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a b s t r a c t

Appropriate management of invasive fungi requires adequate understanding of their global

diversities and movement histories. The fungus Leptographium procerum is associated with

root-colonizing forest insects in pine forests throughout the world, and may have contrib-

uted to the aggressive behaviour of the red turpentine beetle (Dendroctonus valens) in the

beetle’s invasive range in China. We used microsatellites and mating type loci to investi-

gate the global diversity of L. procerum and the source population of L. procerum associated

with D. valens in China. Clustering analyses supported the separation of the fungal data set

into three genetically and geographically-distinct clusters: Europe, North America, and

China. The fungus had the highest genetic diversity in Europe, followed by North America

and China. Analyses using Approximate Bayesian Computation supported Europe as the

most likely source of the North American and Chinese populations. Overall, the results

suggested that Europe is the global centre of diversity of L. procerum. Furthermore, they sug-

gested that L. procerum most likely arrived in China independently of D. valens and adopted

this beetle as a vector after its introduction.

ª 2016 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Rising global trade and travel combined with changing envi-

ronmental conditions have resulted in an increased move-

ment of fungi around the world (Palm 2001; Fisher & Garner

2007; Loo 2009). Invasive fungi have been understudied rela-

tive to invasive plants and animals, despite the considerable

negative effects of some fungi on invaded environments

(Gladieux et al. 2014). For example, the tree pathogens Crypho-

nectria parasitica and Ophiostoma novo-ulmi dramatically
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changed forest structure in various parts of the world where

they have killed large numbers of chestnuts and elms respec-

tively (Loo 2009). In addition, the global spread of Puccinia gra-

minis, a rust fungus that devastates cereal crops, has led to

major crop losses in several locations (Palm 2001; Wanyera

et al. 2006). More recently, the chytrid Batrachochytrium dendro-

batidis has decimated amphibian populations around the

world (Fisher & Garner 2007). Some fungi that are not patho-

gens in their native ranges have become problematic subse-

quent to their becoming invasive (Hulcr & Dunn 2011),

suggesting that any exotic fungus is potentially damaging

and therefore worth monitoring.

Ironically given their global relevance, the impacts of most

invasive fungi are poorly understood because they are difficult

to observe in the absence of substantial negative effects on the

environment (Gladieux et al. 2014). Difficulties associated with

conducting meaningful fungal surveys along with incorrect

knowledge of whether a population of a pathogen is native

or invasive can and has resulted in inaccurate conclusions re-

garding themovement histories of invasive pathogens, and by

extension impropermanagement strategies for the organisms

(Estoup & Guillemaud 2010; Gladieux et al. 2014).

Accidental introductions of invasive fungi are often facili-

tated by animal vectors. Tree-colonizing insects are especially

important vectors because several fungal species depend on

these insects for dispersal as well as access to new host trees

(Klepzig et al. 2009). If a species of tree-colonizing insect un-

dergoes a range expansion or is introduced to a non-

contiguous habitat, it can vector its fungal symbionts to envi-

ronments in which they did not previously occur. In addition,

introduced fungi sometimes undergo vector and host shifts,

resulting in new associations between tree hosts, insect vec-

tors, and fungal symbionts (Wingfield et al. 2010).

Invasions by fungal associates combined with vector and

host shifts can have unpredictable, and sometimes serious,

impacts on forest health (Ploetz et al. 2013; Wingfield et al.

2016). For example, some fungi have strong effects on the fit-

ness of damaging tree-colonizing insects (Klepzig et al. 2009).

Some phoretic fungi are mutualists of their insect associates

(e.g., nutritional mutualists; Mueller et al. 2005), while others

are antagonists (e.g., fungi that compete for substrates with

their insect vectors; Cardoza et al. 2006). If the fungi are vec-

tored by especially aggressive forest insects, the abundance

of these fungi can greatly influence the frequency and inten-

sity of insect outbreaks (Raffa et al. 2008). In addition, some

phoretic fungi are serious pathogens of trees (Hulcr & Dunn

2011), in some cases causing more damage than their insect

vectors.

The symbiosis between the fungus Leptographium procerum

(Ophiostomatales, Ascomycota) and its vectors provides

a model to study the global movement of an invasive fungus,

as well as the interactions between invasive fungi, tree-

colonizing insects, and invaded environments. Leptographium

procerum is an ophiostomatoid (defined by Wingfield et al.

1993) fungus associated with various bark beetles and weevils

(Coleoptera: Scolytinae) that typically infest conifers and es-

pecially the roots of Pinus spp (Jacobs & Wingfield 2001;

Jankowiak et al. 2012). The fungus is also vectored by some

cerambycid beetles (Coleoptera: Cerambycidae) that feed on

roots and stumps of Pinus sylvestris (Jankowiak & Rossa 2007;

Jankowiak 2010). The fungus has a frequently-observed asex-

ual stage (Jacobs & Wingfield 2001), and is assumed to have

a sexual stage based on the presence of mating type genes

(Duong et al. 2013). Based on a recent study by Duong et al.

(2013), L. procerum is a heterothallic fungus, meaning that

each fungal culture possesses the genes for only one mating

type, and must interact with individuals possessing the other

mating type for meiosis to occur.

Leptographium procerum is frequently associated with the

red turpentine beetle (Dendroctonus valens) in parts of the na-

tive range of the bark beetle in eastern North America

(Taerum et al. 2013). The fungus appears to be a commensalist

of the beetle, as the presence of L. procerum does not impact

the development of D. valens larvae (Wang et al. 2012). Both

the beetle and fungus are considered to be minor nuisances

in North America, as the beetle primarily colonizes stressed

or dying trees (Owen et al. 2010), while most pathogenicity tri-

als have demonstrated that L. procerum gives rise to only small

lesions on trees (Harrington 1988; Wingfield et al. 1988;

Jankowiak et al. 2007; however, see Alexander et al. 1988).

Both D. valens and L. procerum appear to be more aggressive

in their ranges in China. The beetle was accidentally intro-

duced to China in the 1980’s (Yan et al. 2005). Leptographium pro-

cerumwas previously believed to have coinvaded Chinawith D.

valens, based on the fact that the fungus is associated with the

beetle in its native range in eastern North America (Taerum

et al. 2013), and that it has been reported in China as a symbiont

of only this beetle (Lu et al. 2009a,b). Since 1999, D. valens has

killed millions of healthy native pine trees in central China

(Yan et al. 2005). Interactions between D. valens and L. procerum

have been suggested to contribute to the tree-killing behaviour

of the beetle as some L. procerum strains appear to be patho-

genic to pines in China (Lu et al. 2010, 2011). In addition, there

is evidence that trees infectedwith pathogenic strains of L. pro-

cerum in China may produce significantly larger quantities of

the monoterpene 3-carene relative to healthy trees (Lu et al.

2010, 2011). This monoterpene is highly attractive to D. valens,

and has been hypothesized to contribute to the tree-killing be-

haviour of the insect in China (Sun et al. 2013). This increased

pathogenicity in China along with the production of more 3-

carene could be due to rapid evolution of the fungus (Lu et al.

2011), although it could also be due to plasticity in the fungus

or interactions with more susceptible hosts in China

(Gladieux et al. 2014). Because L. procerum is the most common

associate ofD. valens in China (Lu et al. 2009a,b), it has been sug-

gested that the fungus had a substantial impact on the out-

break dynamics of the bark beetle.

Although L. procerum has only been implicated as invasive

in China (Lu et al. 2011; Sun et al. 2013; Taerum et al. 2013), it

is present in many other locations around the world (Jacobs

& Wingfield 2001). Leptographium procerum was originally de-

scribed in eastern North America as an associate of several

bark beetles and weevils (Kendrick 1962), and thus believed

to be native to that continent. Later, the fungus was reported

as an associate of various bark beetle and weevil species in En-

gland (Wingfield & Gibbs 1991), France (Piou 1993), Italy, Nor-

way, the former Yugoslavia (Jacobs & Wingfield 2001), Poland

(Jankowiak & Bila�nski 2013a,b,c), Russia (Linnakoski et al.

2012), Japan (Masuya et al. 2013), and New Zealand (Reay et al.

2005). Most of the studies in Europe and the study in Japan
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