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Abstract:  Leptographium spp. are anamorphs of
Ophiostoma and are characterised by conidiophores
with dark mononematous stipes and complex coni-
diogenous apparatusses with several series of branch-
es. These fungi are also characterised by their distinct
tolerance to high concentratons of cycloheximide.
Most Leptographium spp. cause sapstain in conifer
timber and some species are root pathogens of trees.
In recent years, an unknown Leptographium sp. has
been isolated from spruce and pine in Europe. This
species is found in association with bark beetles that
infest these conifers. These insects most probably act
as vectors for this fungus and belong to the genera
Dryocoetes, Hylastes, Hylurgops and Tomicus. Morpho-
logical comparisons, as well as partial ribosomal DNA
comparisons have shown that this species represents
a previously undescribed taxon. In this paper we de-
scribe the fungus as new and provide the name Lep-
tographium guttulatum sp. nov. for it.
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INTRODUCTION

Species of Leptographium Lagerberg & Melin are
characterised by dark mononematous conidiophores
with complex conidiogenous apparatuses. The coni-
diogenous cells produce numerous conidia that ac-
cumulate in mucilaginous masses at the apex of the
conidiophores (Kendrick 1962, Wingfield 1998). Lep-
tographium spp. are morphologically adapted for dis-
persal by insects, especially bark beetles (Coleoptera:
Scolytidae) (Lagerberg et al 1927, Leach et al 1934,
Upadhyay 1981). Some Lepiographium spp. are
known anamorphs of Ophiostoma (Harrington 1987,
Wingfield et al 1993), Leptographium spp. are best
known among plant pathologists for their ability to
cause blue-stain in conifer lumber. A few species also
cause diseases of trees and the best known of these
is black-stain root disease caused by three varieties of
Leptographium wageneri (Kendrick) Wingfield (Har-
rington and Cobb 1987, Cobb 1988).

Leptographium spp. can be divided broadly into
three groups based on their conidium size. These in-
clude species with conidia that are long (7-20 pm),
medium (5-8 pm) and short (3~5 pm). Most Lepio-
graphium spp. can be accommodated in the group
with medium sized conidia (Jacobs unpubl). Species
in this group include the anamorphs of O. piceaper-
dum (Rumbold) Arx [= O. europhioides (Wright and
Cain) Solheim], O. laricis Van der Westhuizen, Ya-
maoka & Wingfield and O. hunti: (Robinson-Jeffrey)
De Hoog & Scheffer (Wright and Cain 1961, Robin-
son-Jeffrey and Davidson 1968, Van der Westhuizen
et al 1995). This is in contrast to the anamorphs of
species such as O. penicillatum Grosmann, O. ameri-
canum Jacobs & Wingfield and O. dryocoetidis Ken-
drick & Molnar that have conidia that are at least
twice or even three times as long as they are wide
(Grosmann 1931, 1932, Kendrick and Molnar 1965,
Jacobs et al 1997). Other characters that are useful
in the identification of Leptographium spp. include
the length of conidiophores, type of primary branch-
es and the absence or presence of rhizoids.

Recently, an unknown Leptographium sp. has been
isolated from spruce and pine in Europe. Wingfield
and Gibbs (1991) referred to these isolates as Lepio-
graphium sp. “GG” and postulated that they might
be the same as the fungus known as Ophiostoma per-
icillatum f. palliati described by Mathiesen (1950),
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T.ABLE 1. TIsolates used for molecular comparison

GenBank

Isolate number® acsession Species  Conidia Origin Host Insect associate
CMW 2306° (YCC107) AF 224321 O. penicillatum long  Japan Picea jezoensis  Ips typographus f.
CMW 2302°% (YCCO070) AF 224322 O. penicillatum long  Japan Picea jezoensis  Ips typographus f.
CMW 2642¢ AF 224323 O. penicillatum long  Norway Picea abies Ips typographus
CMW 2643¢ AF 224324 O. penicillatum long  Sweden Picea abies Ips typographus
CMW 495 (CBS 497.96)° AF224325 0. americanum long  North America Larix decidua  Dendroctonus simplex
CMW 2965° AF 224326 O. americanum long  North America Larix decidua Dendroctonus simplex
CMW 2014f (CBS 636.94) AF 224327 O. laricis short  Japan Larix kaempferi  Ips cembrae
CMW 2016¢ AF 224332 O. laricis short  Japan Larix kaempferi = Ips cembrae
CMW 1980° (CBS 633.94) AF 224330 O. laricis short Japan Larix kaempferi  Ips cembrae
CMW 452 (CBS 275.65)8 AF 224328 O. piceaperdum short  USA
CMW 1949° AF 224329  O. piceaperdum short  Japan Larix kaempferi  Ips cembrae
CMW 1310~ AF 224334 Leptographium. short England Pinus sylvestris ~ Tomicus piniperda
CMW 742 AF 224335 Leptographium. short France Pinus sylvestris ~ Tomicus piniperda
CMW 4421 (CBS 376.66) AF 224338 O. dryocoetidis long  British Abies Dryocoetus confusus
CMW 662 (CBS 929.69)% AF 224327 L. procerum short  Virginia, USA  Pine forest soil

1 CMW—Culture collection of the Tree Pathology Co-operatve Programme (TPCP), Forest and Agricultural Biotechnvology
_ Instirute (FABI), University of Pretoria, Pretoria, 0002, CBS—Centraalbureau voor Schimmeleultures, Baarn, Netherlands.
Collector: ® Y. Yamaoka, ¢ H. Solheim, 4 A. Kairik, = D.R. Bergdahl, ‘M J.-Wingfield, ¢ T.C. Harrington, ® J.N. Gibbs, ‘M.

Morelet, } A.C. Molnar, * C.S. Hod.

but for which no authentic material exists. The aim
of this study was to examine a collection of isolates
of this fungus in detail at both molecular and mor-
phological levels.

MATERIALS AND METHODS

We collected Dryococtus autographus Rawzeburg, Hylurgops
palliatus Gyllenhal and Hylurgeps glabratus Zetterstedt

adult beetles from infested Norway spruce (Picea abies (L.) .

‘Karst.) logs. We isolated fungi by macerating the beetles in
a few drops of sterile water and diluting the macerate on
the surface of 9 cm plastic Petri dishes with malt extract
agar (MEA-strep, 20 g Merck malt extract, 16 g Sigma agar,
100 mg streptomycin sulphate, 1000 mL distilled water). In
some cases, 10 mg L-! of cycloheximide was added. Alter-
natively, we placed entire beetles or parts of the insects on
the plates. The dishes were incubated at room temperature
in diffuse daylight. Fungi were purified by transferring my-
celium or conidial masses to fresh MEA plates. Additionally,
isolations were performed from stained sapwood of pine
(Pinus sylvestris L.) attacked by the bark beetle Tomicus mi-
nor Hartig.

Isolates used for molecular comparison are listed in Ta-
BLE I All sequences have been submitted to GENBANK
Two isolates of Leptographium sp. “GG"” were used in the
molecular comparison. These were compared with isolates
of L. penicillatum, L. americanum and the Leptographium
anamorph of O. dryocoetidis. These species were chosen to
represent Leptographium spp. with long conidia. Leptogra-
phium laricis and the Leptographium anamorph of 0. p-
ceaperdum were chosen to represent species with short co-
nidia, and an isolate of Leptographium procerum was chosen

as the outgroup, because it is considered to be a typical
Leptographium and is characterised by short conidia.

Molecular comparisons.—Cultures used (TABLE I) were
grown in 2% liquid malt extract (ME) (2 g/L ME per 100
mL H,0) in 250 mL Erlenmeyer flasks at 25 C unil the
surface of the medium was covered with mycelium. A mod-
ification of the DNA extraction technique described by Rae-
der and Broda (1985) was used to extract total genomic
DNA. Mycelium was harvested and transferred to sterile Ep-
pendorf tubes with 500 pL extracton buffer (200 mM Tris-
HCI, pH 8.5; 250 mM NaCl; 25 mM EDTA, pH 8.0; 0.5 %
SDS). The suspension was quick-frozen in liquid nitrogen
and ground to a fine paste with 2 pestle. Proteins were de-
natured and removed by phenol-chloroform extraction un-
til the interphase was clear. The DNA was precipitated by
the addition of 0.54 volume isopropanol and 0.1 volume 3
M NaAc, pH 5.8. After incubation for at least 60 min at —20
C, the DNA was pelleted by centrifugation at 4 C for 30 min
at 14 000 rpm (20 800 X g, Eppendorf rotor F45--30-11).
The pellets were washed with 70% ethanol, dried and re-
suspended in 100 wL sterile H,O. The presence of DNA
was determined by agarose gel electrophoresis.

The ITS1 and ITS2 (internal manscribed spacer regions)
as well as the 5.85 gene of the rDNA operon were amplified
using the Polymerase Chain Reaction (PCR) (Saiki et al
1988). Primers used in the amplification reactions are ITS-
1F (5'-CITGGTCATTTAGAGGAAGTAA-3") (Gardes and
Bruns 1998), and CS1 (5'-TAGCTGATCCGAGGTCAA-3")
{Strydom et al 1997) for isolates of L. penicillatum, L. amer-
icanum, L. piceaperdum, L. laricis and L. sp. GG. TT'S4 (5'-
TCCTCCGCTTATTGATATGC-3"), and LR1 (5'-GGTTGG-
TTTCTTTTCCT-3") (White et al 1990) were used to amplify
the ITS region in O. dryocoetidis. Amplifications were per-



382 MYCOLOGIA

formed in a Hybaid Touchdown temperature cycler (Hy-
baid, Middlesex, UK) for 35 cycles using High Fidelity Ex-
pand Tag DNA polymerase (Boehringer Mannheim, Ger-
many) with the Expand HF Buffer with MgCl, supplied by
the manufacturer and 2 ng of template DNA. The cycling
parameters were: an initial denaturation step at 95 G for 2
min followed by 35 cycles of 95 C for 45 s, 55 C for 45 s,
62 C for 20 s and 72 C for 45 s. The reacdons were com-
pleted with a final elongation step at 72 C for 8 min. The
PCR fragments were visualised on a 1% agarose gel con-
taining ethidium bromide, using an UV light. A single frag-
ment of about 600 bp was obtained. However, small differ-
ences in fragment size were observed for the different spe-
cies.

The PCR produccs were purified using the Nucleon QC
for PCR/oligo clean-up kit (Amersham Life Science, Eng-
land). The Thermo Sequenase dye terminator cycle se-
quencing pre-mix kit (Amersham Life Science, USA) on the
ABI PRISM 377 automatic sequencer (Perkin Elmer Ap-
plied Biosystems) was used for sequencing. A region of 550
bp to 590 bp was sequenced for O. penicillatum, O. ameri-
canum, O. piceaperdum, O. laricis and Leptogmphzum sp.
‘GG’ using primers ITS-1F and CS1. The ITS2 region for
O. dryocoetidis was sequenced using primer LRI The se-
quence data were edited using Sequence Navigator (PE Ap-
plied Biosystems) and manually aligned. Phylogenetic rela-
tionships were determined through a branch and bound
search using PAUP (Phylogenetic Analysis Using Parsimo-
ny) (Swofford 1993) (see FI1G. 1). Confidence levels for the
various groups were determined using Bootstrap analysis
(1000 replicates).

Morphology and growth characteristics.—All measurements
were done on fungal structures produced in culture on 2%
malt extract agar, MEA, (20 g Biolab malt extract, 20 g Bio-
lab agar and 1000 mL djstilled water). Fungal structures for
microscopic examination were mounted on slides in lacto-
phenol. Fifty measurements of each relevant morphological
structure were made and ranges and averages computed.

For scanning electron microscopy (SEM), small blocks of
agar cut from sporulating colonies were fixed in 3% glutar-
aldehyde and 0.5% OsO, in a 0.1 M phosphate buffer, de-
hydrated in a graded acetone series and critical-point dried.
Specimens were mounted and coated with gold palladium
alloy and examined using a Joel JSM 840 scanning electron
microscope.

The optimal temperature for growth of an isolate (CMW
742) of the Leptographium sp. was determined by inoculat-
ing eight MEA plates for each temperature with a 0.6 mm
diameter agar disk taken from the actively growing margin
of a fresh isolate. The plates were incubated at temperatures
ranging from 5 to 35 C at 5 C intervals. Colony diameters
were measured on the fourth and the eighth day after com-
mencing the experiment, and the diam of colonies were
computed as an average of eight readings.

Cycloheximide tolerance of the Leptographium sp. was de-
termined by growing CMW 742 on 2% MEA amended with
different concentrations of cycloheximide (0, 0.05, 0.1, 0.5,
1, 2.5 and 5 g/L) in Petri dishes. Dishes were incubated in
‘the dark at 25 C for 8 d and the colony growth was mea-

sured. Five replicates were done for each concentration and
the growth rate was determined based on an average of ten
readings.

RESULTS

Molecular comparisons.—A single DNA fragment of
approximately 600 bp was observed in the amplifi-
cation reactions for all isolates. From these frag-
ments, 550 bp were sequenced for the isolates of O.
penicillatum (CMW 2306, CMW 2302, CMW 2642,
CMW 2643), O. americanum (CMW 495, CMW 2963)
and O. dryocoetidis (CMW 442). A total of 590 bp
were sequenced for isolates of O. laricis ({CMW 2014,
CMW 2016, CMW 1980), O. piceaperdum (CMW 452,
CMW 1949) and Leptographium sp. (CMW 1310,
CMW 742). Twelve most parsimonious trees were
generated with similar topologies using branch and
bound PAUP analysis (FIG. 1). Leptographium procer-
umwas used as the functional outgroup. The shortest
tre€ length was 496, with a Consistency Index (CI) of
0.828, a Retention Index (RI) of 0.177 and Homo-
plasy Index (HI) of 0.916.

Isolates of Ophiostoma pericillatum, O. americanum
and O. dryocoetidis clustered to form a single clade
(Fic. 1). From the dendrogram it appeared that O.
penicillatum and O. americanum are more closely re-
lated to each other than they are to O. dryocoetidss.
The second clade was comprised of the isolates of O.
piceaperdum and O. laricis (FIG 1). The unknown Lep-
tographium sp. (Wingfield and Gibbs 1991), clustered
separately to the other groups. The outgroup species
L. procerum appears to be more closely related to the
unknown Leptographium sp. than to the other isolates
in the study.

Morphological and growth characteristics.—The Lepto-
graphium sp. considered here, is characterised by co-
nidiophores typical of the genus. The conidiogenous
apparatus superficially resembles the brush-like con-
idiogenous apparatus of the anamorph of O. piceap-
erdum. However, the Leptographium sp. is characteri-
sed by large guttules (oil-like droplets or vacoules) in
its conidia. This characteristic appears to be unique
to the species. Wingfield and Gibbs (1991) suggested
that this species could be the same that was identified
by Mathiesen (1950) as Ophiostoma penicillatumf. pal-
liati. Harrington (1988) indicated that this fungus
was distinct from O. penicillatum and probably rep-
resents a distinct taxon. From the molecular compar-
ison in this study, it is clear that this species has no
relatedness to O. penicillatum. The fungus is, there-
fore, described as a new species in Leptographium.

Leptographium guttulatum M. J. Wingf. et K. Jacobs
Sp. nOV.
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Fic. 1. Phylogram produced by PAUP analysis based on partial sequence of the ITS1 and ITS2 regions, as well as the
complete sequence of the 5.8S rRNA gene. Leptographium procerum was used as a funcdonal outgroup. The number of base
substitutions are indicated above the branches and the bootstrap percentages (100 bootstrap repeats) are indicated below

the branches.

Colonia atro-olivacea (21 ”m). Coloniae margo levis. Hy-

phae submersae in medio solido paucis myceliis.aeriis, oli-
vaceae, (21 k), leves, rectae, non constrictae ad septa,

(5.0-)9.0(~13) pm diametro. Conidiophora evenientia sin-
gulatim, exorientia directe ex mycelio vel aerio mycelio, er-

ecta, macronematosa, mononematosa, (200-)415(-810)
wm longitudine, rhizoidaceae structurae absentes. Conidi-
ogenus apparatus (60-)114(-200) pum longus, conidica
massa exclusa, 2 usque 4 seriebus ramorum cylindricorum;
2-4 metulaeprimariae. Conidiogenae cellae discretae, 2-3
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per ramum, cylindricae, exigue attenuatae ad apicem, (10-)
17(~27) pm longae et 2.0-3.0 pm latae. Conidia hyalina,
aseptata, guttulata, oblonga vel exigue obovoidea, (4.0-)
7.0(~10.0) X 2.0-3.0 pm.

Colonies with optimal growth at 25 C on 2% MEA,
reaching 36 mm diam in 9 d. Little growth at 5 C
and no growth above 30 C. Able to withstand high
concentratdons of cycloheximide with a 5% increase
in growth on 0.5 g/L cycloheximide after 9 d at 25
C in the dark. Colony dark olive (21'm). Colony mar-
gin smooth. Hyphae submerged on solid medium
with little aerial mycelia, olivaceous (21”°k), smooth,
straight, not constricted at the septa, (5.0-)9.0(-13)
pm diam. Conidiophores occurring singly, arising di-
rectly from the mycelium or aerial mycelium, erect,
macronematous, mononematous, (200-)415(-810)
pm long (FIG. 2), rhizoid-like structures absent (FiG.
3, 8a). Stpe olivaceous (217k), smooth, cylindrical,
simple, 2-7 septate, (120-)300(~670) wm long (from
first basal septum to below primary branches), (5.0-)
8.0(~12) pum wide below primary branches, apical
cell not swollen; (5.0-)8.5(~12.0) wm wide at base,
basal cell not swollen. Conidiogenous apparatus (60-)
114(-200) long, excluding the conidial mass, with 2
to 4 series of cylindrical branches; 2-4 primary
branches, light olivaceous (217k) to olivaceous
(21”m), smooth, cylindrical, aseptate, (18~)29(-40)
pm long and (5.0-)7.0(-10.0) pm wide, secondary
branches light olivaceous (217k), aseptate, (15-)
24.5(-35) wm long, (8.0-)5.5(-8.0) wm wide; tertiary
branches hyaline, aseptate, (10-)21(-33) pm long,
(3.0-)4.0(-5.0) pm wide, quaternary branches hya-
line, aseptate, (9.0-)14.5(-25.0) pm long, (2.0-)
3.0(~4.0) pm wide (FI1G. 4, 8b). Conidiogenous cells
discrete, 2-3 per branch, cylindrical, tapering slightly
at the apex, (10-)17(-27) pm long and 2.0-3.0 pm
wide. Conidium development occurring through re-
placement wall building with holoblastic ontogeny
and percurrent proliferation and delayed secession
giving a false impression of sympodial proliferation
(Minter et al 1982, 1983, Van Wyk et al 1988) (FIG.
5, 6). Conidia hyaline, aseptate, oblong to slightly ob-
ovoid, prominent guttulate, (4.0-)7.0(-10) X 2.0-5.0
wm (F1G.7, 8c). Conidia accumulating in slimy drop-
lets at the apices of conidiogenous apparatus, hyaline
at first, becoming cream coloured (19f) with age
(Rayner 1970). Conidial masses cream coloured
when wet, remaining the same colour when dry.

Specimens examined. FRANCE. Orleans, isolated from
Tomicus piniperda L. from Pinus sylvestris, 1984, M. Morele:,
PREM 56389 (HOLOTYPE). ENGLAND. Hampshire, Fres-
ley Cannon Wood, isolated from Tomicus piniperda from
Pinus sylvestris, 1988, J.N. Gibbs, PREM 56310; AUSTRIA.
Flatz, Lower Austria, isolated from Fylurgops palliatus from
Picea abies, 28 May 1997, T. Kirisits, PREM 56311; Glein,
Styria, isolated from Hylurgops glabratus from Picea abies, 3

August 1998, T. Kirisits, PREM 56309; Flatz, Lower Nied-
erosterreich, isolated from Hylurgops palliatus from Picea
abies, 28 May 1997, T. Kirisits. PREM 56308 (PARATYPES).

Insect associates.—Leptographium guttulatum was only
rarely isolated from adult beetles of D. auiographus (2
isolations out of 35 adult beetles), H. palliatus (1 iso-
ladon out of 7 adult beetles) and H. glabratus (1 iso-
lation out of 107 adult beetles). This fungus was also
isolated once (1 out of 150 samples) from the sap-
wood of trees attacked by Tomicus minor Based on the
limited material of this study, L. guttulatum appears
thus to be a minor component of the mycobiota of
these four bark beetles. Ophiostoma piceaperdum was

-one of the most frequent ophiostomatoid fungi isolat-

ed from D. autographus, H. palliatus and H. glabratus
(data not shown). Ophiostoma penicillatum was never
isolated from the above mentioned insects.

DISCUSSION

Leptographium guttulatum can easily be distinguished
from other Leptographium spp. based on the distinct
guttules in its conidia, that are unlike those of other
Leptographium spp. This species is one of several Lep-
tographium spp. associated with conifer bark beetles
in Europe. Other species include the Leptographium
anamorph of O. piceaperdum and L. penicillatum (Sol-
heim 1986). Leptographium guttulatum can be distin-

_guished from O. piceaperdum primarily based on the

absence of a teleomorph in the former species. The

~ anamorph of O. piceaperdum can readily be distin-

guished from L. guttulatum based on its considerably
smaller conidiophores, although the conidiogenous
apparatuses of these two species are similar in their
brush-like appearance. The anamorph of O. penicil-
latum is characterised by large allantoid conidia, in
contrast to the obovoid conidia ‘of L. guttulatum.
These two species can, therefore, easily be distin-
guished. From the molecular data it is also clear that
L. guttulatum is not related to O. penicillatum.

As is true with most Leptographium spp., L. guitu-
latum, O. penicillatum and O. piceaperdum are asso-
ciated with bark beetles (Coleoptera: Scolytidae).
Leptographium guttulatum has been isolated from
spruce and pine in Europe and is transmitted by a
wide range of bark beetles that belong to the genera
Dryocoetes, Hylastes, Hylurgops and Tomicus (TABLE I,
Wingfield and Gibbs 1991). In contrast, O. penicilla-
tum is consistently associated with the spruce bark
beetles Ips typographus (Sotheim 1986, Krokene and
Solheim 1996), Ips duplicatus (Krokene and Solheim
1996) and Ips amitinus (Kirisits unpubl). Mathiesen
(1950) also reported O. penicillatum f. palliati to be
associated with H. palliatus, although this record is
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Fics. 2-7. Leptographium guttulatum (PREM 56389). 2. Conidiophore with a dark olivaceous stipe and complex conidi-
ogenous apparatus. 3. Conidiophore with complex conidiogenous apparatus. 4, 5. Conidiogenous cells showing false sym-
podial conidiogenesis. 6. Conidia with prominent guttules. 7. Scanning electron micrograph of conidia. Bars: 2 = 100 pm,
8, 4,6 =10 pm, 5, 7 = lpm.
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FIGB '-Leptograjzhium guttulatum (PREM 56389). A. Habit sketch of the conidiophore. B. Conidiogenous apparatus. C.
nidiaswith g'(ltt‘.lllesi(:dotte(_i lines). Bars = 10 pm.
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probably not correct. In the present study, O. peni-
cillatum was not isolated from D. autographus, H. gla-
bratus or H. palliatus, that are vectors of Lepiogra-
phium guitulatum. Furthermore, O. penicillaium was
not found to be associated with H. palliatus in Den-
mark (Harding 1989) and Norway (Krokene and Sol-
heim 1996). The common insect associates of L. gut-
tulatum thus appear to be quite different to those of
O. penicillatum. Similar to L. guttulatum, Ophiostoma
piceaperdum is associated with various bark beetles on
spruce and pine in Europe. For example, O. piceap-
“erdum has been reported to be associated with Ips
typographus (Solheim 1986), Ips duplicatus (Krokene
and Solheim 1996), Ips amitinus (Kirisits unpub-
lished), Hylurgops palliatus (Harding 1989, Krokene
and Solheim 1996) on Norway spruce and with Tom-
icus piniperda attacking Scots pine (Solheim and
Langstrém 1991). In this study O. “piceaperdum was
frequently isolated from D. autographus, H. palliatus
and H. glabratus. The literature, as well as the results
of the present study, thus clearly show similarides in
the habitat of L. guttulatum and O. piceaperdum.
The taxonomy of Leptographium spp. has been in
disarray virtually since the establishment of the genus
by Lagerberg and Melin (1927). In recent years, ef-
forts have been made to improve this situation.
Where species have appeared and have some signif-
icant ecological significance, they have been de-
scribed, although there remain many undescribed
species. The descripdon of L. guitulatum has lead to
a better understanding and taxonomic placement of
one species that has been isolated regularly in recent
years. What must follow is a comprehensive review of
the genus Leptographium that is also supported by
molecular comparisons. We are currently undertak-
_ing such a study and it is hoped that this will resolve
many of the remaining taxonomic questions pertain-
ing to species in the genus.
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