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During the course of a survey of sapstaining fungi in Korea, a Leptographium was isolated from Pinus densiﬂora and
P. koraiensis logs, infested with the bark beetle Tomicus piniperda. The fungus grew optimally at 25 xC on 2 % malt
extract agar and showed a high level of tolerance to cycloheximide. The Leptographium has unusually short
conidiophores and is morphologically similar to L. pini-densiﬂorae, L. lundbergii, L. yunnanense, and the Leptographium
anamorph of Ophiostoma crassivaginatum. Comparisons of DNA sequence data for three gene regions, as well as
morphological characteristics, conﬁrmed that this fungus represents an undescribed taxon. We consequently provide the
name Leptographium koreanum sp. nov. for it here.

INTRODUCTION
Tomicus piniperda (Coleoptera : Scolytidae), a large pine
shoot beetle, is an important forest pest that occurs
naturally in Europe, North Africa, and Asia (including
Siberia). In 1992, this insect was discovered in Ohio and
later was reported in the northern and eastern USA
well as in the southern part of Ontario and Québec
(McCullough & Smitley 1995, Humphreys & Allen
1998, Masuya, Kaneko & Yamaoka 1998, http://creatures.ifas.uﬂ.edu/trees/beetles/Pine_shoot_beetle.htm).
In Europe and North America, T. piniperda usually
breeds in timber, recently killed trees, and weakened or
stressed trees. However, the young adults feed on current or one-year-old lateral shoots, while the mature
adults overwinter under the bark at the base of the
same tree (Klepzig et al. 1991, Långström & Hellqvist
1991, 1993, Czokajlo et al. 1997). Despite the damage
caused by T. piniperda, it is considered a secondary
pest. However, in China native T. piniperda causes
serious damage to Pinus yunnanensis and can kill
healthy trees by mass attack (Ye 1991, Zhou et al.
2000, Lieutier, Ye & Yart 2003, Duan et al. 2004).
Like many other bark beetles, T. piniperda carries
numerous species of Ophiostoma and their anamorphs,
* Corresponding author.

especially those in the genera Leptographium, Pesotum
and Sporothrix (Solheim & Långström 1991, Wingﬁeld
& Gibbs 1991, Harrington 1988, Masuya et al. 1998).
These fungi are best known as agents that stain the
sapwood of conifers, and they are casually or speciﬁcally associated with insect vectors (Harrington 1988,
Wingﬁeld 1993). The ecological role of Ophiostoma
spp. associated with conifer-infesting bark beetles is
poorly understood and probably variable, depending
on the insect concerned. Some species are highly
pathogenic when inoculated into living trees and others
cause a deep blue stain in the sapwood that reduces
the value of the lumber (Harrington & Cobb 1983,
Wingﬁeld, Capretti & Mackenzie 1988, Solheim,
Långström & Hellqvist 1993). For this reason, and as
quarantine regulations seek to prevent the movement
of Ophiostoma spp. between countries, it is important
to identify them accurately.
Leptographium spp. have been relatively poorly collected, particularly in Asia. They are typiﬁed by dark
erect conidiophores terminating in series of branches
that give rise to conidiophores and conidia produced in
slimy masses (Wingﬁeld 1993, Jacobs & Wingﬁeld
2001). They typically occur in the galleries of bark
beetles where their spores easily attach to the bodies
of pre-emergent insects. Due to their relatively simple
morphology, and commonly overlapping features
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between species, they are well-known as being diﬃcult
to identify (Wingﬁeld 1993, Jacobs, Wingﬁeld &
Wingﬁeld 2001).
Several species of Leptographium have been isolated
from T. piniperda. In Europe, these species are L. guttulatum, L. lundbergii, L. procerum, L. wingﬁeldii,
O. huntii and O. serpens (Harrington 1988, Gibbs &
Inman 1991, Solheim & Långström 1991, Wingﬁeld &
Gibbs 1991, Solheim et al. 1993, Jacobs & Wingﬁeld
2001, Jacobs et al. 2001). In China, L. yunnanense is
associated with T. piniperda that can infest healthy
and non-stressed trees (Zhou et al. 2000) and L. pinidensiﬂorae (Masuya et al. 1998, 2000) has recently been
associated with the insect in Japan. In Korea, L. procerum and an unidentiﬁed Leptographium sp. have been
isolated from pitch pine (Pinus rigida) and Korean
pine (P. koraiensis) logs (Oh 1999). The unidentiﬁed
Leptographium sp. was subsequently collected during
the course of a survey of sapstaining fungi on Korean
pine and Japanese red pine (P. densiﬂora) logs, infested
with T. piniperda (Kim, Kim & Ra 2002).
The unknown Leptographium sp. resembles L. lundbergii both morphologically and in terms of its habitat,
and this name was tentatively used for it (Kim et al.
2001, 2002). However, preliminary comparisons of
DNA sequence data have shown that the Korean fungus is diﬀerent to other strains of L. lundbergii. The aim
of this study was to re-consider the identity of the
Korean Leptographium sp. associated with T. piniperda, using both morphological and physiological
characteristics, as well as comparisons of DNA sequence data, including parts of the rDNA and protein
coding genes. These studies also included comparisons
with closely related Leptographium spp.

MATERIALS AND METHODS
Morphological and cultural studies
Korean and Japanese red pine trees were harvested and
cut into logs during mid-January of 2000 and 2001.
These logs were transported to three local sawmills
where they were stacked in remote parts of the log yard.
After approximately three months of storage, the logs
were heavily infested with Tomicus piniperda.
For fungal isolations, small pieces of blue-stained
sapwood were removed from the logs and placed on
2 % MEA (20 g Difco malt extract, 15 g Difco agar,
and 1000 ml distilled water). Petri dishes were incubated at room temperature, ca 20 xC. Pure cultures
of each fungal isolate were obtained using a single
conidial isolation technique (Uzunovic et al. 2000).
The Leptographium sp. was speciﬁcally compared
with eight other species of Leptographium known to be
associates of T. piniperda (Table 1). All fungal cultures
used in this study are maintained in the Korea University Culture Collection (KUC) and in the Breuil culture
collection (Department of Wood Science, University
of British Columbia, Vancouver). Representative

276

cultures of the Leptographium sp. from T. piniperda
have also been deposited with the Centraalbureau voor
Schimmelcultures (CBS, Utrecht).
Cultures were grown and observed on 2 % MEA.
Growth rates of cultures were determined at temperatures ranging from 5 and 35 x, at ﬁve degree intervals.
Agar disks (5 mm diam), taken from the edge of a
freshly grown colony, were placed at the centers of
Petri dishes containing 2 % MEA, with three replicate
plates for each test temperature. The colony diameters
on each of the three replicate plates were measured
3, 5, and 7 d after inoculation. Growth rates were
calculated in mm dx1. Cycloheximide tolerance of
isolates was assessed by measuring growth at 25 x
on 2% MEA amended with 0.05, 0.1, and 0.5 % of
cycloheximide.
Morphological features were observed on fungal
structures produced on 2% MEA and on sterile lodgepole pine (Pinus contorta var. latifolia) sapwood
wafers. For light microscopy, fungal structures were
mounted in water and observed using a Zeiss Axioplan
light microscope. For scanning electron microscopy
(SEM), small wood blocks (10r2r7 mm) bearing
fungal structures were ﬁxed using the method described
by Lee et al. (2003). After ﬁxation, samples were dried
with a Balzers CPD 020 critical point drier. They were
coated with gold palladium using a Nanotech Semprep
II sputter coater and examined using a Hitachi S4700
scanning electron microscope.
DNA extraction, PCR ampliﬁcation, sequencing and
phylogenetic analysis
Isolates of various Leptographium spp. including the
unknown species from Korea were used in DNA
sequence comparisons (Table 1). DNA extraction was
carried out using the method described by Kim,
Uzunovic & Breuil (1999). The internal transcribed
spacer (ITS) 2 and partial large subunit (LSU) regions
of the ribosomal DNA operon were ampliﬁed using the
primers ITS3 and LR3 (Vilgalys & Hester 1990, White
et al. 1990). Portions of the actin and b-tubulin genes
were ampliﬁed using the primers Lepact F /Lepact R
(Lim et al. 2004) and T10 (O’Donnell & Cigelnik 1997)/
BT12 (Kim et al. 2003), respectively. PCR ampliﬁcation was performed as described by Lee et al. (2003).
PCR products were visualized by electrophoresis on a
1.4 % agarose gel containing ethidium bromide. The
PCR products were puriﬁed using a Qiaquick PCR
Puriﬁcation Kit (Qiagen, Mississauga, ON). Puriﬁed
PCR products were sequenced using the same primer
sets described above. Sequencing was performed on an
ABI 3700 automated sequencer (Perkin-Elmer, Foster
City, CA) at the DNA synthesis and Sequencing
Facility, Macrogen (Seoul).
Sequences for the taxa other than those that were
speciﬁcally derived in this study, were obtained from
GenBank. The rDNA sequences of 29, the actin gene
sequences of 16, and the b-tubulin gene sequences of 24
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Table 1. Leptographium and Ophiostoma cultures used in this work and GenBank accession numbers for sequences.
GenBank accession no.b
Species

Isolatea

Actin

b-tubulin

ITS 2 and LSU

Host

Origin

Sourced

Collector

L. koreanum

KUC 2078
KUC 2102
UAMH 9584
CMW 217
CMW 5157
CMW 5158
CMW 12
C 83c
CMW 60
CMW 2844
CMW 2095
CMW 2096
CMW 5304
CMW 5152
UAMH 4997
CBS 398.77
C 274c

AY707174
AY707175
(AY544585)
AY707176
–
–
–
–
–
–
AY707177
AY707178
AY707179
AY707180
(AY544599)
AY707181
AY707182

AY707183
AY707184
(AY263184)
AY707185
AY707186
AY707187
–
–
AY707188
AY707189
AY707190
AY707191
AY707192
AY707193
(AY349023)
AY707194
AY707195

AY707196
AY707197
(AY544603)
AY707198
AY707199
AY707200
(AF343692)
AY707201
AY707202
AY707203
AY707204
AY707205
AY707206
AY707207
(AY544617)
AY707208
AY707209

Pinus densiﬂora
P. koraiensis
P. sylvestris
P. sylvestris
P. densiﬂora
P. densiﬂora
P. strobus
Pseudotsuga menziesii
Pinus pinaster
P. pinaster
P. strobus
P. sylvestris
P. yunnanensis
P. yunnanensis
P. contorta
P. monticola
Picea rubens

Bongwha, Korea
Yeoju, Korea
Uppland, Sweden
Sweden
Japan
Japan
NY, USA
ID, USA
Tokai, South Africa
Tokai, South Africa
France
France
Vimen, China
Vimen, China
Canada
Canada
USA

Log infested with TP
Log infested with TP
Board
Unknown
Tree infested with TP
Tree infested with TP
Unknown
Unknown
Unknown
Unknown
Tree infested with TP
Tree infested with TP
TP
TP
Tree infested with DP
Log
Unknown

J.-J. Kim & G.-H. Kim
J.-J. Kim & G.-H. Kim
A. Mathiesen-Käärik
T. Lagerberg/E. Melin
H. Masuya
H. Masuya
M. J. Wingﬁeld
T. C. Harrington
M. J. Wingﬁeld
M. J. Wingﬁeld
M. Morelet
M. Morelet
Z. Xudong
Z. Xudong
R. C. R. Jeﬀrey
R. W. Davidson
T. C. Harrington

L. lundbergii
L. pini-densiﬂorae
L. procerum
L. serpens
L. wingﬁeldii
L. yunnanense
O. huntii
O. piceaperdum

a
CMW, Culture Collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria; KUC, Korean University Culture Collection, Korean University; UAMH, University of
Alberta Microfungus Collection and Herbarium, Devonian Botanic Garden, Edmonton; C, Collection of T. C. Harrington, Iowa State University; CBS, Centraalbureau voor Schimmelcultures, Utrecht.
b
Accession nos of sequences obtained from GenBank presented in parentheses.
c
Provided by A. Uzunovic.
d
TP, Tomicus piniperda; and DP, Dendroctonus ponderosae.
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Ophiostoma spp. or their anamorphs were aligned using
CLUSTAL X (Thompson et al. 1997). Manual adjustment of the alignments was done with the PHYDIT
program version 3.2 (http://plasza.snu.ac.kr/~jchun/
phydit/). Unalignable regions of rDNA were excluded
and intron regions from the two protein coding genes
were also excluded. Gaps were treated as missing data.
Maximum parsimony trees (MPTs) were identiﬁed by
heuristic searches using the tree bisection reconnection
(TBR) branch-swapping algorithm. All characters were
of equal weight and unordered. Concordance of three
diﬀerent data sets was evaluated using the partition
homogeneity test implemented with PAUP*4.0b10,
using 1000 replicates and the heuristic general search
option (Huelsenbeck, Bull & Cunningham 1996).
Phylogenetic analyses of the sequence data for individual loci and the three loci combined were performed
with PAUP*4.0b10 (Swoﬀord 2002). Branch stability
was assessed by 1000 replicate parsimony bootstrap
replications
implemented
with
PAUP*4.0b10
(Swoﬀord 2002).

RESULTS
DNA sequence data and phylogenetic analyses
The nucleotide sequence data, generated in this study
have been deposited in GenBank DNA sequence database (Table 1). The alignment of rDNA sequences,
after the introduction of gaps, generated 631 nucleotide
positions ; 17 ambiguous characters were excluded from
the analyses. Only 65 characters were parsimonyinformative, while 69 were parsimony-uninformative
and 480 were constant. Maximum parsimony analyses
resulted in 13 equally parsimonious trees (tree length of
194 ; CI 0.8505 ; RI 0.8497) because their sequences
were very similar; one is shown in Fig. 7a. Topological
diﬀerences among the 13 MPTs were due to branching
order changes of a few taxa. In these trees, the
Leptographium sp. associated with Tomicus piniperda in
Korea was grouped with L. yunnanense, L. lundbergii
and Ophiostoma huntii. The rDNA sequences of the
unidentiﬁed Leptographium species showed high
similarity to the sequences of L. yunnanense (99.5%)
and L. lundbergii (99.5 %). Although the branch in the
tree separated the Leptographium sp. from other closely
related species, it was not supported by bootstrap
analysis (Fig. 7a).
Partial actin gene sequences for most of the taxa
included in this study had two exons and one intron.
The b-tubulin gene sequences possessed three exons
and introns. When both exons and introns were
included, the b-tubulin sequence similarity of the
unidentiﬁed Leptographium sp. was 98.41–98.54 % with
L. yunnanense, 92.81 with O. huntii and 92.44 with
L. lundbergii. When introns were excluded from partial
actin and b-tubulin gene sequences, 667 and 550
characters remained, respectively. Most of the polymorphic positions were found in the synonymous third
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position. Maximum parsimony analyses of these genes
resulted in 12 MPTs for the b-tubulin gene (tree length
248 ; CI 0.6613 ; RI 0.7717) and 2 MPTs for the actin
gene (tree length 60 ; CI 0.8667 ; RI 0.9223) with essentially the same topology. One of the MPTs for each of
the b-tubulin and actin gene datasets is shown in Fig.
7b and c, respectively. In these trees, the two isolates
representing the unidentiﬁed Leptographium sp. from
Korea constituted a distinct clade alongside L. yunnanense, L. lundbergii and O. huntii.
To resolve the clades with less ambiguity, a combined dataset comprised of rDNA and two protein
coding genes was analyzed with O. piceaperdum as an
outgroup. Results of the partition-homogeneity test
(P=0.718) indicated that there was no signiﬁcant
conﬂict between the datasets and that three diﬀerent
gene trees reﬂected the same underlying phylogeny.
Maximum parsimony analyses of the combined dataset
generated one MPT (tree length 163; CI 0.8773 ; RI
0.9301). The phylogeny of the combined dataset was
similar to the phylogenetic trees derived for the individual genes (Fig. 7d). Overall, there was increased
bootstrap support when the combined dataset was
used. The unidentiﬁed Leptograhium sp. associated
with T. piniperda in Korea resided in a distinct group
with strong basal support (97 %), showing a sister
relationship with L. yunnanense.
Morphology
The Leptographium sp. isolated from logs of Korean
and Japanese red pine infested with Tomicus piniperda
was typical of the genus, having well-developed erect
conidiophores and masses of condia carried in moist
drops at their apices. The fungus was able to tolerate
high concentrations of cycloheximide, a typical feature
of the Ophiostoma species and their anamorphs. The
Leptographium sp. was most similar to L. yunnanense
and the Leptographium anamorph of O. crassivaginatum. It was, however, morphologically distinct from
these species (Table 2). Based on its phylogenetically
distinct nature, and its distinct morphological characteristics, the Leptographium sp. from blue-stained
P. koraiensis and P. densiﬂora infested with T. piniperda
in Korea represents a new taxon, formally described
here.
TAXONOMY
Leptographium koreanum J.-J. Kim & G.-H. Kim,
sp. nov.
(Figs 1–6)
Etym. : koreanum, referring to the fungus being ﬁrst
collected in Korea.
Crescit optime ad 25 xC, tum 17 mm per diem in 2% DMEA.
Non crescit infra 5 x vel supra 35 x. In MEA cum alio 0.05,
0.1 et 0.5 glx1 ‘ cycloheximide ’, crescit ad 25 x alium 16, 14
et 8 mm per diem.
Coloniae in MEA eﬀusae, extendentes, albae olivaceobrunnescentes. Hypharum parietes laeves, hyphae 2–4 mm
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Table 2. Characteristics of Leptographium koreanum and morphologically similar species.
L. koreanum

L. lundbergiia

L. pini-densiﬂoraeb

L. yunnanensec

O. crassivaginatumd

Region

Korea

Japan

China

Canada

Host

Pinus densiﬂora, P. koraiensis

Pinus densiﬂora

Pinus yunnanensis,
P. gaoshanesis,
P. shimaonensis

Insect association

T. piniperda

T. piniperda

35–227 mm
24–79 mm

T. piniperda, T. minor,
Xyleborus validus
32–190(–324) mm
22–80 mm

Picea mariana, Picea glauca,
P. resinosa, P. strobus,
P. sylvestris, Populus
grandidentata, Populus
tremuloides, Fraxinus nigra
Trypodendron retusus

Stipe length
Conidiogenous
apparatus length
Conidium shape

North America, New Zealand,
Europe, South Africa, Japan,
Pinus sylvestris, P. densiﬂora,
P. taeda, P. radiata,
P. ponderosa, P. strobus,
Pinus spp., Picea abies,
Picea spp., Larix leptolepis
Many other bark beetles
including T. piniperda
(35–)214.5–306.5(–635) mm
(35–)42.5–85(–150) mm

11–66(–112) mm
(40–)83–88(–127) mm

8.0–60(–85) mm
15.5–56.5(–62) mm

Oblong to ovoid,
Relatively straight
3–10 mm
1.5–3.5 mm
Absent
Absent
25 x

Broadly ellipsoid with
Prominently truncate ends
3–5 mm
2–4 mm
Absent
Absent
20 x

Oblong to ellipsoid,
Sometimes clavate
2.6–8.3(–13) mm
0.9–3 mm
Absent
Present
25 x

Oblong to obovoid
(4–)7–8(–11) mm
2–6 mm
Absent
Absent
25 x

Oblong to obovoid
Distinctly curved
(4–)4.5–5.5(–10) mm
1–2.5 mm
Ophiostoma
Absent
30 x

17 mm dayx1 at 25 xC
13 mm dayx1 at 20 xC
Absent

5.6 mm dayx1 at 25 x
13 mm dayx1 at 20 x
Absent

ca 12 mm dayx1 at 25 x
6.4 mm dayx1 at 20 x
Absent

11 mm dayx1 at 25 x

3.6 mm dayx1 at 30 x

Present

Present

Conidium length
Conidium width
Teleomorph
Rhizoids
Optimum temperature
for growth
Growth rate (diam) e
Granular hyphae
a
b
c
d
e

Jacobs & Wingﬁeld (2001) and Masuya et al. (2000).
Jacobs & Wingﬁeld (2001) and Masuya et al. (2000).
Jacobs & Wingﬁeld (2001) and Zhou et al. (2000).
Jacobs & Wingﬁeld (2001).
Growth rate of L. yunnanense was re-examined in this study because it was not correctly reported in the original paper (Zhou, pers comm.).
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3

5

6

Figs 1–6. Leptographium koreanum (KUC2078). Fig. 1. Light micrograph of a conidiophore. Fig. 2. Light micrograph of
conidiophores grouped. Fig. 3. Light micrograph of conidia. Fig. 4. Scanning electron micrograph of a conidiophore.
Figs 5–6. Scanning electron micrographs of conidiogenous cells showing annellations (arrows). Bars : Fig. 1=20 mm ;
Fig. 2=10 mm; Fig. 3=5 mm ; Fig. 4=25 mm ; Figs 5–6=2 mm.
diametro. Conidiophorae singulae vel ad quinae aggregatae,
mononematae, macronematae, interdum in hyphis aeriis
factae. Stipites erecti, brunnei, simplices, 3–11-septati, 35–227
(medius 89¡43) mm longi, basi 3–8 (medius 5¡1.5) mm lati.
Apparatus conidiogenus 24–79 (medius=50.7¡13) mm
longus, massa conidiali exclusa, ramis primariis singulis
vel ternis medio-brunneis, ramis centralibus aegre quam
aliis maioribus, 8–16 (medius 13¡3)r2.5–3 mm ; ramis
secondariis laete brunneis, 5–13 (9¡3)r2.5–3 mm ; ramis
tertiariis hyalinis, 4–11 (8¡2)r2–2.5 mm. Cellulae conidiogenae discretae, apicem versus angustatae, 6–11 (medius
10¡1.5) mm longae. Evolutio conidii per aediﬁcationem
parietis supplementariae ontogenia holoblastica et proliferatione percurrenti cum secessione retardata, ut falso
videtur per proliferationem sympodialem. Conidia hyalina,
oblonga vel ovoidea, apicibus rotundatis, basibus distinctis
truncatis 3–10 (medius 5¡2)r1.5–3.5 (medius 2¡0.5) mm ;
in massis hyalinis mucosis in apicibus conidiophorarum
cumulantia.
Typus: Korea: Yeoju : Sawmill, Central Forest Products
Processing & Marketing Center, Pinus koraiensis log, 10 Aug.
2000, J.-J. Kim & G.-H. Kim (PREM 58256-holotypus; KUC
2102, CMW 14199-isotypi).

Optimal growth temperature 25 x, with a growth rate of
17 mm dayx1 on 2 % DMEA. No growth was found
below 5 x or above 35 x. On MEA amended with 0.05,
0.1, and 0.5 glx1 cycloheximide, the mean growth rates
of three isolates at 25 x were 16, 14, and 8 mm dx1,
respectively. Colonies eﬀuse, spreading, white becoming olive-brown on MEA, (4F8 ; Kornerup & Wanscher
1961). Hyphae smooth-walled, 2–4 mm wide. Conidiophores single or in groups of up to ﬁve, mononematous,
macronematous without rhizoids at their bases, sometimes produced on aerial hyphae. Stipes erect, brown,
simple, 3–11 septate, 35–227 (mean=89¡43) mm
long, and 3–8 (mean=5¡1.5) mm wide at the base.
Conidiogenous apparatus 24–79 (mean=50.7¡13) mm
long excluding conidial mass ; one to three medium
brown primary branches, central branches slightly
larger than the others, 8–16 (mean 13¡3)r2.5–3 mm;
secondary branches pale brown, 5–13 (9¡3)r
2.5–3 mm; tertiary branches hyaline, 4–11 (8¡2)r
2–2.5 mm. Conidiogenous cells discrete, tapering distally, 6–11 (mean=10¡1.5) mm long. Conidium
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(a)

62
63

100

5 changes
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O. robustum AY544619
75 L. wingfieldii CMW2096
L. wingfieldii CMW2095
74 O. aureum AY544610
L. terebrantis AY544607
L. pyrinum AY544604
90 O. clavigerum AY544613
L. lundbergii CMW217
L. lundbergii AY544603
89 O. huntii AY349023
O. huntii CBS398.77
L. yunnanense CMW5304
L. yunnanense CMW5152
L. koreanum KUC2102
L. koreanum KUC2078
L. serpens CMW60
L. serpens CMW2844
93 L. wageneri var. pseudotsugae AF343706
L. reconditum AF343690
97 L. pini-densiflorae CMW5157
L. pini-densiflorae CMW5158
67 L. procerum C83
L. procerum AF343692
O. piceaperdum C274
O. crassivaginatum AF343673
100
O. francke-grosmanniae AF343702
L. abieticolens AF343701
L. abietinum AF343699
L. elegans AF343675
61 L. terebrantis AY544589

(c)

77 L. wingfieldii CMW2095
L. wingfieldii CMW2096
66 O. robustum AY263190

(b)

L. terebrantis AY263191

82
100

O. clavigerum AY263194
L. pyrinum AY263185

O. aureum AY263187
94 L. yunnanense CMW5304
L. yunnanense CMW5152
100
L. koreanum KUC2102
60 L. koreanum KUC2078
100 L. lundbergii CMW217
L. lundbergii AY263184
100 O. huntii AY349023
O. huntii CBS398.77
O. piceaperdum C274

77

75

L. abietinum AY263138
L. abieticolens AY348310
L. pini-densiflorae CMW5157
100
L. pini-densiflorae CMW5158
100 L. serpens CMW2844
L. serpens CMW60
O. francke-grosmanniae AY348309
L. elegans AY348308
5 changes
92 L. wingfieldii CMW2095
68 L. wingfieldii CMW2096

(d)

O. clavigerum AY544595

96 62

L. wingfieldii CMW2095

64

L. wingfieldii CMW2096

97

L. pyrinum AY544586

99

O. robustum CMW668
L. terebrantis C418
O. clavigerum ATCC18086

100
L. pyrinum DLS879

O. robustum AY544601

O. aureum ATCC16936

O. aureum AY544592

66

L. yunnanense CMW5304

91
63

95 L. yunnanense CMW5304

L. yunnanense CMW5152

81 L. koreanum KUC2102

97
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Fig. 7. Most parsimonious trees for each of the three nuclear gene datasets and the combined datasets : (a) rDNA,
(b) b-tubulin, (c) actin, and (d ) combined. Numbers above or below the branches are bootstrap values of MPT shown when
greater than 60 %.

development replacement wall building with holoblastic ontogeny and percurrent proliferation with delayed secession giving a false appearance of sympodial
proliferation (Wingﬁeld 1993). Conidia hyaline, oblong
to ovoid, with rounded apices, distinct truncate bases,
3–10 (mean=5¡2)r1.5–3.5 (mean=2¡0.5) mm ;

accumulating in hyaline mucilaginous masses at the
apices of the conidiophores.
Additional specimens examined: Korea : Bongwha : Sawmill,
National Forestry Cooperatives Federation, Pinus densiﬂora
log, 9 Aug 2000, J.-J. Kim & G.-H. Kim (KUC 2078, CMW
14201, PREM 58261) ; loc.cit. (KUC 2072, CMW 14200,
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PREM 58257) ; loc.cit. (KUC2071, KUC2073–2077) ; loc.cit.,
P. densiﬂora lumber, May 2001, J.-J. Kim & G.-H. Kim
(KUC2031–2310) ; loc.cit., P. densiﬂora disc, July 2001, J.-J.
Kim & G.-H. Kim (KUC2501–2510); Yeoju : Sawmill, Central
Forest Products Processing & Marketing Center
(CFPP&MC), P. koraiensis log, 10 Aug 2000, J.-J. Kim &
G.-H. Kim (KUC 2101, KUC2103–2105) ; Gapyeong :
Sawmill, CFPP & MC, P. koraiensis lumber, May 2001, J.-J.
Kim & G.-H. Kim (KUC2401–2410) ; Gapyeong : Sawmill,
CFPP & MC, P. koraiensis disc, July 2001, J.-J. Kim & G.-H.
Kim (KUC2601–2610).

DISCUSSION
Results of this study have shown that the unknown
Leptographium sp. associated with Tomicus piniperda
infestation of Japanese red and Korean pine logs
represents an undescribed taxon, named here as
L. koreanum. This new species adds to a relatively large
number of Ophiostoma and Leptopgraphium spp. that
have been associated with T. piniperda in various parts
of the world (Harrington 1988, Solheim & Långström
1991, Wingﬁeld & Gibbs 1991, Masuya et al. 1998,
Jacobs & Wingﬁeld 2001).
L. koreanum is morphologically most similar to
L. pini-densiﬂorae and L. lundbergii. The latter two
species were also those critically compared by Masuya
et al. (2000) in the course of describing a new Leptographium from T. piniperda in Japan. L. koreanum can
easily be distinguished from L. pini-densiﬂorae based by
the presence of rhizoid-like structures at the base of the
conidiophores in the latter species (Masuya et al. 2000).
It is likewise possible to distinguish between L. lundbergii and L. koreanum based on the following characteristics. L. lundbergii is characterized by its prominently
truncate conidia, with sizes between 3–5r2–4 mm, and
its conidiophores that are (90–) 246–409 (–685) mm
long (Jacobs & Wingﬁeld 2001). In contrast, L. koreanum has shorter conidiophores with conidia that
are about twice the size of those in L. lundbergii. The
very small conidiophores of L. koreanum represent an
important morphological characteristic of this species
and are produced abundantly in artiﬁcial cultures on a
solid surface.
Other than morphological features, L. koreanum
can be distinguished from L. pini-densiﬂorae and
L. lundbergii based on their optimum temperatures for
growth and their growth rates at 20 x. Leptographium
pini-densiﬂorae and L. lundbergii grow best at 25 and
20 x, respectively (Masuya et al. 2000). Like L. pinidensiﬂorae, L. koreanum grows also best at 25 x.
However, when grown at 20 x, L. koreanum and L. lundbergii have the same growth rate of about 13 mm dx1,
while L. pini-densiﬂorae isolates grow much more slowly
at about 6.4 mm dayx1 (Masuya et al. 2000). This is
approximately half the growth rate of L. koreanum.
Short conidiophores similar to those of L. koreanum
are characteristic of L. yunnanense and the Leptographium anamorph of O. crassivaginatum. Like
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L. koreanum, L. yunnanense has been isolated from
pine trees infested with T. piniperda. In contrast to
L. koreanum, the two other species have short robust
conidiophores and a granular sheath material around
their hyphae, as reported for L. pyrinum (Zhou et al.
2000, Jacobs & Wingﬁeld 2001). In addition, the
conidiophores of L. koreanum are more discrete with
tightly formed apical branches, very unlike the loosely
arranged branches that form the conidiogenous
apparatus of L. crassivaginatum and L. yunnanense
(Zhou et al. 2000, Jacobs & Wingﬁeld 2001). The
conidia of L. yunnanense are approximately the same
length as those of L. koreanum but they are almost
twice as wide in the former species. Although the conidia in L. koreanum are of a similar length to those of
L. crassivaginatum, conidia in the latter species are
distinctly curved, as opposed to the relatively straight
conidia in the former species (Jacobs & Wingﬁeld
2001). In addition to these diﬀerences, L. koreanum
grows four times faster than the other two species on
2 % MEA at 25 x (Zhou et al. 2000, Jacobs & Wingﬁeld
2001).
Although nuclear rDNA regions including ITS
regions are useful for determining the relationships
between fungal genera and species (Bruns et al. 1992,
O’Donnell 1992, Jacobs et al. 2001), they often do not
distinguish between closely related taxa (Gams &
Meyer 1998, Ospina-Giraldo et al. 1999, Hermosa et al.
2000, Harrington et al. 2001, Jacobs et al. 2001). In
this study, over 99 % sequence similarities were
shown between various Leptographium spp. including
L. lundbergii, L. koreanum, O. huntii, L. pyrinum,
L. terebrantis, L. wingﬁeldii, O. aureum, O. clavigerum
and O. robustum. These results indicate that the rDNA
region including the ITS2 region and partial LSU
rDNA are inappropriate to diﬀerentiate L. koreanum
from these closely related species. In contrast, we were
able to use partial sequences of the actin and b-tubulin
genes to distinguish between Leptographium spp. (Lee
et al. 2003, Kim et al. 2004, Lim et al. 2004) including
those considered in this study. Separate phylogenies
for the partial actin and b-tubulin gene sequences as
well as the combined phylogenies clearly reﬂected the
relationships between the newly described L. koreanum
and other species of Leptographium. Although L. pinidensiﬂorae and O. crassivaginatum are morphologically
similar to L. koreanum, DNA sequence comparisons
showed that these species are very distantly related.
Our phylogenetic analyses clearly separated L. koreanum from its closest relative, L. yunnanense. The two
species were further separated from related species including, L. lundbergii, O. huntii, and L. pini-densiﬂorae.
These DNA sequence comparisons as well as distinct
morphological characteristics provide robust support
for describing L. koreanum as a new taxon.
Leptographium spp. are well known associates of
bark beetles (Coloeoptera: Scolytidae) that, primarily,
infest conifers (Harrington 1988, Wingﬁeld 1993).
These insects transmit the fungi to the sapwood, which
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most of these fungi discolour. In our survey of sapstaining fungi, L. koreanum was frequently isolated
from pine logs attacked by T. piniperda. Because
T. piniperda has also been found to carry various other
Leptographium spp., it was interesting that this was the
only Leptographium sp. associated with it in our study.
Very little is known regarding the pathogenicity of
Leptographium spp. associated with bark beetles. Only
one species, L. wageneri is known to be a primary
pathogen (Harrington & Cobb 1983, Harrington 1988)
but various other species have been shown to display
high levels of pathogenicity when inoculated into healthy trees. In this regard, one of the most pathogenic
species of Leptographium is L. wingﬁeldii (Solheim et al.
1993, Solheim, Krokene & Långström 2001). Like
L. koreanum, this fungus is carried by T. piniperda and
it is believed to contribute to tree death in Europe
(Solheim & Långström 1991, Solheim et al. 1993, 2001).
L. wingﬁeldii has recently been recognized as one of the
fungi that had been introduced into North America
with T. piniperda (Jacobs et al. 2004). It would be
equally important to assess the relative pathogenicity of
L. koreanum and inoculations on healthy trees are
planned to achieve this goal.
It is particularly interesting that T. piniperda carries
distinctly diﬀerent Leptographium spp. in diﬀerent
countries. One possibility is that the insects in geographically disparate countries represent distinct
species. In this regard, T. piniperda from the Yunnan
Province of China consistently carries L. yunnanense,
which, for example, is unlike T. piniperda in Europe
that is closely associated with L. wingﬁeldii (Wingﬁeld
& Gibbs 1991, Zhou et al. 2000). Recent studies based
on DNA sequence comparisons have shown that
T. piniperda in the Yunnan Province of China represents a species very similar to but distinct from
T. piniperda in Europe (Lieutier et al. 2003, Duan et al.
2004). Similar ﬁndings have been reported for other
bark beetles. Thus, it is possible that the Korean
T. piniperda diﬀers from those species occurring elsewhere in the world, and that the diﬀerences observed in
their fungal associates might reﬂect small diﬀerences in
the insects.
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