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Abstract: The genus Ceratocystis sensu stricto in-
cludes species that are insect-vectored, plant patho-
gens, occurring mainly on angiosperm hosts. Species
in the Ce. coerulescens complex form a morphologi-
cally distinct group that are pathogens on gymno-
sperms (Pinaceae) and angiosperms. In recent years,
species in the Ce. coerulescens complex have been in-
tensively studied based on their morphology and iso-
zymes, as well as on their molecular characteristics.
The aim of this study was to compare the phylogeny
of these species inferred from the MAT2 HMG box
DNA sequences to the phylogenies inferred from
partial rDNA sequences and isozyme data. Part of the
MAT-2 HMG box of species in the Ce. coerulescens
complex was amplified using PCR. The PCR frag-
ments were sequenced and phylogenetically analysed
using parsimony, with Ce. fimbriata as the outgroup
taxon. Species in the Ce coerulescens complex on
gymnosperms formed a single clade, inferred to be
a sister-taxon to the clade that included the species
on angiosperm hosts, thus supporting the hypothesis
that the adaptation to gymnosperms was a single evo-
lutionary event in the history of Ceratocystis. The phy-
logeny inferred from the MAT*2 HMG box sequenc-
es was found to be similar to the phylogeny based on
the internal transcribed spacer (ITS) regions of the
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rDNA. However, the MAT-2 HMG box sequences en-
abled the separation of Ce. laricicola from Ce. polon-
ica, as well as the separation of the Ce. virescens iso-
lates on Acer and Liriodendron from those on Fagus
and Quercus. Similarly, isozyme data separated these
morphologically similar sister species, but isozyme
analysis did not appear to reflect a true phylogeny of
the species in the Ce. coerulescens complex.

Key Words: Ascomycetes, ITS, HMG box, Microas-
cales

INTRODUCTION

The ascomycete genus Ceratocystis is comprised of
several species complexes of insect-dispersed plant
pathogens. Interfertility, host range, vector relation-
ships, morphology, isozyme electromorphs, and
rDNA sequences have been utilized to delimit 11 spe-
cies in the Ceratocystis coerulescens complex (Harring-
ton et al 1998, Harrington and McNew 1998, Har-
rington and Rizzo 1999, Harrington and Wingfield
1998, Witthuhn et al 1998, 1999). This complex of
closely related species provides a good model to com-
pare phenotypic and genotypic characters in species
evolution.

Ceratocystis coerulescens (Miinch) Bakshi s. 1. causes
bluestain on spruce (Picea), larch (Larix), Douglas-
fir (Pseudotsuga) and pine (Pinus) sapwood across
the Northern Hemisphere. Harrington and Wing-
field (1998) recognized five morphological variants
of Ce. coerulescens on the Pinaceae: Ce. coerulescens s.
s. (on spruce, larch and pine in North America, Eu-
rope and Asia), Ce. pinicola Harrington & Wingfield
(on pine in Great Britain), Ce. douglasii (Davidson)
Wingfield & Harrington (on Douglasfir in western
North America), Ce. rufipenni Wingfield, Harrington
& Solheim (on spruce in North America), and Ce.
resinifera Harrington & Wingfield (on spruce and
pine in Europe and North America). Ceratocystis lar-
icicola Redfern & Minter and Ce. polonica Siemaszko
are Eurasian species that are morphologically similar
to Ce. coerulescens and form part of the Ce. coerules-
cens complex; Ce. laricicola occurs on larch and is
associated with the bark beetle Ips cembrae (Redfern
et al 1987, Yamaoka et al 1998), and Ce. polonica oc-
curs on spruce infested with the bark beetle Ips #-
pographus (Christiansen and Solheim 1990, Yamaoka



448 MycoLocia
TaBLE 1. Isolates of Ceratocystis
MAT2
Species Isolate® Host Origin GenBank
Ce. coerulescens C301, ATCC12859, CBS100198 Pinus banksiana Minnesota, USA AF164190
Cl1423 Larix kaempferi Japan AF164189
Ce. pinicola C490, CMW1323 Pinus sp. England AF164193
C795 Pinus nigra England AF164194
Ce. rufipenni €608, CBS100209 Picea engelmannii BC, Canada AF164185
C613 Picea glauca BC, Canada AF164186
Ce. resinifera €662, CBS100202 Picea abies Norway AF164188
C1308 Pinus radiata California, USA AF164187
Ce. laricicola C178 Larix sp. Scotland AF164195
C181 Larix sp. Scotland AF164196
Ce. polonica Cl123 Picea abies Norway AF164197
C731 Picea abies Norway AF164198
Ce. virescens C69 Fagus americanum New Hampshire, USA  AF164182
C70, CMW0447 Unknown New Hampshire, USA  AF164183
C74, CMW0460 Quercus sp. New York, USA AF164184
C252 Acer saccharum New York, USA AF164176
C256 Acer saccharum New York, USA A¥164177
C257 Acer saccharum New York, USA AF164178
C259 Acer saccharum New York, USA AF164179
C261 Acer saccharum New York, USA AF164180
C262 Unknown New Hampshire, USA  AF164181
Ce. douglasii (€324, CBS556.97 Pseudotsuga menziesii Colorado, USA AF164191
C1179 Pseudotsuga menziesii ‘Washington, USA AF164192
Ce. eucalypti C639 Eucalyptus sieberi Victoria, Australia AF164170
C641 Eucalyptus globoidea Victoria, Australia AF164172
C644 Eucalyptus sieberi Victoria, Australia AF164171
Ch. neocaledoniae  C694, CBS149.83 Coffea robusta New Caledonia AF164173
Ch. australis C448 Nothofagus cunninghamii  Tasmania, Australia AF164175
C631 Nothofagus cunninghamii  Victoria, Australia AF164174
Ce. fimbriata C1099, CMW1547 Ipomoea batatas Papua New Guinea AF164169

* C—Culture collection of T.C. Harrington. CMW—Culture collection of M. J. Wingfield. CBS—Centraal Bureau voor
Schimmelcultures, Baarn, Netherlands. ATCC—American Type Culture Collection.

et al 1997). These seven species of the Ce. coerulescens
complex are the only species in the genus that occur
primarily on gymnosperms (Pinaceae) (Harrington
et al 1996).

Four other species in the Ce. coerulescens complex
are known from angiosperms. Ceratocystis virescens
(Davidson) Moreau, a pathogen of hardwoods in
eastern USA, has been considered a synonym of Ce.
coerulescens (Hunt 1956, Upadhyay 1981) but has
been shown to be distinct (Harrington et al 1996,
Witthuhn et al 1998, 1999). Ceratocystis eucalypti Yuan
& Kile, isolated from Eucalyptus in Australia (Kile et
al 1996), together with two asexual Australasian spe-
cies from hardwoods, Chalara neocaledoniae Kiffer &
Delon and Ch. australis Walker & Kile, also form part
of the Ce. coerulescens complex (Harrington et al
1996, 1998, Witthuhn et al 1998).

The aim of this study was to determine the phylo-
genetic relationships among the species in the Ce.
coerulescens complex based on the MAT*2 HMG box

DNA sequences (Turgeon 1998) and to determine
whether the mating type genes are taxonomically use-
ful in delineating species of Ceratocystis. The MAT-2
HMG box gene phylogeny was compared to the pre-
viously generated phylogenies based on the ITS
rDNA sequences (Witthuhn et al 1998) and isozyme
data (Harrington et al 1996).

MATERIALS AND METHODS

The collection information on most of the studied isolates
is found in Harrington et al (1996). Most isolates (TABLE
I) were grown in 20 g/L malt extract and 10 g/L yeast
extract for 10-14 d at room temperature (approximately 21
C) before DNA extraction. However, isolates of Ce. dougla-
sii, Ce. rufipenni and Ch. australis were grown at 19 C. My-
celium was harvested, and the DNA was extracted using the
method described by DeScenzo and Harrington (1994).
The initial PCR reactions for the amplification of the
MAT-2 HMG box were performed using degenerate prim-
ers (HMG-1 and HMG-2) as described by Arie et al (1997).
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After analyses of these sequences, we designed a number of
specific primers internal to HMG-1 and HMG-2 to amplify
a portion of the MAT-2 HMG box in the different Cerato-
cystis species. The Ce. eucalypti MAT=2 specific primers EUM2-
1 (5"-GACATCAAGCCGTCAAGACCG-3') and EUM2-2 (5'-
GTCTTTTTGTATGCTTCGGCC-3') were used for the am-
plification of the MAT-2 HMG box in Ce. eucalypti, Ce. vi-
rescens, Ch. neocaledoniaeand Ch. australis. The Ce. pinicola
MAT-2 specific primers COER2-1 (5'-GACACCAAGACGT-
CAAAGCC-3’') and COER2-2 (5'-GCTTTTCTTGTAAGTTT-
CAGC-3') were used for the amplification of the MAT2
HMG box in Ce. pinicola and Ce. douglasii. The primers
used for Ce. laricicola and Ce. polonica were LMAT2-F (5'-
CGGAAAGACAGACACCAAGAC-3’) and LMAT2-R (5'-
GGTTGTAACGGTAGTGGGGATA-3'). Amplification of the
MAT-2 HMG box in Ce. coerulescens utilized the primer pair
HMG-1 and COER2-2. For Ce. resinifera and Ce. rufipenni,
we used the primer pairs HMG-1 and HMG-2 or COER2-1
and HMG-2. Ceratocystis fimbriata Ellis & Halsted, was am-
plified using the primers CFM2-1 (5'-GCTACATTTTGTA-
TCGCAAAGAG-3') and CFM22 (5'-TAGTGGGGATATGT-
CAACATG-3").

The 100-wL PCR reactions included 200 uM of dNTPs,
0.5 uM of the degenerate primers or 0.25 uM of the specific
primers, 4 mM MgCl,, 1X PCR buffer (supplied with the
enzyme), 2.5 units Taq polymerase (Promega, Madison, Wis-
consin) or Expand High Fidelity Tag DNA polymerase
(Boehringer Mannheim, Germany), and 10-50 ng of ex-
tracted DNA. Most PCR products were generated using an
initial denaturation of 60 s at 95 C, followed by 35 cycles of
95 C for 35 s, annealing at 54 C (degenerate primers) or
58 C (specific primers) for 60 s, and elongation at 72 C for
60 s. A final elongation of 10-30 min was added to ensure
an “A” overhang on the 3’ ends of the PCR product for
cloning.

Amplified products of the expected size were purified us-
ing the QIAquick PCR Purification Kit (Qjagen Inc., USA)
for direct sequencing if it appeared that there was a single
PCR product after gel electrophoresis. When multiple
bands were found, as was the case when degenerate primers
were used, the band of the expected size was eluted from
the agarose using the Geneclean II Kit (Bio 101, USA).
Both template and coding strands of the PCR products were
sequenced at the Iowa State University DNA Sequencing
and Synthesis Facility or at the University of the Orange
Free State, using an ABI PRISM 377 DNA Sequencer (Per-
kin-Elmer, USA).

The MAT-2 HMG box nucleotide sequences were man-
ually aligned and all the characters were phylogenetically
analyzed using the heuristic search option (optimality cri-
terion = maximum parsimony, gaps treated as missing,
branch-swapping algorithm = tree-bisection reconnection,
100 replicates) in PAUP (version 3.1.1) (Swofford 1993).
Ceratocystis fimbriata, isolated from sweet potato, was used
as the outgroup taxon (Witthuhn et al 1998) in all the anal-
yses. Confidence intervals were determined on all the char-
acters using 1000 bootstrap replicates (Felsenstein 1985). A
partition homogeneity test was performed to determine
whether the MAT2 and ITS data sets could be combined
into a single analysis.

RESULTS

At least 210 bp of the MAT-2 HMG box were suc-
cessfully amplified and sequenced from all of the
eleven species forming the Ce. coerulescens complex
and from the outgroup taxon, Ce. fimbriata. Most nu-
cleotides were unambiguously aligned, except for a
30 bp region of the single intron, which differed
greatly between the taxa in the angiosperm-associat-
ed and Pinaceae-associated clades. Parsimony analysis
of the manually aligned MA7-2 HMG box DNA se-
quence data (103 parsimony-informative characters
of the 199 bp total DNA sequence) was performed
after all the.ambiguously aligned intron sequences
(30 characters in total) were removed from the data
set. A single most parsimonious tree (tree length =
207, CI = 0.792, HI = 0.208, RI = 0.940) was in-
ferred (FiG. 1). The topology of this tree did not dif-
fer from the topology of the tree when all the char-
acters were included in the data set (tree length =
243, CI = 0.802, HI = 0.198 and RI = 0.948) or when
gaps were treated as an additional character (data
not shown). Based on the partition homogeneity test
the MAT-2 and ITS data sets could not be combined
(P =0.01).

Ceratocystis eucalypti, Ch. neocaledoniae, Ch. aus-
tralis and Ce. virescens, all from angiosperm hosts,
formed a well supported clade (100% bootstrap val-
ue), sister to the clade formed by the species from
Pinaceae (86% bootstrap value) in the MAT=2 gene
tree. The Ce. eucalypti, Ch. neocaledoniaeand Ch. aus-
tralis isolates formed a clade (66% bootstrap value)
sister to the clade formed by the Ce. virescens isolates
(99% bootstrap value). The Ce. virescens isolates from
Acerand Liriodendron formed a clade (83% bootstrap
value) sister to the Ce. wvirescens isolates from Fagus
and Quercus (95% bootstrap value).

The species in the Ce. coerulescens complex isolated
from Pinaceae formed two sister groups. The weakly
supported clade of Ce. rufipenniand Ce. resiniferawas
sister to the clade formed by Ce. coerulescens, Ce. pin-
tcola, Ce. douglasii, Ce. laricicola and Ce. polonica
(80% bootstrap value). The sequences of Ce. larici-
cola and Ce. polonica were distinct but similar in nu-
cleotide composition, and these taxa formed a clade
distinct from the other species from conifers (80%
bootstrap value). Ceratocystis coerulescens, Ce. pinicola
and Ce. douglasii formed a weakly supported clade
(58% bootstrap value).

DISCUSSION

Phylogenetic analysis of MAT-2 HMG box DNA se-
quences from species in the Ce. coerulescens complex
inferred a phylogeny similar to that based on the ITS
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Fic. 1. Comparison of two phylograms (based on ITS and MAT:2 DNA sequences) of species in the Ceratocystis coerulescens
complex. The single most parsimonious tree (tree length = 207) inferred from the DNA sequences of a portion of the MAT-
2 HMG box (199 bp in total, excluding 30 ambiguously aligned characters) is on the left. One of two most parsimonious
trees (tree length = 124) produced from the analysis of the aligned DNA sequences (565 bp) of the ITS and 5.8S regions
of the ribosomal RNA operon (Witthuhn et al 1998) is on the right. The number of base substitutions are indicated above
the branch points, and the bootstrap values (1000 replicates) are indicated below the branches.

rDNA sequences in many respects. Similar to the ITS
rDNA gene phylogeny, the phylogram based on
MAT-2 HMG box DNA sequences inferred the mono-
phyletic origin of the Ceratocystis species found on
the Pinaceae. Unlike the ITS sequences, the MAT-2
HMG box phylogeny distinguished Ce. polonica from
Ce. laricicola and the Ce. virescens isolates on Fagus
and Quercus from those on Acer and Liriodendron.
The isozyme data separated all the species in the Ce.
coerulescens complex, but phylogenetic relationships
among the species in the complex did not appear to
be reflected by the isozyme analysis (Harrington et
al 1996).

Based on the parsimony analysis of MAT-2 HMG

box DNA sequences, the species from angiosperms
formed a single clade, which was not the case in the
ITS rDNA phylogeny. Based on ITS rDNA sequences,
the Australasian species Ch. australis, Ch. neocaledo-
niae and Ce. eucalypti formed a single clade, with the
North American Ce. virescens basal to all the other
species in the Ce. coerulescens complex (FiG. 1, Wit-
thuhn et al 1998). The phylogeny inferred from the
MAT-2 HMG box DNA sequences suggests a mono-
phyletic origin of the four species from angiosperms,
all of which have similar conidiophore characteristics
(Harrington et al 1998). We believe that the angio-
sperm and Pinaceae lineages are distinct and that the
most recent common ancestor for these lineages was
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adapted to angiosperm hosts (Witthuhn et al 1998).
The isozyme data (Harrington et al 1996) did not
distinguish the angiosperm group from the Pinaceae
group.

The specific primers, EUM2-1 and EUM2-2, de-
signed from the DNA sequence of the MAT:2 HMG
box in Ce. eucalypti, amplified the MAT-2 HMG box
from the MAT-2 strains of only the Ceratocystis species
from angiosperms, namely, Ce. eucalypti, Ce. virescens,
Ch. neocaledoniae, and Ch. australis. Chalara australis
and Ch. neocaledoniae have no known teleomorph
but behave as MAT-2 strains in interspecific crosses
(Kile et al 1996, Harrington et al 1998). It was, there-
fore, not surprising that the MAT2 HMG box was
amplified from these two Chalara species.

In the phylogenetic analysis of the MAT:2 HMG
box DNA sequences, the species from Pinaceae hosts
(namely, Ce. pinicola, Ce. douglasii, Ce. rufipenni, Ce.
resinifera, Ce. coerulescens, Ce. laricicola, and Ce. po-
lonica) formed a sister taxon to the clade comprised
of species from angiosperm hosts. The same relation-
ship of the Pinaceae-associated species was observed
when a phylogenetic analysis was performed using
ITS rDNA sequences. In both trees, Ce. rufipenniand
Ce. resinifera are phylogenetically closely related, Ce.
polonica and Ce. laricicola are phylogenetically closely
related and the remaining three Pinaceae-inhabiting
species are phylogenetically closely related, although
the bootstrap support for these clades was weak. Iso-
zyme analysis grouped Ce. rufipenniand Ce. resinifera,
as well as Ce. polonica and Ce. laricicola, but the other
relationships among the angiosperm- and Pinaceae-
associates were incongruent with the DNA sequence
analyses.

The species of Ceratocystis, especially the four spe-
cies in the angiosperm host clade of the Ce. coerules-
cens complex, are known primarily as wound coloniz-
ers of living sapwood. The Pinaceae-associated clade
may be derived from an ancestor that adapted to
gymnosperm hosts and had a biology similar to Ce.
resinifera, a wound colonizer of spruce in Europe
(Harrington and Wingfield 1998, Roll-Hansen and
Roll-Hansen 1980). The closely related species Ce. ru-
Jipenni also colonizes spruce trees wounded by its vec-
tor, the bark beetle Dendroctonus rufipennis, in North
America (Solheim and Safranyik 1997). It has been
speculated that Ce. rufipenni has the derived charac-
ters of loss of conidiophore production and loss of
insect-attracting volatiles. These were thought to be
adaptations for bark beetle dispersal rather than dis-
persal by fungal feeding insects (e.g., Nitidulidae),
which is more typical for Ceratocystis species (Har-
rington et al 1996). Ceratocystis laricicola and Ce. po-
lonica, though distantly related to Ce. rufipenni, share
these putatively derived characters and are known as

e

tree pathogens dispersed by bark beetles in Eurasia
(Harrington et al 1996, Harrington and Wingfield
1998). It is not clear if these bark beetle adaptations
in the Ce. coerulescens complex are from a single
event in the evolutionary history of the complex. Al-
ternatively the similarities of Ce. rufipenni and Ce. lar-
icicola/Ce. polonica could be a result of convergent
evolution.

Three species in the complex (Ce. coerulescens, Ce.
pinicola and Ce. douglasii) appear to be closely relat-
ed and are unusual for the genus in that they are not
known to colonize living trees but, rather, cause
bluestain in the sapwood of dead trees. The ITS and
MAT-2 sequence data suggest that this saprophytic
tendency is a derived character. Of the three sapro-
phytic species, Ce. coerulescens is the most widely dis-
tributed and has the broadest host range; it is known
from Europe, Japan and North America on pine,
spruce, and larch. The other species may be more
recently derived because they are more specialized to
hosts and have a more limited geographic distribu-
tion; Ce. pinicola is known from pine in Great Britain
and Ce. douglasii from Douglas-fir in western North
America.

Harrington and Wingfield (1998) were unable to
separate Ce.. laricicola from Ce. polonica based on
morphological differences, although Yamaoka et al
(1998) found slight differences in the size of perithe-
cial bases and conidiophores in Japanese isolates of
these two species. These species occur on different
hosts, and crosses between the two species give rise
to no perithecia or perithecia with non-viable asco-
spores (Harrington and McNew 1998). Surprisingly,
the ITS DNA sequences for the two species are iden-
tical (Witthuhn et al 1998). The isozyme data did,
however, separate Ce. laricicola from Ce. polonica
based on a single isozyme locus (Harrington et al
1996). Phylogenetic analysis of the DNA sequences
of the MAT-2 HMG box also separate Ce. laricicola
and Ce. polonica into distinct clades.

The MAT-2 HMG box DNA sequences separated
the Ce. virescens isolates on Acer and Liriodendron
from the isolates on Fagus and Quercus, consistent
with the isozyme data (Harrington et al 1996). These
two groups appear to be intersterile (Harrington et
al 1998) and should be recognized as distinct species.
The failure of the ITS sequences to separate these
two apparently host-specialized groups (Witthuhn et
al 1998) is another example of the sequences of
rDNA spacer regions failing to separate sister species
of fungi that are sympatric (Harrington and Rizzo
1999).

The MAT-2 HMG box DNA sequences (103 parsi-
mony-informative characters of the 199 bp total DNA
sequence) of species of Ceratocystis are considerably
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more variable than the ITS and 5.8S rDNA sequence
data (89 parsimony-informative characters of the 565
bp total DNA sequences). The intron sequences of
the MAT-2 HMG box are especially divergent. The
MAT-2 HMG box sequences are, therefore, more use-
ful in comparing closely related species from differ-
ent hosts, such as Ce. laricicola and Ce. polonica, than
the ITS rDNA sequences. For more distantly related
species, there was generally good congruence be-
tween the MAT-2 HMG box tree and the ITS tree.
The isozyme data, as phenotypic characters, do not
appear to infer a true phylogeny of the species in the
complex, but such physiological characters are useful
in delimiting morphologically similar, host-special-
ised species in the complex. Thus, phenotypic char-
acters may be more useful than certain genotypic
characters (e.g., ITS sequences) in delimiting closely
related species of plant pathogens.
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