ($1 == "110 ") print 

$0;}' | awk -F " " '{print $2}' > single.copy.busco 

>cat single.copy.busco | while read -r line; do faOneRecord all.buscos ${line} > ${line}.faa ; done 

>mkdir ../busco.alignments 

>mv *.faa ../busco.alignments 

 

#Align single copy busco seqeunce datasets using PRANK 

>ls *.faa | split -20 #split into smaller groups to run prank con-currently 

#update split files to make them executable and to contain 

>for f in x*; do sed -i 's/^/for f in /' ${f}; done 

>for f in x*; do sed -i 's/faa/faa ; do fn=${f\/.faa\/} \&\& prank -d=${f} -o=${fn}\.faa; done/' ${f}; done 

>for f in x*; do chmod u+x ${f}; done 

#then execute these files concurrently 

 

#run gblocks on alignments 

for f in *.best.fas; do Gblocks ${f} -t=p -b=h; done 

#fix the headers in the gblocks output files for future analyses 

>for f in *-gb, do sed -i ‘s/ //g’ ${f}; done 

#do PTP test using PUAP 

#first convert the gblocks files to nexus format 

>for f in *-gb; do fn=${f/.best.fas-gb} && gblocks2nexus.sh -g full -s protein ${f} ${fn}.nex; done 

#even if protein is specified, gblocks2nexus.sh converts the file specification to DNA, so this needs to 

be fixed 

>sed –i ‘s/=dna/=protein’ *.nex 

#now write the paup block using vim and call the files PAUP_block.txt 

begin PAUP; 

Permute test = PTP nreps=10000 seach=heuristic; 

end; 

 

quit; 

#add the PAUP_block.txt to each for the nexus files 

>for f in *.nex; do cat ${f} PAUP_block.txt > ${f}_PAUP.nex; done 
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#run PTP test 

>for f in *PAUP.nex; do PAUP4a163_ubuntu ${f} -l ${f}.log; done 

#after PAUP has finished compare the P values of the different alignments and discard any that do not 

match the requirement 

#Concatenate Gblocks files (-gb) 

 

#run FASconCAT 

>perl FASconCAT_v1.04.pl -n -p -l -s 

 

#run partition finder using the FcC_supermatrix 

>mkdir PartitionFinder 

>cp FcC_supermatrix.phy PartitionFinder 

#write the .cfg file 

#get data matrix 

>cat FcC_info.xls | grep EOG* | awk ‘{print $1 “\t” $2 “\t” $3}’ | sort -n -k2.2 | awk ‘{print $1 “\t” = 

“\t” $2 “:” $3 “;”}’ | sed -e ‘s/\./_/’ > data_matrix 

#to the top of the data_matrix file add 

alignment= FcC_supermatrix.phy; 

branchlengths= linked; 

models= all; 

model_selection= aicc; 

[data_blocks] 

#to the end of the data_matrix file add 

[schemes] 

search= rcluster; 

#save the files as partition_finder.cfg and correct the : in the final file 

>sed -i ‘s/:/-/’  partition_finder.cfg 

#run partition finder 

>PATH/TO/PROGRAM/partitionFinderProtein.py ./PartitionFinder --raxml --rcluster-max 1000 --

rcluster-percent 10 -p 60 

#Now RaxML using best partition scheme 

raxmlHPC-PTHREADS-AVX2 -T 40 -f a -s FcC_supermatrix.phy -x 1234 -# 100 -m 

PROTGAMMAJTT -q best_scheme.txt -p 2 -o PFIJ,ABRA,SNOD -n Sordario_best_tree.tre 

 

CAZyme extraction pipeline 

#Run dbCAN2 online and download the prediction table for each annotation 

#Extract the CAZymes that have at least two lines of evidence for each annotation 

>for f in .*; do sed -e ‘/s/ ID/ID/’ ${f} | awk ‘{$6>2 print}’ | sed -e ‘s/([^)]*//g’ -e ‘s/)//g’ > 

${f/.txt/}_filtered.txt; done 

#manually work through the files and check for any mistakes. Save in .csv format 

#get gene family only file 

>for f in *.csv; do cut -d “,” -f ${f} | sed -e ‘s/^CBM.*+//’ | sed -e ‘s/+.*//;s/_.*//’ > 

${f/.filtered.txt/}.parsed ; done 

#count the number of unique CAZyme families for each species 

>for f in *.parsed; do sort ${f} | uniq -c | tr -s “ “ | awk ‘{print $2 “\t” $1}’ > 

${f/.parsed/}_cazyme.count.txt ; done 

#get shared unique cazymes 
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>cat *_cazyme.count.txt | cat -f1 | sort | uniq > cazyme.list 

#make a table file (cazyme.count.all) 

#copy information for each species into the table. [sp] – insert the name for the species file 

Map_data_ids [sp]_cazyme.count.txt cazyme-count-all - col # 

 

Lipase identification pipeline 

#Download the LED database content file: led.tar.gz. Combine hmm files within this folder to make 

hmmsearch database 

> cat *.hmm > LED.hmm 

#Run HMMsearch - I did this in anaconda environment with hmmer installed 

#Use protein evidence files (.faa)  

#Set e-value (-E) to 1E-4 (0.0001). Make a directory (outputs) for results. 

> for f in *.faa; do fn=${f%.faa} && hmmsearch --cpu 8 -E 0.0001 --tblout outputs/${fn}.targets.tab -

-domtblout outputs/${fn}.domains.tab LED.hmm ${f} >> outputs/${fn}.hmm.out; done 

#This takes a while 

 

#Extract best hits from *.target.tab files.  

#Remove headers & footers from hmmer and sort that best hits of each protein appears first and print 

to new file. Make directory best.hits for output. 

>for f in *.target.tab; do fn=${f%.target.tab} && grep -v "#" ${f} | sort -k1,1 k6,6gr -k5,5g | sort -u -

k1,1 > ./best.hits/${fn}.besthits.txt; done 

#Extract lipase families (need lipase.families.list file – list containing all lipase family names one 

beneath the other. Available supplementary file.) 

#Make directory for outputs (strict.lipases) 

> for f in *.txt; do fn=${f%.besthits.txt} && grep -F -f lipase.families.list ${f} > 

./strict.lipases/${fn}.strict.lipases; done 

 

#Extract cutinases 

#Make directory for output (strict.cutinases) 

> for f in *.txt; do fn=${f%.besthits.txt} && grep "abH36" ${f} > 

./strict.cutinases/${fn}.strict.cutinases 

 

#Get individual family counts (do for each individual family) 

>grep -c "abH01" *.strict.cutinases >> abH01.count 

#Copy values into excel table 

 

Peptidase identification pipeline 

#Download Merops_scan.lib from Merops database 

#Convert to Merops_scan.lib fasta format 

Blast maker annotated protein files against Merops.scan.fa 
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>makeblastdb -in merops_scan.lib -dbtype prot 

>for f in *.faa; do blastp -db merops_scan.lib -query ${f} -out ${f}.blast.out -evalue 0.0001 -outfmt 6 

-num_threads 4; done 

 

#Sort BLAST results 

>for f in *.out; do fn=${f%.faa} && sort -k1,1 -k12,12gr -k11,11g -k3,3gr ${f} | sort -u -k1,1 --merge 

>> ${f}.merops.best; done 

#To get total counts just count the lines 

>wc -l 

 

#To get individual sub-family counts -> firstly make a table with all the merops accessions in one 

column and their respective sub-family in the one next to it. (Available supplementary file) 

#make a file called merops.awk containing 

BEGIN{OFS = “\t”} 

{if (NR == FNR){ 

Merops [$1] = $0 

} 

else{ 

if($2 in merops){ 

print $1, $2, merops [$2] 

} 

} 

} 

#Then get all the accessions from your analyses 

>for f in *.best; do fn={$f%.merops.best} && awk ‘{print $1, $2}’ ${f} >> ${fn}.accession; done 

#Then import the sub-family names into your analyses 

>for f in *.accession; do fn=${f%.accession} && awk merops.awk merops_family.tab ${f} >> 

${fn}.merops.families ; done#inside the merops.awk file: 

#Print a file with the different sub-families contained in each individual analyses 

>for f in *.families; do fn${f%.merops.families} && awk ‘{print $4}’ ${f} >> ${fn}.families.list; done 

#If you now want to know only the families - print just the first letter of each family name which 

specifies to which family each protein belongs  

>for f in *.list; do fn=${f%.families.list} && cut -c -1 ${f} >> ${fn}.1char ; done 

#you can now count the number of times each family appears using grep. E.g. for glutamic G” family 

>grep -c “G” *.1char > ./Glutamic.count 

#For subfamily counts : I did this in excel. 

 

Secondary metabolite gene cluster identification 

#Antismash is available through bioconda to be installed in an anaconda environment 

#Installation instructions can be found online at 

https://docs.antismash.secondarymetabolites.org/install/ 

#a short antismahs run was done as (using the genome files): 

>for f in *.fas; do antismash -c 6 ${f}; done 
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#Outputs were manually inspected and numbers copied to an excel file 

 

Secreted protein identification 

#Due to a problem with the annotation software, I first had to remove the lines from my fasta files. I 

also added sequential numbering for the proteins to make them easier to identify in the next step. 

 

#From this 
>AACR_1053314 

MVVSKTRLCPLFTRRHIEGMIAEGHSITIVNQYVLKMDGWLKFHPGGDKAIMHMVGRDATDEVTALHSPKAMDQMIRYRIGRIEG

RWKNFIPPIQGGHFRLPTAVDGTDANQDERAHSTKPDAAAWCEPASFSSSVPSSRDTSPVFDVDKSFRRRRGTAPGSCPTSTTSVST

EEDGMHELTPMGFLDAETRKAINLDLDQYPPLDSETQANIIRKYRQLHERIKAEGLYDCNYSSYAIEVSRYCLLMFGVLFFLRCGW

YVTSAACLGALWHQLVFTAHDAGHMGITHDFHIDTCIGIFAANFIGGLSIGWWKRSHNVHHIVTNSPEHDPDIEHMPFLAVSHRFF

GDLYSTYYERLMKYDAFAKVLLSVQSRMFYIIMLFGRFNLYVLSWDHLIFRRGPRKGPAWWHWWLEVAGQVFFWTWFGYGVL

YRCIPTAWYRVIYVLVSHMLQAPVHIQITLSHFAMSTADLGPDESFPQRMLRTTMDIDCPTWLDFFHGGLQFQAIHHLYPRLPRHN

LRRTQKLVQEFCNDVGIPYALYGFVDSNKEVIGRLAEVSRQAAILAECQRVVAGDT 

>AACR_2023495 

MCFALRKPLLCRKMGAKTQRGAHAKPPENSEVARAPAAQSEPGPSKQPAQTTQPHTEPPTKPRAQPQQRTQTTKSTQRPIPTQQN

RPGRPSRRGSPEPPNSTPDPAPPSPTFPKTARDGEGDITMEDADSDDDSDEIARYKTPTQASKRDRRKPPWIPL 

 

#add sequential numbering to the fasta header so all are the same length && #replace the un-numbered 

line with numbers 

>for f in *.faa; do fn=${f%.faa} && awk '/_.*/{n=sprintf("%04d",++i) sub(/_.*/,"|" n "|")}1' ${f} >> 

${fn}.num; done 

>for f in *.num; do sed -i 's/||/|00000|/' ${f}; done 

 

#to this 
>AACR|00011| 

MVVSKTRLCPLFTRRHIEGMIAEGHSITIVNQYVLKMDGWLKFHPGGDKAIMHMVGRDATDEVTALHSPKAMDQMIRYRIGRIEG

RWKNFIPPIQGGHFRLPTAVDGTDANQDERAHSTKPDAAAWCEPASFSSSVPSSRDTSPVFDVDKSFRRRRGTAPGSCPTSTTSVST

EEDGMHELTPMGFLDAETRKAINLDLDQYPPLDSETQANIIRKYRQLHERIKAEGLYDCNYSSYAIEVSRYCLLMFGVLFFLRCGW

YVTSAACLGALWHQLVFTAHDAGHMGITHDFHIDTCIGIFAANFIGGLSIGWWKRSHNVHHIVTNSPEHDPDIEHMPFLAVSHRFF

GDLYSTYYERLMKYDAFAKVLLSVQSRMFYIIMLFGRFNLYVLSWDHLIFRRGPRKGPAWWHWWLEVAGQVFFWTWFGYGVL

YRCIPTAWYRVIYVLVSHMLQAPVHIQITLSHFAMSTADLGPDESFPQRMLRTTMDIDCPTWLDFFHGGLQFQAIHHLYPRLPRHN

LRRTQKLVQEFCNDVGIPYALYGFVDSNKEVIGRLAEVSRQAAILAECQRVVAGDT 

>AACR|00021| 

MCFALRKPLLCRKMGAKTQRGAHAKPPENSEVARAPAAQSEPGPSKQPAQTTQPHTEPPTKPRAQPQQRTQTTKSTQRPIPTQQN

RPGRPSRRGSPEPPNSTPDPAPPSPTFPKTARDGEGDITMEDADSDDDSDEIARYKTPTQASKRDRRKPPWIPL 

 

#remove new lines from file 

for f in *num; do fn=${f%.num} && tr '\n' ' ' < $f > $fn.nolines; done 

#insert newline between sequences 

for f in *nolines; do sed -i 's/>/\n>/g' ${f}; done 

#remove spaces 

for f in *nolines; do sed -i 's/ //g' $f; done 

#add space between second pipe and sequence 

for f in *nolines; do sed -i 's/|/| /2' ${f}; done 

 

#you get this 
>AACR|00011| 

MVVSKTRLCPLFTRRHIEGMIAEGHSITIVNQYVLKMDGWLKFHPGGDKAIMHMVGRDATDEVTALHSPKAMDQMIRYRIGRIER

WKNFIPPIQGGHFRLPTAVDGTDANQDERAHSTKPDAAAWCEPASFSSSVPSSRDTSPVFDVDKSFRRRRGTAPGSCPTSTTSVSTE

DGMHELTPMGFLDAETRKAINLDLDQYPPLDSETQANIIRKYRQLHERIKAEGLYDCNYSSYAIEVSRYCLLMFGVLFFLRCGWYT

SAACLGALWHQLVFTAHDAGHMGITHDFHIDTCIGIFAANFIGGLSIGWWKRSHNVHHIVTNSPEHDPDIEHMPFLAVSHRFFGDY

STYYERLMKYDAFAKVLLSVQSRMFYIIMLFGRFNLYVLSWDHLIFRRGPRKGPAWWHWWLEVAGQVFFWTWFGYGVLYRCIT
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AWYRVIYVLVSHMLQAPVHIQITLSHFAMSTADLGPDESFPQRMLRTTMDIDCPTWLDFFHGGLQFQAIHHLYPRLPRHNLRRTKL

VQEFCNDVGIPYALYGFVDSNKEVIGRLAEVSRQAAILAECQRVVAGDT 

>AACR|00021| 

MCFALRKPLLCRKMGAKTQRGAHAKPPENSEVARAPAAQSEPGPSKQPAQTTQPHTEPPTKPRAQPQQRTQTTKSTQRPIPTQQRP

GRPSRRGSPEPPNSTPDPAPPSPTFPKTARDGEGDITMEDADSDDDSDEIARYKTPTQASKRDRRKPPWIPL 

 

#pull out seqeunces of 200 AA or shorter (this can now be done because all headers are of equal length 

of 13 char) 

for f in *nolines; do fn=${f%.nolines} && grep -x '.\{0,213\}' ${f} >> $fn.signalP ; done 

 

#All the following annotations can be done either using the online server or the downloaded versions 

of the annotation tools. The different programs can be downloaded for academic use at SignalP 

(http://www.cbs.dtu.dk/cgi-bin/nph-sw_request?signalp), TargetP (http://www.cbs.dtu.dk/cgi-

bin/nph-sw_request?targetp) & TMHMM (www.cbs.dtu.dk/cgi-bin/nph-sw_request?tmhmm). Follow 

the installation instructions and execute to generate short annotation files. Start with your protein 

annotation file (*.faa) → E.g. for signalP 

>for f in *.faa; do ./signal -fasta ${f} -format short -batch 10000; done 

 

#Once you have all the annotation files determine the proteins that have two or more lines of evidence 

#Pull out the list of secreted proteins for each species from each annotation – I created an output folder 

for each annotation tool containing all the output files produced by the run 

###signalP # 

>for f in *.short.out*; do fn=${f%.short.out.signalP} && grep “SP” ${f} | awk ‘{print $1}’ | sed -e 

‘s/_/|/’ >> ${fn}.signalP.list; done 

###targetP#  

#Firstly pull out the secreted proteins – there is a double space in front and behind the S.  

>for f in *; do fn=${f%.targetP.out} && grep “  S  “ ${f} >> ${fn}.targetP.secreted; done 

# Second get a list of the secreted proteins – there is a triple space after the protein name 

>for f in *.secreted; do fn=${f%.targetP.secreted} && sed -e ‘s/   .*//’ ${f} >> ${fn}.targetP.list; done 

###TMHMM# 

>for f in *.TMHMM.out; do fn=${f%.TMHMM.out} && grep “ExpAA=0.00” ${f} && awk ‘{print 

$1}’ >> ${fn}.TMHMM.nodomains; done 

#Count the number of secreted proteins – below the ${f}.* refers to the signalP, targetP, and TMHMM 

file for each species. (add a space after the one and avoid pulling out protein names). 

>cat ${f}.* | sort | uniq -c| grep -v “1 “ > ${f}.secreted.proteins 

>wc -l *.secreted.proteins 

 

#now to get the small secreted proteins (smaller than 200AA) 

#first make a directory containing the files with list of secreted proteins 

>mkdir small.sec.prot 

>mv *.secreted.proteins small.sec.proteins 

#now for each species make their own folder and move the secreted protein files into them 

>for f in *.secreted.proteins; do fn=${f%.secreted.proteins} && mkdir ${fn} && mv ${f} ${fn}; done 

#for the files containing the small proteins we made earlier - pull out the names of the proteins  

>for f in *.small.proteins; do fn=${f%.small.proteins} && grep ‘>’ ${f} >> ${fn}.SP.names; done 
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#fix file names to match those in secreted protein list 

>for f in *names; do sed -i ‘s/>//’ && do sed -i ‘s/|//2’ ${f}; done 

#move the files from their current location to their correct species directories  

>for f in *small.proteins; do fn=${f%.small.proteins} && do mv ${f} 

PATH/TO/DIR/small.sec.prot/${fn}; done 

#now count the number of proteins shared between the two files in these directories 

>for f in *; do cd ~/PATH/TO/DIR/small.sec.prot/${f} && cat ${f}* | sort | uniq -c | grep “2 “| wc -l 

>> ${f}.count && cd ~/PATH/TO/DIR/small.sec.prot; done 

#move the count files to their own directory 

>mkdir SSP.count 

> for f in *; do cd ~/PATH/TO/DIR/small.sec.prot/${f} && mv ${f}.count ../SSP.count && cd 

~/PATH/TO/DIR/small.sec.prot; done 

#Combine these files keeping the file header 

>grep “” *.count >> SSP.totals 
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Supplementary Figure 1. Phylogram produced by supertree analysis of all orthologous genes 

using STAG. Nodes with bipartition support between 0.9 and 1 are indicated in blue; with support 

between 0.7 and 0.89 in red; with support between 0.5 and 0.69 in green; with support between 0.3 and 

0.49 in yellow; and below 0.3 are not indicated.  
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Supplementary Figure 2. Phylogram produced by supermatrix analyses of 315 shared, single-

copy orthologous BUSCO genes using RaxML. Branches with support lower than 75% are indicated 

with bold grey branched; with support between 75% and 99% are indicated with bold black branches; 

all other branches had full support.  
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A checklist of South African bark and ambrosia beetles (Coleoptera: Curculionidae: Scolytinae, 

Platypodinae)  

1. Abstract 

Bark and ambrosia beetles are small wood-boring insects (Coleoptera: Curculionidae) that have evolved 

sophisticated symbioses with fungi. Since the start of the 21st century, the increasing accidental 

introductions of these insects and their symbiotic fungi has become a major problem for forest and 

timber industries, especially in the Northern Hemisphere. Consequently, they have been extensively 

studied in this region and their species diversities are relatively well known. In contrast, these pests 

have attracted relatively little research interest in the Southern Hemisphere. In this study we sought to 

address this knowledge gap by creating and updated checklist of bark and ambrosia beetle diversity in 

South Africa. More than 200 species of bark and ambrosia beetles are shown to be present in the 

country, 24 of which represent first reports.  

2. Introduction 

In an increasingly interconnected society, the process of globalization is facilitating the spread of 

invasive pests and pathogens more than ever before (Meyerson & Mooney 2007, Pyšek et al. 2020, 

Jactel et al. 2020, Wingfield et al. 2020). As a result, the movement of unregulated or improperly treated 

plant, wood and other biological material poses a substantial threat to sustainable agriculture and 

forestry world-wide (Wingfield et al. 2008, 2015, Hurley et al. 2016, 2017, Paini et al. 2016, Grousset 

et al. 2020, Paap et al. 2020). One of the most frequently encountered insect groups moved in this way 

are bark and ambrosia beetles (Haack 2001, 2006, Brockerhoff et al. 2006, Meurisse et al. 2019, Faccoli 

et al. 2020). The ease of movement of these insects is most often attributed to their small size, making 

them inconspicuous and easily disseminated in lumber, wood products and packaging (Aukema et al. 

2011, Liebhold et al. 2012).  

Bark and ambrosia beetles represent a polyphyletic assemblage of Coleopteran species that reside in 

two sub-families of the Curculionidae i.e. Scolytinae and Platypodinae (Hulcr et al. 2015). These natural 
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forest inhabitants are often considered harmless because they primarily infest stressed, dying or recently 

dead trees in their native ranges (Hulcr & Stelinski 2017, Hulcr et al. 2017). However, dissemination 

of these insects together with their symbiotic fungal partners into non-native environments has resulted 

in some of the most devastating forest and tree related disease outbreaks ever recorded, such as the 

cases of Dutch elm disease and Laurel wilt (Ploetz et al. 2013, Hulcr & Stelinski, 2017). Although most 

introductions do not result in such devastation, boring activities of the beetles reduce timber value and 

sap-stain of lumber induced by the growth of their associated fungi can result in substantial economic 

losses to global forest industries annually (Seifert 1993, Gregoire et al. 2015, Boland et al. 2016, Susaeta 

et al. 2016).  

In many Southern Hemisphere countries, studies focussed on bark and ambrosia beetles are relatively 

uncommon (Landi et al. 2017, Gomez et al. 2020). A small number of  studies are available from South 

America (Wood 2007), Australia (Dole & Beaver 2008, Mitchell & Maddox 2010, Bickerstaff et al. 

2020), and New Zealand (Brokerhoff et al. 2003, 2006), but these mostly focussed on introduced and 

problematic species. Even fewer studies have been published from Southern African countries, and 

most of these are reports from South Africa. Very few investigations focused on the diversity of bark 

and ambrosia beetles have been conducted in South Africa subsequent to the work of the Austrian 

naturalist Karl Schedl who published extensive species lists of collected specimens (Schedl 1955, 1957, 

1960, 1965, 1970, 1975, 1982). Additionally, only a single complete record of species found in the 

country exists and forms part of the global catalogue produced by Wood & Bright (1992). Since that 

time, only a few new records of these insects have been made (Six et al. 2005, Jordal 2009, Paap et al. 

2018, Van Der Linde et al. 2016, 2018, Nel et al. 2020).  

In general, insect pests affecting natural and plantation forestry in South Africa are treated very 

differently from one another. Plantation forest often constitute large ranges of non-native trees, with 

relatively low insect pests in areas of cultivation. Therefore, the accidental appearance of a new pest or 

disease often results in serious damage and warrants investigation. In contrast, natural forests rarely 

attract much research interest as damage resulting from pest introduction is much less conspicuous 

(Wingfield et al. 2020). Because of the difference in research interest in these areas, pest species 
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affecting South African plantation forestry has been quite well studied and reviewed (Bush et al. 2016, 

Roux et al. 2012, Hurley et al. 2017), whereas little is known about what is happening in our natural 

forest areas (Wingfield et al. 2020). 

The first aim of this study was to provide an updated checklist of bark and ambrosia beetle species 

present in South Africa. Lists of species records were compiled from the published literature (Schedl 

1957, 1960,1 965, 1970, 1975, 1982, Wood & Bright 1992, Mandelshtam & Beaver 2003, Six et al. 

2005, Alonzo-Zarazaga & Lyal 2009, Jordal 2009, Bright 2014, 2021, Van Der Linde et al. 2016, 2018, 

Paap et al. 2018, Nel et al. 2020) and from inspections of Scolytinae and Platypodinae species preserved 

in entomological collections. In addition, specimens collected from field surveys conducted during the 

summers from September 2018 - December 2019 and those submitted to the Diagnostic Clinic of the 

Forestry and Agricultural Biotechnology Institute (FABI) were included. An additional aim of this study 

was to generate sequence data for as many of the collected species as possible to build up currently 

available databases on these insects. 

3. Materials & Methods 

3.1. Entomological collections  

During November 2019, Scolytinae and Platypodinae specimens housed in two entomological 

collections of South Africa were examined. These included the Coleopteran collection of the Ditsong 

(previously Transvaal) Museum of Natural History, Pretoria, South Africa (https://ditsong.org.za) and 

the South African National Collection of Insects (SANCI) of the Agricultural Research Council (ARC) 

Biosystematics Division, Pretoria, South Africa (http://www.arc.agric.za/arc-

ppri/Pages/Biosystematics/National-Collection-of-Insects.aspx). Specimens deposited under valid 

species names (or their synonyms) were presented. All specimens collected from South Africa and 

housed in these collections were examined and included in this study. These collections were considered 

the most important to examine as they house all the type specimens of species described from South 

Africa. Additionally, the Ditsong museum houses most of the specimens collected by Schedl during his 

visits to South Africa. Many of the species housed at the Ditsong collection have also had their identities 
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confirmed by Prof. Roger A. Beaver (retired- Chiang Mai, Thailand) aiding in their credibility of their 

identifications (Ruth Muller, personal communication – Curator of the coleoptera collection, Ditsong 

Museum, Pretoria, South Africa (muller@ditsong.org.za)). 

3.2. Specimen collections 

South Africa includes many different biomes and ecoregions throughout the country. Limpopo is 

primarily dominated by montane grasslands and shrublands (Olson et al. 2001), but different forest 

ecosystems occur along the mountainous escarpments. Two locations, representing distinct ecoregions 

in Limpopo were selected to survey ambrosia beetles in this study. The first location (located 23° 42' 

29.491" S, 30° 5' 57.638" E) was dominated by humid Afromontane forest and the second location 

(located 23° 44' 29.491" S, 30° 11' 15.417" E) was dominated by dry bushveld (grasslands) and 

shrubland. Field collections were carried out using the Bambara beetle trap (Hulcr & McCoy, 2015) 

during the periods of September 2018 – April 2019 and September 2019 – December 2019. 

Additionally, woody material infested with woodborers that were submitted to the Diagnostic Clinic 

based at FABI were placed in emergence chambers and the emerging beetles were collected. Specimens 

were maintained in 96% ethanol at -20°C in the bark and ambrosia beetle collection at FABI, University 

of Pretoria, South Africa overseen by Prof. Wilhelm de Beer until morphological examination and DNA 

sequencing could be conducted. After being used for DNA extraction, the remaining specimens were 

returned to the beetle collection. 

3.3. Morphological observations 

Whole specimens were examined and identified morphologically using a Zeiss Discovery V12 

stereomicroscope (Zeiss, Oberkocken, Germany) with a Zeiss Axiocam IcC 5 camera. The ventral, 

lateral and dorsal aspects of specimens were examined up to 100X magnification. Keys of Rabgalia et 

al. (2006), Faccoli (2008), and Gomez et al. (2018) were used to aid in initial genus level identification. 

Identification involved comparisons of antennal club shape, elytral shape and morphology, and 

pronotum morphology. Focus-stacked photographs were produced for these specimens using HELICON 

FOCUS V5 (HeliconSoft, Kharkiv, Ukraine) with up to 50 different images. For species collected during 
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the surveys in this study, representative specimens were sent to Dr. Andrew Johnson (University of 

Florida) or Prof. Roger A. Beaver for confirmation of species identifications.  

3.4. DNA extraction, PCR and sequencing  

In some cases, the obtained specimens were damaged during collection and could not be used for 

morphological identification. DNA extraction and sequencing were performed to identify these 

specimens. Additionally, representative specimens of all species collected in this study were also 

selected and included for DNA sequencing to build up currently available sequence databases for these 

insects. For whole specimens, DNA extraction was performed from the heads of individual beetles that 

were aseptically removed using tweezers. Where collected specimens were broken, all available 

material was used for DNA extraction. Extractions were performed using the Macherey Nagel 

NucleoSpin Tissue kit (Macherey-Nagel, Dueren, Germany) following the manufacturer’s protocol, 

except for the final elution volume which was reduced to 60 µl.  

PCR amplification and sequencing of the mitochondrial cytochrome oxidase 1 (COI) was done using 

the universal primer pair LCO1490 & HCO2198 (Folmer et al., 1994). Additional amplification of the 

28S ribosomal large subunit (28S) and carbomyl-phosphate synthetase 2 (CAD) regions were carried 

out using the primer pairs 3665 & 4068 (Belshaw & Quicke 1997, Cognato 2013) and apCADforB2 

and apCADrevlmod (Cognato 2013), respectively. PCR reactions were carried out as described by 

Cognato (2013) in 25 µL reaction volumes. Two microliters of the extracted DNA was used as template 

for PCR amplification.  

PCR products were treated with EXOSAP-IT™ PCR PRODUCT CLEANUP REAGENT (ThermoFisher 

Scientific, Massachusetts, United States) to remove any residual dNTPs and primers. Sequencing PCR 

reactions were carried out for both the forward and reverse strand using the same primers as used in 

PCR according to THE BIGDYE® TERMINATOR V3.1 Cycle sequencing protocol (ThermoFisher 

Scientific, Massachusetts, United States). All sequencing PCR reactions were performed using an 

annealing temperature of 55°C. Sequencing PCR products were purified using the sodium acetate and 

ethanol precipitation method (Maniatis et al. 1982) before submission to the DNA sanger sequencing 
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facility based at the University of Pretoria for fragment analyses using an ABI PRISM®3500 GENETIC 

ANALYZER (Applied Biosystems, California, United States). The software SEQUENCE SCANNER V1.0 

(https://sequence-scanner-software.software.informer.com/) was used for sequence quality assessment 

and editing. Contigs were assembled using CONTIGEXPRESS v11 (Science Express, New York, United 

States). Newly obtained sequences will be deposited in NCBI GenBank. Generated consensus 

sequences were used in BLASTN searches against the non-redundant nucleotide sequence database 

available in NCBI GenBank to confirm putative morphological identifications of species. 

4. Results 

In total, from all records considered, 24 Platypodinae species (Table 1) and 236 Scolytinae species 

(Table 2) were identified from South Africa. These included two Platypodinae and 22 Scolytinae 

species reported from the country for the first time (Table 1 & 2). Physical specimens for four of the 

newly recorded species were collected during this study.  

Field expeditions and beetle rearing from material submitted by members of the public yielded 2348 

beetle specimens. Of these, 2139 specimens were identified to species level. These included three 

Platypodinae species and 37 Scolytinae species (Tabke. The remaining specimens were either too 

damaged to be successfully identified or might represent novel taxa (having morphologies that do not 

match those of any of the known species) and thus were not considered in the current study. 

4.1. Field collected specimens 

In total 1897 specimens were collected during field expeditions to Tzaneen, Limpopo (Figure 1A). 

These represent 683 specimens collected from the grassland ecoregion and 1214 specimens collected 

from the Afromontane ecoregion. Of the 1897 specimens collected, 1794 were identified to species 

level using morphological data. The remaining 103 specimens could not be identified to species level 

but were identified to either genus or family level. Results for the unidentified specimens are not 

included in this checklist and will be considered at a later date. 
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In total 26 species were collected from the two locations. Sixteen species were collected from the 

grassland ecoregion and 24 species were collected from the Afromontane ecoregion (Figure 1B). Of 

the 26 species collected, 14 were collected from both sites i.e. Ambrosiodmus pithecolobius, Doliopygus 

erichsoni, Eccoptopterus spinosus, Glostatus squamosus, Hypothenemus eruditus, Hypothenemus 

hampei, Premnobius cavipennis, Xyleborinus saxesenii, Xyleborus affinis, Xyleborus ferrugineus, 

Xyleborus perdiligens and Xylosandrus crassiusculus. Hypothenemus crudiae, H. setosus and H. 

seriatus were collected only from the grassland ecoregion, whereas Amphiscolytus capensis, 

Ambrosiodmus tachygraphus, Eidophelus onyanganus, Euwallacea xanthopus, Hapalogenius 

fuscipennis, Scolytoplatypus fasciatus, Strombophorus capensis, Xyleborinus aemulus, Xyleborus 

antaisaka and Xyloctonus scolytoides were collected only from the Afromontane ecoregion. The four 

most dominant species collected in this study were Xyleborinus saxesenii (30%), Scolytoplatypus 

fasciatus (23%), Hypothenemus eruditus (11%) and Premnobius cavipennis (10%). Despite being the 

second most abundant species collected, Scolytoplatypus fasciatus was found only in the Afromontane 

ecoregion and represented 36% of the specimens collected from this location.  

4.2. Submitted specimens 

Various samples of infested wood and collected insect specimens were submitted to the FABI 

Diagnostic clinic for beetle identification. Submissions were made by both private homeowners and 

foresters. From these samples, 242 specimens of bark and ambrosia beetle were collected. From these 

specimens, 22 different species were identified (Table 3). 

4.3. Entomological collections  

A total of 163 species housed at two entomological collections visited were considered in this study, of 

these 109 were at the Ditsong Museum and 103 were at SANCI. These collections house specimens for 

21 species that had been identified and submitted but had not been reported (Table 1 & 2). From the 

163 species identified, 41 species have specimens available at both collections. 
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4.4. DNA sequencing 

Of the 40 species for which specimens were collected in this study, we were able to obtain DNA 

sequence data for one or more regions for 38 species (Table 4). For 33 species we were able to generate 

sequence data for two or more of the selected regions. For six of these species i.e. Amphiscolytus 

capensis, Hypothenemus crudiae, Hapalogenius fuscipennis, Ambrosiodmus pithecolobius, Xyleborus 

antaisaka and Xyleborus perdiligens, this was the first time that any DNA sequence data has been 

generated for these species. Unfortunately, there are still a very limited amounts of DNA sequence data 

available for meaningful comparison in the case of many bark and ambrosia beetles. However, along 

with morphological characters (Figures 3 – 22), the DNA sequence data provided confimation for our 

identifications of 18 species i.e. Crossotarsus externedentatus, Euplatypus parallelus, Cryphalus 

mangiferae, Dryocoetes uniseriatus, Eccoptopterus spinosus, Hypothenemus eruditus, Hypothenemus 

seriatus, Hylastes angustatus, Styracoptinus murex, Orthotomicus erosus, Scolytoplatypus fasciatus, 

Strombophorus capensis, Premnobius cavipennis, Xyleborus sexesenii, Xyleborus affinis, Xyleborus 

ferrugineus, Xyleborus madagascariensis, and Xylosandrus crassiusculus.  

4.5. Catalogue 

The following section includes a list of all species that have been recorded in South Africa. Names of 

species not present in the catalogue by Wood & Bright (1992) are indicated in bold face. Type 

specimens (T) are indicated. The collections in which type specimens for species are deposited are 

indicated and collection numbers given where available. Species known only to be present in South 

Africa from published literature are indicated (P). Provincial collection data from within the country is 

given where available.  

Species names are based on their most current taxonomic classification. Various taxonomic 

amendments to species names were considered and included. These include (i) the large revision of the 

Platypodinae by Wood (1993), (ii) the introductions of the genera Amphiscolytus and Diuncus 

(Mandelshtam & Beaver 2003, Hulcr & Coganto 2009), (iii) the revision of the genus Xylosandrus by 

Dole & Cognato (2010), (iv) the introduction of many new synonymies and combinations in the genus 
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Hylesinopsis by Beaver et al. (2010), (v) the transfer of Premnobius to the Premnobiini tribe by Cognato 

(2013), (vi) the large revision of the Cryphalini just completed by Johnson et al. (2020), and (vii) minor 

taxonomic changes introduced by Beaver (1998, 2011) & Alonzo-Zarazaga & Lyal (2009). 

Species are arranged first by family, then by tribe, then by genus and all are listed alphabetically. 

Species reported for the first time were treated individually in the discussion section. Species were 

numbered to aid in keeping track of each species introduced in the catalogue. Common names of beetles 

and fungal associates were given where known. 

FAMILY PLATYPODINAE 

TRIBE Platypodini 

1. Crossotarsus externedentatus (Fairmaire, 1849) 

Common name: Exotic pinhole borer 

Specimens housed at: Ditsong Museum, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

Associated fungi: Raffaelea albimanens, R. canadensis, R. hennertii (Scott & du Toit 1970, Harrington 

et al. 2010) 

 

2. Crossotarsus wallacei (Thomsom, 1858)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

3. Cylindropalpus auricomans (Schaufuss, 1897) 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

4. Doliopygus bohemani (Chapuis, 1865) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

5. Doliopygus chapuisi (Duvivier, 1891)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 
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6. Doliopygus citri Schedl, 1948 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal, Western Cape. 

 

7. Doliopygus crinitus (Chapuis, 1865) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Gauteng, Mpumalanga. 

 

8. Doliopygus dubius (Sampson, 1942)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

9. Doliopygus erichsoni (Chapuis, 1865) Figure 3 (A-D) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Limpopo, Western Cape. 

 

10. Doliopygus mimicus (Schedl, 1933) 

Specimens housed at: SANCI 

South African provincial collection records: Mpumalanga. 

 

11. Doliopygus spatiosus (Schedl, 1935)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

12. Euplatypus hintzi (Schaufuss, 1897) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Mpumalanga. 

 

13. Euplatypus parallelus (Fabricius, 1801) Figure 3 (E-H) 

Common name: Ambrosia pinhole borer 

Specimens housed at: Ditsong Museum, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

 

14. Platypus impressus (Strohmeyer, 1912) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal. 
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15. Platypus perrisi Chapuis, 1865 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

 

16. Platypus sampsoni (Schedl, 1933) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Mpumalanga, KwaZulu-Natal, Western Cape. 

 

17. Platypus solutus Schedl, 1933 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

18. Platypus spinulosus (Strohmeyer, 1912) 

South African provincial collection records: KwaZulu-Natal. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Schedl (1982) and Wood & 

Bright (1992). 

 

19. Triozastus banghaasi (Schaufuss, 1905)P 

Specimens housed at SANCI but not of South African origin. 

Records to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

20. Triozastus marshalli (Sampson, 1924)P 

NOTES: No representative specimens of this species from South Africa were available in the collections 

visited. Records to indicate the presence of this species in South Africa are presented in Wood & Bright 

(1992). 

 

TRIBE Tesserocerini 

21. Mitosoma crenulatum Chapuis, 1865P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

22. Mitosoma paulianum Schedl, 1950P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 
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23. Periommatus longicollis Chapuis 1865 

Specimens housed at both the Ditsong Museum and SANCI  

South African provincial collection records: KwaZulu-Natal, Mpumalanga. 

 

24. Periommatus pseudocamerunus Nunberg, 1958P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

FAMILY SCOLYTINAE 

TRIBE Amphiscolytini 

1. Amphiscolytus capensis (Schedl, 1971) Figure 4 

Specimens housed at: FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo, Western Cape. 

 

TRIBE Cryphalini 

2. Cryphalus asperatus (Gyllenhal, 1813)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

3. Cryphalus giganteus Schedl, 1975P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992).  

 

4. Cryphalus mangiferae (Stebbing, 1914) Figure 5 

Common names: mango bark beetle, shoot gun perforator 

Specimens housed at: FABI 

South African provincial collection records: Mpumalanga. 

Associated fungi: Ceratocystis manginecans, C. magicola, C. mangivora (Van Wyk et al. 2011, Al 

Adawi et al. 2013). 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Bright (2021). 

Commonly known as the mango bark beetle, C. mangiferae was described by Stebbing in 1912 in the 

genus Hypocryphalus. Over the last decade, this beetle has been found to vector three pathogenic 

species of Ceratocystis responsible for both mango sudden death disease and mango blight, two diseases 

that are causing devastating losses to the mango crops of Brazil, Oman, and Pakistan (Van Wyk et al. 

2007, 2011, Masood & Saeed 2012, Al Adawi et al. 2013). The taxonomy of these Ceratocystis spp. 
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residing in the Ceratocystis fimbriata sensu lato complex is controversial, but the aggressiveness of 

these fungi is well recognised (Oliveira et al. 2015, Kanzi et al. 2020). Given that South Africa produces 

approximately 75 000 tons of mango annually (SAMGA 2020), the detection of C. mangiferae warrants 

closer investigation. As the fungi vectored by the beetle has not yet been found in South Africa, C. 

mangiferae is regarded as a potential threat to the South African mango growing industry (Galdino et 

al. 2016). 

 

5. Cryphalus margadilaonis (Hopkins, 1915)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

6. Cryphalus rotundus (Hopkins, 1915)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

TRIBE Crypturgini 

7. Aphanarthum capense Jordal, 2009P 

South African provincial collection records: Eastern Cape 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Jordal (2009). 

 

8. Apanarthum maculatum Jordal, 2009P 

South African provincial collection records: Eastern Cape 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Jordal (2009). 

 

9. Coleobothrus germeauxi Menier, 1973 

Specimens housed at: SANCI 

South African provincial collection records: Limpopo. 

 

TRIBE Diamerini 

10. Diamerus hispidus (Klug, 1832)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 
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11. Diamerus pulverulentus Gertaecker, 1873 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

 

12. Pernophorus abhorrens Eggers, 1943 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Mpumalanga. 

 

13. Pernophorus pondoanus Eggers, 1933P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Schedl (1962) & Wood & Bright 

(1992). 

South African provincial collection records: Eastern Cape. 

 

14. Pseudodiamerus obscurus Eggers, 1943P 

NOTES: No representative specimens of this species from South Africa were available in the collections 

visited. Records to indicate the presence of this species in South Africa are presented in Wood & Bright 

(1992). 

 

15. Pseudodiamerus striatus Eggers, 1933P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

16. Sphaerotrypes expressus Schedl, 1937 

Specimens housed at: SANCI 

South African provincial collection records: Mpumalanga. 

 

17. Sphaerotrypes hagedorni Eggers, 1920 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

NOTES: Zwolinksi & Geldenhuis (1988) detected this species infesting ironwood in South Africa. This 

record was not included in the catalogue by Wood & Bright (1992). 

 

18. Sphaerotrypes pila Blandford, 1894P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 
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19. Sphaerotrypes pygeumi Schedl, 1955 

Specimens housed at: SANCI 

South African provincial collection records: Limpopo. 

NOTES: Sphaerotrypes pyguemi was first reported to be present in South Africa according by Browne 

(1970).  

 

20. Sphaerotrypes variegatus Eggers, 1932 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Cape Province (Old designation), Limpopo. 

 

21. Strombophorus capensis Schedl, 1965T Figure 6 

Holotype: SANCI (TYPH00598) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, Gauteng, Kwazulu-Natal, Limpopo, 

Western Cape. 

 

22. Strombophorus crenatus Hagedorn, 1909P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

23. Strombophorus ericius (Schaufuss, 1897) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Kwazulu-Natal. 

 

TRIBE Diapodini 

24. Diapus africanus Beaver, 2000P 

South African provincial collection records: Eastern Cape. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Bright (2014). 

 

TRIBE Dryocoetini 

25. Coccotrypes carpophagus (Hornung, 1842) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Western Cape. 
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26. Coccotrypes confusus (Eggers, 1940) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal. 

 

27. Coccotrypes congonus Eggers, 1924 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal. 

 

28. Coccotrypes dactyliperda (Fabricius, 1801) 

Common names: Date stone beetle, palm seed borer, button beetle. 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Eastern Cape, Gauteng, KwaZulu-Natal. 

 

29. Coccotrypes niger Eggers, 1927P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Bright (2021). 

 

30. Cyrtogenius africus Wood, 1988 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Limpopo. 

NOTES: Cyrtogenius africus was reported to be present in South Africa by Van Der Linde et al. (2016) 

infesting dying Euphorbia ingens. 

Associated fungi: Ophiostoma thermarum, Aureovirgo volanis (Van Der Linde et al. 2016). 

 

31. Cyrtogenius bicolor Strohmeyer, 1910P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

32. Cyrtogenius major Strohmeyer 1911 

Specimens housed at: SANCI 

South African provincial collection records: Gauteng. 

 

33. Cyrtogenius silvaniae Schedl, 1982T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 
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34. Dryocoetes uniseriatis Eggers, 1926 Figure 7 

Specimens housed at: FABI 

South African provincial collection records: KwaZulu-Natal. 

HOST: Pinus sp.  

 

35. Thamnurgus capensis Schedl, 1977P 

NOTES: No representative specimens of this species available in the collections visited. Records to 

indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

36. Thamnurgus euphorbiae (Kuester, 1845)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

37. Thamnurgus euryopsis Schedl, 1955 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

38. Thamnurgus lobeliae Eggers, 1933P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

39. Thamnurgus longipilis Schedl, 1938P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

40. Thamnurgus senecionis Schedl, 1938P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

41. Triotemnus striatus Eggers, 1936 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal. 
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42. Triotemnus subretusus Wollaston, 1864P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

TRIBE Ernoporini 

43. Eidophelus afer (Schedl, 1970) 

Specimens housed at: SANCI 

South African provincial collection records: Mpumalanga. 

NOTES: Schedl (1975) reported the species under its synonym Cryphalophilus afer from South Africa. 

This report was not included in the catalogue by Wood & Bright (1992). 

 

44. Eidophelus africanus (Schedl, 1977)P 

South African provincial collection records: KwaZulu-Natal. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

45. Eidophelus aspericollis (Eichhoff, 1878)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

46. Eidophelus darwinii (Eichhoff, 1878)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

47. Eidophelus devius (Schedl, 1975) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng, Mpumalanga. 

 

48. Eidophelus grobleri (Schedl, 1962) T 

Holotype: SANCI (TYPH00547) 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 
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49. Eidophelus onyanganus (Schedl, 1941) Figure 8 

Specimens housed at: FABI 

South African provincial collection records: Limpopo, Mpumalanga. 

 

50. Eidophelus spessivtzevi Berger, 1917P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

51. Eidophelus spirostachius (Schedl, 1958) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal, Mpumalanga. 

 

52. Eidophelus usagaricus (Eggers, 1922)N 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

53. Ernoporus parvulus (Eggers, 1943) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Northern Cape. 

 

54. Hypothenemus acaciae (Eggers, 1920) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng. 

 

55. Hypothenemus africanus (Hopkins, 1915)P 

South African provincial collection records: Western Cape. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

56. Hypothenemus agnatus (Eggers, 1924) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng. 

 

57. Hypothenemus areccae (Hornung, 1842) 

Specimens housed at: SANCI 

South African provincial collection records: Gauteng. 
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58. Hypothenemus birmanus (Eichhoff, 1878)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Bright (2021). 

 

59. Hypothenemus biseriatus (Eggers, 1919)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

60. Hypothenemus brevicollis (Eggers, 1927) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

61. Hypothenemus carbonarius (Eggers, 1943) 

Specimens housed at: SANCI 

South African provincial collection records: Gauteng, Limpopo, Northern Cape. 

 

62. Hypothenemus crudiae (Panzer, 1791) Figure 9 (A-B) 

Specimens housed at: FABI 

South African provincial collection records: Limpopo. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

63. Hypothenemus dexter (Sampson 1922) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Mpumalanga. 

NOTES: Schedl (1957) reported the species under its synonym Cryphalus dexter from South Africa. 

This report was not included in the catalogue by Wood & Bright (1992). 

 

64. Hypothenemus elephas (Eichhoff, 1872) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal.  
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65. Hypothenemus eruditus (Westwood, 1834) Figure 9 (C-D) 

Common name: Erudite pygmy beetle 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Eastern Cape, Gauteng, Limpopo, Mpumalanga, Western 

Cape. 

 

66. Hypothenemus hampei (Ferrari, 1867) 

Common names: Coffee borer beetle, Coffee berry borer. 

Specimens housed at: SANCI 

South African provincial collection records: Limpopo. 

 

67. Hypothenemus liberiensis (Hopkins, 1915) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

68. Hypothenemus mallyi (Hopkins, 1915) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng. 

 

69. Hypothenemus malus (Schedl 1957) 

Specimens housed at: SANCI 

South African provincial collection records: Gauteng. 

 

70. Hypothenemus marshalli (Eggers, 1936)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

71. Hypothenemus morio (Eggers, 1940) 

Specimens housed at: Ditsong Museum 

 

72. Hypothenemus mozambiquensis Eggers, 1943 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Limpopo. 
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73. Hypothenemus natalensis (Schedl, 1941)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

74. Hypothenemus ruginosus Wood, 1989 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

75. Hypothenemus seriatus (Eichhoff, 1872) Figure 9 (E-F) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo, Mpumalanga, Northern Cape, 

Western Cape. 

 

76. Hypothenemus setosus (Eichhoff, 1868) Figure 9 (G-H) 

Specimens housed at: Ditsong Museum, FABI 

South African provincial collection records: Limpopo. 

 

77. Hypothenemus solitarius (Schedl, 1950)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

78. Hypothenemus vitis (Browne, 1970)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

TRIBE Hexacolini 

79. Microborus boops Blandfors, 1897 

Specimens housed at: Ditsong Museum 

 

TRIBE Hylastini 

80. Hylastes angustatus (Herbst, 1793) Figure 10 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Limpopo, Kwazulu-Natal, Mpumalanga, Western Cape. 

Associated fungi: Ophiostoma ips, O. pluriannulatum, O. stenoceras, Leptographium lundbergii, L. 

serpens, Ceratocystiopsis minuta (Zhou et al. 2001). 
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81. Hylastes ater (Paykull, 1800)P 

Common name: Black pine bark beetle. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

Associated fungi: Leptographium procerum, Ophiostoma galeiformis, O. huntii, O. floccosum, O. 

setosum, O quercu, (Reay et al. 2005).  

 

82. Hylastes linearis Erichson, 1836 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

83. Hylurgops palliatus (Gyllenhal, 1813) 

Common name: Lesser spruce bark beetle. 

Specimens housed at: SANCI 

Associated fungi: Leptographium lundbergii, L. guttulatum, L. wingfieldii, Ophiostoma ips, O. minus, 

O. olivaceum, O. picea, O. pluriannulatum, O. quercus, O. stenoceras (Jankowiak 2006, Romon et al. 

2007) 

 

84. Hylurgops rugipennis pinifex (Fitch, 1858) 

Specimens housed at: SANCI 

 

TRIBE Hylesinini 

85. Dactylipalpus cicatricosus (Blandford, 1896) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal. 

 

86. Dactylipalpus grouvellei (Blandford, 1896)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Schedl (1960) & Wood & Bright 

(1992). 

South African provincial collection records: KwaZulu-Natal. 

 

87. Dactylipalpus transversus Chapuis, 1869P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 
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88. Hapalogenius africanus (Eggers, 1933) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Mpumalanga, Limpopo. 

 

89. Hapalogenius fuscipennis (Chapuis, 1869) Figure 11 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, Free State, Limpopo. 

 

90. Hapalogenius globosus Hagedorn, 1912P  

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

91. Hapalogenius pusillus (Gerstacker, 1855) 

South African provincial collection records: Western Cape.  

NOTES: No representative specimens of this species were available in the collections visited. 

Hylesinopsis pusillus was reported to be present in South Africa by Beaver et al. (2010). 

 

92. Hylesinopsis ericius (Schaufuss, 1897) 

South African provincial collection records: KwaZulu-Natal.  

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

93. Hylesinopsis fasciata (Hagedorn, 1909) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: KwaZulu-Natal.  

NOTES: Hylesinopsis fasciata was reported to be present in South Africa by Beaver et al. (2010). 

 

94. Hylesinopsis orientalis (Eggers, 1943) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Limpopo. 

 

95. Hylesinopsis sulcatus (Eggers, 1944) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

NOTES: Hylesinopsis sulcatus was reported to be present in South Africa by Beaver et al. (2010). 
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96. Hylesinopsis togonus (Eggers, 1919) 

Specimens housed at: SANCI 

South African provincial collection records: Mpumalanga  

 

97. Hylesinus aculeatus Say, 1926 

Common name: Eastern ash bark beetle 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

 

98. Rhopalopselion bimaculatus (Eggers, 1933)P 

South African provincial collection records: KwaZulu-Natal.  

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

99. Rhopalopselion bituberculatum Hagedorn, 1909P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

TRIBE Hylurgini 

100. Hylurgus ligniperda (Fabricius, 1787) 

Common name: red-haired pine bark beetle 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Western Cape. 

Associated fungi: Ceratocystiopsis minuta, Grosmannia olivacea, Leptographium huntii, L. lundbergii, 

L. tereforme. L. truncatum, L. serpens, Ophiostoma bicolor, O. canum, O. flocossum, O. galeiformis, 

O. ips. O. picea, O. pluriannulatum, O. quercus, O. rectangulosprium, O. stenoceras (Zhou et al. 2001, 

Kim et al. 2011, Jankowiak & Bilanski 2013, Davydenki et al. 2014) 

 

101. Xylechinus australis Schedl, 1957 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

102. Xylechinus pilosus (Ratzeburg, 1837)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 
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TRIBE Hypoborini 

103. Dacryostactus kolbei Schaufuss, 1905 Figure 12 (A-B) 

Specimens housed at: SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal. 

NOTES: Records to indicate the presence of this species in South Africa are presented in Alonso-

Zarazaga & Lyal (2009). 

 

104. Glochiphorus alienus Schedl, 1982T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng. 

 

105. Glochiphorus globosus Strohmeyer, 1910P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

106. Liparthrum australis Schedl, 1975T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

107. Liparthrum bituberculatum Wollaston, 1854P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

108. Styracoptinus euphorbiae (Bright, 1981) 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992) 

 

109. Styracoptinus murex (Blandford, 1896) Figure 12 (C-D) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga. 

 

TRIBE Ipini 

110. Acanthotomicus biconicus (Schedl, 1938)N 

Specimens housed at: Ditsong Museum 
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111. Acanthotomicus lefevrei (Browne, 1973)N 

Specimens housed at: SANCI 

South African provincial collection records: Mpumalanga. 

 

112. Acanthotomicus medius (Eggers, 1943) 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

113. Acanthotomicus pilosus (Eggers, 1924) 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

114. Acanthotomicus spinosus Blandford, 1894P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

115. Ips typographus (Linnaeus, 1758)P 

Common name: European spruce bark beetle. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

Associated fungi: Ceratocystiopsis minuta, Ceratocystis polonica, Graphium pseudormiticum, 

Grosmannia penicillate, G. europhioides, Ophiostoma ainoae, O. bicolor, O. cucullata, O. 

europhioides, O. japonicum, O. penicillatum, O. picea (Yamaoka et al. 1997, Persson et al. 2009, Zhao 

et al. 2019). 

 

116. Orthotomicus caelatus (Eichhoff, 1868) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Western Cape. 

 

117. Orthotomicus erosus (Wollaston, 1857) Figure 13 (A-B) 

Common name: Pine bark beetle 

Specimens housed at: SANCI, FABI 

South African provincial collection records: Kwazulu-Natal, Western Cape. 

Associated fungi: Ophiostoma ips, O. pluriannulatum, Leptographium lundbergii, L. serpens (Zhou et 

al. 2001) 
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118. Orthotomicus laricis (Fabricius, 1793)P 

Common name: Lesser larch bark beetle. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

Associated fungi: Ophiostoma ips, O. peregrinum, O. piliferum (De Errasti et al. 2016) 

 

119. Pityokteines curvidens (Germar, 1824)P 

Common name: Fir engraver beetle. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

TRIBE Micracidini 

120. Afromicracis convexus (Schedl, 1962) 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

121. Afromicracis kenyaensis Schedl, 1959P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

122. Afromicracis natalensis (Eggers, 1936) 

Specimens housed at: Ditsong Museum 

 

123. Lanurgus barbatus Eggers, 1920 

Specimens housed at: SANCI 

South African provincial collection records: Gauteng. 

 

124. Lanurgus capensis Schedl, 1965T  

Holotype: SANCI (TYPH00556) 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

 

125. Lanurgus gracilis Schedl, 1958T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum, SANCI  

South African provincial collection records: Eastern Cape. 
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126. Lanurgus podocarpi Schedl, 1955 Figure 14 (A-B) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, KwaZulu-Natal. 

NOTES: Lanurgus podocarpi and Lanurgus bicolor were synonymized by Beaver (2011). The holotype 

specimen of Lanurgus bicolor is located at SANCI (TYPH00550). 

 

127. Lanurgus rhusi Schedl, 1962T 

Holotype: SANCI (TYPH00536) 

Specimens housed at: Ditsong Museum, SANCI  

South African provincial collection records: Gauteng. 

 

128. Lanurgus spathulatus Schedl, 1948 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Eastern Cape. 

 

129. Lanurgus subsulcatus Browne, 1970P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

130. Lanurgus widdringtoniae Schedl, 1962T 

Holotype: SANCI (TYPH00552) 

Specimens housed at: Ditsong Museum, SANCI  

South African provincial collection records: Western Cape. 

 

131. Lanurgus xylographus Schedl, 1962T Figure 14 (C-D) 

Holotype: SANCI (TYPH00553) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Western Cape. 

NOTES: Lanurgus xylographus and Lanurgus oleaeformis were synonymized by Beaver (2011). The 

holotype specimen of Lanurgus oleaeformis is located at SANCI (TYPH00551). 

 

132. Phloeocurus africanus (Schedl, 1957)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 
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133. Pseudomicracis africanus Schedl, 1957 

Specimens housed at: SANCI 

South African provincial collection records: Limpopo. 

NOTES: Schedl (1975) reported the species under its synonym Hylocurus africanus from South Africa. 

This report was not included in the catalogue by Wood & Bright (1992). 

 

134. Traglostus brevisetosus Schedl, 1957 

South African provincial collection records: KwaZulu-Natal. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Schedl (1957) and Wood & 

Bright (1992). 

 

135. Traglostus exornatus Schedl, 1938P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

136. Traglostus longipilis Schedl, 1958P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

137. Traglostus pubescens Schedl, 1982P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

TRIBE Phloeosinini 

138. Cladoctonus affinis Strohmeyer, 1911 

Specimens housed at: Ditsong Museum  

South African provincial collection records: KwaZulu-Natal, Limpopo. 

 

139. Cladoctonus eggersi Wichmann, 1911 

Specimens housed at: SANCI  

South African provincial collection records: Mpumalanga. 

 

140. Cladoctonus natalensis Eggers, 1936 

Specimens housed at: Ditsong Museum  

South African provincial collection records: Eastern Cape, KwaZulu Natal. 
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141. Phloeosinus armatus Reitter, 1887 Figure 15 

Common name: Cypress shoot beetle. 

Specimens housed at: FABI  

South African provincial collection records: Gauteng. 

 

 

TRIBE Polygraphini 

142. Polygraphus basutoae Schedl, 1957 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape, Western Cape. 

 

143. Polygraphus natalensis Eggers, 1919 Figure 16 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, Free State, Gauteng. 

 

144. Polygraphus poligraphus (Linnaeus, 1758) 

Common names: Small spruce bark beetle. 

South African provincial collection records: Eastern Cape. 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Schedl (1957) and Wood & 

Bright (1992). 

Associated fungi: Endoconidiophora polonica (Kronoke & Solheim 1997) 

 

145. Polygraphus pubescens (Fabricius, 1793)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

146. Polygraphus rufipennis (Kirby, 1837) 

Common name: Four eyed spruce bark beetle. 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

Associated fungi: Grosmannia abietina (Oshawa et al. 2000). 
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TRIBE Premnobiini 

147. Premnobius cavipennis Eichhoff, 1878 Figure 13 (C-D) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Limpopo. 

Associated fungi: Affroraffaelea ambrosiae (Bateman et al. 2017). 

 

148. Premnobius declivis Eggers, 1944P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

149. Premnobius nodulosus Hagedorn, 1908P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

150. Premnobius spinifer Eggers, 1927 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga. 

 

TRIBE Scolytini 

151. Scolytus kirchi Skalitzky, 1999P 

Common name: Elm bark beetle. 

South African provincial collection records: Eastern Cape (Stellenbosch). 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Six et al. (2005). 

Associated fungi: Ophiostoma ulmi, O novo-ulmi. 

 

TRIBE Scolytoplatypodini 

152. Scolytoplatypus fasciatus Hagedorn, 1904 Figure 17 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, 

Western Cape. 

Associated fungi: Wolfgangiella franznegeri (Mayers et al 2020) 
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153. Scolytoplatypus obtectus Schedl, 1975T 

Holotype: SANCI (TYPH00555) 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape. 

 

154. Scolytoplatypus occidentalis 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

NOTES: Zwolinksi & Geldenhuis (1988) detected this species infesting Cape beech in South Africa. 

This record was not included in the catalogue by Wood & Bright (1992). 

 

155. Scolytoplatypus opacicollis Eggers, 1936 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape.  

NOTES: Scolytoplatypus opacicollis is a species of ambrosia beetle described by Eggers in 1936. The 

species has been recorded from a single African country, Zambia (Wood & Bright 1992).  

 

156. Scolytoplatypus permirus (Schaufuss, 1891) 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

Associated fungi: Wolfgangiella madagascariensis (Mayers et al. 2020) 

 

TRIBE Trypophloeini 

157. Afrocosmoderes caplandicus (Schedl, 1965)T 

Holotype: SANCI (TYPH00548) 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape, Western Cape. 

 

158. Afrocosmoderes grobleri (Schedl, 1961)T 

Holotype: SANCI (TYPH00554) 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

159. Macrocryphalus elongatus (Schedl, 1965) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 
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TRIBE Xyleborini 

160. Ambrosiodmus eichhoffii (Schreiner, 1882) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Gauteng, Mpumalanga, Western Cape. 

 

161. Ambrosiodmus inoblitus (Schedl, 1970) 

Specimens housed at: SANCI 

South African provincial collection records: Cape Provice (Old designation), KwaZulu-Natal. 

 

162. Ambrosiodmus natalensis (Schaufuss, 1891) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

163. Ambrosiodmus obliquus (LeConte, 1878)  

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: Eastern Cape, Limpopo. 

 

164. Ambrosiodmus opacithorax (Schedl, 1937)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

165. Ambrosiodmus pithecolobius (Schedl, 1937) Figure 18 (C-D) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

 

166. Ambrosiodmus rhodesianus (Eggers, 1936)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

167. Ambrosiodmus tachygraphus (Zimmerman, 1868) Figure 18 (A-B) 

Specimens housed at: FABI 

South African provincial collection records: Limpopo. 

NOTES: Alonso-Zarazaga & Lyal (2009) reported this species from South Africa. 
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168. Ambrosiodmus tropicus (Hagedorn, 1910) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Eastern Cape. 

 

169. Coptoborus adjunctus (Eggers, 1924) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Mpumalanga 

 

170. Cyclorhipidion capensis (Eggers, 1944)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

171. Cyclorhipidion crucifer (Hagedorn, 1908)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

172. Cyclorhipidion neocrucifer (Schedl, 1955)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

173. Cyclorhipidion pelliculosum Hagedorn, 1912P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

174. Diuncus haberkorni (Eggers, 1920) Figure 18 (E-F) 

Specimens housed at: FABI 

South African provincial collection records: Mpumalanga. 

HOST: Macadamia sp.  

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Bright (2021). 

Diuncus haberkorni is a South East Asian species of ambrosia beetle described by Eggers in 1920 

originally in the genus Xyleborus. The genus Diuncus was erected in by Hulcr & Cognato (2009) to 

accommodate 17 species of Xyleborine ambrosia beetle previously treated in Xyleborus, including X. 

haberkorni. These species exploit the fungus gardens of other ambrosia beetles in a process known as 

“crop theft” instead of cultivating their own gardens within their galleries (Hulcr & Cognato 2009, 

2010). In the supplementary catalogue by Bright (2021), no distribution or host data for the species is 

presented relating to its occurrence in South Africa. However, in this study, specimens of the species 
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were found colonizing Macadamia logs originally from Mpumalanga in association with Xylosandrus 

crassiusculus. 

 

175. Eccoptopterus sexspinosus Motschulsky, 1863P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

176. Eccoptopterus spinosus (Olivier, 1795) Figure 18 (G-H) 

Specimens housed at: SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

Associated fungi: Ambrosiella catenulate (Lin et al. 2017). 

 

177. Euwallacea fornicatus (Eichhoff, 1868) Figure 19 (A-B) 

Common name: Polyphagous Shot Hole Borer. 

Specimens housed at: FABI 

South African provincial collection records: Present in all provinces except Limpopo.  

NOTES: Euwallacea fonicatus was reported present in South Africa by Paap et al. (2018) infesting 

Platanus sp. Although widespread in the country, no specimens of the species have been deposited in 

the museum collections visited.  

Associated fungi: Fusarium euwallacea, Graphium euwallacea, Paracremonium pembeum (Freeman 

et al. 2013, Lynch et al. 2016). 

 

178. Euwallacea piceus (Motschulsky, 1863) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Eastern Cape, KwaZulu-Natal. 

 

179. Euwallacea similis (Ferrari, 1867) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal, Mpumalanga. 

 

180. Euwallacea wallacei (Blandford, 1896)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

181. Euwallacea xanthopus (Eichhoff, 1868) Figure 19 (C-D) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 
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182. Xyleborinus aemulus (Wollaston, 1869) Figure 19 (E-F) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, KwaZulu-Natal, Limpopo, Western Cape.  

Associated fungi: Sporothrix aemulophila (Musvuugwa et al. 2015) 

 

183. Xyleborinus alienus (Schedl, 1977)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

184. Xyleborinus collarti (Eggers, 1932) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

185. Xyleborinus forficulus (Eggers, 1922) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Gauteng. 

 

186. Xyleborinus pseudopityogenes (Eggers, 1943) 

Specimens housed at: Ditsong Museum 

 

187. Xyleborinus quadrispinosus (Eichhoff, 1878)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

188. Xyleborinus saxesenii (Ratzeburg, 1837) Figure 19 (G-H) 

Common name: Fruit tree pinhole borer. 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, Limpopo, Western Cape. 

Associated fungi: Raffaelea promiscua, R. sulphurea (Batra 1967, Nel et al. 2021). 

 

189. Xyleborinus scleroacryae (Schedl, 1962)T 

Holotype: SANCI (TYPH00690) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 
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190. Xyleborinus similans (Eggers, 1940) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

191. Xyleborinus spinifer (Eggers, 1920) 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Limpopo. 

 

192. Xyleborus affinis (Eichhoff, 1868) Figure 20 (A-B) 

Common name: Sugarcane Shot Hole Borer. 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Eastern Cape, Gauteng, KwaZulu-Natal, Limpopo. 

Associated fungi: Raffaelea arxii, R. lauricola, R. subfusca (Saucedo-Carabez et al. 2018) 

 

193. Xyleborus alluaudi Shcaufuss, 1897P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

194. Xyleborus antaisaka Schedl, 1953 Figure 20 (C-D) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo. 

 

195. Xyleborus barumbuensis Eggers, 1924P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

196. Xyleborus conradti Hagedorn, 1910 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

197. Xyleborus eichhoffianus Schedl, 1950P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 
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198. Xyleborus elongatus Eggers, 1920 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Eastern Cape. 

 

199. Xyleborus ferrugineus (Fabricius, 1801) Figure 20 (E-F) 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga. 

 

200. Xyleborus luteus Schedl, 1937P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

201. Xyleborus madagascariensis Schaufuss, 1891 

Specimens housed at: SANCI 

South African provincial collection records: Limpopo, KwaZulu-Natal. 

 

202. Xyleborus perdiligens Schedl, 1937 Figure 20 (G-H) 

Specimens housed at: Ditsong Museum, FABI 

South African provincial collection records: Limpopo. 

 

203. Xyleborus perforans (Wollaston, 1857) 

Common name: Island pinhole borer. 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal. 

 

204. Xyleborus volvulus (Fabricius, 1775) 

Specimens housed at: Ditsong Museum, SANCI 

South African provincial collection records: KwaZulu-Natal. 

Associated fungi: Raffaelea arxii, R. rapanea (Cruz et al. 2019). 

 

205. Xyleborus xylographus (Say, 1826) 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal, Western Cape.  
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206. Xylosandrus compactus (Eichhoff, 1875) 

Common names: Black twig borer, Black coffee borer, Black coffee twig borer, Teas stem borer. 

Specimens housed at: SANCI 

South African provincial collection records: KwaZulu-Natal. 

Associated fungi: Ambrosiella xylebori (Brader 1964) 

 

207. Xylosandrus crassiusculus Figure 21 (C-D) 

Common name: Granulate ambrosia beetle. 

Specimens housed at: Ditsong Museum, SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo, Mpumalanga, Northern Cape.  

NOTES: Xylosandrus crassiusculus was first reported from South Africa by Nel et al. (2020). 

Associated fungi: Ambrosiella roeperi, Ceratocystiopsis lunata (Harrington et al. 2014, Nel et al. 2021) 

 

208. Xylosandrus morigeus (Blandford, 1894)P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

TRIBE Xyloctonini 

209. Cryphalomimus striatus Eggers, 1927 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Limpopo. 

 

210. Ctonoxylon auratum Hagedorn, 1910P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

211. Ctonoxylon bosqueiae Schedl, 1962 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Northern Cape. 

 

212. Ctonoxylon griseum Schedl, 1941 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 
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213. Ctonoxylon hamatum Schedl, 1941 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

214. Ctonoxylon longipilum Eggers, 1935 

Specimens housed at: Ditsong Museum 

 

215. Ctonoxylon methneri Eggersi, 122 

Specimens housed at: Ditsong Museum 

 

216. Ctonoxylon uniseriatum Schedl, 1965P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992) and 

Beaver (2011). 

 

217. Glostatus declividepressus Schedl, 1939P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Alonso-Zarazaga & Lyal (2009). 

 

218. Glostatus delicatus (Schedl, 1962) 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape, Western Cape. 

 

219. Glostatus pondoanus Schedl, 1958P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992) and 

Beaver (2011) 

 

220. Glostatus squamosus Schedl, 1962 Figure 21 (A-B) 

Specimens housed at: SANCI, FABI 

South African provincial collection records: KwaZulu-Natal, Limpopo, Western Cape. 

 

221. Stephanopodius dispar (Eggers, 1936) 

Specimens housed at: Ditsong Museum 
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222. Stephanopodius dubiosus (Schedl, 1970)T 

Holotype: SANCI (TYPH00549) 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

223. Stephanopodius giganteus Schedl, 1950P 

NOTES: No representative specimens of this species were available in the collections visited. Records 

to indicate the presence of this species in South Africa are presented in Wood & Bright (1992). 

 

224. Xyloctonus latus Eggers, 1939 

Specimens housed at: SANCI 

South African provincial collection records: Western Cape. 

 

225. Xyloctonus maculatus Schedl, 1965*T 

Holotype: SANCI (TYPH00557) 

Specimens housed at: SANCI 

South African provincial collection records: Eastern Cape, Western Cape. 

 

226. Xyloctonus pubifer Schedl, 1965 

Specimens housed at: Ditsong Museum 

 

227. Xyloctonus scolytoides Eichhoff, 1872 Figure 21 (C-D) 

Specimens housed at: Ditsong Museum, FABI 

South African provincial collection records: Eastern Cape, Gauteng, Limpopo. 

 

4.5.1. Dubious records 

4.5.1.1. The locality information for the following species located in the Ditsong museum needs to 

be verified. If confirmed they represent first reports from South Africa. 

228. Scolytus intricatus (Ratzeburg, 1837) 

Specimens housed at: Ditsong Museum 

NOTES: Scolytus intricatus, commonly known as the European oak bark beetle, is a species of bark 

beetle described by Ratzeburg, originally in the genus Eccoptogaster. Prior to this study the species has 

only been reported from two North African countries, Morocco, and Tunisia (Wood & Bright 1992). 

Native to Europe, this species is a common pest of oak (Quercus sp.) and some other hardwood tree 

species (Doganlar & Schopf 1984). 
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229. Scolytus mali (Beehstain, 1805) 

Specimens housed at: Ditsong Museum 

NOTES: Scolytus mali, commonly known as the larger shot hole borer or large fruit bark beetle, is a 

species of bark beetle described by Beehstain, originally in the genus Bostrichus. Prior to this study the 

species has only been reported from three North African countries, Algeria, Egypt, and Morocco (Wood 

& Bright 1992). Likely native to Europe, the species has been spread to various regions including large 

parts of North America where it infests and colonizes fruit trees such as apple (Malus spp.) and cherry 

(Prunus spp.) species (Smith & Cognato, 2014).  

 

230. Scolytus ratzeburgi Janson, 1856 

Specimens housed at: Ditsong Museum 

NOTES: Scolytus ratzeburgi, commonly known as the birch bark beetle or birch sapwood borer, is a 

species of bark beetle described by Janson in 1856. Prior to this study the species had not previously 

been reported from Africa (Wood & Bright 1992). As its common name suggests, this species is a 

common inhabitant of Birch (Betula spp.) in various parts of Europe (Wood & Bright 1992, Lukić et 

al. 2019).  

 

231. Scolytus rugulosus (Muller, 1818) 

Specimens housed at: Ditsong Museum 

NOTES: Scolytus rugulosus, commonly known as the small fruit bark beetle, is a species of bark beetle 

described by Muller originally in the genus Bostrichus. Prior to this study the species has only been 

reported from three North African countries, Algeria, Morocco, and Tunisia (Wood & Bright 1992). 

Native to Europe, the species has been spread to various regions including North America where it 

infests and colonizes stone and pome fruit trees (Smith & Cognato, 2014). 

 

232. Scolytus scolytus (Fabricius, 1775)  

Specimens housed at: Ditsong Museum 

NOTES: Scolytus scolytus, commonly known as the larger European elm bark beetle or just elm bark 

beetle, is a species of bark beetle described by Fabricius originally in the genus Bostrichus. Prior to this 

study the species had not previously been reported from Africa. Native to Europe this species can be 

found primarily infesting elm (Ulmus spp.) (Wood & Bright 1992) and has been found to be a potential 

vector of the Dutch elm disease pathogen Ophiostoma ulmi (Webber 2004). 
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4.5.1.2. The description of the following species is questionable and needs to be reconsidered. 

 

233. Hapalogenius tuberculifer Mandelshtam, 2006T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Eastern Cape. 

NOTES: A holotype of the proposed species is available from the Ditsong Museum but not record of 

the species ever being published can be found. 

 

234. Cryphalomimus maculatus Mandelshtam, 2006T 

Holotype: Ditsong Museum 

Specimens housed at: Ditsong Museum 

South African provincial collection records: Limpopo. 

NOTES: A holotype of the proposed species is available from the Ditsong Museum but not record of 

the species ever being published can be found. 

 

235. Dendrophthorus capensisP  

NOTES: The genus Dendrophthorus was introduced into the Scolytinae by Dejean in 1835 to 

accommodate the single species D. capensis. However, the description was based on a single specimen 

and Alonso-Zarazaga & Lyal (2009) ruled the true species identity as unknown. 

 

4.5.1.3. The identification of the following species is uncertain and needs to be confirmed. If 

confirmed it will represent a first report from South Africa. 

 

236. Cladoctonus amanicus  

Specimens housed at: Ditsong Museum 

South African provincial collection records: Limpopo.  

NOTES: Cladoctonus amanicus is a species of bark beetle described by Eggers in 1920. Prior to this 

study this species was only known from Central Africa where it is likely to be native. Cladoctonus 

amanicus is known to infest a single host species Acacia xanthophloea (Wood & Bright 1992).  
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5. Discussion 

In the present study, we report 260 bark and ambrosia beetle species occurring in South Africa, this is 

represented by 24 species of Platypodinae and 236 species of Scolytinae. Of the 97 additional beetle 

species included in this new checklist, compared to the catalogue produced by Wood & Bright (1992), 

24 species are reported from the country for the first time. For the remaining 73 species that were 

excluded from the Wood & Bright (1992) catalogue, the species were either reported after the 

publication of the catalogue or published before the catalogue but were not included (Table 2 

footnotes). 

Field surveys and samples submitted by the public, which were incorporated here, accounted for more 

than 2300 bark and ambrosia beetle specimens. From these, 40 species were identified: three 

Platypodinae and 38 Scolytinae. Four of these, i.e. Ambrosiodmus pithecolobius, Dryocoetes 

uniseriatus, Phloeosinus armatus, and Xyleborus perdiligens represent first records for South Africa. 

Due to inconsistencies in the methods of collection over time, conclusive conclusions cannot be made 

from the field collection data, however overall, the Afromontane collections yielded more species the 

grassland collections. The difference in host diversity in these regions, in which Afromontane region is 

more diverse in flora, could explain the higher numbers of beetle species collected from this region. 

Over the years many checklists and catalogues recording the species of bark and ambrosia beetles have 

been published for many countries. Most recently these include catalogues for Cuba (Gomez et al. 

2020), parts of North America (Gomez et al. 2018), Ecuador (Martinez et al. 2019), American Samoa 

(Rabgalia et al 2020), parts of Russia (Mandelshtam & Selikhovkin 2020), Brazil (Sandoval Rodriguez 

et al. 2017) and more and some of these have resulted in the identification and description of new 

species. This just serves to emphasize the continued importance of diversity surveys as a scientific 

resource. 
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5.1. DNA sequencing of bark and ambrosia beetle 

In entomological taxonomy there is paucity in moving towards DNA sequence-based identification and 

many taxonomic studies still rely solely on morphological data. This is largely due to the difficulty in 

DNA amplification and sequencing of the “universal” markers and due to very high levels of sequence 

variability (Cognato 2006, Jordal & Coganto 2014, Cognato et al. 2020, Dr. Andrew Johnson pers. 

comm.). This has resulted in DNA sequence databased being sparsely populated except for well-known, 

wide-spread, and problematic species. The sequence data generated for 38 different species of collected 

and identified bark and ambrosia beetle specimens in this study will contribute to filling in the data gap, 

especially found for African species.  

The move towards DNA sequence-based identification does not come without challenges. For instance, 

fungal taxonomists face a variety of challenges as databases are flooded with DNA sequence data of 

mis-identified and incorrectly classified species (Nilsson et al. 2006, Raja et al. 2017, Meiklejohn et al. 

2019). This introduces an additional challenge in determining the correct taxonomic assignment. Thus, 

care should be taken with all DNA sequences generated and deposited to ensure correctness within 

reference sequence databases and to aid, instead of hinder, future research studies (Cognato et al. 2020).  

5.2. First reports for South Africa 

In this study we collected 24 species that, to the best of our knowledge, represent first reports for South 

Africa. Specimens for these species have either been collected during this study (four) or representative 

specimens were available in the entomological collections visited (20). The dubious records are not 

included in this section and information for these species was presented earlier in the text. 

5.2.1. Species originating from Eurasia 

Platypus perrisi is an Asian ambrosia beetle described in 1865 by Chapuis. So far it appears that this 

beetle has only been reported to infest a single host species, Shorrea robusta (Wood & Bright 1992). 
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Dryocoetes uniseraitus is an Asian bark beetle described by Eggers in 1926 (Wood & Bright 1992, 

Shimizu et al. 2013). An unidentified Dryocoetes specimen is available at South African National 

Collection of Insects, ARC Biosystematics Division, Pretoria, South Africa, originating from KwaZulu-

Natal. This specimen matches in morphology to one we collected and sequenced from Swaziland that 

was identified as Dryocoetes uniseriatis. Specimens from the African National Collection of Insects 

date back to the early 1940s where they were discovered in logs imported from Georgia, USA. Although 

little work is available on D. uniseriatus, it is known to preferentially infest Japanese red and black pine 

(Pinus densiflora and P. thunbergii) (Shimizu et al. 2013). Recent surges in the number of D. 

uniseriatus, along with those of Orthotomicus erosus, infesting P. patula, P. elliottii and P. elliottii x 

caribeae plantations in Swaziland have been noticed. Trees in the South African highveld into 

Swaziland have been severely stressed in the past few years due to the decline in annual rainfall likely 

resulting in these surges in bark beetle populations. This is very concerning as extended drought periods 

are becoming more and more common in South Africa, and continued population increases in these 

insects could result in large economic losses. 

5.2.2. Species originating from Africa 

Acanthotomicus biconicus is a species of bark beetle described by Schedl in 1938 originally in the 

genus Myeloborus. Prior to this study, this species was only known from Central Africa where it is 

likely to be native. Three species have been reported as host of A. biconicus, Albizzia gummifera, 

Millettia sp. and Motandra guinecnsis (Wood & Bright 1992).  

Acanthotomicus lefevrei is a species of bark beetle described by Browne in 1973 originally in the genus 

Mimips. Thus far this species has only been recorded in a single African country, the Democratic 

republic of Congo. The host range and biology of this species is not currently known.  

Ambrosiodmus pithecolobius is a species of ambrosia beetle described by Schedl in 1937 originally in 

the genus Xyleborus. Prior to this study, this species was only known from Central Africa where it is 

likely to be native. Ambrosiodmus pithecolobius is only known to infest a single host, Pithecolobium 

saman (Wood & Bright 1992). 
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Coptoborus adjunctus is an African species of Scolytine ambrosia beetle. The species has been reported 

from numerous Afrotropical countries, reaching as far south as Zimbabwe. The species has only 

reported infesting a single host species, Albizzia gummifera (Wood & Bright 1992). 

Ctonoxylon longipilum is a species of bark beetle described by Eggers in 1957. In 1998, Beaver 

synonymized C. longipilum and C. nodosum, recognizing C. nodosum as the male of C. longipilum. 

Prior to this study, this species was only known from Central Africa where it is likely to be native 

(Wood & Bright 1992). 

Cylindropalpus auricomans is an African ambrosia beetle species described by Schaufuss in 1897. 

Although polyphagous, this species preferably infests tree species in the genera of the Caesalpiniaceae 

(Beaver et al. 1985). 

Eidophelus usagaricus is a species of bark beetle described by Eggers in 1922 originally described in 

the genus Neocryphalus. Johnson et al. (2020) recently revised the taxonomy of this species and 

transferred it to the genus Eidophelus. Before the publication of this study this species was only known 

from Central Africa where it is likely to be native (Wood & Bright 1992). 

Hypothenemus liberiensis is a species of bark beetle described by Hopkins in 1915 in the genus 

Stephanoderes. Prior to this study this species was only known from Central Africa where it is likely to 

be native. Hypothenemus liberiensis is known to infest Theoboroma cacao, Coffea sp. and some 

flowering Fabaceae (Wood & Bright, 1992). 

Hylesinopsis orientalis is an African species of bark beetle described by Eggers is 1943. Thus far the 

species is only known from two Central African countries, Kenya and Uganda, where it is likely to be 

native (Wood & Bright 1992). 

Scolytoplatypus opacicollis is a species of ambrosia beetle described by Eggers in 1936. Prior to this 

study, this species has been recorded from a single African country, Zambia (Wood & Bright 1992).  
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Xyleborinus collarti is a species of ambrosia beetle described by Eggers in 1932 originally in the genus 

Xyleborus. Prior to this study, this species was only known from Central Africa where it is likely to be 

native. Xyleborinus collarti is known to infest at least 10 different host species including species in the 

genus Acacia which are grown commercially in some parts of South Africa (Wood & Bright 1992).  

Xyleborinus similans is a species of ambrosia beetle described by Eggers in 1940 originally in the 

genus Xyleborus. Prior to this study, this species was only known from Central Africa where it is likely 

to be native. Although little research is available on X. similans, it is likely to be polyphagous, having 

been reported to infest at least 17 different species (Wood & Bright 1992). However, reportedly 

infestation only occurs in felled trees (Browne 1963). 

Xyleborus elongatus is a species of ambrosia beetle described by Eggers in 1920. Prior to this study, 

this species was only known from Central Africa where it is likely to be native. The species is known 

to infest two host species, Drypetes leonensis and Maba abyssinica (Wood & Bright 1992). 

Xyleborus perdiligens is a species of ambrosia beetle described by Schedl in 1937. Prior to this study, 

this species was only known from Central Africa where it is likely to be native (Wood & Bright 1992). 

5.2.3. Species originating from North America 

Hylurgops rugipennis pinifex is a North American species of bark beetle described by Fitch in 1858 

originally in the genus Hylastes. Like Hylurgops palliatus, H. rugipennis pinifex is not considered a 

pest species in its native range, but preferentially infests species of Pinaceae (Wood & Bright 1992) 

some of which are grown commercially in South Africa. 

5.2.4. Species originating from the Mediterranean 

Phloeosinus armatus, commonly known as the cypress bark beetle, is an East Mediterranean bark 

beetle species described by Reitter in 1887. This beetle primarily infests Cupresses sempervirens (or 

Mediterranean cypress). In recent years, P. armatus has been disseminated to various countries 

including Israel, Italy, and the USA where it has established and become a serious pest on various 
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species of cypress, as well as Juniperus and Thuja spp. (Haack 2006, Mendel 1984, Pennacchio et al, 

2013). Although cypress is not grown commercially in South Africa, it is a common ornamental species 

found in gardens country wide. 

6. Conclusions 

The checklist of bark and ambrosia beetles produced in this study shows clearly that South Africa is 

home to a rich biodiversity of these insects. Many of the newly recorded species in this study are likely 

native to Africa as they have only been recorded from countries on the continent. However, some 

species such as Diuncus haberkorni, Dryocoetes uniseriatus, Euwallacea fornicatus, Hypothenemus 

areccea, Xylosandrus crassiusculus, and Platypus perrisi have been introduced from Asia where they 

are known to be native. These introductions highlight South Africa’s vulnerability and lack of policy to 

effectively manage the introduction of bark and ambrosia beetles This study should provide a 

foundation on which to base informed and effective quarantine policy in future.  
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Table 1. Summary of Platypodinae ambrosia beetle species from South Africa 

Tribe Genus Species Schedl 

Wood 

& 

Bright 

Other 

Museum 

specimens 

from SA 

Specimens 

collected during 

this study 

First report 

from South 

Africa 

Continental Distribution 

Sequenced in  

this study 

Platypodini 

Crossotarsus externedentatus x x  x x  Africa, Asia, Australia, New Zealand x 

Crossotarsus wallacei   1    Africa, Asia, Australia, New Zealand  

Cylindropalpus auricomans    x  x Africa  

Doliopygus bohemani x x  x   Africa  

Doliopygus chapuisi  x     Africa  

Doliopygus citri  x  x   Africa  

Doliopygus crinitus x x  x   Africa  

Doliopygus dubius x x     Africa  

Doliopygus erichsoni x x  x x  Africa  

Doliopygus mimicus  x  x   Africa  

Doliopygus spatiosus  x  x   Africa  

Euplatypus hintzi x x  x   Africa  

Euplatypus parallelus  x  x x  Africa, North America, South America x 

Platypus impressus  x  x   Africa  

Platypus perrisi    x  x Asia  

Platypus sampsoni x x  x   Africa*  

Platypus solutus x x  x   Africa  

Platypus spinulosus x x     Africa  

Triozastus banghaasi  x  x   Africa  

Triozastus marshalli  x     Africa  

Tesserocerini 

Mitosoma paulianum x x     Africa  

Mitosoma crenulatum   1    Africa  

Periommatus longicollis x x  x   Africa  

Periommatus pseudocamerunus  x     Africa  

* Only recorded from South Africa on the African continent 

1. Alonso-Zarazaga & Lyal (2009) 
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Table 2. Summary of Scolytinae bark and ambrosia beetle species from South Africa. 

Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Amphiscolytini Amphiscolytus capensis  x  x x  Africa* x 

Cryphalini Cryphalus asperatus   1    Cosmopolitan  

Cryphalus giganteus  x     Africa*  

Cryphalus mangiferae   9  x  Africa, Asia, Australia, North 

America, South America 

x 

Cryphalus margadilaonis       Africa  

Cryphalus rotundus   1    Africa, Asia, Australia, North 
America, New Zealand, South 

America 

 

Crypturgini Aphanarthum capense   10    Africa*  

 Aphanarthum maculatum   10    Africa*  

 Coleobothrus germeauxi   2 x   Africa  

Diamerini Diamerus hispidus   1 x   Africa, Asia, Australia  

Diamerus pulverulentus x   x   Africa  

Pernophorus abhorrens x   x   Africa  

Pernophorus pondoanus  x     Africa*  

Pseudodiamerus obscurus  x     Africa  

Pseudodiamerus striatus   1    Africa  

Sphaerotrypes expressus x   x   Africa  

Sphaerotrypes hagedorni   3 x   Africa  

Sphaerotrypes pila   1    Africa, Asia  

Sphaerotrypes pygeumi  x  x   Africa  

Sphaerotrypes variegatus x   x   Africa  

Strombophorus capensis x x  x x  Africa* x 

Strombophorus crenatus   1 x   Africa  

Strombophorus ericius  x  x   Africa  

Diapodini Diapus africanus   11    Africa*  

Dryocoetini Coccotrypes carpophagus x x  x   Cosmopolitan  

233 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Coccotrypes confusus x   x   Africa  

Coccotrypes congonus  x  x   Africa  

Coccotrypes dactyliperda x x 1 x   Cosmopolitan  

Coccotrypes niger   9    Africa  

Cyrtogenius africus   4 x   Africa  

Cyrtogenius bicolor   1    Africa, Asia, Australia  

Cyrtogenius major x x  x   Africa  

Cyrtogenius silvaniae x x  x   Africa*  

Dryocoetes uniseriatus    x x x Asia x 

Thamnurgus capensis x x     Africa*  

Thamnurgus euphorbiae   1    Africa, Europe  

Thamnurgus euryopsis x x  x   Africa*  

Thamnurgus lobeliae x x     Africa  

Thamnurgus longipilis x x     Africa  

Thamnurgus senecionis x x     Africa  

Triotemnus striatus x x  x   Africa*  

Triotemnus subretusus   1    Africa, Europe  

Ernoporini Eidophelus afer x x  x   Africa  

Eidophelus africanus  x     Africa*  

Eidophelus aspericollis  x     Africa, Asia, Europe  

Eidophelus darwinii   1    Africa, Asia, Australia, North 
America, South America 

 

Eidophelus devius x x  x   Africa*  

Eidophelus grobleri x x  x   Africa*  

Eidophelus onyanganus  x  x x  Africa x 

Eidophelus spessivtzevi   1    Africa*, Asia, Europe, North 

America 

 

Eidophelus spirostachius x x  x   Africa*  

Eidophelus usagaricus    x  x Africa  

Ernoporus parvulus  x  x   Africa  
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Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Hypothenemus acaciae x   x   Africa  

Hypothenemus africanus  x     Africa*, Asia, North America, 

South America 

 

Hypothenemus agnatus x x  x   Africa  

Hypothenemus areccae  x  x   Africa, Asia, Europe, North 
America, South America 

 

Hypothenemus birmanus   9    Africa, Micronesia  

Hypothenemus biseriatus  x     Africa  

Hypothenemus brevicollis  x  x   Africa  

Hypothenemus carbonarius x x  x   Africa  

Hypothenemus crudiae  x   x  Africa, Asia, North America, 

South America 

x 

Hypothenemus dexter x   x   Africa  

Hypothenemus elephas  x  x   Africa  

Hypothenemus eruditus x x  x x  Cosmopolitan x 

Hypothenemus hampei x x  x   Africa, Asia, North America, 

South America 

 

Hypothenemus liberiensis    x  x Africa  

Hypothenemus mallyi  x  x   Africa  

Hypothenemus malus  x  x   Africa*  

Hypothenemus marshalli  x     Africa  

Hypothenemus morio  x  x   Africa  

Hypothenemus mozambiquensis  x  x   Africa  

Hypothenemus natalensis x x     Africa*  

Hypothenemus ruginosus x x     Africa*  

Hypothenemus seriatus x x  x x  Africa, Asia, Australia, North 

America, South America 

x 

Hypothenemus setosus  x  x x  Africa, Asia, North America, 

South America 

x 

Hypothenemus solitarius x x     Africa  

Hypothenemus vitis  x     Africa*  

Hexacolini Microborus boops  x  x   Africa, North America, South 
America 
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Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Hylastini Hylastes angustatus x x  x x  Africa*, Asia, Europe x 

Hylastes ater   1    Africa, Asia, Australia, Europe, 
North America 

 

Hylastes linearis x x  x   Africa*, Asia, Europe  

Hylurgops palliatus x   x   Africa*, Asia, Europe  

Hylurgops rugipennis pinifex    x  x Africa*, North America  

Hylesinini Dactylipalpus cicatrcosus x x  x   Africa  

Dactylipalpus grouvellei  x     Africa  

Dactylipalpus transversus   5    Africa, Asia, Australia  

Hapalogenius africanus x x  x   Africa  

Hapalogenius fuscipennis x x  x x  Africa x 

Hapalogenius globosus   1    Africa  

Hapalogenius pusillus   5    Africa  

Hylesinopsis ericius  x     Africa*  

Hylesinopsis fasciata   5 x   Africa  

Hylesinopsis orientalis   1 x  x Africa  

Hylesinopsis sulcatus   5 x   Africa  

Hylesinopsis togosus x   x   Africa  

Hylesinus aculeatus x   x   Africa* 

Africa*, North America 

 

Rhopalopselion bimaculatus  x     Africa*  

Rhopalopselion bituberculatum   1    Africa  

Hylurgini Hylurgus ligniperda x x 1 x   Africa, Asia, Australia, Europe, 
New Zealand, South America 

 

Xylechinus australis x x  x   Africa  

Xylechinus pilosus   1    Africa*, Asia, Europe  

Hypoborini Dacryostactus kolbei   1 x x  Africa x 

Glochiphorus alienus x x  x   Africa*  

Glochiphorus globosus   1    Africa  

Liparthrum australis x x  x   Africa*  
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Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Liparthrum bituberculatum   1    Africa, Asia, Europe, North 

America 

 

Styracoptinus euphorbiae  x     Africa*  

Styracoptinus murex x x  x x  Africa x 

Ipini Acanthotomicus biconicus    x  x Africa  

Acanthotomicus lefevrei    x  x Africa  

Acanthotomicus medius  x     Africa  

Acanthotomicus pilosus  x     Africa  

Acanthotomicus spinosus   1    Africa, Asia, Australia, South 

America 

 

Ips typographus   1    Africa, Asia, Australia, Europe, 

North America, South America 

 

Orthotomicus caelatus x x  x   Africa, North America  

Orthotomicus erosus  x  x x  Africa, Asia, Europe, South 
America 

x 

Orthotomicus laricis   1    Africa, Asia, Europe, North 

America, South America 

 

Pityokteines curvidens  x 1    Africa, Asia, Europe, South 

America 

 

Micracini Afromicracis convexus  x     Africa*  

Afromicracis kenyaensis   1    Africa, Australia  

Afromicracis natalensis  x  x   Africa*  

Lanurgus barbatus x x 1 x   Africa  

Lanurgus capensis x x  x   Africa*  

Lanurgus gracilis x x  x   Africa*  

Lanurgus podocarpi x x  x x  Africa x 

Lanurgus rhusi x x  x   Africa*  

Lanurgus spathulatus x x  x   Africa*  

Lanurgus subsulcatus  x     Africa*  

Lanurgus widdringtoniae  x  x   Africa*  

Lanurgus xylographus  x  x x  Africa x 

Phloeocurus africanus   1    Africa  

Pseudomicracis africanus x   x   Africa  
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Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Traglostus brevisetosus x x     Africa*  

Traglostus exornatus   1    Africa  

Traglostus longipilis  x     Africa*  

Traglostus pubescens  x     Africa*  

Phloeosinini Cladoctonus affinis x   x   Africa  

Cladoctonus eggersi x   x   Africa  

Cladoctonus natalensis  x  x   Africa*  

Phloeosinus armatus     x x Africa*, Asia, North America x 

Polygraphini Polygraphus basutoae x x  x   Africa*  

Polygraphus natalensis x x  x x  Africa x 

Polygraphus poligraphus x x     Africa*, Asia, Europe  

Polygraphus pubescens   1    Africa, Asia, Europe, North 
America 

 

Polygraphus rufipennis x x  x   Africa*, North America  

Premnobiini Premnobius cavpennis x x 1 x x  Africa, North America, South 

America 

x 

Premnobius declivis  x     Africa*  

Premnobius nodulosus  x     Africa  

Premnobius spinifer  x  x   Africa  

Scolytoplatypo-
dini 

Scolytoplatypus fasciatus x x  x x  Africa x 

Scolytoplatypus obtectus  x  x   Africa*  

Scolytoplatypus occidentalis   3 x   Africa  

Scolytoplatypus opacicollis    x  x Africa  

Scolytoplatypus permirus   1    Africa, Asia  

Scolytini Scolytus kirchi   8    Africa*, Europe, Asia  

Trypophloeini Afrocosmoderes caplandicus x x  x   Africa*  

Afrocosmoderes grobleri x x  x   Africa*  

Macrocryphalus elongatus  x  x   Africa*  

Xyleborini Ambrosiodmus eichhoffii  x  x   Africa  
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Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Ambrosiodmus inoblitus x x  x   Africa  

Ambrosiodmus natalensis x x  x   Africa  

Ambrosiodmus obliquus  x  x   Africa, North America, South 

America 

x 

Ambrosiodmus opacithorax  x     Africa  

Ambrosiodmus pithecolobius    x x x Africa x 

Ambrosiodmus rhodesianus  x     Africa  

Ambrosiodmus tachygraphus   1  x  Africa, Asia, Australia, South 
America 

 

Ambrosiodmus tropicus  x     Africa  

Coptoborus adjunctus    x  x Africa  

Cyclorhipidion capensis  x     Africa*  

Cyclorhipidion crucifer  x     Africa  

Cyclorhipidion neocrucifer  x     Africa  

Cyclorhipidion pelliculosum   1    Africa, Asia  

Diuncus haberkorni   9  x  Africa, Asia x 

Eccoptopterus sexspinosus   1    Africa, Asia, Australia  

Eccoptopterus spinosus x x  x x  Africa, Asia x 

Euwallacea fornicatus   6  x  Africa, Asia, North America x 

Euwallacea piceus  x  x   Africa, Asia, Australia  

Euwallacea similis x   x   Africa, Asia  

Euwallacea wallacei   1    Africa, Asia, Australia, North 

America, South America 

 

Euwallacea xanthopus x x  x x  Africa, Asia x 

Xyleborinus aemulus x x  x x  Africa* x 

Xyleborinus alienus  x     Africa*  

Xyleborinus collarti    x  x Africa  

Xyleborinus forficulus  x  x   Africa  

Xyleborinus pesudopityogenes  x  x   Africa  

Xyleborinus quadrispinosus  x     Africa  
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Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Xyleborinus saxesenii x x 1 x x  Cosmopolitan x 

Xyleborinus scleroacryae  x  x   Africa*  

Xyleborinus similans    x  x Africa  

Xyleborinus spinifer x x  x   Africa  

Xyleborus affinis x x  x x  Africa, Asia, Australia, North 

America, New Zealand, South 

America 

x 

Xyleborus alluandi  x     Africa  

Xyleborus antaisaka  x  x x  Africa x 

Xyleborus barunbuensis  x     Africa  

Xyleborus conradti  x  x   Africa  

Xyleborus eichhoffianus  x     Africa  

Xyleborus elongatus    x  x Africa  

Xyleborus ferrugineus x x  x x  Africa, Australia, North America, 

South America 

x 

Xyleborus luteus  x     Africa  

Xyleborus madagascariensis x x  x x  Africa x 

Xyleborus perdiligens    x x x Africa x 

Xyleborus perforans  x  x   Africa, Asia  

Xyleborus volvulus x x  x   Africa, Australia, North America, 
South America 

 

Xyleborus xylographus x   x   Africa*, North America  

Xylosandrus compactus  x  x   Africa, Asia, North America, 

South America 

 

Xylosandrus crassiusculus   7 x x  Cosmopolitan x 

 Xylosandrus morigeus   1    Cosmopolitan  

Xyloctonini Cryphalomimus striatus   1 x   Africa  

Ctonoxylon auratum   1    Africa  

Ctonoxylon bosqueiae x x  x   Africa  

Ctonoxylon griseum  x  x   Africa  

Ctonoxylon hamatum x x  x   Africa  

240 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

Tribe Genus Species Schedl 
Wood & 

Bright 

Other 

Ref. 

Museum 

specimens from 

SA 

Specimens collected 

during this study 

First report 

from Africa* 
Continental Distribution 

Sequenced in  

this study 

Ctonoxylon longipilum    x  x Africa  

Ctonoxylon methneri  x  x   Africa  

Ctonoxylon uniseriatum  x     Africa  

Glostatus declividepressus   1    Africa  

Glostatus delicatus x x  x   Africa*  

Glostatus pondoanus  x     Africa*  

Glostatus squamosus x x  x x  Africa* x 

Stephanopodius dispar  x 1 x   Africa  

Stephanopodius dubiosus x x  x   Africa*  

Stephanopodius giganteus  x     Africa  

Xyloctonus latus x x  x   Africa  

Xyloctonus maculatus x x  x x  Africa* x 

Xyloctonus pubifer  x  x   Africa  

Xyloctonus scolytoides x x 1 x x  Africa  

Uncertain 
Records 

Cladoctonus amanicus    x  x Africa  

Cryphalomimus maculatus    x   Africa*  

Dendrophthorus capensis   1    Africa*  

Hapalogenius tubeculifer       Africa*  

Scolytus intricatus    x  x Africa, Asia, Europe  

Scolytus mali    x  x Africa, Asia, Europe, North 
America 

 

Scolytus ratzeburgi    x  x Africa*, Asia, Europe  

Scolytus rugulosus    x  x Africa, Asia, Europe, North 

America, South America 

 

Scolytus scolytus    x  x Africa*, Asia, Europe  

*Only recorded from South Africa on the African continent 

1. Alonso-Zarazaga & Lyal (2009) 

2. Van Der Linde et al. (2018) 

3. Zwolinksi & Geldenhuis (1988) 

4. Van Der Linde et al. (2016) 

5. Beaver et al. (2010) 
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6. Paap et al. (2018) 

7. Nel et al. (2020) 

8. Six et al. (2005) 

9. Bright (2021) 

10. Jordal (2009) 

11. Bright (2014) 
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Table 3. Bark and ambrosia beetle species identified from samples submitted to the FABI Diagnostic clinic 

Genus  Species Province Collection method Hosts 

Crossotarsus  externedentatus Kwazulu-Natal Emergence chambers Macadamia 

Dacryostactus  kolbei KwaZulu Natal Emergence chambers Unknown 

Diuncus  haberkorni KwaZulu Natal Emergence chambers Macadamia 

Dryocoetes uniseriatus KwaZulu Natal Emergence chambers Pinus sp. 

Eccoptopterus spinosus Limpopo Sticky trap Avocado orchard 

Euplatypus paralellus Gauteng Emergence chambers Macadamia, Euclea crispa 

Euwallacea  fornicatus All provinces excluding Limpopo Various Various (FABI, 2021) 

Hylastes angustatus 

KwaZulu Natal,  

Limpopo,  

Mpumalanga,  

Western Cape 

Emergence chambers Pinus sp. 

Crypahlus mangiferae Mpumalanga Emergence chambers Mango 

Lanurgus podocarpi Western Cape Sent in vials Unknown 

Lanurgus xylographus Gauteng Sent in vials Unknown 

Orthotomicus erosus KwaZulu Natal Emergence chambers Pinus sp. 

Phloeosinus armatus Gauteng Sent in vials Cypress 

Polygraphus  natalensis KwaZulu Natal Emergence chambers Unknown 

Premnobius  cavipennis Limpopo Sticky trap Avocado orchard 

Scolytoplatypus fasciatus Limpopo Sticky trap Avocado orchard 

Styracoptinus murex KwaZulu Natal Emergence chambers Unknown 

Xyleborinus saxesenii Limpopo Sticky trap Avocado orchard 

Xyleborinus ferrugineus Limpopo Sticky trap & Emergence chambers Avocado orchard, Pinus eliotii 

Xyleborus monographus KwaZulu Natal Emergence chambers Unknown 

Xyloctonus  scolytoides Gauteng Light trap Light trap 

Xylosandrus crassiusculus 

Kwazulu-Natal,  

Limpopo,  

Northern Cape 

Sticky trap & Emergence chambers Avocado, Macadamia 

243 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

Table 4. Bark and ambrosia beetle species sequenced in this study and BLAST result of DNA 

sequences (GenBank accession numbers to be acquired later) 

Subfamily Genus Species Sequence length (bp) 
Highest BLAST % identity compared to  

Morphological ID of species 

      COI 28S CAD COI 28S CAD 

Platypodinae 
Crossotarsus externedentatus 697 612 - 99.58 100 - 

Euplatypus parallelus 672 - - 99.13 - - 

Scolytinae 

Amphiscolytus capensis 666 450 254 
No sequence data available for the genus on 

GenBank 

Cryphalus mangiferae 676 479 - 99.57 100 - 

Strombophorus capensis 683 459 - 94.58 100 - 

Dryocoetes uniseriatis - 480 373 - 99.58 3 

Hypothenemus crudiae - 463 469 
No sequence data available for the species 

on GenBank 

Hypothenemus eruditus 690 462 - 100 98.22 - 

Hypothenemus seriatus - 465 - - 99.12 - 

Hypothenemus setosus 663 477 - 1 97.37 - 

Eidophelus onyanganus 344 246 466 1 98.65 98.36 

Hylastes angustatus 481 436 465 100 2 3 

Hapalogenius fuscipennis 687 440 469 
No sequence data available for the species 

on GenBank 

Dacryostactus kolbei 454 480 - 6 91.12 - 

Styracoptinus murex 406 499 - 1 100 - 

Orthotomicus erosus 387 474 462 92.63 98.87 99.03 

Lanurgus podocarpi 520 490 - 6 98.54 - 

Lanurgus xylographus 500 481 300 95.29 99.07 97.67 

Phloeosinus armatus 697 471 435 4 2 3 

Polygraphus natalensis 631 471 468 96.38 2 3 

Scolytoplatypus fasciatus 670 480 474 94.38 99.79 100 

Ambrosiodmus tachygraphus 681 496 472 - 99.19 97.17 

Ambrosiodmus pithecolobius 708 456 475 
No sequence data available for the species 

on GenBank 

Diuncus harbekorni 679 507 465 89.08 100 99 

Eccoptopterus spinosus 668 537 467 84.58 99.81 97.70 

Euwallacea fornicatus 653 - - 99.85 - - 

Euwallacea xanthopus 654 598 360 93.50 89.66 95.01 

Premnobius cavipennis 674 466 474 5 100 100 

Xyleborinus aemulus 665 - 467 96.14 - 3 

Xyleborinus saxesenii 682 478 475 99.39 99.79 100 

Xyleborus affinis 683 495 464 1 99.8 98.28 

Xyleborus austaisaka 583 - 358 
No sequence data available for the species 

on GenBank 

Xyleborus ferrugineus 656 491 474 98.44 100 99.58 

Xyleborus madagascariensis 512 512 - 100 - - 
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Xyleborus perdiligens 522 477 422 
No sequence data available for the species 

on GenBank 

Xylosandrus crassiusculus 678 513 469 100 100 99.79 

Glostatus squamosus  465  - 2 - 

Xyloctonus maculatus 621 - - 98.86 - - 

1 - No COI sequence data available for this species on GenBank 

2 - No LSU sequence data available for this species on GenBank 

3 - No CAD sequence data available for this species on GenBank 

4 - Only a single COI sequence is available to this species on GenBank, but the sequence is of very low quality 

and contains many Ns. 

5 - The sequences available on GenBank were generated with different primers pairs than those used in this study 

and have little to no overlap with the sequences generated in this study.  

6 - A sequence to a single specimen is available to the species on GenBank but it did not show up in BLAST.  
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Figure 1. Number of bark and ambrosia beetle specimens collected at the different sampling localities. (A) 

Number of individual specimens collected at the Grassland and Afromontane forest sampling localities in 

Tzaneen, Limpopo. (B) Number of individual species collected at the Grassland and Afromontane forest sampling 

localities in Tzaneen, Limpopo. 
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Figure 2. Number of individual specimens collected for each identified species during field surveys carried out in Tzaneen, Limpopo. 
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Figure 3. Lateral and dorsal views of Platypodinae species. (A-B) Doliopygus erichsoni female, (C-D) D. 

erichsoni male, (E-F) Euplatypus parallelus female, (G-H) E. parallelus male. 
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Figure 4. Lateral and dorsal views of Amphiscolytus capensis. 
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Figure 5. Lateral and dorsal views of Cryphalus mangiferae. 
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Figure 6. Lateral and dorsal views of Strombophorus capensis. 
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Figure 7. Lateral and dorsal views of Dryocoetes uniseriatus. 
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Figure 8. Lateral and dorsal views of Hypothenemus species. (A-B) Hypothenemus crudiae, (C-D) H. eruditus, 

(E-F) H. seriatus, (G-H) H. setosus. 
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Figure 9. Lateral and dorsal views of Eidophelus onyanganus. 
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Figure 10. Lateral and dorsal views of Hylastes angustatus. 
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Figure 11. Lateral and dorsal views of Hapalogenius fuscipennis 
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Figure 12. Lateral and dorsal views of Hypoborini. (A-B) Dacryostactus kolbei, (C-D) Styracoptinus murex. 
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Figure 13. Lateral and dorsal views of Ipini. (A-B) Orthotomicus erosus, (C-D) Premnobius cavipennis. 
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Figure 14. Lateral and dorsal views of Micracidini species. (A-B) Lanurgus podocarpi, (C-D) L. xylographus 
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Figure 15. Lateral and dorsal views of Phloeosinus armatus. 
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Figure 16. Lateral and dorsal views of Polygraphus natalensis. 
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Figure 17. Lateral and dorsal views of Scolytoplatypus fasciatus.
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Figure 18. Lateral and dorsal views of Xyleborini species. (A-B) Ambrosiodmus tachygraphus, (C-D) A. 

pithecolobius, (E-F) Diuncus haberkorni, (G-H) Eccoptopterus spinosus. 

 

263
 

 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 
 

 

 

 

 

 

Figure 19. Lateral and dorsal views of Xyleborini species (cont.). (A-B) Euwallacea fornicatus, (C-D) E. 

xanthopus, (E-F) Xyleborinus aemulus. (G-H) Xyleborinus saxesenii, 
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Figure 20. Lateral and dorsal views of Xyleborini (cont.). (A-B) Xyleborus affinis, (C-D) X. antaisaka, (E-F) 

X. ferrugineus, (G-H) X. perdiligens. 
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Figure 21. Lateral and dorsal views of Xylosandrus crassiusculus. 
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Figure 22. Lateral and dorsal views of Xyloctonini. (A-B) Glostatus squamosus. (C-D) Xyloctonus scolytoides. 
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The recent introduction of the devastating Polyphagous Shot Hole Borer (Euwallacea 

fornicatus) and its fungal symbiont (Fusarium euwallaceae) into South Africa has led to 

renewed interest in ambrosia beetles and their symbiotic fungi in the country. However, a quick 

literature search for studies focussed on these insects and their associated fungi originating 

from South Africa revealed a large gap in original research. In this study I set out to address 

some of this knowledge gap, investigating both the ambrosia beetles and their fungal associates. 

Results from this study shows that South Africa is home to a rich biodiversity of ambrosia 

beetle species, their closely related bark beetle cousins, and the fungi they associate with.  

In recent years, South Africa has become something of a diversity hotspot for 

Ophiostomatalean fungi, with many species, from a variety of unique niches, having been 

discovered and described here. Like these previous studies, this study also resulted in the 

description of five additional new Ophiostomatalean species from the country. Not only that, 

but three of these species residing in two new genera, were identified from fungus farming 

termite mounds, a unique and unexplored niche in which to find Ophiostomatalean fungi.  

Recent advanced in genomics has made it possible to elucidate the genomic patterns associated 

with the evolution of various lifestyles. By analysing genome sequence data from many 

species, I was able to show that a symbiosis with arthropods evolved by various members of 

the Sordariomycetes, including those with ambrosia beetles, have resulted in losses of genes 

belonging to many important gene families. Additionally, this study showed that the longer a 

species has been in symbiosis with its insect partner and the more strictly they associate, 

oftentimes the more extreme the changes to their genomes are. The initial investigation of this 

intriguing biological system as part of this PhD serves as an important platform for continuing 

investigations into this interesting but unexplored relationship. 
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