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Ophiostoma Polonicum is a Species of Ceratocystis sensu stricto

CHRISTA VISSER!, MICHAEL J. WINGFIELD', BRENDA D. WINGFIELD', and YUICHI YAMAOKA®

! Department of Microbiology and Biochemisery, Universiry of the Orange Free State, PO, Box 339, Bloemfontein, 9300, South
Africa
* Insticate of Agriculrure and Forestry, University of Tsukuba, Tennodai, Tsukuba, lbaraks 303, Japan

Receved June 1, 1993

Summary

Ophiostoma polonicim was Fest isolated in Poland and described in 1939 by Siemaszko. The fungus is 2
serious pathogen of spruce and ie vectored by the bark beete [ps typographus, Ophiostama polonicunt
was described as producing a Lepeographium anamorph similar o that of Ophiostoma penicillatiem. The
Fungus was larer transferred to Ceratocystis penicilfata but is currently treated as a species of Ophiostoma,
Examination of the culture collected by Siemaszko and also from recent collections from spruce in Europe
and Japan have shown the presence of a Chalara stace. Cell polysaccharide analysis revealed the absence of
thamnose in the cells of 0. polanicum which is more rypical of Ceratocystis species. The fungus was also
found to be sensitive to cvcloheximide, which is characteristic of species of Corafpoystis sensu stricto.
Comparisons of partal sequence dara of the ribosomal DNA operon have also revealed that isolates of O,
polanicion group together with Cerarocystis laricicola, which is a well defined species of Cerarocysies
semsy stricto, We, therefore, conclude from this study thar O, polomicunt is a typical species of Ceratocystis
s.str. and also thar the species is very likely conspecific with €, laricicola,
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Introduction

The ophiostomatoid fungi include the genera Ceratoeys-
tis Ell. & Halst. and Ophiostoma Svdow and have been
known since the early parr of this Cenrury. Mosr species in
these genera have ascomara with elongate necks and they
are generally considered to be vectored by insects (Wang-
field et al. 1993). Numerous species of these fungi also
include serious pathogens of trees of which Opkiostoma
ulmi Buismann and Opkiostoma novo-ulmi Brasier
(Brasier, 1993) and Ceratocystis fagacearsam Bretz (Kile,
1993} are perhaps best known,

The taxonomy of Ophiostoma and Ceratocystis has had
a confused history. These genera have been regarded as
SYNONYyms or as separate entities by various authors in the
past. In the most recent and comprehensive treatment of
the group, Upadhyay (1981) treated the genera as syn-
onyms but included the new genus Ceratocystiopsis Up-
adhyay and Kendrick to accommodate species with falcate
ascospores. Convincing evidence based on cell wall com-
position (Rosinski and Campana, 1964; Spencer and Go-
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rir, 19713 Jewell, 1974; Weifman and De Hoog, 1%75)
has, however, been presented to support the notion that
Ceratocystis and Ophiostoma are distinct. Species of
Ceratocystis also produce conidia by ring wall building
and have Chalara anamorphs (Minter et al. 1982) as op-
posed to apical wall building (Graphizm Corda, Lepto-
graphium Lagerberg & Melin, Sporothrix Hektoen & Per-
kins, Hyalorhinocladiella Upadhyay & Kendrick] in
Ophiostoma anamorphs (Mosuton er al. 1994). Unlike
Ceratocystis, species of Ophiostoma are also resistant to
high concentrarions of the antibiotic cycloheximide (Har-
rington, 1981).

Recent studies at the molecular level have provided ad-
ditional evidence for the fact that Ceratocystis and
Ophiostoma are distiner. These studies have been based
on analysis of the 185 ribosomal RNA gene and have
shown that the genera are distantly related (Hausner et al,
1992, 1993a, 1993b, 1993¢; Spatafora and Blackwell,
1994). Morphological similarities in teleomorph strue-
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tures in these phylogenetically distinct groups have appar-
ently developed as an adaptation to an insect-associated
habitar.

Ophiostoma polonicum Siemaszko was first described
in 1939 associated with the bark beetle (Coleoptera:
Scalytidae) fps typograpbus L. that infests spruce, Picea
abies (L.) Karst. in Europe (Siemaszho, 1938). The fungus
was described as having a Leptographinm anamorph.
Moreau (1952) later treated this fungus in the genus
Ceratocystis as Ceratocystis polonica. No type material
exists for O. polonicuon bur, based on the Leptographium
state described by Siemaszho (1939), Upadhyay (1981)
reduced this species to svnonymy with Ceratocystis
tenicillata (Grosm.) Moreau (= Opkiostoma penicillatum
(Grosm.) Siemaszko). Later, Solbeim (1988) considered
0. penicillatum and Q. polonicum 1o be distiner species of
varving pathogenicity (Solbeim, 1921, 1993; Christiansen,
1983). Solbeint (19861 was, however, unable to detect the
Leptographium state of any other anamorph in O. polo-
Hicini,

Considerable confusion surrounds the generic place-
ment of the fungus that Siemaszko (1939) named O.
polonicim. During a recent survey of fungi associated
with Ips typographus japonicus infesting Picea jezoensis
{Sieb. et. Zucc.) Carr. in Hokkaido, Japan, we noted an
apparent Chalara state in some isolates of a fungus other-
wise resembling O. polonicum, This would indicate that
the fungus is a Ceratocystis species as opposed to a species
of Ophiostona. The aim of this study was, therefore, 10
examine isolates of O. polonicim from Japan and Europe
using a variety of techniques and, thus, to establish an
appropriate generic placement for this fungus.

Material and Methods

Isolates examiined. For the purposes of this studv, we made
morphological examinations of four solares of a fungus match-
ing the teleomorph charactenistics of O. polonicum from Japan
and Eurcpe including the isolate collecred by Siemaszko in Po-
land obtained from the Cenrraalbureau voor Schimmelculrures,
Baarn, Netherlands (CBS). Isolates from Europe were from
I. rypograpbus-infested P. abies and supplied by Dr.Saolheim
[Norwegian Forest Ressarch Instirute, Section of Forest Ecology,
Division of Forest Pathology, N-1423 As-NLH, Norway). Those
from Japan were collected by the last author from I. typographus
japromicus-infested P. jezoersis in Hokkado, Japan. All isolates
included in this study are maintained in the colture collection of
the second author, with representative isolates also available in
other collections.

For the experimental part of this study, four isolates of O.
polonicum were urtilised. These include one from Japan (YCC118
[emw 2274]) and three from Europe (ATCC 82335 [emw 1164},
CBS 133.38 [cmw 672], cmw 2443). The European isolates in-
cluded rwo isolates supplied by H. Solheim as well as an isolate
lemw 672} collected by Siemaszko who onginally described this
fungus. Two isolates of Ceratocystis laricicola Redfern & Minter
[emw 1016 and emw 1017) supplied by Dr. R. B. Redfern (Fores-
try Commission, Northern Research Stanon, Roshn, Midlothian
EH25 95Y, UK) were-also mcluded given the fact thar this fungus
s very similar wo O. polasiciem, with the exception of the pur-
ported Leprographinm state of the larter species,

Marphological examination of Q. polonicum was done using
light microscopy. Penthecia were abundant in numerous isolates
including emw 2274 from Japan and emw 1164 from Europe and
teleomorph characteristics could be compared with those de-
scribed for this fungus by Siemaszho (1939). Cultures were also
examined thoroughly for the presence of anamorph characters,

Cyvelobeximide tolerance and Cell polvsaccharide analysis. All
isolates of 0. polonicm used in the experimental part of this
study were tested for their ability 1o tolerate cycloheximide in
culrure. In addition, an isolate of Ceratocystis fimbriata Ell. &
Hals. and Ophbiostoma piceae Minch were included for com-
parative purposes. Five different concentrations (0.00, 0.0§,
0L10, 0.50, 1.00 and 2.50%) of cvcloheximide in 2% Malr ex-
tract agar (MEA; 20 malr extract and 20g agar/l dH,O) were
tested. Agar discs, 4.2 mm in diameter were cut from the actively
growing margin of cultures and placed ar the centres of three
Perri dishes containing the different concentrarions of cvelohex-
imide for each isolate. Two diameter measurements were taken
for each colony after incubation in the dark for six days. Av-
erages of these measurements were calculated and this expen-
ment was repeated onee.

lsolates of O, polomicum, for the cell polvsaccharide analvsis,
were grown in 15 g ME {male exteact) and 5 g Glucose/l dH20 ar
20°C for two weeks. Cell marerial was collected by centrifuga-
tion at 10000 rpm for 10 min, washed twice with ddH;0 and
lvophilised. The freeze-dried cell material was hydrolised with
72% H;50, for 12 h ar 4°C, followed by boiling for 25 hm 2 M
H.50, and then neutralised with NaOH. Presence of cell sac-
charides was derermined by colemn chromarography using a
Technicon Auto Analyser System (Alsa Tech, Isando, Johannes-
burg, South Africa) as previously described by Van Biljon and
Ofivier, 1989,

Seguence comparisons. Culmures were grown on cellophane
discs placed on 2% MEA and mcobated ar 20°C antil the my-
celium covered the disc. These cellophane discs were then trans-
ferred to sterile Perri dishes, lvophilised and stored at —20°C.
Mucleic acid was extracted from the freeze-dried marerial using a
modified Guanidinium Thiocvanate procedure of Chirgun er al.
(1979). A region within the ribosomal DNA operon, including
the variable Internal Transeribed Spacer regions (1T51 and 1TS2)
as well as the conserved 5.85 gene, were amplified using the
Polymerase Chain Reaction (PCR), Saiki, 1988). Primers ITS1
ISTCCGTAGGTGAACCTGOGLE") and ITH ('TCCTCCG-
CTTATTGATATGC?') (100DVml] were used for amplification
{ White et al. 1990). Reactions were performed in 2 Hybaid Om-
nigene Temperature Cycler (Hybaid, Middlesex, UK) for 35 cve-
les using Tag DNA polymerase (Promega Corporation, Madisen,
LS. AL) with the Magnesium free 10x Buffer supplied by the man-
ufacrurer. The final buffer composition was 6.25 mM MgCls, 1.6
mM of each dNTF and 360 pmol of cach primer. An initial § min
denaturation step at 96 °C was performed, followed by 35 cycles
of 52°C for 60 seconds (denaturation), 55°C for 30 seconds
{annealing) and 72°C for 60 seconds (extension) with a final
elongation step of 5 min ar 72*C. The PCR products were visual-
ised on a 1% (wiv) agarose gel 1o assess the amplification. The
amplified DMNA products were purified wsing the Magic PCR
Preps (Promega Corporation, Madison, U.S.A.) and sequenced
with the fmol Sequencing Svstem {Promega Corporation, Madi-
son, US.A). Primers ITS4, ITS1, C52 [(S'CAATGTGC-
GTTCAAAGATTCG3) and C53 (S'CGAATCTTTGAACG-
CACATTG3") [constructed by B, D). Wingfield, University of the
Orange Free State] were used 1o determine the DNA sequence in
both directions. The sequence data were visually aligned and the
phylogenetic relationships determined using PAUP {Phylogeneric
Analysis Using Parsimony] (Swofford er al, 1993). Both the
branch and bound 2nd the heuristic options were used in the
PAUP analysis. DNA sequence of C. fimbriaza, the type species of



Ceratocystis sstr. was ncluded in this study for comparative
purposes. Newrospora crassa sequence [Chambers, 1986) was
used as an oULEroup.

Resules

Morpholagical comparisons. Culrural characteristics of
the four O, poflomicion isolares were similar and differed
markedly from those previously described for O. penicil-
lqgtum., The former fungus has a light grey colour with
profuse aerial myeelium as opposed to the dark green-grey
colonies of 0. penicillatum. Isolate cmw 672 collected by
Stemasghko (1939 produced no fruitng stroctuces, Other
isolates of the fungus produced distiner ophiostomaroid
ascomarta with single-celled, reniform, sheathed, cwo guru-
late ascospores identical to those described by Siemaszko
(1932, Althoug chese seructures were excremely rare, con-
idiophores (Fig. 1} and conidia {Fig 2) rypical of Chalera
species were occasionally found associared with the bases
of the ascomara in many isolares,

Cycloheximide tolerance and cell wall polysaceharides,
All four isolates of O, polonicum tested for tolerance to
cycloheximide, proved to be sensitive to all concentrations

O. polonicwn is a Ceratocystis

of this anobiotic, even to as low as 0.05 g/l of cyclohex-
imide (Table 1). In this characteristic they were similar to

Table 1. Average growth in mm of Ophiostoma polovicum
isolates on various concentrations of cycloheximide, Ophiostoma
picgae and Ceratocystis fimbriata were included for comparative
purposes

% Cycloheximide (g}

Fungus 000 0.0F 010 050 1.000 2.50
Ciphiostoma polonicin

cmw 1164 (Sweden) 448 = = = = =
cmw 2443 (Sweden) 212 — < = = -
cmw 2274 {Japan) 9.5 = - - - -
cmw 672 [Poland) 341 - = = = .
Ceratacystis fimbriata

cmw 2220 330 = - - - -
Crphingtoma piceas

cmw 153 482 40.% 410 383 350 371

Figs, 1-2. Conidiophore and conidia of O, palonicem, Figl. Light micrograph showing the typical Chalara state observed for O,
polonicum (Bar: 15 mm = 20u) and Fig 2. showing the conidia produced by the conidiophore of O, polonicesm (Bar: 15 mm = 10u),
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Fig.3. Alignment of the
DNA  sequences obtained
for the TT51, IT52 regions
and the 3.85 rENA gene for
3 wolates of O. polonicunm
femw 672, cmw 2274 &
cmrw 2443}, 2 isolares of C.
laricicola (emw 1016 &
emw 1017}, one isolate of
C. fimbriata (cmw 2220
and N. crassa which was
used &s an outgroup. N in-
dicares unknown bases; a
dot indicates bases identical
to the corresponding base in
N. crassa and dashes repre-
sent deletions in the se-
quence,

C. fimbriata (type species of Ceratocystis s.str.), but dif-
fered markedly from O. piliferum [(tvpical species of
Oplbrostoma). Rhamnose was found o be absent in all the
isolates of O. polonicum tested for cell polysaccharides.
Sequence comparisons. A single DNA fragment of
about 550 bp was observed using gel dlectrophoresis for
all isolares amplified. For each isolate amplified, a toral of

N. crassa
o 2229
672
1017
2443
i01se
2274

14444

N. crassa
crmy 2220
comw 672
cmy 1017
o 2443
cmw 1016
cmw 2274

N. crasssa
o 2220
cmw 872
cmw 1017
cow 2443
cow 1016
cow 2274

N. crassa
cmw 2220
cmw 672
cmw 1017
conw 2443
oo 1016
cm 2274
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TCATTACAGRE GTTGCAAAAC TCCCACRARS CATCGOGAAT CTTACCCGTA
---------- C.GATTCTIG .AGTGAC.TG A..G.T.TT. TGETEETAGE
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CEETTGEOCTC GEOGCTICOE GTCC-GGA-- -ARGE-COTT CGGGLCTCCC
GCOC.T.TGA A.G.-CAC.. C.G.CA.CAG T.TA.T.--. ..CCAR..GT-
LCA-. . TG. TTT.GCA.GT C.TGG-T.AA AC.A.T-.C. GCC.GTAGTA
TTTA-. . 7TG. TIT.GCA.GT C.TGE-T.AA AC.A.T-.C. GCOC.GTAGTA
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LCCA-..TG. TTT.GCA.GT C.TGG-T.AA AC.A.T-.C. GOC.GTLETA
110 120 130 140 150
Teom—— ARA CTCTTGA-TA TTTATGTCTC TCTGAGTAAA CTTTTRAATS
SRR A “esvs .. TOCRGAT .T.TTCATTS .. .GRGTGECA
STTECAR, - ¢ ssaweToho. . C.AGAGR AT.T.TATTC A..GCTC.GC
+ITAEAR. v wnnnn T.A. .. C.AGRGR AT.T.TATTC A..GCTG.G-
SITACER . <o waiess T:A.. ...C.HEAGHR AT.T.T.TTC A. .GCTG.G-
LITAGRA. .. ..L. T.AL. . .C.AGAGA AT.T.TATTC A.. GCTE.G-
LITAGRER., 0 wwewn T.A . C.AGAGR AT.T.TATTC A..GCOTG.GC
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GATCCTCGGE TCTCOGOTCOG CGECTGCCCG COGGAGTGOC GRARACARAGTC
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ARARCTTTCA ACRACGGATC TCTTGETTCT GECATOGATS AAGRACGCAG
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.................... PRSP i Y. | RPN .
e S RN sk e Bidiee s naiae s Fewee e aae
.......... G RSP o S e s e
260 270 280 250 300
CGARATGOGA TA-GGTAATE TGRATTGCAG AATTCAGTGEA ATCATCGALT
.......... A
Eancaeamey aaimy el e e e AT e e S e e
.......... s e TR s e NG
......... R .
........ R e e S e e A i ity S s ey
P R Rt gL seses 2T aaeaaas i dal b

t
about 500 bp were sequenced and read (Fig. 3). The DNA
sequences obtained were visually aligned and edited using
MacClade 3.0 (Fig.3) (Maddison & Maddison, 1992),
The sequence of Neurospora crassa which was included in
this study for comparative purposes was obtained from
Chambers er al. (1986). The boorstrap analysis for each
option resulted in the same tree configurarion and z strict
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N. crassa CTTTGAARCGC ACATTGCGC- TCGOCAGTAT TCTGGCGAGT ATGOCTGTTC
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cmmy 1017 . T 5 ol R T R e (A PR o
cme 2443 e T & SR = S LI C=AG-2 M....... =
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360 370 380 380 400
N. crassa =--GAGCOGTCA TTTCAACCAT CARGCTCTGC TT--CGCG-TT GGGGATCCGC
crmw 2220 BN SRR e C.AC., ....GA..C. .. TENNC... ..C.T.G3AG
cImw 672 s R s BT AT e e e SRR = 57 PRy -, = - TR 4
crmet LOL7 B mallawe owmse A i o T -l LLJAVGA. LG
crmw 2443 = rennan semre C.BC. vuiwsnans SRR i N T . || (A
cmmw 1016 P A R L e 2T . LALGAL VARG
crmw 2274 R R e i R R PR .3.T .JALGR..CG
4140 420 430 440 450
N. crassa G-GUCTGETCOG CTCARAATCA GTEGOGGECT CGTCAGTCAD ACCGAGOETG
cmw 2220 LICL.L.T.T LCCTG.A,. . JGCOGCT. AR ATGT.TC-GG CTGTTATACT
crmw §672 CA==.C.T== =====G--.G .GCCGCC.ARA ATG..TC-GG CTGETT-GAAT
cmw 1017 R T = somes G--.G .-C0GCC. A8 ATG. .TC-GG CTGTTCGAAT
crmw 2443 CA-—— . C.T——- ————-G--.G .-CCECC.AR ATG, , TC-GG CTGETT-GAAT
e LOLG: o iSRorees e e e e e
cmw 2274 CA-=.C.T=-= =====G-=-.G .GCCGCC.ARA ATG..TC-GG CTGTT-GAAT
460 470 480 430 200
N. crassa GTGACTCTAC ATCCCTATGS TOGTGOGGNE Go-====—== ssccccccaaa
crow 2220 T-.C.88CT. CC.TG.G.A. ATAAAATTT CTRATTTIT. ACACTTIGAX
o 672 T, .CAG..T. CC-TG.G.A. AR ATT-A- TTTITIG... ACGCTIT.GA
cmw 1017 T..CAG..T. CC-TG.G.A. AAATTTA- TTTTITT... RGCCCTITGA
cow 2443 T..085..T. CC-TG.G.A. AA.ATITA- TTTT...... ACGOTTT.GA
cmw 1016  —===== LT, CC-TG.G.A. .AA.ATTTA- TTTTTIT... ACGCTIT.GA
cmw 2274 T..CaAG..T. CC=TG.G.A. .AJK ATT-A- TTTTTIG... ACGCTTT.GA
= 4] 520 530 540 550
N. crassa ==-TIC=-TT-= ======== GO OG=-TAAAACT COCC===m== cmmcem———-
Crw 2220 . S GT G.TRACAC.. ..C....-.. BA..CCCTCR ACTTTIGTIG
cmw 572 AT W TT ACRRCETOR O, ve s seanBie s TCA ATTTT . i
cmw 1017 AAT. ..., TT B.CRACATOS OB ins wudaees TCA ATTTD ovus
o 2443 PR v T «olPRERTOR. R v ewresene TCA ATTAT.....
croew 1018 ARC . .. TT A.CAACATOS .CG. . venne sawrman TCa ATTTT. . ...
cmr 2274 BAC, ... TT A.CRACATOG CG......- Rt WL 1 34 T i ) R
560
N. crassa -A-TTTC-TA AGGTTGACC
oy 2220 . e | o
cImw 672 imam=== 5, iiiranaaa
cmw 1017 s—m.—=—=— A, AC..... o
cmw 2443 ... =Bl resses
crw 1016 i) 7 W .
cmmw 2274 L SR,

consensus tree was constructed (Fig.4), The gl startistics
determined from the bootstrap trees obrained for the
branch and bound and the heuristic searches were —1.89
and —1.74, respectively. The O, polonicum isolates formed
a cluster with C, fimbriata with a confidence interval of a
100%, confirming other evidence thar these isolates are
most likely species of Ceratocystis. The isolate from Japan

grouped together with Siemaszko's isolate with a confi-
dence interval of 100% and these two clustered with the
two C. laricicola isolates with 74% confidence (Fig.4).
The Norwegian isolate of O. polomicum was less closely
related to the above-mentioned isolates, although more
closely relared to these than to C. fimbriara.
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cmw2220

CMWETZ

100

cmwasE74

100

crwioiF

gg cmwZdds

cmwil6

N.crassa

Fig. 4. Consensus wree generated from PAUTP analysis depicring
the phylogenenc relationships berween C, lavicicols {emw 1016
& cmw 1017), O, polonicum ([cmw 672, cmw 2274 8 comw
2443) and C. fambrigta (comw 22200, Newrospora crassa was used
as an outgroup. Boomstrap values are indicated art the branch
points.

Discussion

Resules of this studv show that the fungus thar was
described as O. polomicum is a tvpical species of Cerato-
cystis s.str. The most definitive characreristics that lead us
1o this conclusion are the presence of a Chalara anamorph
[Minter et al. 1982; De Hoog and Scheffer, 1984), scn-
sitivity 1o cvcloheximide {Harrington, 1981) and the ab-
sence of rhamnose in the cell walls (Rosinski and Campa-
na, 1964; Weipman and De Hoog, 1975 and Spencer and
Gorin, 1971). This fungus can easily be separated from O,
penicillation, which has a Leptographinm anamorph and
is rolerant to cvcloheximide. We suggest, therefore, that
the name Ceratocystis polonica should be used for this
fungus.

In addirion 1o the above characteristics, based on rDNA
sequence analyses, it was possible to confirm thar isalares
of C. polonica form a distinet group of fungi, closely re-
lared 1o C. fimbriata and distinct from N. erassa. The fact
that two isolates of C. laricicola, a very well defined
species of Ceratoeystis, grouped together with C. polonica
also supports the new generic placement of O, palomnicim
in Ceratocystis s.str, These data also strongly suggest thar

C. laricicola and C. polonica are the same species although
derailed morphological comparisons are required before a
synonymy c¢an be presented.

Fast confusion pertaining to the generic placement of C.
polonica is relarively easy to explain. This fungus is one of
numerous ophiostomaroid fungi including O. penicil-
latsm, that 1s carried by Ips tvpographus infesting spruce
in Europe (Solbeim, 19886). It, thus, occurs in close associ-
ation with the latter fungus and the rwo are often isolared
as mixed cultures (M. I. Wingfield, unpublished). It is our
view that when this fungus was first collected, Siemaszko
was dealing with a mixed culture of the rwo fungi and that
he incorrectly identified the Leptographium state as being
connected with ascomara of C. polowica. Upadbyay
{1981} did not have access 1o type marterial of this fungus
and evidently chose to synonymise it with O. penicillatum
based on reported presence of a Leptographitem state by
Stemaszho (1238). Solbeim (1986) later recognised that C.
polonica was distiner from O. penicillation bur did nor
recognise that it might belong in Ceratocystis rather than
in Ophiostona,

dpecies of Opbiostoma and Ceratoeystis represent ex-
cellent examples of distinct taxa thar have evolved conver-
gently in adaption to insect dispersal (Hausner et al,
1993¢; M. J. Wingfield ct al. 1994; Spatafora and Black-
well, 1994; B.D. Wingfield et al. 1994). The discovery
thar the fungus previously known as O. polonicum, is in
fact a species of Ceratocystis £.5tr., makes it the first exam-
ple of these rwo phyvlogenetically distinet groups occurring
associated with the same insect in a specialised niche.
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