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Absiract:  Ceraiocystis sensu stricto includes numer-
ous species of insectvectored, wood-staining and
plant pathogenic fungi. Among these, Ceratocystis coe-
ruitlescens is a well-known cause of blue-stain in spruce
and pine. Previous investigations, using morphologi-
cal characteristics and isozyme comparisons, have
shown that C. coernlescens encompasses at least five
morphological types. The aim of this study was thus
to compare isolates of C. coerulescens sensu lato and
morphologically similar species, including C. lara-
cola, C. polonica, C. virescens, C. eucalypti, Chalara
australis and Ch. neocaledoniae, on the basis of DNA
sequence data. Using the polymerase chain reaction
(PCR), a 600 base pair fragment within the ribosomal
DNA operon was amplified, and the PCR products
were sequenced. The analyzed sequence included
the 5.85 rRNA gene and the internal transcribed
spacers (ITS) 1 and 2. Relatonships were deter-
mined by parsimony analysis. Using C. fimbriata as
the outgroup taxon, the five morphological types
previously known as C. coerulescens and the two other
taxa from conifers formed a strongly-supported
monophyletic group that includes all the Ceratocystis
species occurring primarily on conifers. The species
from hardwood trees, C. eucalypti, Ch. australis and
Ch. neocaledoniae, also formed a monophyletic
group, sister to the conifer group. The fourth species
from hardwoods, C. wvirescens, formed a group basal
1o the twe sister groups.
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INTRODUCTION

Ceratocystis sensu stricto Ellis & Halsted includes
many economically important species, which are
pathogens on a wide variety of plants, including for-
est and fruit trees, sweet potatoes, rubber and sugar
cane (Kile, 1993). Most Ceratocystis species occur on
angiosperms, but Ceratocystis coerulescens (Miinch)
Bakshi, first described from Germany (Minch,
1907),.1s the cause of sapstain on spruce and pine.
Based on isozyme analysis Harrington et al. (1996)
demonstrated five morphologically distinct species
previously known as C. coerwlescens. The C. coerules-
cens complex thus includes species A, B and C from
logs or wounds on Pigea or Finus {Harrington et al.,
1996) and wo newly recognized species, C. rufipenni
Wingfield, Harrington and Solheim and C. douglasii
{Davidson) Wingfield and Harrington (Wingfeld et
al., 1997}, Ceratocystis douglasii canses a stain in wood
of Douglas-fir (Pseudotsugae menziesii) (Davidson,
1953; Wingfield et al., 1997), and C. rufipenni occurs
on spruce attacked by the bark beetle Dendroctonus
rufipennis (Davidson, 1955; Wingfield et al., 1997).

Ceratocystis laricicola Redfern and Minter and C
polonica (Siemaszko) Moreau also occur on conifers
and are morphologically similar to C. coerulescens but
have smaller and more ellipsoid ascospores (Harring-
ton et al., 1996). Ceratocystis polonica is associated
with the bark beetle Ips typographus on spruce in Eu-
rope {Siemaszko, 1938; Christiansen and Solheim,
1990} and Japan (Yamaoka et al., 1997). Harrington
et al. (1996) found C. laricicola, which occurs on
larch infested with the bark beetle Jps cembrae in Eu-
rope (Redfern et al., 1987) and Japan {Visser et al,
1995), to be morphologically indistinguishable from
C. polonica. Comparisons of these species using DNA
sequence data also suggest that they may be syn-
onyms (Visser et al., 1995}, aithough they differ ata
single isozyme locus (Harrington et al., 1996) and are
not sexually compatible (Harrington and McNew, un-
published).

Ceratocystis virescens {Davidson) Moreau, described
by Davidson (1944) from hardwood lumber, has been
considered a synonym of C. coerulescens (Hunt, 1956;
Upadhyay, 1981). More recent studies have shown
that it is restricted to hardwood hosts, as a pathogen
on maple or as a saprophyte, and is morphologically
distinct from C. coerulescens (Harrington et al., 1996:
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of DNA

GenBank

Isolate numbers Species Host Origin Accession Number
€490, CMwi323 C. coerulescens sp. A Pinus sp. England U75614
(313, CBS5140.37 C. coerulescens sp. B Picea abies Germany 75615
Ch0, CMWO0451 C. coerulescens sp. C Picea engelmannii Uusa 75616
C662 C. coerulescens sp. C Picea abies Norway U75617
CH66 C. coerulescens sp. C Picea abies Norway U75618
G609 C. rufipenni Picea engelmannii/D. rufipennis® Canada U75619
€610 C. rufipenni Picea engelmannii/ D. rufipennis® Canada U75620
c612 C. rufipenni Picea engelmannii/D. rufipennis® Canada 75621
CMW1016 C. laricola Larix decidua/ I, cembrag Scotiand U75622
C708, CMWO0672, C. polonica Picea abies/ 1. typographus’ Norway U75623
CBS82928.83

C74, CMWO460 C. virescens Quercus sp. USA U75624
C251 C. virescens Ager sp. USA U75625
C69 C. uvirgscens Fagus americanum USA Sequence =

U75625
C203, ATCCI1066 C. virescens Liriodendron tulipifera USA Sequence =

175625
€324, CBS142.53 C. douglasii Pseudotsuga menziesii USA U75626
€539 C. eucalypti Eucalypius sieberi Australia U75627
€694, CB5149.83 Chalara neocaledoniae Coffea robusta New Caledonia U75628
CB19 Chalara australis Nathofagus cunninghamii Australia U75629
C8b4 C. fimbriata Ipomoea batatas USA AF007749

 CMW—Culture collection of M. J. Wingfield. C—Culrare coilecton of T. €. Harrington. CBS—Centraal Bureau voor
Schimmelculeures, Baarn, Netherlands. ATCC—American Type Culture Collection.
b Bark beetle associates, where known, are in the genera Ips and Dendroctonus.

Kile and Walker, 1987). Ceratocystis ewcalypti Yuan
and Kile is morphologically similar to C. virescens and
colonizes wounds in Eucalypius in Australia (Kile et
al., 1996). Two Chalara species, namely Ch. neocale-
doniae Kiffer and Delon and Ch. ausiralis Walker and
Kile, have no known teleomorphs, but their ana-
morphs are similar in morphology to the anamorphs
of C. virescens and C. eucalypti (Harrington et al,,
1996} and are thus included in the present study of
the C. coerulescens complex. Both these Chalara spe-
cies cause diseases in hardwoods that are similar to
sap streak of maple caused by C. virescens (Kile,
1993). Chalara australis occurs in Australia on Noth-
ofagus cunninghamii and Ch. neocaledoniae was de-
scribed from coffee and guava in New Caledonia
{Kile et al., 1996).

Sequence data from the ribesomal RNA genes has
successfully been used in determining the phyloge-
netic relationships among species of Ceratocystis
{(Hausner et al., 1993; Wingfield et al., 1994; Visser
et al., 1995; Wingfield et al., 1996). High variability
in DNA sequence exists among these species in the
internal transcribed spacer (ITS) regions of the ri-
bosomal RNA genes (Visser et al., 1995; Wingfield et
al., 1996). The aim of this study was, therefore, to

compare species of the Ceratogystis coerulescens com-
piex using the DNA sequence from the variable ITS
regions in the ribosomal RNA operon.

MATERIALS AND METHODS

All isolates (TABLE I) were grown on male extract agar
(20 g/L ME and 20 g/1. agar) in Petri dishes at room
temperature for 10 d. Template DNA for amplifica-
tion was obtained by scraping the mycelium with a
pipette tip (Harrington and Wingfield, 1995). Am-
plifications were performed using the primers ITS1
and 1TS4 (White et al., 1990) or ITS1F {Gardes and
Bruns, 1993) and ITS4. The amplified fragments in-
clude the 3’ end of the small subunit (SSU)} rRNA
gene, the 5.85 rRNA gene, part of the large subunit
(L3U) rRNA gene and the internal transcribed spac-
er {ITS) regions 1 and 2. The PCR reaction mixture
included 2.5 units of Tag polymerase (Boehringer
Mannheim, Mannheim, Germany), the buffer sup-
plied with the enzyme, 250 pM dNTPs, 625 mM
MgCly and 0.5 pM of each primer. Inidal denatura-
ton was performed at 96 C for 60 s, followed by 35
cycles of primer annealing at 55 C for 30 s, chain
elongation at 72 C for 60 s and denaturation at 92 C
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Fic. 1. One of the wwo most parsimonious wees produced from analysis of the DNA sequence of part of the ribosomal
RNA operon (565 bp in size) using PAUP 3.1.1. Tree length = 124. The number of base substitutions are indicated above
the branches and the bootstrap percentages (100 bootstrap replicates) and decay index {100 replicates) are indicated below

the branches. Host species are indicated in brackess,

for 60 s. Final chain elongadon took place at 72 C
for 5 min. The PCR products were separated on 1.5%
agarose gels, stained with ethidium bromide and vi-
sualized using UV light.

The 600 base pair PCR fragments were purified
using Wizard PCR Mini-Preps (Promega Corpora-
tion, USA) or Microcon Microconcentrators {Ami-
con, Inc., USA}. Both strands of the PCR products
were sequenced using the fmol DNA Sequencing Kit
{Promega Corporation., USA). Seven of the isclates
were sequenced using the ABI PRISM 377 DNA se-
quencer and ABI PRISM 310 Genetic Analyzer (Per-
kin-Elmer, USA) at the DNA Sequencing Facility at
Towa State University. The primers ITS1, ITSIF, ITS2,
ITS3 and 1TS54 were used in the sequencing reac-
tions. The DNA sequence data were deposited in
GenBank (TABLE I). The nucleotide sequences were
manually aligned, then analyzed using PAUP (Phy-
logenetic Analysis Using Parsimony) 3.1.1 (Swofford,
1993). The ITS sequence of Ceratocystis fimbriata Ellis
& Halsted, isolated from sweet potatoes, was used as
an outgroup. Confidence intervals of the branch
points were determined using the bootstrap tech-
nique (Felsenstein, 1985) and decay indexes (AU-
TODECAY 2.9.4,, a computer program developed by
Torsten and Eriksson in 1996). '

Sequence alignments and cultures are available
from the corresponding author.

RESULTS

The PCR amplifications from living fungal mycelium
of isolates studied consistently produced amplifica-
ton products of approximately 600 bp, and the DNA
sequences of the species in the C. coerulescens com-
plex were found to be similar. It was possible to align
the data manuaily by inserting gaps in the sequence
data. With C. fimbriata as the outgroup taxon, two
most parsimonious trees of 124 steps were produced
from the aligned 565 bp sequence data, including
ITS 1 and 2 and the 5.85 gene, using the Heuristic
search option of PAUP (Fic. 1) (CI=0.887,
HI=0.113, RI=0.899, RC=0.797). Gaps were treated
as missing data. The two trees differed only in the
relationship between C. coerulescens species A and B
and C. douglasii. One tree (FIG. 1) grouped C. coe-
rulescens species A and B, while the second tree
grouped C. coerulescens species B and C. douglasii.
The same topology was obtained when midpoint
rooting was used.

All the species associated with conifers, that is, C.
coerulescens spp. A, B and C, C. douglasii, C. laricicola,
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C. polonica and C. rufipenni, formed a single clade,
supported by a bootstrap value of 98% and a decay
‘index of d3. Among the conifer species, three isolates
of C. rufipenni grouped closely together into one well
supported subclade (91%, d3). A second distinctive
subclade was formed by the three isolates of C. coe-
rulescens species C {71%, d1). C. laricicola and C. po-
lonica had identical sequences and grouped together
(85%, dl), forming a subclade sister to the clade
formed by C. coerwlescens sp. A and sp. B and C. doug-
lasti (62%, d1). The three Australasian species from
hardwoods, C. eucalypti, Ch. neocaledoniae and Ch,
australis, grouped in a clade sister to the conifer
clade (59%, d1). The fourth species from hardwoods,
namely C. virescens, represented by four isolates with
identical sequence, was basal to the conifer and Aus-
tralasian subgroups {100%, d6). Numerous gaps were
created to achieve the alignment and there were
regions of ambiguity, particularly in aligning the oue
group with the ingroup. The same tree topology was
observed when ten ambiguously aligned regions (157
bases in total) were removed from the data set.

Since most of the alignment ambiguity was between
the ingroup and the outgroup, C. fimbriata, the data
set was realigned and reanalyzed after the removal of
the C. fimbriata sequence. C. virescens was defined as
the outgroup and two ambiguously aligned regions (52
bases in total) near the large subunit gene were re-
moved, with the gaps treated as a fifth character (gap-
mode=newstate). Two parsimonious trees of 80 steps
were produced from the aligned 477 bp sequence data
(CI=0.811, HI=0.189, RI=0.919, RC=0.776). Both
these trees reflected the same topology as found when
C. fimbriata was used as an outgroup, with C. coerules-
cens species A and B grouping together (69%, d3). In
the one tree C. coerulescens species C was basal to the
rest of the conifer species (95%, d3). The conifer sub-
clade {98%, d4}, the Austalasian subclade (92%, d2),
as well as the subclade including C. coerulescens species
Aand B, C. douglasii, C. laricicola and C. polonica (99%,
d5) were better supported after the removal of C. fim-
briata than in the analysis with C. fimbriata as the out-
group taxon.

DISCUSSION

The phylogenetic analyses show that species of Cerato-
cystis from conifers form a distinct clade, suggesting
that these species are monophyletic. This is despite the
fact that they differ somewhat in their morphology and
more noticeably in their ecology, except that they all
occur on conifers in the family Pinaceae. In fact these
are the only Ceratocystis species that commonly occur
on conifers. It appears that the adaptation to conifers
is a derived character in Ceratocystis, which otherwise

occur on dicots and monocots. This change in host
range may have evolved only once in the genus.

In this study it was possible to determine a phylo-
genetic relatedness of species in the C. coernlescens
complex based on DNA sequence data from the vari-
able region in the ribosomal RNA operon. The re-
sults confirmed the recent delineation of species in
this complex based on morphology and isozyme anal-
yses (Harrington et al, 1996}, There was less varia-
tion than expected in the DNA sequence data of the
1TS regions among species in the C. coerulescens com-
plex. Little or no variation exists between these spe-
cies in the highly conserved large subunit rRNA gene
(authors, unpubilished), which indicates close rela-
tionships in the complex as a whole.

Ceratocystis coerulescens has been recognized as a
causal agent of blue-staining of conifers in Europe
and in North America (Kile, 1993). In the years sub-

_.sequent to its description, this species had become a

repository for many wound and lumber colonizing
fungi that generally resemble the fungus originally
described by Manch (1907). Species such as C. vires-
cens were reduced to synonymy with C. coerulescens
(Hunt, 1956; Upadhyay, 1981), and the taxa recently
described as C. douglasii and C. rufipenni (Wingfield
et al.,, 1997) were treated under the name C. coeru-
lescens. In a recent study based on isozyme analyses,
Harrington et al. {1996) showed that these species
and three additional species, designated C. coerules-
cens species A, B and C, represent distinct taxa. The
sequence data support these delimitations.

Our resuits indicate that C. coerulescens sp. A and C
coerulescens sp. B are closely related but distinct, and
these species form a clade with C. douglasii. C. douglasii
was originally described as C. coerulescens f. douglasii by
Davidson {1953}, who noted differences in the ana-
morphs of C. douglasii and C. coerulescens. He also not
ed that the former causes stain in Dougiasfir rather
than spruce and pine. The isolates of C. laricicola and
C. polonica had identcal ITS sequences. Harrington et
al. (1996) and Visser et al. (1995) showed that these
fungi are very similar and may be conspecific. These
bark beetle associates differ from the other conifer spe-
cies in the C. coerulescens complex in ascospore mor
phelogy (Harrington et al,, 1996) but form a weakly-
supported clade with C. cogrulescens sp. A, sp. B and C.
douglasii, Isozyme analyses also showed similarity be-
tween C. laricicola and C. polonica and C. coerulescens
species A and B (Harrington et al,, 1996).

Included in the conifer clade were C. coerulescens
sp. C and C. rufipenni, which is associated with the
bark beetle Dendroctonus rufipennis, which attacks
spruce in North America. The three isolates of C
coerulescens species C, which have perithecial necks
shorter than those of C. coerulescens sp. A but other-
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wise are morphologically similar (Harrington et al.,
1996), form a distinct clade separate from the other
conifer species. Relationships among C. rufipenni, C.
coerulescens sp. C and the other conifer species are
not well resolved.

Ceratocystis ewcalypti appears to be very closely re-
lated to Ch. australis and Ch. neocaledoniae. These
fungi are common to Australasia, and their apparent
relatedness is not surprising. It has also been shown
that Ch. australis is pardally interfertile with MAT-1
swrains of C. eucalypti {Kile er al,, 1996). C. virescens,
also on hardwoods, has a morphology similar to that
of C. eucalypti (except the latter has much larger as-
cospores) and was found to be basal to the Austral-
asian hardwood species and to the conifer species.

The phylogenetic relatdonships as determined here

differ somewhat from the distance analysis derived

from isozyme data (Harrington et al., 1996). Our phy-
logenetic approach shows @xa on conifers to be mono-
phyietic, possibly evolving from a hardwoed ancestor.
The hardwood species, Ch. neocaledoniae, Ch. australis
and C. eucalypti, grouped more closely with each other
based on the DNA sequence data than on the isozyme
markers. Also, C. douglasii differed substantally from
all other species in the complex based on isozymes but
was near C. coerulescens sp. A and sp. B based on the
ITS sequence data. In both analyses, C. laricicola and
C. polonica were closer to C. coerulescens sp. A and sp.
B than to C. coerulescens sp. C and C. rufipenni.

In this study we have shown that it is possible to dis-
tnguish taxa in Ceratocysiis based on DNA sequence
data from the ribosomal RNA operon. The fact that
various species that we have considered have been com-
pared using other techniques with very similar results
gives us substantial confidence in this approach. The
data pointed to the importance of host range in the
evolution of Ceratocystis species. We believe that there
is considerable opporuunity to compare other species
of Ceratocystis and related fungi based on sequence data
of the ribosomal RNA operon and expect that this will
result in a considerable improvement in our under
standing of the relationships of the group.

ACKNOWLEDGMENTS

We thank the Foundation for Research Development (FRD)
and the Members of the Tree Pathology Co-operative Pro-
gram (TPCP), South Africa, for financial support.

LITERATURE CITED

Christiansen, E., and H. Solheim. 1990. The bark beetle-
associated blue-stain fungus Opiostoma polonicum can
kiil various spruces and Douglas fr. Eur [ Fox Pathol.
20: 436446,

Davidson, R. W. 1944. Two American hardwood species of
Endoconidiophora described as new. Mycologia 34: 650~
662,

. 1953, Two common lumber staining fungi in the

western United States. Mycologia 45: 579-586.

. 1955, Wood-staining fungi associated with bark
beetes in Engeimann spruce in Colorado. Mycologia
+7: 58-67.

Felsenstein, J. 1985. Confidence intervals on phylogenies:
An approach using the bootstrap. Evofution 39: 783~
791.

Gardes, M., and T. D. Bruns. 1993. ITS primers with en-
hanced specificity for basidiomycetes—application to
the identification of mycorrhizae and rusts. Moler, Ecol.
2: 113-118.

Harrington, T. C,, . P. Steimel, M. J. Wingfield, and G. Kile.
1996. Isozyme variation in the Cerafocystis coerulescens
complex. Mycologia 88: 104-113.

=—* and B. D. Wingfield. 1995. A PCR based identifi-
cation method for species of Armillaria. Mycologia 87;
280-288.

Hausner, G., J. Reid, and G. R. Klassen. 1993. On the sub-
division of Ceratocystis s.1., based on partial ribosomal
DNA sequences. Canad. J. Bot. 71: 52-63,

Hung, J. 1956. Taxonomy of the genus Ceratocystis. Lioydia
19: 1-58.

Kile, G. A. 1993. Plant diseases caused by species of Cera-
tocystis sensu stricto and Chalara. Pp. 173-183. fn: Cer-
atocystis and Ophiostoma: Tuxonomy, Ecology and
Pathogenicity. Eds., M. ]. Wingfield, K. A. Seifert and |.
F. Webber. APS Press, St. Paul, Minnesota,

. T. C. Harrington, Z. (3. Yuan, M. ]. Dudzinski, and

K M. Oid. 1996. Ceratocystis eucalypti sp. nov., a vas-

cular stain fungus from eucalypts in Australia. Mycol,

Res. 100: 571-579.

- and j. Walker. 1987. Chalara australis sp. nov. (Hy-
phomycetes), a vascular pathogen of Nothofagus cun-
ninghamii (Fagaceae) in Australia and irs relationship
to other Chalara species. Austral. J. Bot. 35: 1-32.

Miinch, E. 1907. Die blaufaule des nadelhoises. Naturwiss.
Z. Forst-Landw. 5: 531-573.

Redfern, D. B, J. T. Stoakley, H. Steele, and M. Minter,
1987. Dieback and death of larch caused by Ceratocystis
laricicoia sp. nov. following attack by Ips cembrae. PL
Pathol. 36: 467-480,

Siemaszko, W. 1938. Zespoly Grybow Towarzyszacych Kor
nikom Polskim. Pl Polonica 7: 1-52,

Swofford, D. L. 1993. PAUP Phylogenetic Analysis using Par-
simony Version 3.1.1. Mlinois Naturai History Survey,
Champaign, Hlinois.

Upadhyay, H. P. 1981, A monagraph of Ceratocystis and
Ceratocystiopsis. The University of Georgia Press, Ath-
ens, Georgia. 176 pp.

Visser, C., M. J. Wingfield, B. D. Wingfield, and Y. Yamaoka,
1995. Ophiostome polonicum is a species of Ceratocystis
senisu stricto. Syst. Appl. Microbiol. 18: 403—400.

White, T. J., T. Bruns, S. Lee, and J. Taylor. 1990. Amplifi-
cation and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. Pp. 315-322. In: PCR protocols:
A guide to methods and applications. Eds., M. A. Innis,




WITTHUHN ET AL.: C. COERULESCENS COMPLEX 101

D. H. Gelfand, J. J. Sninsky and T. J. White. Academic species in the Ceratocystis coerulescens complex from co-

Press, San Diego, California, nifers in western North America, Canad. J. Bot. 75:
Wingfield, M. ], C. de Beer, C. Visser, and B. D. Wingfield. 827-834,

1996. A new Ceralocystis species defined using mor- Yamaoka, Y., M. ]. Wingfield, I. Takahashi, and H. Solheim.

phological and ribosomal DNA sequence comparisons. 1997. Ophiostomatoid fungi associated with the spruce

Syst. Appl. Microbiol. 19: 191-202. bark beetle Ips typographus in Japan. Mycol. Res. 101:

. T. C. Harrington, and H. Sotheim. 1997. Two new 12151227,



